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Onur Güntürkün (1) AE Biopsychologie, Fakultät für
R. V. Carsia (489) Department of Cell Biology, Univer- Psychologie, Ruhr-Universität Bochum, D-44780 Bo-

sity of Medicine and Dentistry of New Jersey, School chum, Germany
of Osteopathic Medicine, Stratford, New Jersey 08084

Eberhard Gwinner (557) Max-Planck-Institut für Ver-
Larry Clark (39) United States Department of Agricul- haltensphysiologie, D-82346 Andechs, Germany

ture, Animal and Plant Health Inspection Service,
A. L. Harvey (123) Strathclyde Institute for Drug Re-Wildlife Services, National Wildlife Research Center

search, University of Strathclyde, Glasgow G1 1XW,and Monell Chemical Senses Center, Philadelphia,
United KingdomPennsylvania 19104

S. Harvey (489) Department of Physiology, UniversityLarry A. Cogburn (635) Department of Animal and
of Alberta, Edmonton, Alberta, Canada T69 2H7Food Sciences, College of Agricultural Sciences, Del-

aware Agricultural Experiment Station, University of Michaela Hau (557) Max-Planck-Institut für Verhaltens-
Delaware, Newark, Delaware 19717 physiologie, D-82346 Andechs, Germany

Christopher G. Dacke (473) Pharmacology Division, Robert L. Hazelwood (539) Department of Biology,
School of Pharmacy and Biomedical Science, Univer- University of Houston, Houston, Texas 77204
sity of Portsmouth, Portsmouth PO1 2DT, United

A. L. Johnson (569) Department of Biological Sciences,Kingdom
University of Notre Dame, Notre Dame, IndianaW. R. Dawson (343) Department of Biology, The Uni-
46556versity of Michigan at Ann Arbor, Ann Arbor, Michi-

gan 48109 1Retired; see note on p. 657.

xi



4219 / fm-xii / 08-05-99 07:05:34

Contributorsxii

David R. Jones (141) Department of Zoology, Univer- F. L. Powell (233) Division of Physiology, Department
of Medicine, School of Medicine, University of Cali-sity of British Columbia, Vancouver, British Colum-

bia, Canada V6T 1Z4 fornia at San Diego, La Jolla, California 92093

Colin G. Scanes (437, 635) Department of Animal Sci-John D. Kirby (597) Department of Poultry Science,
University of Arkansas, Fayetteville, Arkansas 72701 ence, Cook College, Rutgers–The State University,

New Brunswick, New Jersey 08903, and College of
Wayne J. Kuenzel (101) Department of Animal and Agriculture, Iowa State University, Ames, Iowa 50011

Avian Sciences, University of Maryland, College
Park, Maryland 20742 Erik Skadhauge (265) Department of Anatomy and

Physiology, Royal Veterinary and Agricultural Uni-
I. G. Marshall (123) Strathclyde Institute for Drug Re- versity, DK-Frederiksberg C, DK-1870 Denmark

search, University of Strathclyde, Glasgow G1 1XW,
United Kingdom Frank M. Smith (141) Department of Anatomy and

Neurobiology, Dalhousie University, Halifax, Nova
J. Russell Mason (39) United States Department of Scotia, Canada B3H 4H7

Agriculture, Animal and Plant Health Inspection Ser-
vice, Wildlife Services, National Wildlife Research Hiroshi Tazawa (617) Department of Electrical and

Electronic Engineering, Muroran Institute of Tech-Center and Monell Chemical Senses Center, Philadel-
phia, Pennsylvania 19104 nology, Muroran 050, Japan

Nigel H. West (141) Department of Physiology, Univer-F. M. Anne McNabb (461) Department of Biology, Vir-
ginia Polytechnic Institute and State University, sity of Saskatchewan, Saskatoon, Saskatchewan, Can-

ada S7N 5E5Blacksburg, Virginia 24061

Reinhold Necker (21, 57, 71) Fakultät für Biologie, Lehr- G. C. Whittow (343, 617) Department of Physiology,
John A. Burns School of Medicine, University ofstuhl für Tierphysiologie, Ruhr-Universität Bochum,

D-44780 Bochum, Germany Hawaii at Manoa, Honolulu, Hawaii 96822



WHITTOW - AP - 4219 / fm-xiii / 08-05-99 07:05:34

Preface to the Fifth Edition

When the first edition of Avian Physiology appeared the most conspicuous feature of birds. There are
new chapters also on incubation and growth andin 1954, it broke new ground—it was the first book

on avian physiology ever published. The next three development, reflecting the characteristic development
of the avian egg outside the body and the great dealeditions sustained the book’s distinctiveness; it re-

mained the only comprehensive, single-volume text- of information now available. Most of the authors of
this edition are new. However, the book retains thebook on the physiology of birds. The present edition

recognizes the retirement of the original author and unique feature of earlier editions; it covers wild and
domestic birds within the compass of one volume,editor, Dr. Paul D. Sturkie, by being titled Sturkie’s

Avian Physiology. The volume continues to break new making it suitable for use as a text.
ground. The treatment of the nervous system has been
greatly expanded. A new chapter on flight has been G.C.W.

June 1998added, occupying a central place in the book, as befits

xiii
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1

Sensory Physiology: Vision

ONUR GÜNTÜRKÜN
AE Biopsychologie

Fakultät für Psychologie
Ruhr-Universität Bochum

44780 Bochum
Germany

I. Introduction 1 Mazmanian, 1988), ‘‘same versus different’’ (Wright et
al., 1988), and even cartoon figures such as ‘‘CharlieII. Structure and Functions of the Eye 1

A. Eye Shape, Stereopsis, and Acuity 2 Brown’’ (Cerella, 1980). They communicate using visual
B. Retina 4 symbols (Lubinski and MacCorquodale, 1984) and are

III. Central Processing—Anatomy and Function 7 able to rank optic patterns by using transitive inference
A. Centrifugal Pathway 7 logic (von Fersen et al., 1992). If we, on the basis of
B. Tectofugal Pathway 9 countless evidence, assume that the visual system of
C. Thalamofugal Pathway 12 amniotes has evolved only once (Shimizu and Karten,
References 14 1993), the avian visual system is a remarkable model to

explore its morphology, its modes of operations, and
the unanticipated complexity of its function.

I. INTRODUCTION

Birds are the most visually dependent class of verte- II. STRUCTURE AND FUNCTIONS OF THE EYE
brates and the phrase of Rochon-Duvigneaud (1943)
that a pigeon is nothing else but two eyes with wings is Avian eyes take up a considerable volume of the

bird’s head and are very large in relation to brain sizeprobably valid for most avian species. Man, a highly
visual primate, sees the world with the information (Figure 1). In general terms, the structure of their eyes

is not much different from that of other vertebrates.transmitted by about one million fibers within each of
his optic nerves. This is only 40% of the number of Incoming light has to pass through four media: the cor-

nea, the anterior chamber, the lens, and the vitrousretinal axons counted in a single optic nerve of pigeons
and chicks (Binggeli and Paule, 1969; Rager and Rager, body, before reaching the retina, where photoreceptors

convert light energy into electric impulses by bleaching1978). The acuity of many birds of prey surpasses that
of other living beings (Fox et al., 1976) and even the of visual pigments. All four optic media are remarkably

transparent, transmitting wavelengths down to at leastunspecialized pigeon excels relative to humans in its
ability to discriminate luminances (Hodos et al., 1985) 310 nm in the near-ultraviolet range (Emmerton et

al., 1980).and discern subtle color differences (Emmerton and
Delius, 1980). Food-storing birds like Clark’s nutcracker The avian retina is completely avascularized to pre-

vent shadows and light scattering. This arrangement isstore 33,000 seeds in about 6,600 caches to survive in
winter (Vander Wall and Balda, 1977). Pigeons acquire associated with the presence of an unusual nutritional

device specific for birds—the pecten. This black pig-visual concepts of, for example, ‘‘animals’’ (Roberts and

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.1
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FIGURE 1 Drawing of a horizontal section of the chicken eye showing the position of the eyes within the
head. (From H. Evans, 1996.)

mented and manifoldly pleated structure projects from
the ventral retina above the exit of the optic nerve
toward the lens and is completely made up of blood
vessels and extravascular pigmented stromal cells. There
is evidence that it also has a nutritive function. This is
shown by the presence of an oxygen gradient from the
pecten to the retina, the passing of nutrients from the
pecten into the vitreous, and the observation that fluo-
rescent markers pass from the pecten into the vitreous
(Bellhorn and Bellhorn, 1975). Also, Pettigrew et al.
(1990) posit that the inertia of the pecten during saccadic
eye movements could be used like a shaker to propel
oxygen and nutrients within the eye.

A. Eye Shape, Stereopsis, and Acuity

The eyeshapes of birds are a result of ecological re-
quirements (Figure 2). Generally, acuity can be maxim-

FIGURE 2 Horizontal section through the head of the black-cappedized by increasing the anterior focal length of an eye;
chickedee (Parus atricapillus) and the great owl (Bubo virginianus).

the optic image is then spread over a larger retinal (From Perception and Motor Control in Birds, Form and function in
surface and thus over a larger number of photoreceptors the optical structure of bird eyes, G. R. Martin, pp. 5–34, Fig. 1.2,

1994, q Springer-Verlag.)(Martin, 1993). Increasing the number of photorecep-
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tors also makes it possible to connect several receptors effect is known in pigeons and possibly depends on
to single bipolar cells and thus to maximize visual detec- probability summation of the input of both eyes (DiStef-
tion even under low light conditions. Since an increase ano et al., 1987; Kusmic et al., 1991). The power of this
in eye size is advantageous, birds, which rely heavily on mechanism is visible when pigeons are frontally tested
vision, generally have the largest absolute and relative under monocular conditions. Their acuity then drops to
eyes within the animal kingdom. The eye of the ostrich, a mean of 6.5 c/deg and thus to less than half the value
for example, has an axial length of 50 mm, the largest obtained under binocular conditions (Güntürkün and
of any land vertebrate and twice that of the human eye Hahmann, 1994). If only monocular data are used to
(Walls, 1942). The tube-shaped eyecups of birds of prey, compare frontal and lateral acuity, resolution in the
which create an extremely large image on the retina, lateral field (12.6 c/deg) is considerably higher than in
represent another extreme version of biological optimi- the frontal field (6.5 c/deg). These psychophysical data
zation to achieve high acuity. These eyes generally also are in perfect accord with the observations that many
have a low retinal convergence ratio (receptors per gan- bird species prefer to use their lateral visual field for a
glion cell) so that the receptor inputs are not pooled to detailed inspection of distant objects.
increase visual resolution (Snyder et al., 1977). However, These acuity data are easily surpassed by some birds
these optimizations are limited by trade-offs for bright- of prey. The wedge-tailed eagle Aquila audax reaches
ness sensitivity. Retinae in which receptors are not a maximum acuity of 143 c/deg, more than two times
pooled function only optimally at high light intensities higher than the human optic resolution measured under
and, indeed, resolution of birds of prey deteriorates at identical conditions (Reymond, 1985). These values are
dusk (Reymond, 1985). even surpassed by the American kestrel Falco sparver-

Visual acuity measurements in pigeons (Columba ius. The acuity threshold of this falcon was measured
livia) have shown that the acuity in the frontal field to be 160 c/deg, which would enable this animal to dis-
depends on stimulus time (Bloch and Martinoya, 1982), criminate 2-mm insects from 18-m-high treetops (Fox
wavelength of light (Hodos and Leibowitz, 1977), lumi- et al., 1976). In both studies, these birds of prey were
nance (Hodos et al., 1976; Hodos and Leibowitz, 1977), reported to be considerably luminance dependent with
and age of the pigeon (Hodos et al., 1991a). Under acuity dropping to 58 c/deg at 2 cd/m2 in the wedge-tailed
favorable conditions 1-year-old pigeons reach a frontal eagle (Reymond, 1985). Thus, while visual adaptations
acuity of 12.7 c/deg, increase this value to 16–18 c/deg allow for high acuity they necessitate a loss of optical
at 2 years, and decline to 3 c/deg at 17 years (Hodos et sensitivity. Not all birds of prey, however, reach high
al., 1985, 1991b). The frontal binocular visual field of acuity values. The nocturnal barn owl Tyto alba, which
pigeons is represented in the superiotemporal area dor-

heavily relies on auditory cues to detect prey, reaches
salis, while the lateral monocular visual field is observed

an acuity of only 8.4 c/deg as predicted from its retinalvia the area centralis (both lack a true foveal depres-
ganglion cell density (Wathey and Pettigrew, 1989).sion). These two retinal regions seem to subserve differ-

The ability to focus the eye to see objects at variousent visual functions with differing capacities for optic
distances sharply is called accomodation; it is achievedresolutions. Behavioral studies show that many avian
by alterations in corneal curvature and by lens deforma-species, including pigeons, fixate distant objects prefer-
tion and constitutes one of the most important mecha-entially with their lateral and monocular field (pigeon:
nisms of achieving high visual resolution. In addition toBlough, 1971; dove: Friedman, 1975; kestrel: Fox et al.,
these dynamic accommodation mechanisms, some birds1976; eagle: Reymond, 1985; passerine birds: Bischof,
possess static mechanisms which keep objects along the1988; Kirmse, 1990). This behavior is often pronounced;
ground in focus, irrespective of their distance. This isbirds orient themselves sideways in order to achieve a
achieved by asymmetries of the eye such that it is em-lateral orientation to the inspected object. This behav-
metropic in its superior parts but increasingly myopicior, together with the fact that retinal ganglion cell densi-
with decreasing elevation (Fitzke et al., 1985). As aties reach peak values in the central fovea, suggest that
result, objects along the horizon or in the upper visualresolution is maximal in the lateral visual field. How-
field are in focus together with objects at various dis-ever, the acuity of young pigeons is 12.6 c/deg in their
tances on the ground. The degree of this lower-fieldlateral visual field and thus identical with the values
myopia seems to adjust to the height of the head of theobtained for frontal vision in same aged subjects (Hah-
animal so that cranes can also benefit from its effectmann and Güntürkün, 1993). However, lateral acuity
(Hodos and Erichsen, 1990). The presence of a lowermeasurements are naturally obtained under monocular
field myopia would not be advantageous for raptorsconditions, while frontal acuity is generally tested binoc-
which pursue and capture their mobile prey, the preyularly. In humans, binocular sensitivity can almost dou-

ble that of one-eyed viewing (Pirenne, 1943). This same often being seen with their lower field of view. Conse-
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quently, Murphy et al. (1995) demonstrated that raptors The authors suggest that their results are due to a subjec-
tive discrepancy, as the birds perceived the two keyslack lower-field myopia.
illuminated with light of identical spectral composition
as being of different color when one was seen with

B. Retina the yellow and the other with the red field. However,
probably the most important differentiation of color1. Oil Droplets, Photoreceptors, and Color Vision
perception between retinal areas is related to UV sensi-

Differing from those of placentalia, avian eyes are tivity. Remy and Emmerton (1989) showed in a behav-
characterized by the presence of oil droplets within the ioral study with head-fixed pigeons that UV sensitivity
distal end of the inner segment of their cones. Micro- is high in the yellow and low in the red field. Emmerton
spectrophotometric studies show that oil droplets act as (1983a) additionally demonstrated that pigeons perform
cut-off filters and absorb light below their characteristic excellent pattern discrimination in UV. Thus, pigeons
wavelength of transmission (Emmerton, 1983b). Col- and several other avian species may use their UV sensi-
ored oil droplets thus provide a protective shield against tivity to view objects such as plumage or fruits reflecting
UV light, similar to the yellowish lenses of mammals. UV light (Burkhardt, 1989).
Additionally they probably act as lenses which focus
light onto the photoreceptor, thus increasing the quan-

2. Neuronal Wiringtum reception of visual pigments (Young and Martin,
1984). A detailed inspection shows at least five different- The basic design of all vertebrate retinae is essentially
colored types of oil droplets depending on the presence, the same and those of birds are no exception. Light
mixture, and concentration of different carotenoids: red, passes through the neural retina and is transduced in the
orange, greenish-yellow, pale, and transparent (Varela outer segments of photoreceptors to electrical signals
et al., 1993). which are relayed via bipolar cells to the ganglion cells

The spectral sensitivity of an avian cone is the result and thus to the brain. Horizontal intraretinal interac-
of the relation between the spectral transmittance of tions are provided by horizontal and amacrine cells
the oil droplets and the spectral absorptance of the which in birds are also partly responsible for long intra-
visual pigments. This condition creates the possibility retinal projections. But imposed on this basic unifor-
that birds can increase the number of their chromatic mity, there is wide variation in details (Thompson, 1991)
channels by varying the combinations of oil droplets (Figure 3).
and cone pigments. Indeed, there is evidence that at In the diurnal pigeon, rods and principal members
least some bird species have two absorption maxima of the double cones terminate in the outer sublayer of
operating with one visual pigment which is associated the outer plexiform layer (OPL), the straight single
with two different oil droplets ( Jane and Bowmaker, cones in the middle sublayer, and the oblique single
1988). Birds studied up to now have at least three to cones terminate exclusively in the inner sublayer of the
four cone pigments which, together with their associated OPL (Mariani and Leure-du Pree, 1978; Mariani, 1987;
oil droplets, create spectral sensitivity maxima reaching Nalbach et al., 1993). According to morphological crite-
from 370 to 580 nm (Chen and Goldsmith, 1986). ria, Mariani (1987) distinguished four types of horizontal

Another feature that increases the complexity of and eight types of bipolar cells with each bipolar cell
color perception in birds is the differential distribution showing a distinct type of termination within the five
of oil droplets across the retina. This hererogeneous sublayers of the inner plexiform layer (IPL). The diver-
distribution reaches an extreme in pigeons where the sity of amacrine cells described by Golgi techniques in
dorsotemporal ‘‘red field,’’ with large numbers of red the early 1980s (Mariani, 1983) turned out to be an
and orange droplets, is clearly separated from the re- extreme oversimplification as shown by immunocyto-
maining ‘‘yellow field,’’ which is characterized by a high chemical studies within the past decade. These experi-
density of greenish-yellow droplets (Galifret, 1968). ments revealed amacrine cells specific for substance P
Bowmaker (1977) showed that the transmission curves (Ehrlich et al., 1987), tyrosine hydroxylase (Keyser et al.,
of oil droplets in the red field are shifted 10 nm toward 1990), enkephalin (Britto and Hamassaki-Britto, 1992),
longer wavelengths. These data may indicate differences glucagon (Keyser et al., 1988), somatostatin Morgan et
in color perception between different retinal areas in al., 1983), 5-hydroxytryptamine (Kiyama et al., 1985),
pigeons and, indeed, behavioral experiments demon- avian pancreatic polypeptide (Katayama et al., 1984),
strate that colors backprojected onto two pecking keys choline acetyltransferase (Millar et al., 1987), neuropep-
are treated differently by pigeons when both are seen tide Y (Verstappen et al., 1986), neurotensin-related
with the red field or when one is viewed with the red hexapeptide LANT-6 (Reiner, 1992), and GABA

(Hamassaki-Britto et al., 1991). Some of the substanceand the other with the yellow field (Delius et al., 1981).
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FIGURE 3 Schematicdrawingof theavianretina.A,amacrinecell;B,bipolarcell; cf, centrifugal
fiber; dc, double cone; dGC, displaced ganglion cell; GC, ganglion cell; GCL, ganglion cell layer;
H, horizontal cell; INL, inner nuclear layer; IPL, inner plexiform layer; oc, oblique cone; ONL,
outer nuclear layer; OPL, outer plexiform layer; PE, pigment epithelium containing the outer
parts of the photoreceptors; r, rod; and sc, single straight cone. (From Nalbach et al., 1993, Vision,
Brain and Behavior, The MIT Press. q 1993 The MIT Press.)

P and/or glucagon-positive amacrine cells are the ‘‘bull- 1989; Prada et al., 1992), and project to the avian acces-
sory optic nucleus (Fite et al., 1981; Yang et al., 1989).whip’’ neurons with long thin processes directed toward

the posterodorsal pole of the retina (Ehrlich et al., 1987; A part of the DGCs are substance P positive (Britto and
Hamassaki-Britto, 1991), while others are cholinergicKeyser et al., 1988). Catsicas et al. (1987a) could show

that some amacrine cells, of which the bullwhip neurons (Britto et al., 1988). Further aspects of the accessory
optic system will be discussed in Chapter 4. Addition-probably represent a subclass, are localized within the

central and ventral retina and project toward the superi- ally, a population of DGCs appears to exist in the avian
retina, which exhibit smaller soma sizes, are locatedodorsal retina. They suggested that the intraretinal con-

nections may be involved in a system for switching atten- centrally in the retina, and whose central connections
are uncertain (Hayes and Holden, 1983).tion between the upper and lower halves of the visual

field, which could be modulated by centrifugal axons Cajal (1892) described two main types of ganglion
cells in the chicken retina: mono- and polystratified neu-entering the retina from the contralateral tegmentum

(Fritzsch et al., 1990). It is interesting to note that these rons. More modern attempts to classify avian retina
ganglion cells into categories similar to that developedexperiments demonstrate a one-way route from central

and ventral retinal areas to the red field, but not vice by Boycott and Wässle (1974) and Fukuda and Stone
(1974) in cats did not lead to unequivocal results (Ikus-versa. Mallin and Delius (1983) showed that pigeons can

transfer information about discriminatory cues from the hima et al., 1986). Hayes and Holden (1980) suggested,
on the basis of perikaryal morphology and electrophysi-central retina to the red field, but not from the red field

to the area centralis. Behaviorally, this asymmetry makes ological properties (Holden, 1978), that retinal ganglion
cells projecting to the optic tectum would be comparablesense since pigeons spot seeds from a distance (central

retina) and approach to peck them after making a final to W-cells. Studies in owls (Bravo and Pettigrew, 1981)
and pigeons (Remy and Güntürkün, 1991) demonstratedinspection in the binocular field (superiodorsal red field).

The reverse behavioral pattern never occurs. There may that indeed the tectum receives its input from a large
number of very small and a few very large ganglion cellsbe a neural basis for this behavioral constraint.

A subpopulation of ganglion cells is located within while the GLd is characterized by its afferents from
medium-sized and very large retinal neurons. These con-the inner nuclear layer (INL) and they are thus called

‘‘displaced ganglion cells’’ (DGCs) (Brecha and Karten, ditions suggest similarities to the differential sizes and
central projections of cat alpha, beta, and gamma cells1981). Medium-sized and large DGCs have dendrites

which arborize for considerable distances in the outer- (Illing and Wässle, 1981). It should, however, be re-
marked that these assumptions rest on observations ofmost lamina of the IPL (Britto et al., 1988), are predomi-

nantly distributed in the peripheral retina (Prada et al., soma diameters and projections and do not include any
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data on dendritic morphology and axonal diameters. Ad- of retinal axons on central targets than previously imag-
ined and may require revision of the broadly heldditionally, electrophysiological studies demonstrated

various ganglion cell properties in avian retinae with im- concept that ganglion cell classifications based on fre-
quency coding and dendritic morphology provide suffi-portant deviations from the usual schema known from

mammals (Maturana and Frenk, 1963, Miles, 1972a). cient information on the type of central effects of reti-
nal inputs.As outlined for amacrine cells, immunocytochemical

analyses have demonstrated a very large number of The retinae of birds are characterized by a large vari-
ation of different regional specializations (Figure 4). Indiverse ganglion cells specific for certain transmitters or

neuromodulators. Among them are neurons positive for pigeons the density of cells in the outer nuclear layer
(ONL) and the inner nuclear layer (INL) as well as thecholecystokinin (Britto and Hamassaki-Britto, 1991),

tyrosine hydroxylase (Keyser et al., 1990), substance ganglion cell layer (GCL) increase in the area centralis
and the dorsotemporal red field, while a streak ofP (Britto and Hamassaki-Britto, 1991), dopamine

(Karten et al., 1990), GABA (Hamassaki-Britto et al., slightly increased ganglion cell densities connects these
two areas of enhanced vision (Galifret, 1968). This ar-1991), LANT6 (Reiner, 1992), enkephalin (Britto

and Hamassaki-Britto, 1992), and glutamate (Morino rangement is typical for granivorous birds (pigeons:
Binggeli and Paule, 1969; quail: Budnik et al., 1984; butet al., 1991). Such diversity in ganglion cell transmitters/

modulators implies a far more heterogeneous influence see chicks: Ehrlich, 1981) which probably have to switch

FIGURE 4 Distribution of ganglion cell densities in the retinae of six different bird species. All retinae are
drawn to the same size and gray shadings indicate neuronal densities. Drawings according to Binggeli and
Paule (1969; pigeon), Ehrlich (1981; chick), Wathey and Pettigrew, 1989; barn owl), Inzunza et al. (1991; chilean
eagle and condor), and Hayes et al. (1991; Manx shearwater). The dark gray stippled structure is the pecten.
The dotted region in the most superiotemporal retina of Manx shearwater is the area giganto cellularis. Numbers
indicate 1.000/mm2. Abbreviations: I, inferior; N, nasal; S, superior; and T, temporal.
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between monocular lateral and binocular frontal vision. the dorsolateral midbrain tegmentum, and the nucleus
of the ectopic isthmo-optic neurons (EION), a looselyWith regard to synaptic interactions, the dorsotemporal

red field seems to be the most complex one, while the scattered array of cells with reticular appearance sur-
rounding the ION (Hayes and Webster, 1981, Wolf-area centralis displays a very low synaptic complexity

(Yazulla, 1974). Golgi studies make it likely that this is Oberhollenzer, 1987). Both structures are part of a
closed loop consisting of a projection from the retinalprobably due to the area centralis being specialized for

precise point-to-point interactions by a midget-like sys- ganglion cells to the contralateral tectum, the efferents
of which in turn project both to the ipsilateral ION andtem that does not require extensive horizontal process-

ing by amacrine cells (Lockhart, 1979, Quesada et al., EION, whence back-projections lead to the contralat-
eral retina (Clarke, 1992) (Figure 5). All projections1988).

A streak with two real foveae can be found in birds within this system seem to be topographically organized
(McGill et al., 1966a,b; Catsicas et al., 1987b). Weidnerof prey like the American kestrel or the Chilean eagle

Buteo fuscenses, which attack birds or rodents directly et al. (1987) showed in a comparative study in different
bird species important differences between raptors andfrom flight and have to combine panoramic sight with

excellent stereoscopic vision (Inzunza et al., 1991). The ground-feeding birds. In seed- or fruit-eating birds, the
ION was always large, well differentiated, and lami-density of ganglion cells reaches up to 65,000 mm2 in

the central fovea of these animals, which surpasses foval nated. In raptors, the ION was small, poorly differenti-
ated, and reticular in appearance. The authors suggestedvalues from mammals with high acuity (human: 38,000

mm2, Curcio and Allen, 1990; macaque: 33,000 mm2, from their observations that the centrifugal system is
probably involved in pecking and visual food selectionPerry and Cowey, 1985). Carrion-eating birds like the

condor Vultur gryphus or the black vulture Coragyps among static stimuli at a short viewing distance.
The cell bodies of quail tecto-ION neurons are lo-atratus pursue their prey from the ground and are not

in need of high stereoscopic vision. Consequently they cated in layer 9 of the tectum and with their dendrites
branching outside the retinorecipient superficial layersnot only have reduced ganglion cell densities within

their visual streak but they also have lost their temporal (Uchijama and Watanabe, 1985). Thus, tecto-ION neu-
rons have to receive their retinal input via intratectalfovea (Inzunza et al., 1991). A single temporal fovea

characterizes nocturnal predators like owls (Oehme, mechanisms. Uchijama et al. (1987) could demonstrate
that electrical stimulations of the Wulst elicited ION1961, Wathey and Pettigrew, 1989), which have to sum-

mate light from both eyes under dim conditions. Diurnal neurons, indicating a forebrain influence on activity pat-
terns within this structure. The situation seems to bebirds living in open country generally have a pro-

nounced streak aligned with the horizon (Duijm, 1985, slightly different in pigeons and chicks, where tecto-
ION neurons reach up to layer 2 with their dendritesKirmse, 1990). According to phylogenetic conditions

(Nalbach et al., 1993) or the ecological habitat, special- and could thus pick up direct retinal input (Woodson
et al., 1991).izations within this streak can be found. A prominent

example is the area giganto cellularis along the ora ser- The ION consists of a highly convoluted lamina in
which two perikaryal layers are separated by a neuropilrata of the dorsotemporal retina in procellariiform sea-

birds (Hayes et al., 1991). These are pelagic seabirds in which the dendrites from opposing layers branch to-
ward the middle of the two layers (Güntürkün, 1987)which come ashore only to breed and spend most of

their life wandering close to the surface of the oceans, (Figure 6). Afferent axons of presumably tectal origin
pass through this dendritic field and synapse topographi-often within the troughs of the waves. According to

Hayes et al. (1991), the location of this specialized retinal cally on small dendritic appendages and spines providing
virtually all excitatory synapses in the ION (Cowan,area and the morphology of its cells suggest a function in

the detection of prey due to relative movements within a 1970; Angaut and Repérant, 1978). Additionally, large
numbers of inhibitory synapses on ION dendrites aresmall binocular field projecting below and around the

bill tip (Martin, 1993). found, which partly originate from a small number of
GABAergic neurons within the ION (Miceli et al.,
1995). Axons from ION cells emerge at opposing ends
of the two laminae and proceed, together with thoseIII. CENTRAL PROCESSING—ANATOMY
from the EION, to the contralateral retina. The numberAND FUNCTION
of efferent axons within the optic nerve is supposed
to be about 12,000 in the pigeon, of which the IONA. Centrifugal Pathway
contributes about 10,000 (Cowan, 1970; Weidner et al.,
1987; Wolf-Oberhollenzer, 1987). Since the tecto-IONThe centrifugal visual system of birds originates in

two different mesencephalic cell groups: the isthmo- and the tecto-EION pathways also consist of about
12,000 neurons, a 1 : 1 ratio of tectal and centrifugaloptic nucleus (ION), a folded bilaminate structure in
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field (Hayes and Holden, 1983; Catsicas et al., 1987b;
Fritzsch et al., 1990). They are composed of two distinct
types, with very different degrees of topographic local-
ization. The ‘‘convergent’’ type of axon probably stems
from the ION and generally gives rise to a single re-
stricted type of terminal fiber, which forms a dense peri-
cellular nest covering the perikaryon of a single associa-
tion amacrine cell (Maturana and Frenk, 1965; Dowling
and Cowan, 1966; Fritzsch et al., 1990; Uchijama and
Ito, 1993; Uchiyama et al., 1995). Association amacrines
have long intraretinal axons, are mainly located in the
horizontal plus ventral retina, and project dorsally (Cat-
sicas et al., 1987a). In pigeons their projections are di-
rected toward the red field (Ehrlich et al., 1987). The
fibers from the ION could thus be involved in a mecha-
nism for switching attention between the upper and the
lower field of view (Catsicas et al., 1987a). In contrast,
the ‘‘divergent’’ centrifugal axons from the EION give
rise to several terminal branches, each constituting an
extensive and highly branched arbor of up to 1 mm2 in
the IPL, such that the total termination field of these
axons must be several square millimeters (Chmielewski
et al., 1990; Fritzsch et al., 1990).

Electrophysiological data are only available for the
ION. Miles (1972b) and Holden and Powell (1972) dem-
onstrated that a large number of ION units show a
preference for target movements in the anterior visual
field and accomodate rapidly to repetitive stimulations,
indicating a role in the analysis of transient and dynamic
features of the visual environment. Miles (1972c) addi-
tionally demonstrated an effect of ION stimulation on
the disinhibition of retinal ganglion cell surrounds and
activation of ganglion cell centers. This would indicate
a role in the modulation of local contrast and luminance
sensitivities. Most ION cells have their receptive fields
in the inferior anterior visual field and are thus related
to the upper posterior parts of the retina, where para-
doxically, ION terminals are virtually absent (Hayes
and Holden, 1983; Catsicas et al., 1987a).

Several authors tried to establish the functional im-FIGURE 5 Schematic viewof differentaspects of the aviancentrifugal
portance of the ION and EION in behavioral studies.system. (a) Overview of the centrifugal system with retinal ganglion

cells projecting to the contralateral tectum, the tectal cells constituting Hodos and Karten (1974), Jarvis (1974), Shortess and
the tecto-ION projection, and the ION neurons, which project back to Klose (1977), and Knipling (1978) observed only mild or
the contralateral tectum. Components of the schema are not drawn to no deficits in visual intensity and pattern discrimination
scale. The EION, which would take a position surrounding the ION, is

experiments after bilateral centrifugal lesions. However,not depicted. b and c give the position of the drawings with the same
using a different approach Rogers and Miles (1972)letters. (b) Schematic view of the tectum with layers 1 to 11 showing

some retinal axons and the position of tecto-ION neurons as described demonstrated profound deficits in the detection of sud-
by Woodson et al. (1991); (c) schematic view of the retina showing the denly occuring moving stimuli and the perception of
two types of centrifugal axons. Abbreviations: ION, n. isthmo-opticus; grain on the black squares of a checkerboard. These
and OFL, optic fiber layer or as in the legend to Figure 3.

authors suggested that the centrifugal system may play
a role in detecting moving objects and in enhancing
contrast under dim light conditions through a mecha-neurons is likely (Woodson et al., 1991). The centrifugal

axons terminate near the IPL/INL border in the hori- nism of dynamic adaption at the retinal level. A study
of Hahmann and Güntürkün (1992) could not confirmzontal and ventral retina, barely penetrating the red
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FIGURE 6 Simplified model of the cellular organization of the ION. Only two opposing cell rows separated
by dendritic arborizations are shown. Axons entering the system are of presumably tectal origin. (From Cell
Tissue Res., A Golgi study of the isthmic nuclei in the pigeon (Columba livia), O. Güntürkün, 248, 439–448,
Fig. 5, 1987, q Springer-Verlag.)

the first result but provided additional evidence for the association amacrines in pecking and food selection
among static stimuli in the inferior frontal visual fieldsecond. Three different behavioral experiments, each
(superiotemporal retina). The electrophysiological studytesting different aspects of visual analysis, were per-
of Miles (1972c) demonstrated an effect of ION stimula-formed in this study. In the first two experiments, a
tion on the disinhibition of retinal ganglion cell receptivegrain–grit discrimination task and a visual acuity deter-
field surrounds and the facilitation of the exciatory fieldmination, stimuli were presented in the frontal binocular
centers. The first mechanism would sacrifice contrast sen-visual field. A third experiment investigated the early
sitivity for responsiveness to a wide range of target formsdetection of moving objects, introduced into the monoc-
and would thus confer improved detectability. The sec-ular lateral visual field. After bilateral ION and EION
ond mechanism, on the other hand, would increase sensi-lesions a multiple linear regression analysis was em-
tivity to small objects without loosing constraints onployed to correlate the postoperative performance in
shape and size, thus facilitating the discriminative capac-all three tasks with the amount of structure loss within
ity of the visual system. Both mechanisms would enableION and EION. Deficits in the grain–grit discrimination
birds to adapt to local optic background variations withinprocedure were a function of the ION lesion extent
the context of feeding or to ‘‘highlight’’ the object ofand did not depend on EION damage. Thus, these two
choice as supposed by Uchiyama (1989).

structures could be functionally differentiated. How-
ever, neither the ION nor the EION seemd to be in-

B. Tectofugal Pathwayvolved in visual acuity performance or the early detec-
tion of large shadows moving through the visual field. The tectofugal pathway is composed of optic nerve
These data support the hypothesis that at least the ION axons which decussate virtually completely in the chi-

asma opticum and end in the optic tectum (TO). Thein pigeons is involved through its projections onto the
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tectum projects bilaterally to the thalamic nucleus ro- and Güntürkün, 1991). The tectal representation of the
foveae or the areas of enhanced vision are considerablytundus (Rt), which itself sends efferent fibers to the

ipsilateral ectostriatum (E). Ectostriatal cells project to expanded (Clarke and Whitteridge, 1976; Frost et al.,
1990a). Single-unit recordings in the optic tectum dem-a surrounding shelf area, the ectostriatal belt (Eb), from

where intratelencephalic projections lead to different onstrate that the visual receptive fields of neurons in
the superficial layers are small (0.5–48) but increase toforebrain structures (Figure 7).

In probably most avian species the majority of retinal up to 1508 in deeper laminae ( Jassik-Gerschenfeld et
al., 1975; Frost et al., 1981). Despite this modulation inganglion cells project to the optic tectum. The exact

proportion is difficult to estimate but according to the the z-axis, changes in the x- and y-axes also occur: Frost
et al. (1990a) could demonstrate that receptive field sizesdata of Bravo and Pettigrew (1981) in the barn owl

Tyto alba and Remy and Güntürkün (1991) in pigeons, increase from foveal to peripheral representations in
the tectum of the American kestrel. Most responses to75–95% of ganglion cells have axons leading to the tec-

tum. With regard to these numbers, the burrowing owl stationary targets have typical on–off characteristics,
and in a large number of cells the activating area isSpeotyto cunicularia is an exception. This bird is sup-

posed to rely heavily on its thalamofugal pathway and surrounded by an inhibitory region (Hughes and Pearl-
man, 1974). Using moving bars of monochromatic light,consequently seems to have less than 50% tectally pro-

jecting ganglion cells (Bravo and Pettigrew, 1981). Letelier (1983) could show that 30% of the recorded
tectal units had specific wavelength preferences, mostlyRetinal axons, which constitute the first of the 15

tectal laminae, innervate only superficial layers 2–7 and for short wavelengths. The majority of cells (70%) are
movement sensitive with about 30% of them hav-reach their highest synaptic density in layer 5 (Hayes

and Webster, 1985). The retinal projection onto the ing directional preferences ( Jassik-Gerschenfeld and
Guichard, 1972). Directionally responsive units are ei-tectum is strictly topographical in all species studied

with the inferior retina projecting to the dorsal tectum ther narrowly tuned or, more commonly, they respond
to a wide range of directions, with the majority beingwhile the posterior tectum is reached by the nasal retina

(Clarke and Whitteridge, 1976; Frost et al., 1990a; Remy inhibited by backward movement (Frost and DiFranco,

FIGURE 7 Schematic view of the avian tectofugal system. The broken lines within E gives the
borderline between the subcomponents as described by Hellmann et al. (1995). Abbreviations:
CP, commissura posterior; CT, commissura tectalis; DSO, dorsal supraoptic decussation; E, ecto-
striatum; Eb, ectostriatal belt; Rt, n. rotundus; SP, n. subpretectalis; T, n. triangularis; and TO,
tectum opticum.
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1976). If the stimulus is positioned on a random-dot ical results (Revzin, 1979, Wang et al., 1993). In anterior
sections Rt units seem to be specialized successivelybackground, tectal cells are activated when the back-

ground is moved out of phase to the stimulus, while a from dorsal to ventral to color, luminance, and 2D mo-
tion, while in posterior sections looming cells can beprofound inhibition is produced by an in-phase motion

of background and stimulus (Frost and Nakayama, found in the most dorsal portion of the Rt (Wang et
al., 1993). These looming cells seem to signal time to1983). These data strongly suggest that tectal cells play

an important function in figure–ground segregation collision with an activity peak about 1 sec before virtual
collision with the object (Wang and Frost, 1992).through discontinuities in velocity (Frost et al., 1990b).

If kinematograms (motion equivalents of random dot Rt- and T-cells project ipsilaterally and in a topo-
graphic manner onto the ectostriatum (E) in the fore-stereograms) are presented, tectal cells in deep laminae

respond only to virtual ‘‘objects’’ shearing above the brain, from where projections lead to the surrounding
ectostriatal belt (Eb) (Benowitz and Karten, 1976). Duesurface of the background and not to virtual ‘‘holes’’ in

the background through which a further texture is visi- to a Wulst projection onto Eb, this structure seems to
be the first forebrain entity in which thalamo- and tecto-ble (Frost et al., 1988). Thus, deep tectal units seem to

prefer moving objects rather than movement per se. fugal systems interact (Ritchie, 1979). Kimberly et al.
(1971) established that E-cells have properties similarTectal cells also respond selectively to the spatial

frequency of drifting sine wave gratings, with most neu- to those of Rt, that is, most respond preferentially to
moving stimuli with wide receptive fields. Engelage androns having their optima between 0.45 and 0.6 c/deg

( Jassik-Gerschenfeld and Hardy, 1979). Most of these Bischof (1988) revealed ipsi- and contralaterally evoked
potentials in the E of zebra finches and even showedcells are more selective to spatial frequencies than they

are to single bar stimuli ( Jassik-Gerschenfeld and an intraectostriatal differentiation in the current source
density profile of ipsi-, contra-, and binocularly evokedHardy, 1980). Birds therefore appear to be able to per-

form Fourier analysis of patterns in visual space. Re- potentials (Engelage and Bischof, 1989). Hellmann et
al. (1995) demonstrated that the E can be parceled ac-cently, Neuenschwander and Varela (1994) could addi-

tionally prove the presence of visually triggered gamma cording to the long-term activity pattern of its neurons
into at least two components which might reflect ocularoscillations in the pigeon’s tectum. This oscillatory activ-

ity had characteristics similar to those reported in the dominance areas within this structure.
Lesions of tectum or Rt cause pronounced deficitsmammalian neocortex in the context of synchronization

of unit responses as a putative physiological basis of in pattern (TO: Jarvis, 1974; Hodos and Karten, 1974;
Rt: Hodos and Karten, 1966; E: Hodos and Karten,perceptual binding (Singer, 1993).

In pigeons, up to layer 12, most, if not all, cells are 1970), intensity (TO: Hodos and Karten, 1974; Rt:
Hodos and Karten, 1966; E: Hodos and Karten, 1970), orpurely visually driven, while deeper neurons are often

bi- or multimodal, integrating visual, auditory, and so- color discrimination (Rt: Hodos, 1969). Psychophysical
techniques confirmed the drastic elevation of acuity ormatosensory afferents (Cotter, 1976). This seems to be

different in the barn owl, in which the majority of super- intensity thresholds after tectofugal lesions (Rt: Hodos
and Bonbright, 1974; Macko and Hodos, 1984; E: Hodosficial and deep tectal units are bimodal and have their

auditory and visual receptive fields in the same space et al., 1984, 1988). The data of Güntürkün and Hahmann
(1998) make it likely that the tectofugal system operatescoordinates (Knudsen, 1982).

Visual information is transmitted either directly by according to asymmetric principles. Their unilateral le-
sions of the Rt revealed that only structure loss withinaxodendritic contacts or with interneurons to the cells

of layer 13, which project to the Rt in the thalamus the left Rt correlates significantly with right- or left-
sided acuity losses, while right-sided Rt lesions had no(Hardy et al., 1985). Within Rt they end in synaptic

glomerulilike structures constituted by the end-claws of impact on monocular acuity. These behavioral data thus
confirm the anatomical results of Güntürkün and Mels-several dendrites and bundles of tectal fibers (Thin et

al., 1992; Tömböl et al., 1992). As demonstrated by bach (1992), who demonstrated that left-sided Rt injec-
tion of retrograde tracers revealed a twice-as-numerousBischof and Niemann (1990) and Güntürkün et al.

(1993a), the tectal projection is bilaterally organized contingent of contralaterally projecting tectal neurons
than after right-sided injections. Since each tectum rep-with the efferents to the contralateral TO crossing

through the dorsal supraoptic decussation. Accordingly, resents the input from the contralateral eye, asymmet-
ries in the contralateral tectal afferents could createEngelage and Bischof (1988) could demonstrate the ex-

istence of ipsi- and contralaterally evoked potentials in asymmetries in the degree of the visual bilateral inte-
gration at the rotundal level. Despite these left–rightthe Rt of zebra finches. The Rt seems to consist of

several distinct subfields as shown by histochemical asymmetries, behavioral studies additionally show a
frontal–lateral difference within the tectofugal system.(Martinez-de-la Torre et al., 1990) and electrophysiolog-



4219 / c1-12 / 08-04-99 14:26:53
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According to Güntürkün and Hahmann (1998), Rt le- stimuli, GLd lesions produce severe deficits (Güntürkün
and Hahmann, 1998).sions interfere with acuity in the frontal but not in the

lateral visual field. At the same time GLd lesions attenu- The differing ecological demands of seed-eating ver-
sus hunting birds are probably the reason for the differ-ate lateral but not frontal acuity. Thus, frontal and lat-

eral visual acuity seem to depend on tecto- and thalamo- ent thalamofugal specialization to only one visual field.
Pigeons and many other seed- or fruit-eating birds fixatefugal mechanisms, respectively.
novel or complex and distant stimuli laterally and only
switch to frontal binocular vision to peck the scrutinizedC. Thalamofugal Pathway
object (Bischof, 1988; Bloch et al., 1988). Thus, in these
species visual detection and analysis is mainly per-The thalamofugal pathway consists of the retinal pro-

jection onto the n. geniculatis lateralis pars dorsalis (GLd), formed by those parts of the neural apparatus which
represent the lateral visual field, while the frontal binoc-a group of nuclei in the contralateral dorsal thalamus,

and the bilateral projection of the GLd onto the Wulst ular area is only involved during the last visually guided
sequences before and within pecking bouts. The lateral(‘‘bulge’’) in the anteriodorsal forebrain (Güntürkün et

al., 1993b). Most people agree that the avian thalamofugal specialization of the thalamofugal pathway in pigeons
could therefore be related to the fact that it is mainlypathway corresponds due to its anatomical, physiological,

and functional properties to the mammalian geniculostri- the lateral visual field which requires fine analysis of
the visual scenery. The frontal specialization of the tha-ate system (Shimizu and Karten, 1993) (Figure 8).

While the tectofugal pathway receives afferents from lamofugal system in birds of prey could be related to
their more complex feeding habits which require themthe complete extent of the retina, the retinal location of

ganglion cells projecting onto the GLd differs in various to specify the distance of objects with great precision
through flow-field variables while moving with highspecies. In birds of prey, ganglion cells in the temporal

retina subserving frontal vision project primarily onto speed (Davies and Green, 1990). Although eagles and
falcons fixate distant objects mainly laterally (Reymond,the GLd (Bravo and Pettigrew, 1981; Bravo and In-

zunza, 1983). Consequently, many neurons in the visual 1985, 1987) they switch to frontal vision when approach-
ing prey. The need for complex and fast visual informa-Wulst of owls, kestrels, and vultures possess binocular

visual fields and detect retinal disparity (Pettigrew, 1979; tion analysis of moving objects could explain the special-
ization of the thalamofugal pathway to the frontal visualPorciatti et al., 1990). In pigeons, however, mainly gan-

glion cells outside the ‘‘red field’’ of superiotemporal field in birds of prey.
The GLd is composed of six components, of whichretina have efferents to the GLd (Remy and Güntürkün,

1991). The paucity of afferents from the red field should only four constitute the core portion since they are
retinorecipient and project onto the visual Wulst: n.render the thalamofugal pathway of pigeons largely

frontally blind, an assumption supported by electro- dorsolateralis anterior thalami, pars lateralis (DLL), n.
dorsolateralis anterior thalami, pars magnocellularisphysiological results (Miceli et al., 1979). Thus, while

the GLd of several birds of prey seems to be specialized (DLAmc), n. lateralis dorsalis nuclei optici principalis
thalami (LdOPT), and the n. suprarotundus (SpRt),for the frontal binocular visual field, the GLd of pigeons

mainly receives afferents from the lateral monocular with DLL and DLAmc being the two largest substruc-
tures (Güntürkün and Karten, 1991). Avian GLd neu-field. This functionally important difference is not the

result of the laterally placed eyes of pigeons, since the rons are also characterized by relatively small receptive
fields (18 in owls, 28–48 in pigeons, 38 in chicks), bykestrel, a diurnal raptor that has lateral eyes, is also

characterized by an overrepresentation of the frontal center-surround organization and by a low adaptation
to stimulus repetition (Pateromichelakis, 1981; Brittenbinocular visual field within its thalamofugal pathway

(Pettigrew, 1978). The ‘‘frontal blindness’’ of the pi- 1987). Aditionally, in pigeons and chicks many direc-
tionally selective cells with large receptive fields havegeon’s thalamofugal system is very likely the reason for

the virtual absence of behavioral deficits in a variety of been encountered (Wilson, 1980; Britten, 1987).
The GLd-Wulst projection is bilateral and topo-discrimination tasks after GLd or Wulst lesions (Günt-

ürkün, 1991). Generally in these experiments the pi- graphically organized in all species studied, but the rela-
tive contribution of both sides probably depends on thegeons were required to perform discriminative pecking

responses to patterns presented upon response keys. orientation of this system to the frontal or the lateral
field of view (Bagnoli et al., 1990; Miceli et al., 1990;Pigeons pecking a key fixate it with their red field (Goo-

dale, 1983). Since the red field has only limited projec- Güntürkün et al., 1993b). In owls with their essentially
frontal eyes and the frontal thalamofugal orientation,tions onto the GLd, thalamofugal lesions are likely to

produce minimal deficits when tested with this proce- the ipsi- and contralateral sides contribute an approxi-
mately equal number of fibers to the forebrain projec-dure. When using discriminations of laterally presented
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FIGURE 8 Schematic view of the avian thalamofugal pathway. The various core components
of the dorsolateral geniculate complex (gray shading) are depicted to the left together with
the ascending projections onto the ipsi- and contralateral Wulst and the neurotransmitters/
modulators of the relay neurons. Note that the SpRt projects only ipsilaterally. The sizes of the
black circles indicate the relative number of neurons contributing to the depicted projections.
At the top the subdivisions of the Wulst are given with the nomenclature and the presumed
extent of the visual components to the right (gray shading). To the right, the descending Wulst
projections via the TSM are depicted. The broken line is the partition between the hemispheres.
Each section represents a frontal plane of the atlas of Karten and Hodos (1967). Abbreviations:
ACh, acetylcholine; CCK, cholecystokinin; DLAmc, n. dorsolateralis anterior thalami, pars mag-
nocellularis; DLL, n. dorsolateralis anterior thalami, pars lateralis; GLv, n. geniculatus lateralis,
pars ventralis; HA, hyperstriatum accessorium; HDl, lateral portion of the hyperstriatum dorsale;
HDm, medial portion of the hyperstriatum dorsale; HIS, Hyperstriatum intercalatus superior;
ICT, n. intercalatus thalami; IHA, n. intercalatus hyperstriati accessorii; LA, n. lateralis anterior;
LdOPT, n. lateralis dorsalis nuclei optici principalis thalami; LFSl, lateral portion of the lamina
frontalis superior; nBOR, n. of the basal optic root, pars dorsalis; nMOT, n. marginalis tractus
optici; Rt, n. rotundus; SPC, n. superficialis parvocellularis; SPM, n. spiriformis medialis; SpRt,
n. suprarotundus; and VLT, n. ventrolateralis thalami. (After Güntürkün et al., 1993b, in Vision,
Brain and Behavior, The MIT Press. q 1993 The MIT Press.)

tion (Bagnoli et al., 1990). In lateral-eyed birds like sion. The visual Wulst is organized from dorsal to ventral
in four laminae: hyperstriatum accessorium (HA), inter-pigeons, only a few contralateral projections can be

found (Hahmann et al., 1994). calated nucleus of the hyperstriatum accessorium
(IHA), hyperstriatum intercalatus superior (HIS), andThe Wulst can be subdivided into a rostral somato-

sensory, a medial hippocampal, and a caudal visual divi- hyperstriatum dorsale (HD). These subdivisions are
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based on the cytoarchitectonics of the Wulst and do not cells depend for their receptive field properties upon
reflect the full complexity of the structure, since Shimizu input from an intact Wulst. Cryogenic block of the Wulst
and Karten (1990) were able to distinguish at least eight caused a reversible response depression of a majority
subdivions using immunocytochemical techniques. The of tectal cells and drastically diminished the directional
granular IHA and probably also lateral HD are the tuning of half of the directionally selective neurons.
major recipients of the cholinergic and colecystokinergic Thus, the visual properties of tectal cells are not solely
GLd input (Watanabe et al., 1983; Güntürkün and Kar- a reflection of the retinal afferents and the intratectal
ten, 1991). Electrophysiological studies demonstrate circuitry, but also depend on the thalamofugal input.
similarities between the visual Wulst of birds of prey
and the striate cortex of mammals. In the visual Wulst
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I. Introduction 21 ily inferior to those of most mammalian species.
However, hearing range in birds is restricted to an upperII. Structure of the Ear 21

A. External Ear 21 limit of about 20 kHz (Schwartzkopff, 1973) but the
B. Middle Ear 22 normal range does not exceed 10 kHz significantly. As
C. Inner Ear (Cochlea) 22 in some mammalian species (e.g., elephants) some birds

III. Function of the Ear 24 are able to hear infrasound.
A. Transfer Function of the Middle Ear 24 Hearing depends on the structure and function of
B. Oscillations of the Basilar Membrane 24 the sense organ, the ear, and on processing in the central
C. Hair Cell Activation 24 nervous system (CNS). Air-borne sound waves enter

IV. Auditory Nerve Fibers 27 the ear by the external acoustic meatus to impinge on
V. Central Pathways 28 the tympanic membrane (eardrum). Movements of the

A. Anatomy 28 eardrum are transmitted to the inner ear via one ossicle
B. Electrophysiology 29 of the middle ear, the avian columella. The inner ear is

VI. Behavioral Aspects 33 part of the labyrinth which contains various sensory
A. Behavioral Audiograms 33 patches of which the basilar papilla serves auditory func-
B. Frequency Discrimination 33

tions. Soundwave-driven movements of the basilar pa-C. Intensity Discrimination 33
pilla result in mechanical stimulation of the sensoryD. Time Resolution 33
receptors located on the papilla, the hair cells. Excita-E. Sound Localization 34
tion of hair cells is transmitted to the auditory nerveF. Echolocation 35
whose fibers convey the information to the CNS whereVII. Summary and Conclusions 35
further processing occurs. This finally results in auditionReferences 35
and behavioral responses.

II. STRUCTURE OF THE EARI. INTRODUCTION

A. External Ear
Both sensitive hearing and vocal communication play

an important role in a bird’s life. Among nonmammalian In most birds the external ear is inconspicuous, lack-
ing auricles. The tube-like short external acoustic me-vertebrates birds possess the most highly evolved audi-

tory system. Although the mammalian ear is more spe- atus is normally surrounded by specialized feathers
which are adapted to minimize flight turbulences butcialized, hearing performances of birds are not necessar-

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.21
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which do not obstruct sound transmission. There may
be ear flaps and specialized feathers which serve to
reflect and amplify sound as is true, for example, for
the ear and facial ruff in the barn owl (Tyto alba). In
addition, in some owls their left and right ears may differ
in height and direction of their external openings which
is the basis for detection of elevation above ground of
a sound source (Volman, 1994).

The tympanic membrane at the end of the external
acoustic meatus protrudes cone-like into the meatus.
This is caused by the processes of the extracolumellar
cartilage (Figure 1).

B. Middle Ear

The tympanic cavity of the middle ear contains the
auditory ossicle. The single ossicle consists of two seg-
ments, a cartilaginous extracolumella and the bony colu-
mella proper (Figure 1). The extracolumella inserts on
the ear drum whereas the footplate at the proximal end
of the columella fits into the oval (vestibular) window
of the cochlea. There is a middle ear muscle, M. columel-
lae, which inserts at the extracolumellar end and which
upon activation through the facial nerve may increase
tension of the columella and the tympanic membrane
(Kühne and Lewis, 1985).

The middle ear cavity communicates with air cavities
of the surrounding skull bones and the right and left
tympanic cavities communicate with each other via in-
terconnecting air sinuses. This may have functional im-
plications for sound localization in some birds (Hill et
al., 1980; Coles et al., 1980).

The tympanic cavity contains a sensory patch with
hair cells, the paratympanic organ, whose function is so
far unknown. There is some evidence that it may detect
barometric pressures (von Bartheld, 1994).

C. Inner Ear (Cochlea)

1. Gross Morphology
FIGURE 1 Schematic drawing of the middle ear and of the cochlea

The inner ear consists of a cochlear organ and of birds.
a vestibular organ. The bony labyrinth includes a
membraneous labyrinth which contains the sensory
epithelia. Whereas maculae (m. utriculus, m. sacculus) (Figure 1). The length of the cochlea ranges from

less than 3 mm in small songbirds to about 12 mmand cupulae of the semicircular canals are part of the
vestibular organ and serve equilibrium, the cochlear in owls, usually being less than 7 mm even in large

birds such as the swan (for comparison, cochlea oforgan contains the basilar papilla as a sensory epithe-
lium for hearing and a macula lagena with a still mice 5 7 mm; Schwartzkopff, 1968).

The cochlea is divided by a cartilagenous frame whichunknown function. The cochlea is not coiled as in
mammals but slightly curved approaching the midline spans the basilar membrane (extracellular material)

which supports the cochlear duct. This duct is composedat the base of the cranium. The bony cochlea has
two openings facing the tympanic cavity, the oval of different epithelial specializations and encloses the

endolymphatic space of the scala media (Figure 2A). It(vestibular) window and the round (cochlear) window
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cently a separate papilla chaotica near the apical end
of the basilar papilla has been described in the pigeon
(Schermuly et al., 1991).

The basilar papilla of birds consists of hair cells and
of supporting cells. In larger birds it widens from basal
to apical (Figure 1). There is no organ of Corti as in
mammals with a separation into inner and outer hair
cells. Instead up to 50 hair cells make up a transverse
row (Figure 2A). Hair cells are characterized by numer-
ous cilia (up to about 100) which protrude from a cuticu-
lar plate at the apical side of the cell (Figures 2B and
2C). These stereocilia or stereovilli resemble large mi-
crovilli with dense actin filaments. In birds there is usu-
ally one kinocilium (Takasaka and Smith, 1971) which
may be absent in part of the hair cells in the chicken
(Tanaka and Smith, 1978). This kinocilium has the typi-
cal microtubuli organization and a basal body found in
other cilia also. The arrangement of microtubuli and
dynein arms is, however, irregular, which points to an
impeded function as a motile organ (Smith, 1985). In a
bundle stereocilia increase in heights toward the kinoci-
lium (Figures 2B and 2C). This means a morphological
polarization. This orientation may change in depen-
dence on the location on the basilar papilla. There is a
change in polarization over the width of the basilar
papilla which seems to be similar in different species
(Gleich and Manley, 1988; Fischer et al., 1988; Manley
et al., 1993; Gleich et al., 1994).

The cochlear ganglion is located at the superior side
FIGURE 2 Transverse section of the cochlear duct (A) and of tall of the cochlea. This defines a neural (superior) and an
hair cells (B) and short hair cells (C). A, afferent nerve ending; BM,

abneural (inferior) edge of the basilar papilla. Differentbasilar membrane; CU, cuticular plate; E, efferent nerve ending; GC,
types of hair cells can be distinguished depending atcochlear ganglion; H, hyaline cells; HP, habenula perforata; IFP, infe-

rior fibrocartilaginous plate (abneural limbus); K, kinocilium; MV, least in part on the location on the basilar papilla. Tall
microvilli; N, nucleus; S, stereocilium (stereovillus); SB, synaptic ball hair cells (THC) are elongated and short hair cells
structure; SC, supporting cell; ScM, scala media; ScT, scala tympani; (SHC) are larger in width than in height (Figure 2).ScV, scala vestibuli; SFP, superior fibrocartilaginous plate (neural

There is a continuum from tall to short. THCs are lo-limbus); SHC, short hair cell; SSC, subsynaptic cisterna; THC, tall
hair cell; TM, tectorial membrane; and TV, tegmentum vasculosum. cated on the cartilagenous neural limbus which does not
After Takasaka and Smith (1971) with permission. move during sound stimulation (Fischer et al., 1992).

SHCs are located on the free basilar membrane and
thus exposed to movements. This is comparable to thecommunicates with the sacculus by the sacculocochlear
location of inner and outer hair cells in the mamma-duct. There are perilymphatic spaces on each side of the
lian cochlea.cochlear duct, a narrow scala vestibuli on the vestibular

A thick extracellular tectorial membrane extendswindow side, and a wider scala tympani on the cochlear
from the columnar cells at the superior edge of thewindow side. Scala vestibuli communicates with scala
cochlear duct and covers the hair cells (Figure 2A). Thetympani both at the base and at the apex (helicotrema).
inferior side of the membrane has a honeycomblikeThere is a widening of the scala tympani near the round
structure into which the longest stereocilia protrude.window (Recessus scalae tympani).
Furthermore, there are cavities and channels whichMain epithelial elements of the cochlear duct are
allow the endolymph to reach the apical surface of thethe basilar papilla and the tegmentum vasculosum with
hair cells (Smith, 1985). Because of its unilateral attach-inner and outer hyaline cells at the transition zone be-
ment, movements of the basilar membrane result intween both tissues. The macula lagena at the apical end
shearing forces at the tectorial membrane–stereociliaof the cochlear duct (Figure 1) has some similarity to

the maculae of the vestibular organ (Smith, 1985). Re- interface.
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The richly folded tegmentum vasculosum protrudes on frequency, and attenuation mainly occurs at frequen-
cies higher or lower than the most sensitive hearinginto the cochlear duct (Figure 2). It contains dark

and light cells. Dark cells contain numerous mitochon- range (Oeckinghaus and Schwartzkopff, 1983). This
may help to select a frequency range; for example, thatdria and microvilli at the apical side. The tegmentum

vasculosum which is probably homologuous to the of vocal communication in songbirds. In owls there is
an acoustic reflex of middle ear muscle (activation atmammalian stria vascularis is richly supplied with

blood vessels (Schmidt, 1964). Because this epithelial high sound intensities) which may serve to keep the
sound level in the sensitive range (Kühn and Lewis,specialization is rich in Na1-K1-ATPase (Kuypers and

Bonting, 1970), it may be involved in secretory pro- 1985).
cesses and/or in the maintenance of the endocochlear
potential (see below).

B. Oscillations of the Basilar MembraneThere is both an afferent and an efferent innervation
of hair cells (Figure 2). THCs are contacted by 1 to 4 Movements of the columellar footplate force oscilla-
afferent fibers, which is much less than in mammalian tions of inner ear fluids which finally result in move-
inner hair cells (15–20). Efferent innervation is scarce ments of the basilar membrane. Waves travel along the
in THC but abundant in SHC where an afferent innerva- basilar membrane from proximal to distal, getting
tion may even be lacking (Takasaka and Smith, 1971; shorter at the distal end. The location of maximal ampli-
Fischer, 1992; Fischer et al., 1992). The efferent innerva- tude of these travelling waves depends on the frequency
tion originates from neurons in the brain stem which (Békésy, 1944). Because of the shorter basilar mem-
are located near the superior olive, and there is both a brane in birds the frequency dependent maxima are in
crossed and an uncrossed efferent pathway (Whitehead closer proximity than in mammals. The very short ba-
and Morest, 1981; Schwarz et al., 1981). silar membranes of small songbirds probably vibrate as

a whole, as do those of larger birds (chicken) below
100 Hz. The existence of traveling waves in the pigeon

III. FUNCTION OF THE EAR was confirmed recently with the Mössbauer technique
(Gummer et al., 1987). The frequency of maximal re-

A. Transfer Function of the Middle Ear sponse shifted along the basilar membrane with about
0.6 mm/octave (basal part of the basilar membraneThe middle ear has to transform large amplitudes and
only).velocities of sound waves at the tympanic membrane to

small amplitudes but great forces at the oval window.
This is achieved by the transmission of the oscillations C. Hair Cell Activation
of the large tympanic membrane to the small oval win-

Hair cell activation results from shearing forces ofdow. The area of the tympanic membrane is always
the tectorial membrane acting on the stereocilia duringconsiderably larger than that of the columellar footplate
oscillations of the basilar membrane. Hair cells are po-by ratios which vary between about 15 and 40 in various
larized electrically with a negative charge inside. Poten-species of birds (Schwartzkopff, 1968). This means a
tial difference across the apical surface of the cells issubstantial impedance matching of sound transmission
increased by a positive potential in the endolymphaticwhich is about the same as in mammals.
space (scala media). This anoxia-sensitive endocochlearThe transfer function of the middle ear has been
potential (EP) is lower in birds (less than 120 mV;measured with the Mössbauer technique (Saunders and
Schmidt and Fernandez, 1962; Necker, 1970; RunhaarJohnstone, 1972; Saunders, 1985; Gummer et al.,
et al., 1991) than in mammals (180 mV). There is evi-1989a,b). Above 2 kHz amplitudes of both the tympanic
dence that EP increases the sensitivity of hair cells (Vos-membrane and columellar footplate decrease steeply at
sieck et al., 1991). EP is probably due to electrogenicmore than 210 dB/octave (guinea pig: 21 dB/octave).
pumps located in the stria vascularis in mammals (Kuijp-This limits high frequency hearing to about 10 kHz (see
ers and Bonting, 1970) or tegmentum vasculosum inFigure 6). The reason for the decrease in amplitude is
birds. The pumping results in an unusual high concentra-an energy loss in the flexing motion of the processes of
tion of K1 ions in the extracellular endolymph (aboutthe cartilaginous extracolumella (Manley and Gleich,
160 mM/liter in the chicken; Runhaar et al., 1991) which1992).
is about the same as the intracellular concentration.The activation of the single middle ear muscle results
The lower value of EP despite a mammalianlike K1in a reduction of the electrical response of the cochlea

(cochlear microphonics). However, this effect depends concentration and an insensitivity to furosemide (Scher-
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muly et al., 1990) point to a modified generation com-
pared to mammals.

The current view of the activation of the hair cells
can be summarized as follows (Ashmore, 1991). It has
been shown that there are so-called ‘‘tip-links’’ connect-
ing neighboring stereovilli (Figure 3A). These tip links
are assumed to open mechanosensitive channels since
they are arranged in a way to be stretched during bend-
ing the bundle of stereovilli toward the kinocilium (Fig-
ure 3B). The opening of the channels probably results

FIGURE 4 Ion flows during excitation in a hair cell. glut, glutamate
(transmitter at afferent synapse). (Reproduced, with permission, from
the Annual Review of Physiology, Volume 53, q 1991, by Annual
Reviews Inc.)

mainly in an inward K1 current and a depolarization of
the cell membrane (Figure 4). The role of Ca21 in the
tranduction process is not yet clear although it is neces-
sary for excitation. The depolarization primarily causes
an activation of voltage dependent K1 channels at the
basolateral membrane of the cell to remove the excess

A

B

K1 entered during excitation. Opening of voltage-gatedFIGURE 3 Schematic drawings of the organization of the tip links
Ca21 channels results in an influx of calcium which trig-of stereocilia (stereovilli) under rest (A) and when activated (B). After

Pickles et al. (1990) and Pickles and Corey (1992) with permission. gers the release of transmitter vesicles. The transmitter
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(probably glutamate) depolarizes the postsynaptic affer- emissions and electromechanical events have been dem-
onstrated in birds (Manley et al., 1987, Brix and Manley,ent terminals and results in an increase in the firing rate

in the afferent fiber. 1994). It is, however, not clear whether these events
have the same origin as in mammalian hair cells.In nonmammalian vertebrates including birds, Ca21

influx activates Ca21-sensitive K1 channels (Figure 4) Extracellular recordings from the fluid spaces sur-
rounding the basilar papilla show that there are twowhich results in hyperpolarization of the cell. This is

the basis of oscillations of the membrane potential which different types of responses related to sound stimula-
tion: (1) cochlear microphonics (CM), which are a mir-are thought to underly electrical tuning found in hair

cells of lower vertebrates (Ashmore, 1991). In the ror image of the stimulus, and (2) a DC component
superimposed on the AC events called summating po-chicken oscillation frequency depends on the location

of the hair cells on the basilar membrane in such a way tential (SP) which is mainly directed toward depolariza-
tion of the hair cells (Figure 5; Necker, 1970; Piersonthat higher frequencies are observed in more basal parts

(Fuchs et al., 1988). and Dallos, 1976). It is unclear whether electrical or
mechanical nonlinearities contribute to SP.Mammalian outer hair cells have been shown to

change their length with a change in membrane polariza- Cochlear microphonics have been used to study the
sensitivity of the avian ear. The dependence of CM ontion (electromechanical transduction) and it has been

postulated that this process contributes to an increase frequency is best described by isopotential curves—the
sound pressure level (SPL) required to produce a con-in sensitivity and sharpness of tuning of inner hair cells

(Ashmore, 1991, 1994). These events are thought to stant CM amplitude. As shown in Figure 6 sensitivity
decreases rapidly above about 3 kHz as in middle earresult in otoacoustic emissions of the ear (sound re-

corded at the ear after stimulation). Both otoacoustic transfer function.

FIGURE 5 Examples of cochlear microphonics and summating potentials in the pigeon inner ear. Sound
frequency and intensity as indicated. (After Z. vergl. Physiol., Zur Entstehung der Cochleapotentiale von
Vögeln: Verhalten bei O2-Mangel, Cyanidvergiftung und Unterkühlung sowie Beobachtung über die rämliche
Verteilung, R. Necker, 69, 367–425, Fig. 7, 1970 q Springer-Verlag.)



4219 / c2-27 / 08-04-99 14:27:42

Chapter 2. The Avian Ear and Hearing 27

chaotica) at the apical end of the basilar papilla (Scher-
muly and Klinke, 1990a). Lagenar afferent fibers seem
not to be involved in hearing (Manley et al., 1991).

Cochlear afferents have high rates of spontaneous
activity (up to 150 Imp./sec) and rates may increase up
to 400 Imp./sec during activation (Sachs et al., 1980).
Some of the fibers show periodic discharges with pre-
ferred intervals which are near but not identical to the
characteristic frequency (Temchin, 1988; Hill, 1990;
Manley and Gleich, 1992). The basis of spontaneous
periodic discharges is thought to be electrical tuning of
the hair cells (see above). Since electrical tuning works
only at low frequencies and is not found in all hair cells,
other mechanisms of tuning must be present.

Tuning curves show a rapid increase of threshold in-
tensities for frequencies above and below CF (Figure 7).
CFs range from below 100 Hz up to about 6 kHz in most
birds and up to 9 kHz in owls (Manley and Gleich, 1992).
Frequencies outside CF may cause inhibitory responses.
Such inhibitions (single tone suppression) are found in
oscillating fibers only (Temchin, 1988). Two-tone sup-
pression (suppression of the response by a second tone
of nearby frequency) is common as in mammals.FIGURE 6 Average 1 em r.m.s. cochlear microphonics isopotential

Phase-locking (spikes occur at a distinct phase of thecurve (r, left ordinate) in the frequency range 0.1 to 10 kHz. For com-
stimulus wave) has been observed up to frequencies ofparison (e, right ordinate) an inverted representation of an average

middle ear tranfer function is shown. (Reprinted with permission from 4 kHz in many birds but up to 9 kHz in owls (Sachs et
Nature (262, 599–601). Copyright (1976) Macmillian Magazines al., 1980; Sullivan and Konishi, 1984; Gleich and Narins,
Limited.) 1988). Phase-locking (periodicity) may be an additional

mechanism of frequency discrimination besides the
place principle evident from the distribution of CF alongThe efferent innervation of hair cells has been shown
the basilar papilla.to result in a hyperpolarization via cholinergic mecha-

nisms (Ashmore, 1991, Fuchs and Murrow, 1992). This
is in accordance with an increase in CM amplitude after
activation of the olivocochlear bundle (Desmedt and
Delwaide, 1965). However, nerve fiber activity de-
creases, which points to a desensitization of the system
(e.g., inhibition of transmitter release). The function of
the efferent innervation is not clear at present (Ash-
more, 1991; Kaiser and Manley, 1994).

IV. AUDITORY NERVE FIBERS

There is a tonotopic arrangement in that fibers with
low characteristic frequency (CF) innervate apical HCs
and fibers with high CF, basal HCs (Gleich, 1989; Man-
ley et al., 1989). Whereas the frequency distribution is
below 1 mm/octave in most birds, there is a special-
ization in owls in that frequencies in the range of
5–10 kHz occupy the basal 6 mm of the 11-mm-long
basilar papilla (Köppl et al., 1993). This means 6 mm/

FIGURE 7 Tuning curves of auditory nerve fibers. Each curve is an
octave, which points to an auditory ‘‘fovea’’ as found isorate contour corresponding to a discharge rate 50% above spontane-
in echolocating bats. Fibers responding to infrasound ous activity. (After Sachs et al. (1974) Brain Res. 70, 431–447, with

permission from Elsevier Science.)in the pigeon contact specialized areas (probably papilla
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Infrasound-sensitive primary afferents have been de-
scribed for the pigeon (Schermuly and Klinke, 1990b).
Spontaneous activity is similar to normal afferents.
There is no change in mean firing rate during tonal
stimulation. However, activity is modulated at the stim-
ulus frequency in the range 1–100 Hz (Figure 8).

V. CENTRAL PATHWAYS

A. Anatomy

The central pathways as described by Boord (1969)
are shown in Figure 9. More recent details are outlined
schematically in Figure 10. The cochlear afferents join
the nervus octavus (NVIII) and enter the medulla ob-
longata where the fibers branch to reach both the nu-
cleus angularis (NA) and the nucleus magnocellularis
(NM). The NM projects bilaterally to the nucleus lami-
naris (NL), which is the first nucleus to receive an input
from both ears. The NA projects mainly contralaterally
to the midbrain nucleus mesencephalicus lateralis pars
dorsalis (MLD) to give off collaterals to the superior
olive and to the nuclei of the lateral lemniscus (dorsal,
intermediate, and ventral nucleus of the lateral lemnis-
cus: LLD, LLI, LLV; Arends and Zeigler, 1986). The
NL has a similar projection as the NA. The superior
olive (OS) projects to the MLD. The nuclei of the lateral

FIGURE 9 Diagram showing the location of auditory nuclei and the
main ascending auditory pathway in the pigeon. C, cochlea; L, Field
L; LL, nucleus of lateral lemniscus; MLD, nucleus mesencephalicus
lateralis pars dorsalis; NA, nucleus angularis; NL, nucleus laminaris;
NM, nucleus magnocellularis; OS, oliva superior; Ov, nucleus ovoi-
dalis; SPO, nucleus semilunaris parovoidalis; and VIII, auditory nerve.
(Based on Boord (1969), used with permission.)

lemniscus have differential projections, LLI projecting
to the forebrain nucleus basalis area (nucleus of the
somatosensory system), and LLD and LLV projecting
to the MLD and directly, mainly, to the thalamic nucleus
semilunaris parvovoidalis (SPO; Wild, 1987). The mid-
brain MLD projects ipsilaterally to the thalamic nucleus
ovoidalis (Ov) including SPO with collaterals to the
contralateral Ov via the dorsal supraoptic decussation
(DSOD). The MLD of both sides are interconnected
via the intertectal commissure. The Ov projects ipsilat-
erally to Field L of the caudal neostriatum of the telen-

FIGURE 8 Modulation of spontaneous activity in infrasound- cephalon. Field L has been divided into three laminae
sensitive primary afferent fibers by tones of 1 to 10 Hz in the pigeon.

(L1, L2, L3; Bonke et al., 1979) and it is L2 where(After, J. Comp. Physiol. A, Infrasound sensitive neurones in the
the fibers from the Ov mainly terminate (Boord, 1969;pigeon cochlear ganglion, L. Schermuly and R. Klinke, 166, 355–363,

Fig. 2, 1990b, q Springer-Verlag.) Conlee and Parks, 1986; Wild, 1987; Carr, 1992).



4219 / c2-29 / 08-04-99 14:27:43

Chapter 2. The Avian Ear and Hearing 29

FIGURE 10 Diagram of ascending auditory pathways originating from nucleus laminaris and nuclei of the
lateral lemniscus (left side) or nucleus angularis (right side). Thick lines mean main pathways. Bas, nucleus
basalis; LLD/LLI/LLV, nucleus lemniscus lateralis pars dorsalis/pars intermedialis/pars ventralis; VLVa/VLVp,
nucleus ventralis lemnisci lateralis pars anterior/pars posterior. See the legend to Fig. 9 for further abbreviations.

In the owl there are a few modifications of the general sion of the IC (ICx) where the information of both
pathways is combined.scheme in that the NL and NA reach different subnuclei

of the ventral nucleus (VLV) of the lateral lemniscus
and of the MLD. In more recent investigations the MLD

B. Electrophysiologyin the owl is called colliculus inferior (IC) by analogy
with the mammalian mesencephalic auditory nucleus Neurons in the central auditory pathway have been
(Knudsen, 1983). There is strong evidence that the NA characterized with regard to frequency (tuning curves),
and its projections process intensity cues whereas the intensity, phase, and response to monaural or binaural
NL processes time cues so that a time pathway and stimulation. Binaural stimulation may be free field stim-
an intensity pathway have been postulated (Figure 11; ulation or dichotic stimulation with independent varia-
Volman, 1994). Whereas time cues from both ears are tions of intensity and phase at both ears. Topographic
processed first in the NL, intensity cues first appear distribution of CFs within a nucleus indicates tono-
in the posterior part of the VLV (VLVp). The VLVp topic organization.
projects to the shelf region of the central nucleus of the The avian cochlear nuclei include the nucleus angu-
IC (ICc) whereas the NL projects to the ICc. The ICc laris, nucleus magnocellularis, and nucleus laminaris,

which is, however, a third-order nucleus probably ho-and its shelf region both project to an external subdivi-
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FIGURE 11 Time pathway (left side) and intensity pathway (right side) in the barn owl. ICc: core of inferior
colliculus (MLD in the legend to Figure 10); ICx, external nucleus of IC. See the legends to Figures 9 and 10
for further abbreviations.

mologous to the medial superior olive (MSO) of mam-
mals. The NA and NM correspond to the mammalian
dorsal and ventral cochlear nuclei.

1. Cochlear Nuclei

Most neurons are spontaneously active both in the
NA and the NM, with a higher spontaneous activity in
the NM (Sachs and Sinnott, 1978; Warchol and Dallas,
1990). Intensity functions are monotonic in the NM but
often reach a maximum in the NA. Tuning curves are
more complex in the NA than in the NM. However, the
general appearance is a V-shaped tuning curve with
inhibitory side bands (Figure 12). In the NA additional
inhibition may occur within the excitatory area (Sachs
and Sinnott, 1978).

Characteristic frequencies range from 200 to about
5000 Hz in the chicken (Rubel and Parks, 1975, Warchol
and Dallos 1990) and from 1000 to 9000 Hz in the owl
(Sullivan and Konishi, 1984). In the chicken NA there
are neurons which are broadly tuned at low frequencies
or which decrease threshold down to 10 Hz (Warchol

FIGURE 12 Response map for a nucleus angularis neuron in theand Dallos, 1989). These neurons are assumed to pro-
blackbird. E, excitatory regions; I, inhibitory regions. (After, J. Comp.cess infrasound. Both the NA and the NM show a tono-
Physiol., Responses to tones of single cells in nucleus magnocellu-

topic organization which is dorsoventral in the NA and laris and nucleus angularis of the red-wing blackbird (Agelaius phoeni-
caudorostral in the NM (increasing CF). Phase-locking ceus), M. B. Sachs and J. M. Sinnott, 126, 347–361, Fig. 3, 1978, q

Springer-Verlag.)is better in the NM (time pathway) than in the NA and
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can be observed up to 2000 Hz in the chicken but up lel shift in the response curves of different neurons (see
Figure 14). This means that different neurons may detectto 9000 Hz in the owl.
different interaural intensity differences. There is a topo-
graphic organization in that ispsilateral inhibition de-2. Nucleus Laminaris
creases from dorsal to ventral. There is also a tonotopic

NL neurons have a similar tonotopic organization as organization which is, however, from rostral (low frequen-
NM neurons (Rubel and Parks, 1975). The CF of a neuron cies) to caudal (high frequencies). The CFs range from 2
is the same independent of the ear stimulated. CFs range to 10 kHz, most being 5 to 10 kHz.
from 1 to 7 kHz in the owl (Carr and Konishi, 1990).
Activity depends strongly on the interaural time delay

4. The Midbrain Auditory Nucleus(ITD) between both ears being maximal at ITDs of 0–
300 esec in the owl (Figure 13). However, at higher fre- The MLD has been investigated in different species.
quencies there are multiple maxima, i.e. information is Although it is not clear whether there is a subdivision
ambiguous (Carr and Konishi, 1990). A prominent fea- into an external nucleus (ICx) in other birds than owls,
ture of NL neurons is phase-locking which increases with it seems that the main or central nucleus has a similar
binaural stimulation. There is a dorsoventral map of ITDs function in all birds. Neurons are spontaneously active
(Sullivan and Konishi, 1986). It is assumed that delay lines and the most common response is an excitation from
and coincidence detection in NL are the basis for time contralateral and an inhibition from ipsilateral (EI type,
difference or phase difference detection between both Figure 14). However, excitation to ipsilateral and con-
ears (Carr and Konishi, 1990; Overholt et al., 1992). tralateral stimulation (EE) and no response to ipsilat-

eral stimulation (E0) have been observed in the chicken
and in the pigeon also (Coles and Aitkin, 1979; Lewald3. Nuclei of the Lateral Lemniscus
1990). EI units and EE units are assumed to detect

In owls the VLVp of the nuclei of the lateral lemniscus IIDs and ITDs, respectively. EE units often show phase-
has been studied because it is the first nucleus in the locking and have low CFs. In the barn owl ITD-sensitive
intensity pathway where information from both ears con- neurons have similar characteristics as neurons in the
verge (Manley et al., 1988). The neurons in this nucleus NM, including phase ambiguity.
are excited (E) by contralateral stimulation and inhibited Tuning curves of MLD neurons are V-shaped and
(I) by ipsilateral stimulation (EI type of response). Chang- some have inhibitory bands of various degree of com-
ing interaural intensity difference (IID) results in a mono- plexity (Biedermann-Thorson, 1967) which points to a
tonic change in response in such a way that response specialization for detecting complex sounds (Scheich et
increases with reducing ipsilateral intensity. Similar re- al., 1977). Tonotopy is from dorsal (low CF) to ventral
sponses are found in the MLD (see Figure 14). Absolute (high CF) in diurnal raptors (Calford et al., 1985).
sound pressure level has not much effect, it is mainly the Neurons at the rostrodorsal margin, which is at the

low CF side, respond to infrasound in the guinea fowldifference to which the cells are sensitive. There is a paral-

FIGURE 13 Response of a nucleus laminaris neuron to interaural time differences in the barn owl.
Note multiple maxima at integer intervals of tone period (226 es). (After Carr and Konishi (1990),
The Journal of Neuroscience, used with permission.)
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FIGURE 14 Response of four units in the chicken nucleus mesencephalicus lateralis pars
dorsalis (MLD) to interaural intensity differences expressed as dB ipsi re contra (decreasing
intensity on the ipsilateral side; i.e., dominance of contralateral stimulation increases responses).
(After, J. Comp. Physiol., The response properties of auditory neurones in the midbrain of the
domestic foul (Gallus gallus) to monaural and binaural stimuli, R. B. Coles and L. M. Aitkin,
134, 241–251, Fig. 6, 1979, q Springer-Verlag.)

(Theurich et al., 1984). In these neurons activity is modu- 5. Thalamic Nucleus Ovoidalis
lated at the soundwave amplitudes at frequencies as low

The Ov has been studied much less than the MLD.as 2–10 Hz.
There is spontaneous activity and both excitation andIn the barn owl neurons with just one maximal re-
inhibitory sidebands are present, sometimes in complexsponse to ITD and with a peak at a distinct IID appear
forms (Biedermann-Thorson, 1970; Bigalke-Kunz et al.,only in the ICx (Figure 15; Knudsen and Konishi, 1978).
1987). There is a clear tonotopic organization from dor-Such neurons are space-specific neurons; that is, neurons
sal (high CF) to ventral (low CF; Bigalke-Kunz et al.,which under free-field conditions respond only to sound
1987).coming from a restricted area of the space. The response

of space-specific neurons is independent of frequency
and intensity and it has been shown that IID sensitivity 6. Telencephalic Auditory Field L
depends on NA and ITD sensitivity on NM (Takahashi

In Field L activity is highest in layer L2, which is theet al., 1984). There is an orderly representation of azi-
input area from Ov. Tuning curves are V-shaped withmuth and elevation in the ICx. Space-specific neurons
inhibitory bands (Leppelsack, 1974; Biedermann-are found in the optic tectum also and the auditory map

matches the visual map (Knudsen, 1982, 1984). Thorson, 1970). CFs range from 0.2 to 6 kHz. Neurons
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FIGURE 15 Response of neurons in the external nucleus of the inferior colliculus (ICx) to interaural
time differences (ITD, on the left) and to interaural intensity differences (IID, on the right). (After
Takahashi et al. (1984), The Journal of Neuroscience, used with permission.)

responding preferentially to species-specific sound, es- in birds. The low-frequency slope is about 210 to
215 dB/octave and the high-frequency slope is aboutpecially in L1 and L3, have been described (Leppelsack

and Vogt, 1976; Bonke et al., 1979). However, recently 30 to 50 dB/octave. Intensities at the best frequencies
are 5 to 10 dB SPL in most birds (Sound Pressure Level:it has been questioned whether such a specialization

really exists (Schäfer et al., 1992; Knipschild et al., 1992). O dB 5 20 ePascal) but about 215 to 220 dB in owls;
that is, hearing in owls is at least 20 dB more sensitive.There is a distinct tonotopic organization with increas-

ing frequencies from dorsolateral to ventromedial (Rüb- In the pigeon the low-frequency slope is very flat (28
dB/octave; blackbird: 215 dB/octave; Hienz et al., 1977)samen and Dörrscheidt, 1986; Bonke et al., 1979; Müller

and Scheich, 1985; Heil and Scheich, 1991). Phase- and hearing extends into the infrasound range down to
0.1 Hz (Figure 16; Kreithen and Quine, 1979).locking may occur up to 600 Hz in the starling (Leppel-

sack, 1974). Binaural interactions have not been studied
systematically although most neurons repond more B. Frequency Discrimination
strongly to contralateral stimulation and all to stimula-

Birds are well equipped to discriminate frequencytion of both sides (Leppelsack, 1974). In the barn owl
differences and frequency difference limens (frequencyspace-specific neurons similar to those in ICx have been
difference, Df, which just can be discriminated) are simi-described (Knudsen and Konishi, 1977).
lar to mammals or humans. Weber fractions (Df/f ) rangeIn the pigeon there is a second auditory area in the
from 0.004 to 0.018 in various species (untrained human:telencephalon which is anatomically connected to one of
0.004; Sinnott et al., 1980; Kuhn et al., 1980).the nuclei of the lateral lemniscus (see Figure 10). Audi-

tory neurons were identified near nucleus basalis which
is the telencephalic representation of the beak. It seems C. Intensity Discrimination
that nucleus basalis and its surroundings represent a

Difference limen, to discriminate two sounds of dif-multisensory area involved in pecking of the pigeon (De-
ferent intensity, is as sensitive as in mammals or humanslius et al., 1979; Schall and Delius, 1986; Schall et al., 1986).
being in the range of 1–3 dB (Hienz et al., 1980; Klump
and Baur, 1990; Lewald, 1987b). Because of the small
head of most birds sound attenuation between both earsVI. BEHAVIORAL ASPECTS
is small. This is important for sound localization.

A. Behavioral Audiograms
D. Time Resolution

Audiograms (frequency-dependent threshold of
hearing) have been assessed in a variety of species Time resolution of avian hearing is again in the range

of humans (Dooling, 1980). Two sounds separated by(Dooling 1980, 1992). The best hearing is in the range
of 1 to 4 kHz and there is a steep increase in the thresh- a gap (gap detection) are recognized as separate if the

gap exceeds values of 2 to 10 msec (Wilkinson andold up to 10 kHz, which is the upper limit of hearing
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FIGURE 16 Behavioral audiogram of the pigeon in the low-frequency and infrasound range (filled circles).
Open circles are pigeon data in the high-frequency range from other investigations. Hatched area indicates
natural infrasound intensities. (After, J. Comp. Physiol., Infrasound detection by the homing pigeon: A behav-
ioral audiogram, M. L. Kreithen and D. B. Quine, 129, 1–4, Fig. 2, 1979, q Springer-Verlag.)

Howe, 1975; Klump and Maier, 1989). This has been of frequencies (ISD) at both ears, especially in natural
sounds. Monaural cues may also be used (Knudsen,confirmed at the neural level by recordings from Field

L neurons (Buchfellner et al., 1989). A group of neurons 1980). This requires moving the head in the sound field
(estimation of elevation of a sound source by humans).strongly responded to gaps of a few milliseconds. Gap

detection should be important for conspecific vocal com- The generally small heads of birds impose some limita-
tions. Given a head diameter of 2 cm, the maximummunication especially in duetting birds.

The discrimination of ongoing interaural time differ- time difference between both ears is about 60 esec.
Phase differences between both ears depend on fre-ence (phase difference) between both ears has been

tested as yet only in the pigeon in the behavioral context quency and at higher frequencies (short wavelength)
the same phase may occur at both ears (phase ambigu-(Lewald, 1987b). At frequencies below 1 kHz, time dif-

ferences as low as 10 esec (phase angle difference of ity). This is, however, not a severe problem for birds
because of the limited hearing range: wavelength at0.98) can be discriminated but this threshold increases

rapidly up to above 100 esec (phase angle: 1448) with 8 kHz is 4.2 cm, about double that of ‘‘average’’ head
diameter. It seems that phase-locking in central neuronsincreasing frequency. These results agree with similar

data from mammals and humans. plays an important role in detection of ongoing time
differences. This limits time resolution to frequencies
below 2 kHz in normal birds but includes most of theE. Sound Localization
hearing range in the barn owl.

The duplex theory of sound localization assumesSound localization depends on the function of two
ears and location of a sound source is extracted from that sound localization at low frequencies (no sound

attenuation by the head) uses phase differencesbinaural disparities. A variety of disparities are used:
arrival time (interaural time difference, ITD), phase whereas at high frequencies (phase ambiguity) intensity

differences are used (sound shadow of the head in-difference (IPD), intensity difference (IID), spectrum
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cortex analogue. I. Topographic representation of isointensity band- Leppelsack, H.-J. (1974). Funktionelle Eigenschaften der Hörbahn
width. Brain Res. 539, 110–120. im Feld L des Neostriatum caudale des Staren (Sturnus vulgaris

Hienz, R. D., Sinnott, J. M., and Sachs, M. B. (1977). Auditory sensitiv- L., Aves). J. Comp. Physiol. 88, 271–320.
ity of the redwing blackbird (Agelaius phoeniceus) and brown- Leppelsack, H.-J., and Vogt, M. (1976). Responses of auditory neurons
headed cowbird (Molothrus ater). J. Comp. Physiol. Psychol. 91, in the forebrain of a songbird to stimulation with species-specific
1365–1376. sounds. J. Comp. Physiol. 107, 263–274.

Hienz, R. D., Sinnott, J. M., and Sachs, M. B. (1980). Auditory intensity Lewald, J. (1987a). The acuity of sound localization in the pigeon
discrimination in blackbirds and pigeons. J. Comp. Physiol. Psy- (Columba livia). Naturwissenschaften 74, 296–297.
chol. 94, 993–1002. Lewald, J. (1987b). Interaural time and intensity difference thresh-

Hill, K. G. (1989). Comparative aspects of cochlear function: Avian olds of the pigeon (Columba livia). Naturwissenschaften 74,
mechanisms. Neurol. Neurobiol. 56, 73–79. 449–451.

Hill, K. G., Lewis, D. B., Hutchings, M. E., and Coles, R. B. (1980). Lewald, J. (1990). Neural mechanisms of directional hearing in the
Directional hearing in the Japanese quail (Coturnix coturnix japon- pigeon. Exp. Brain Res. 82, 423–436.
ica). I. Acoustic properties of the auditory system. J. Exp. Biol. Manley, G. A., and Gleich, O. (1992). Evolution and specialization
86, 135–151. of function in the avian auditory periphery. In ‘‘The Evolutionary

Kaiser, A., and Manley, G. A. (1994). Physiology of single putative Biology of Hearing’’ (D. B. Webster, R. R. Fay, and A. N. Popper,
eds.), pp. 561–580. Springer-Verlag, New York.cochlear efferents in the chicken. J. Neurophysiol. 72, 2966–2979.



4219 / c2-37 / 08-04-99 14:27:45

Chapter 2. The Avian Ear and Hearing 37

Manley, G. A., Gleich, O., Kaiser, A., and Brix, J. (1989). Functional Schäfer, M., Rübsamen, R., Dörrscheidt, G. J., and Knipschild, M.
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I. Chemosensory Systems 39 I. CHEMOSENSORY SYSTEMS
II. Chemesthesis 40

A. Trigeminal and Somatosensory The chemical senses are commonly thought to fall
Chemoreceptors 40 into three classes: (1) olfaction (smell), (2) gustation

B. Innervation of Chemesthetic Receptors 40 (taste), and (3) chemesthesis (the common chemical
C. Behavioral Responses to Chemical Stimuli 40 sense). In birds, as in most other vertebrates, olfaction is
D. Structure-Activity Relationships for

usually thought to be a telereceptor, capable of receivingAromatic Stimuli 42
airborne chemical stimuli in extreme dilution over rela-E. Responses to Respiratory Stimuli 42
tively great distances. Olfactory receptors are locatedF. Nasal and Respiratory Irritation and Interaction of
in the nasal conchae. Gustation, on the other hand,the Olfactory and Trigeminal Systems 42

G. Summary 43 usually requires more intimate contact between the
III. Gustation 43 source(s) of chemical stimuli and receptors. Gustatory

A. Taste Receptors 43 receptors are located in the taste buds of the oral cavity.
B. Innervation of Taste Receptors 43 Chemesthesis is usually reserved for nonspecific stimuli,
C. Taste Behavior 43 which are often irritating or painful. Chemoreceptive
D. Response to Sweet 43

fibers are concentrated in exterior mucous membranes,E. Response to Salt 44
although they occur throughout the animal.F. Response to Sour 44

Traditional emphasis in describing responsiveness toG. Response to Bitter 44
chemical stimuli has been placed on taste and smell.H. Response to Other Tastes 46

I. Temperature and Taste 46 This emphasis is misplaced. Trigeminal chemoreception
J. Summary 46 (chemesthesis) also may be involved. The sensory affer-

IV. Olfaction 46 ents of the trigeminal and olfactory nerves are in close
A. Morphology of Olfactory System 46 proximity in the nasal cavity, and the trigeminal and
B. Innervation of Olfactory Receptors 47 gustatory nerves are in close proximity in the oral cavity.
C. Olfactory Neuronal Response 48

Most chemicals can stimulate multiple sensory afferents,D. Laboratory Detection and
although circumstances may favor detection by one sen-Discrimination Capabilities 48
sory system over others. Except in the case of electro-E. Olfactory Performance in the Field 49
physiological studies in which specific nerve function inF. Summary 50

References 51 response to specific chemical stimulus can be docu-
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mented, attributing specific sensory mediation of a and the dorsal root ganglion, producing an initial sensiti-
chemostimulant is not possible. zation followed by a desensitization to further chemi-

cal stimulation (Szolcsanyi, 1982). In contrast, birds are
insensitive to capsaicin (Mason and Maruniak, 1983;

II. CHEMESTHESIS Szolcsanyi et al., 1986). Peripheral presentation of cap-
saicin to pigeons and chickens does not cause release

Chemesthesis is the perception of chemically induced of substance P in avian sensory afferents (Pierau et al.,
pain. A major component of the chemesthetic system 1986; Sann et al., 1987; Szolcsanyi et al., 1986).
is the trigeminal nerve (TN). The TN is the principal
somatic sensory nerve of the head, and its primary func-

B. Innervation of Chemesthetic Receptorstion is the coding of mechanical and thermal stimuli.
However, the trigeminal nerve also contains chemore- The trigeminal nerve is the VIth cranial nerve in
ceptive fibers that mediate the detection of chemical birds, arising from the rostrolateral medulla near the
irritants (Silver and Maruniak, 1980). The somatosen- caudal surface of the optic lobe (Getty, 1975; Schrader,
sory system is the primary somatic sensory system of 1970). The TN travels along with the trochlear nerve
the rest of the body. Like the TN, the somatosensory (IV), entering a fossa in the floor of the cranial cavity
system primarily codes for mechanical and thermal stim- where the trigeminal ganglion (TG) is found. The TG
uli, but it does have sensory afferents that are chemosen- is subdivided into a smaller medial ophthalmic region
sitive (Kitchell and Erikson, 1983), though little is and a larger lateral maxillomandibular region from
known about this system in birds. Sensitivity to chemical which the nerve splits into three branches. In the
irritants is adaptive because animals can avoid noxious chicken, the ophthalmic branch of the TN innervates
stimuli before actual physical damage occurs. the frontal region, the eyeball, upper eyelid, conjunctiva,

glands in the orbit, the rostrodorsal part of the nasal
cavity, and the tip of the upper jaw. The ophthalmicA. Trigeminal Chemoreceptors
branch has a communicating ramus with the trochlear

Chemosensitive fibers of the avian trigeminal and nerve which serves for motor control of the eye region.
somatosensory systems are similar to mammalian sen- This aspect can provide for reflexive response to irritat-
sory afferents. Most are unmyelinated C-type polymo- ing stimuli to the ocular region. The larger medial ramus
dal nociceptors with conduction velocities of 0.3–1 m/ accompanies the olfactory nerve into the nasal fossa via
sec. However, some myelinated A-delta high-threshold the medial orbitonasal foramen. The maxillary branch
mechanoreceptors with conduction velocities of 5– of the TN provides sensory input from the integument
40 m/sec also respond to chemical stimuli. The discharge of the crown, temporal region, rostral part of the exter-
patterns and conduction velocities for the chicken (Gal- nal ear, upper and lower eyelids, the region between
lus gallus var domesticus), duck (Anas platyrhyncos), the nostrils and eye, conjunctival mucosa, the mucosal
and pigeon (Columba livia) are similar to those ob- part of the palate, and the floor and medial wall of the
served in mammals (Gentle, 1989; Necker, 1974). nasal cavity. The mandibular branch of the TN provides

The underlying physiological and biochemical pro- sensory input from the skin and rhamphotheca of the
cesses of chemically induced pain appear to be similar lower jaw, intermandibular skin, wattles, oral mucosa
for birds and mammals. Endogenous pain-promoting of the rostral floor of the mouth, and the palate near
substances such as substance P, 5HT, histamine, brady- the angle of the mouth.
kinin, and acetylcholine evoke pain-related behaviors
in chickens, pigeons, and guinea pigs (Gentle and Hill,

C. Behavioral Responses to Chemical Stimuli
1987; Gentle and Hunter, 1993; Szolcsanyi et al., 1986).
Prostaglandins that modulate the pain response in mam- Although the morphological organization of the pe-

ripheral trigeminal system in birds is not very differentmals also subserve this function in starlings (Sturnus
vulgaris), and their effects can be abolished by prosta- from that found in mammals (Dubbeldam and Karten,

1978; Dubbeldam and Veenman, 1978), profound func-glandin biosynthase inhibitors, such as aspirinlike anal-
gesics (Clark, 1995a). However, there are profound dif- tional differences appear to exist (Mason et al., 1989;

Norman et al., 1992; Mason and Otis, 1990; Mason etferences in how birds and mammals respond to
exogenous chemical stimuli. In mammals, chemicals al., 1991a,b). Birds rarely avoid mammalian irritants,

even though the avian trigeminal system is responsivesuch as capsaicin are potent trigeminal irritants. These
irritants deplete substance P from afferent terminals to chemical stimuli (Walker et al., 1979; Mason and
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Silver, 1983). For example, cedar waxwings (Bomby- 1993; Crocker and Perry, 1990; Crocker et al., 1993;
Kare, 1961; Mason et al., 1989). Several lines of evi-cilla cedrorum; Norman et al., 1992) are indifferent to

$1000 ppm capsaicin, the pungent principle in Capsi- dence suggest that a variety of compounds have intrin-
sic properties that cause them to be aversive on acum peppers, whereas mammals typically avoid much

lower concentrations: 100 ppm capsaicin is typically purely sensory basis. First, the aversive quality is
unlearned; that is avoidance occurs upon initial contactavoided by rodents (Figure 1). Nevertheless, it is inter-

esting to note that birds can be trained to avoid mamma- (Clark and Shah, 1991b). Second, there is no evidence
that consumption is altered by gastrointestinal feed-lian irritants (Mason and Clark, 1995a) and that some

trigeminal input appears to mediate the response (Ma- back—intake of fluid treated with these sensory repel-
lents is constant over time (Clark and Mason, 1993).son and Clark, 1995b).

Many aromatic structures are aversive to birds Third, birds seem unable to associate the aversive
quality of the stimulus with other chemosensory cues,(Avery and Decker, 1991; Clark and Shah, 1991a,

FIGURE 1 Responses of house finches (Carpodacus mexicanus), cedar waxwings (Bomby-
cilla cedrorum), and house mice (Mus musculus) to capsaicin adulterated chow. (Modified
from Norman et al. (1992) with permission.)
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suggesting that conditioned flavor avoidance learning 1941). However, concentrations of carbon dioxide that
are sufficiently high to be irritating to mammals havedoes not occur (Clark, 1995b; Mason et al., 1989).
no effect on blood pressure, heart rate, tidal volume,Fourth, birds do not habituate to the stimulus—
breathing frequency, upper airway resistance or loweravoidance persists in the absence of reinforcement
airway resistance in geese (Anser anser and Cygnopsis(Clark and Shah, 1994; Mason et al., 1989).
cygnoid; Callanan et al., 1974). Similarly, geese respond
differently than mammals to exposure to sulfur dioxide,

D. Structure–Activity Relationships for but in a similar manner when exposed to ammonia and
Aromatic Stimuli phenyl diguanide (Callanan et al., 1974).

The structure–activity relationships of aromatic
F. Nasal and Respiratory Irritation andavian repellents have been elucidated. An aromatic par-

Interaction of the Olfactory andent structure is critical for repellency. Factors that affect
Trigeminal Systemsthe delocalization of electrons around the aromatic

structure contribute to modifying the repellent effect. The trigeminal nerve is important in the perception
Thus, acidic substituents to the benzene ring generally of odors (Keverne et al., 1986; Silver and Maruniak,
detract from repellency, and this is amplified if the acidic 1980; Tucker, 1971). Electrophysiological evidence
function is contained within the electron-withdrawing shows that the trigeminal nerve is responsive to odors,
group. Electron donation to the benzene ring enhances albeit generally less sensitive than the olfactory nerve
repellency. Heteroatoms that distort the plane of the (Tucker, 1963). Behavioral assays yield similar results.
aromatic structure tend to lessen repellency (Clark and Pigeons trained to respond to odors fail to respond after
Shah, 1991a, 1994; Clark et al., 1991; Mason et al., 1991a; olfactory nerve transection. However, odor responding
Shah et al., 1991, 1992) (Figure 2). can be reinstated if the odor concentration is increased

(Henton, 1969; Henton et al., 1966; Michelsen, 1960).
Walker et al. (1979, 1986) found that odor sensitivity ofE. Responses to Respiratory Stimuli
pigeons decreased by 2–4 log units (vapor saturation)

Changes in carbon dioxide concentration in the naso- after olfactory nerve transection.
pharynx region can cause species–specific changes in Although olfaction can modulate responding to

chemical irritants, it is relatively unimportant. Clarkreflexive breathing in birds (Hiestand and Randall,

FIGURE 2 (Left) Consumption of food adulterated with capsaicin derivatives for rats and
starlings. Codes are CAP, capsaicin; MCAP, methyl capsaicin; VANAC, vanillyl acetamide;
VERAM, veratryl amine; VERAC, veratryl acetamide. Structures shown are in order presented
in panel codes. (Right) The rank order of food intake for rats and starlings, demonstrating an
inverse relationship between palitability.
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(1995a) and Mason et al. (1989) showed that avoidance adults, the number of taste buds declines with age (Bote-
zat, 1910; Duncan, 1960; Lalonde and Eglitis, 1961).of repellent anthranilates was partially a consequence

of olfactory cues. When the olfactory nerves of starlings Saliva is critical for the transport of taste stimuli to
receptors (Belman and Kare, 1961). This is particularlywere transected, avoidance of the anthranilate repel-

lents was mildly suppressed. When the ophthalmic true for birds, since avian taste buds do not open directly
into the oral cavity via taste pores (Berkhoudt, 1985).branches of the trigeminal nerve were cut, the starlings

became insensitive to the repellent effects of the an- Although the role of saliva on avian taste responding
has not been extensively studied, there is evidence thatthranilates (Mason et al., 1989).
changes in salivary flow rate affect taste related behav-
iors. Gentle and Dewar (1981) and Gentle et al. (1981)G. Summary
reported significant declines in taste avoidance by chicks

The anatomical configuration and the physiological that were vitamin A and zinc deficient. These deficien-
and biochemical processes of chemosensory afferents cies lower salivary flow rate.
of the avian trigeminal and somatosensory systems are
similar in birds and mammals. However, there are sig-

B. Innervation of Taste Receptorsnificant differences in sensitivity to exogenous chemical
stimuli between these two taxa. Structure–activity stud- The lingual branch of the glossopharyngeal nerve
ies suggest that these differences may reflect different was once considered the only gustatory nerve in birds
receptor mechanisms in peripheral afferents. Confirma- (Kitchell et al., 1959; Duncan, 1960; Halpern, 1963; Ka-
tion using molecular and pharmacological techniques is dono et al., 1966; Landolt, 1970). However, more recent
needed to clarify this possibility. investigations show that the palatine branch of the facial

nerve (Krol and Dubbeldam, 1979) and the chorda
tympani (Berkhoudt, 1985; Gentle, 1979, 1983) also

III. GUSTATION
transmit gustatory information.

A. Taste Receptors
C. Taste BehaviorIn comparison to other vertebrates, birds have few

taste buds (Table 1). They are distributed throughout Simple evaluations of ingestion are the most common
the oral mucosa, but most often in close association with laboratory method used to measure the sensitivity of
salivary gland openings (Berkhoudt, 1985). The greatest birds to taste stimuli, although operant methods have
numbers are on the caudal surface of the tongue and been used (Mariotti and Fiore, 1980). Usually, the test
the pharyngeal floor (Kare, 1971; Gentle, 1975; Kare stimuli are presented in aqueous solution, and animals
and Rogers, 1976). Ontogenetic changes in taste bud choose between mixtures and distilled water. Chickens
number occur (Duncan, 1960). Adult chickens have show a characteristic response to aversive oral stimula-
twice the number of taste buds of day-old chicks (Lin- tion typified by persistent tongue and beak movements
denmaier and Kare, 1959; Saito, 1966). However, within and head-shaking and beak-wiping behaviors (Gentle

1973, 1976, 1978). No characteristic responses to presen-
tations of neutral or appetitive oral stimuli have beenTABLE 1 Absolute Number of Taste Buds in
observed (Gentle, 1978; Gentle and Harkin, 1979).Various Animalsa

Species Number Source

D. Response to Sweet
Chicken 24 Lindemaier and Kare (1959)
Bullfinch 46 Duncan (1960) Many species show modest preferences for natural
Starling 200 Bath (1906) sugars mixed with drinking water (Brindley, 1965; Brin-Japanese quail 62 Warner et al. (1967)

dley and Prior, 1968; Duncan, 1960; Engelmann, 1934,Lizard 550 Schwenk (1985)
Kitten 473 Elliot (1937) 1937, 1960; Gentle 1972, 1975; Gunthur and Wagner,
Bat 800 Moncrieff (1951) 1971; Harriman and Milner, 1969; Rensch and Neunzig,
Human 9,000 Cole (1941) 1925; Warren and Vince, 1963). Strong preferences are
Pig 15,000 Moncrieff (1951)

exhibited by parrots, budgerigars, hummingbirds, andRabbit 17,000 Moncrieff (1951)
other nectar-feeders (Bradley, 1971; Hainesworth andCatfish 100,000 Hyman (1942)
Wolf, 1976; Kare and Rogers, 1976; Stromberg and

a Modified from Kare and Mason (1986). Johnsen, 1990).
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A variety of granivores and some omnivores reject and Kare, 1966). Similarly, penguins prefer fresh water
after having been at sea for extended periods (Warham,sugars, perhaps for physiological reasons. For example,

red-winged blackbirds select pure water over sucrose 1971). Preference could reflect the toxic effects of
chronic exposure to saline or salt waters. Mallards pos-(Rogers and Maller, 1973; Martinez del Rio et al., 1988).

Common grackles (Quiscula quiscula), European star- sess salt glands (Shoemaker, 1972), but hatching success
and duckling survival is influenced by the salinity oflings, cedar waxwings, and robins (Turdus migratorius),

also reject sucrose, although other sugars (e.g., fructose, drinking water in the natal marsh (Mitcham and Wobe-
ser, 1988). The order of acceptability of ionic series byglucose) are preferred (Schuler, 1980, 1983). Brugger

and Nelms (1991), Brugger (1992), and Brugger et al. birds does not appear to fit into the lyotropic or sensitiv-
ity series reported for other animals.(1992) have suggested that rejection occurs because

these birds lack the enzyme sucrase. Ingestion of sucrose
by sucrase-deficient birds causes sickness, due to malab-

F. Response to Soursorption (Martinez del Rio, 1990; Martinez del Rio et
al., 1988; Martinez del Rio and Stevens, 1989; Brugger Birds are tolerant of acidic and alkaline solutions
and Nelms, 1991). (Fuerst and Kare, 1962; Table 2), and some species

Besides taste, osmotic pressure, viscosity, melting exhibit preferences for acid over plain tapwater (Brin-
point, nutritive quality, digestibility, and toxicity are all dley and Prior, 1968). Not surprisingly, species differ-
involved in birds’ response to tastes. Some have sug- ences exist. Rensch and Neunzig (1925) and Engelmann
gested that visual properties and surface texture some- (1934) reported that pigeons were more sensitive than
times take precedence over all other qualities in the ducks or fowl. Engelmann (1950) also reported that
birds’ selection of food (Engelmann, 1957; Kare and chicks were more sensitive than adults. Berkhoudt
Rogers, 1976; Morris, 1955; Kear, 1960; Mason and (1985) reports that hooded crows (Corvus corone) are
Reidinger, 1983a,b). Across species, no physical or profoundly sensitive to hydrochloric acid and speculates
chemical characteristic has been shown to reliably pre- that this sensitivity might be linked to the assessment
dict how a bird on an adequate diet will respond to the of the quality of carrion as potential food. Although the
taste of a solution (Kare and Medway, 1959). ecological reason(s) for acid tolerance in some avian

species remains unclear, one possibility is that it permits
the exploitation of certain otherwise unpalatable food

E. Response to Salt resources. For example, even though starlings prefer
insect prey to fruit, juvenile starlings are less successfulSodium chloride rejection thresholds for 58 species
in capturing animal prey than are adults (Stevens, 1985).ranged from 0.35% in a parrot to 37.5% in the pine
Accordingly, juveniles eat large amounts of fruit be-siskin (Carduelis pinus; Rench and Neunzig, 1925).
cause it is readily available. Much of this fruit is unripeSalt-eating has been reported for a number of spe-
and sour.cies (Reeks, 1920; Mousley, 1921, 1946; Pierce, 1921;

McCabe, 1927; Gorsuch, 1934; Aldrich, 1939; Marshall,
1940; Peterson, 1942; Calhoun, 1945; Packard, 1946; G. Response to Bitter
Bleitz, 1958; Duncan, 1964; Cade, 1964; Dawson et al.,
1965; Mason and Espaillat, 1990). Numerous finches of Avian responsiveness to bitter is enigmatic. In some

cases, compounds evoke similar responses in mammalsthe family Carduelidae have notorious appetites for salt.
Cross-bills can be caught in traps baited with salt alone and birds (e.g., quinine hydrochloride; Engelmann,

1934; Gentle, 1975). In others, compounds that are ex-(Welty, 1975; Willoughby, 1971). Cade (1964) suggests
that finches, which have 0.001–0.03% sodium in their tremely bitter to humans (e.g., sucrose octaacetate) are

readily accepted by birds (Halpern, 1963; Heinroth,diets (Altmann and Dittmer, 1968), are chronically so-
dium deficient. 1938). This acceptance may reflect physiological insensi-

tivity (Kitchell et al., 1959, Landolt, 1970). There is evi-The presence of a nasal salt gland is associated with
salt acceptance taste thresholds. Birds without such dence that acceptance may decrease as individuals age

(Brindley, 1965; Cane and Vince, 1968).glands generally refuse concentrations of salt that are
hypertonic to their body fluids (Bartholomew and Cade, The bitter phenolic compounds produced by some

plants (Robinson, 1983) and utilized by various species1958; Bartholomew and MacMillian, 1960). However,
rejection thresholds in no-choice tests do not always of pharmacophagus insects (Nishida and Fukami, 1990)

may serve as defenses against birds (e.g., Greig-Smith,predict responding in choice situations. When given a
choice, gulls (Larus spp.) (with salt glands) select pure 1988; Rodriguez and Levin, 1976). There is abundant

evidence that the tannin content of fruits and grain iswater over saline solution (Harriman, 1967; Harriman
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TABLE 2 The Influence of pH on Fluid Preferences of the Chicka

Substance pH1b pH2c Versus Percentage intaked

Acetic acid 2.9 3.2 Water 16.1
Acetic acid 4.1 4.5 Water 53.3
Acetic acid 4.9 7.3 Water 50.0
Acetate buffer 4.0 4.1 Acetate buffer, pH 6 47.8
Acetate buffer 4.0 4.1 Acetate buffer, pH 5 38.0
Acetate buffer 4.0 4.1 Water 52.1
Acetate buffer 5.1 5.1 Water 57.6
Acetate buffer 5.1 5.1 Acetate buffer, pH 6 38.0
Acetate buffer 6.0 6.0 Water 54.6
Acetate buffer 6.0 6.1 Water 54.2
Acetate buffer 6.0 6.1 Phosphate buffer, pH 7 53.0
Acetate buffer 6.0 6.1 Phosphate buffer, pH 6 53.9
Acetate buffer 6.0 6.1 Veronal buffer, pH 7 52.4
Glycine buffer 2.3 2.3 Glycine stock 61.2
Glycine buffer 3.0 3.2 Glycine stock 52.8
Glycine stock 5.4 6.6 Water 50.7
Glycine buffer 7.2 7.0 Glycine stock 48.9
Glycine buffer 9.0 7.8 Glycine stock 49.2
Glycine buffer 10.0 8.7 Glycine stock 48.8
Glycine buffer 11.0 9.0 Glycine stock 49.8
Hydrochloric acid 1.1 1.1 Water 4.0
Hydrochloric acid 1.5 1.6 Water 18.6
Hydrochloric acid 2.1 2.1 Water 36.5
Hydrochloric acid 1.6 1.6 Glycine stock 24.7
Hydrochloric acid 1.7 1.7 Glycine stock 16.4
Hydrochloric acid 2.0 2.0 Glycine stock 16.4
Hydrochloric acid 2.1 2.1 Glycine stock 39.8
Hydrochloric acid 1.7 1.7 Water 14.8
Hydrochloric acid 2.0 2.0 Water 50.0
Hydrochloric acid 3.0 3.1 Sulfuric acid, pH 3 49.4
Hydrochloric acid 3.0 3.2 Water 59.1
Hydrochloric acid 3.1 3.1 Sodium hydroxide, pH 10.2 53.3
Hydrochloric acid 4.1 7.4 Water 48.8
Lactic acid 2.3 2.3 Water 14.6
Lactic acid 2.9 3.0 Water 60.6
Lactic acid 4.1 6.7 Water 50.2
Nitric acid 1.1 1.1 Water 8.1
Nitric acid 2.0 2.0 Water 62.0
Nitric acid 3.0 3.2 Water 52.5
Phosphate buffer 6.0 6.0 Water 52.3
Phosphate buffer 6.0 6.0 Phosphate buffer, pH 7 53.6
Phosphate buffer 6.0 6.0 Veronal buffer, pH 7 48.0
Phosphate buffer 7.0 7.2 Water 49.0
Potassium hydroxide 11.1 9.0 Water 48.3
Potassium hydroxide 11.1 10.1 Sodium hydroxide, pH 11 47.9
Potassium hydroxide 12.0 11.2 Water 36.4
Potassium hydroxide 13.0 12.1 Water 2.7
Sodium hydroxide 10.2 9.2 Water 45.0
Sodium hydroxide 11.1 9.5 Water 46.8
Sodium hydroxide 12.2 11.2 Water 33.3
Sodium hydroxide 13.0 12.4 Water 1.8
Sulfuric acid 1.2 1.3 Water 15.2
Sulfuric acid 1.5 1.5 Water 35.4
Sulfuric acid 1.9 1.9 Water 54.2
Sulfuric acid 2.0 2.0 Sulfuric acid, pH 3 45.7
Sulfuric acid 3.1 3.2 Water 55.7
Sulfuric acid 4.1 6.9 Water 51.2
Veronal buffer 7.0 7.0 Water 51.8

a From Fuerst and Kare (1962).
b pH1 5 initial.
c pH2 5 after 24 hr.
d Percentage intake 5 (volume of test fluid consumed/total consumption) 3 100. Each intake

percentage is the mean of 18 daily values.
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associated with resistance to bird damage (Bullard et I. Temperature and Taste
al., 1981; Greig-Smith et al., 1983; Mason et al., 1984),

The domestic fowl is acutely sensitive to the tempera-and laboratory preference tests show that consumption
ture of water. Acceptability decreases as the tempera-is negatively correlated with tannin concentration (Ma-
ture of the water increases above the ambient. Fowl canson and Espaillat, 1990). Other phenolic substances
discriminate a temperature difference of only 58F, and(e.g., phenylpropanoids, including coniferyl and cinna-
usually reject the higher temperature. Similar resultsmyl derivatives; Crocker and Perry, 1990; Jakubas et
have been reported for red-winged blackbirds (Masonal., 1992) produce analogous effects. Jakubas and his
and Maruniak, 1983). Chickens suffer from acute thirstcolleagues ( Jakubas et al., 1992) suggest that it may be
rather than drink water 108F above their body temp-

possible to genetically engineer crops to produce ana-
erature. Because the response to temperature may

logs of coniferyl alcohol as an inherent defense against take precedence over all chemical stimulants (Kare and
pests and pathogens. The occurrence of coniferyl alco- Rogers, 1976), temperature should be eliminated as a
hol is widespread in higher plants because it is the pri- variable in taste studies of the fowl. The ecological rea-
mary precursor of lignin (Hahlbrock and Scheel, 1989; son(s) underlying the interaction between taste and tem-
Lewis and Yamamoto, 1990). It may be possible to local- perature remains obscure.
ize production of these compounds to specific plant tis-
sues (Collins, 1986; Jakubas et al., 1992; McCallum and

J. SummaryWalker, 1990). By localizing the production of repellent
phenylpropanoids to specific plant tissues, autotoxic ef- Kare and Beauchamp (1976), in discussing the com-
fects could be minimized along with the impact of these parative aspects of the sense of taste in birds and mam-
compounds on the nutritional value and palatability of mals, pointed out that most of the work on the basic
the grain. mechanism of taste has been conducted with mammals.

This mammalian work has suggested that the initial
H. Response to Other Tastes interaction of a taste stimulus and a receptor cell occurs

on the microvilli of taste receptor cells. Although stimu-Apart from responses to simple tastes, reactions to
lus–receptor interactions in avian taste are probablymore complex substances and synthetic flavors have
similar to those described for mammals, this has notbeen reported (Kare et al., 1957; Romoser et al., 1958;
been demonstrated.Kare and Medway, 1959; Kare and Pick, 1960; Deyoe

Birds have a sense of taste. However, no pattern,et al., 1962). In general, birds are more sensitive to such
whether chemical, physical, nutritional, or physiologic,stimuli in drinking than in feeding tests.
can be correlated consistently with the bird’s taste be-Very few experiments have dealt with natural taste
havior. The behavioral, ecologic, and chemical contextcompounds. However, there is evidence that several spe-
of a taste stimulant can influence the birds’ response.cies of shorebirds can discriminate between clean sand
The observed response, particularly to sweet and bitter,andsandthathadcontainedworms(Gerritsenetal.,1984;
indicates that the bird does not share human taste expe-van Heezik et al., 1983). Conceivably, these birds were
riences. The supposition that there is a difference indetecting amino acids in mucus secretions of the worms.
degree between individual birds and an absolute differ-Espaillat and Mason (1990) reported that both European
ence between some species appears warranted.starlings and red-winged blackbirds detect and show

preferences toward diets adulterated with l-alanine (Fig-
ure 3). Whether or not l-alanine sensitivity reflects sensi- IV. OLFACTION
tivity to other free amino acids or to protein is unknown.
However, l-alanine and similar substances (e.g., l- A. Morphology of Olfactory System
glutamine) occur as free amino acids in vegetable matter,

Olfactory receptors are located in the olfactory epi-fruits,and meat(Hacet al.,1949;Maeda etal., 1958;Baker
thelium in the caudal conchae where each receptor cell isand Baker 1983). These substances could aid in food
surrounded by a cluster of supporting cells. The receptorsearch and selection. At least for starlings, assimilation
nerve dendrite passes through these cells to the lumen,efficiency increases as the overall protein content of the
ending in a knob bristling with 6–15 cilia. The lengthdiet increases (Twedt, 1984).
of the cilia vary with species. Black vultures have ciliaThere is also some evidence that taste sensitivity may
of 40–50 em, while that of the domestic fowl is aboutassist in the rejection of potentially dangerous natural
7–10 em (Shibuya and Tucker, 1967). To gain accesssubstances. Berkhoudt (1985) reports that a great-
to receptors, odor molecules must diffuse through acrested grebe (Podiceps cristatus) apparently used taste
mucous membrane. The cilia of the sensory cells havecues to reject minnows with slime infections of the epi-

dermis. no transport function. Rather, the secretions covering
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FIGURE 3 Mean consumption of sodium chloride, fructose, citric acid, tannin, and L-alanine per gram of
body weight by male red-winged blackbirds (Agelaius phoeniceus) and male and female european starlings
(Sturnus vulgaris). (From Espaillat and Mason (1990) with permission.)

the cilia provide rapid flow for transport of odor mole- relatively small olfactory bulbs (Clark et al., 1993; Table
3, Figure 4). These patterns suggest that the elaboratedcules and must constantly be replaced to avoid receptor
olfactory systems belong to species with demonstratedhabituation. Olfactory gland secretions are removed by
reliance on odor cues in the field (Stager, 1964; Hutchi-traction of the surrounding respiratory cilia.
son and Wenzel, 1980).The nasal conchae are important structures that in-

fluence nasal air flow dynamics and direct odors to the
olfactory epithelium (Bang, 1960, 1961, 1963, 1964, 1965,

B. Innervation of Olfactory Receptors1966; Bang and Cobb, 1968). The extent of scrolling of
the caudal conchae is correlated with the relative size Birds have a fully developed olfactory bulb, but lack
of the olfactory bulb (Bang and Wenzel, 1986). Further- an accessory olfactory system—the vomeronasal organ
more, olfactory thresholds and relative size of the olfac- and accessory olfactory bulb (Rieke and Wenzel, 1975,
tory bulb are inversely related at the taxonomic ordinal 1978). However, the latter has been identified in the

early embryonic development of some birds (Matthes,level; that is, orders with high olfactory thresholds have
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TABLE 3 Summary of Mean Ratios of Ipsilateral Olfactory Bulb Diameter to Cerebral
Hemisphere Diameter and Their Standard Errors (SE) for Several Orders of Birdsa

Order N Ratio SE Order N Ratio SE

Anseriformes 4 19.4 1.5 Psittaciformes 2 8.0 1.4
Apodiformes 8 12.3 1.9
Apterygiformes 1 34.0 0.0 Falconiformes 5 17.4 2.6
Caprimulgiformes 3 23.3 0.7 Charadriifformes 9 16.4 0.9
Ciconiiformes 2 20.9 0.6 Galliformes 3 14.2 1.4
Columbiformes 2 20.0 1.4 Piciformes 5 11.4 1.3
Cuculiformes 4 19.5 0.6 Passeriformes 25 13.3 0.7
Gaviiformes 1 20.0 0.0 Pelecaniformes 4 12.1 1.6
Gruiformes 14 22.2 0.9 Coraciiformes 5 14.5 1.6
Podicipediformes 2 24.5 1.8 Sphenisciformes 1 17.0 0.0
Procellariiformes 10 29.1 1.4 Strigiformes 2 18.5 0.4

a Data adapted from Bang and Cobb (1968). Sample sizes are in terms of number of species (N).

1934). The olfactory bulb is composed of concentric of units and nerve fibers from mammals, amphibians,
reptiles, and birds respond to odor stimuli in a similarstructures, where the incoming olfactory nerve fibers

constitute the outer layer. The branching terminals pen- fashion, irrespective of the gross anatomical develop-
ment of the species’ olfactory apparatus (Tucker, 1965;etrate to the adjacent, glomerular layer, where they

connect with dendrites of mitral and tufted cells in Shibuya and Tonosaki, 1972). In black vultures, the elec-
troolfactogram (EOG) appears during inspiration andspherical arborizations called glomeruli. The perikarya

of these cells are in the deeper mitral cell layer, where less so at expiration. The EOG also coincides with peak
spike activity (Shibuya and Tucker, 1967). The spiketheir axon leave to project to many areas of the fore-

brain. There are many interneuronal connections in the duration of 3–4 msec is similar to that observed for the
tortoise and frog (Gesteland et al., 1963; Shibuya andlayers between the mitral and glomerular regions. There

are no direct connections between contralateral bulbs Shibuya, 1963). Because olfactory nerve fibers are un-
myelinated, conduction velocities are slow, about 1.5 m/(Rieke and Wenzel, 1978).
sec (Macadar et al., 1980). As is the case for mammals,
continuous presentation of the stimulus to the bird’sC. Olfactory Neuronal Response
receptor field will result in physiological adaptation of
the nerve units. Recovery can be achieved within a fewSingle and multiunit electrophysiological responses

to odor stimuli are typically taken as definitive evidence minutes of rest. In terms of nerve function, species with
even the most vestigial olfactory anatomies compareof olfactory capacity. Electrophysiological recordings
favorably with those with more developed anatomies in
terms of olfactory detection thresholds (Tucker, 1965).

Olfactory nerve sections have been used to verify that
spontaneous and trained behaviors are based upon odor
cues. Transected olfactory nerves grow back within 30
days of transection and recover full physiologic capacity
to respond to odor stimuli (Tucker et al., 1974). Healed
nerves often were smaller, have neuromas, and are en-
meshed in scar tissue. However, electrophysiological re-
cordings and autonomic reflex responses to odorant did
not differ between controls and nerves cut 6 months or
more before (Tucker, 1971; Tucker et al., 1974).

D. Laboratory Detection and
Discrimination Capabilities

Physiological responses (e.g., change in respira-FIGURE 4 Relationship between detection olfactory threshold and
tion or heart rate) to novel odor stimuli have beenrelative size of the olfactory bulb for different orders of birds. (From

Clark and Shah (1993) with permission.) observed (Wenzel and Sieck, 1972). However, habitua-
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tion to the stimulus under this paradigm is always lation: control (C), sham surgery (SS), and olfactory
a difficulty. nerve section (ONS). For Leach’s storm petrel the re-

Various operant and classical conditioning paradigms turn rates were C 5 91%, SS 5 74%, and ONS 5 0%
have also been employed to determine olfactory ability (Grubb, 1974). For the wedge-tailed shearwater the re-
(Michelsen, 1959; Henton et al., 1966; Henton, 1969). turn rates were C 5 90%, SS 5 70%, and ONS 5 25%
Positive or negative reinforcement is used to make the (Shallenberger, 1975).
olfactory stimulus a ‘‘biologically’’ relevant cue, irre- Pigeons can use odor cues for orientation and naviga-
spective of whether the odor cue is of natural relevance tion (Papi, 1986; Wallraff, 1991; Waldvogel, 1989). How-
to a species. Overall, classical conditioning techniques ever, reliance on odor cues for orientation is dependent
have proven to be relatively poor assays for olfac- upon the atmospheric predictability of the cues experi-
tory discrimination in birds (Calvin et al., 1957), but enced during the bird’s development and early training
conditioned suppression variants have proven to be experience (Wiltschko et al., 1987). Pigeons can obtain
quite reliable (Henton et al., 1966; Clark and Mason, positional information when atmospheric odors are de-
1987). A generally successful assay for determining ol- rived from boundary-layer free airspace in an open land-
factory detection and discrimination thresholds is car-

scape. However, positional information is obscured
diac conditioning (Walker et al., 1986; Clark and Mason,

when the atmosphere sample is derived from close to1989; Clark and Smeraski, 1990; Clark, 1991a; Clark et
ground level (Wallraff et al., 1993). When regional odoral., 1993). In this procedure, the odor (the conditional
maps cannot be relied upon because of atmosphericstimulus) is paired with an aversive experience; for
instability, pigeons use a variety of alternative cues,example, shock (the unconditional stimulus). Heart
such as visual, magnetic, and polarized light to orientrate is compared pre- and poststimulus presentation
themselves (Waldvogel, 1987).throughout training, when a criterion level of cardiac

A number of species have now been shown to beacceleration is achieved as a result of the stimulus–shock
capable of using olfactory cues to locate food. Ravenspairing, tests can proceed on detection or discrimina-
(C. corax; Harriman and Berger, 1986), magpies (Bui-tion tasks. Most birds that have been tested have
tron and Nuechterlein, 1985), jays, crows (Goodwin,shown olfactory capabilities comparable to mammals
1955), chickadees (Parus atricapillus; Jarvi and Wiklund,(Davis, 1973), and even passerines, with the least devel-
1984), hummingbirds (Goldsmith and Goldsmith, 1982;oped olfactory system, demonstrate behavioral respon-

siveness to odors (Clark and Mason, 1987; Clark and Ioale and Papi, 1989), honey guides (Archer and Glen,
Smeraski, 1990; Clark, 1991a; Clark et al., 1993) (Ta- 1969), and kiwis (Wenzel, 1968) have all been shown
ble 4). to be capable of using olfactory cues to locate and dis-

criminate between foods.
There are several intriguing studies suggesting that

E. Olfactory Performance in the Field odor recognition is important in the reproductive be-
havior of birds. Male mallards decreased social displaysThe use of olfactory cues for locating food has been
and sexual behavior toward females when their olfac-documented for a number of species. Turkey vultures
tory nerves were sectioned (Balthazart and Schoffen-are attracted to ethyl mercaptan fumes (Stager, 1964,
iels, 1979). When unfamiliar fruit odors were applied1967) and can locate decomposed carcasses in the ab-
to squabs of the ring dove (Streptopelia risoria), parentssence of visual cues (Houston, 1987). Procellariiformes
decreased parental care, resulting in higher mortalitycan use odor cues as navigational aids in locating food
of scented squabs. Bilateral olfactory nerve cuts elimi-from considerable distances (Table 5). Black-footed al-
nated the differential feeding of the scented and con-batrosses (Diomedea nigripes) are attracted to bacon
trol squabs (Cohen, 1981). Olfactory recognition ofdrippings from distances as great as 20 miles (Miller,
parents and/or home sites may be advantageous to1942). Using cardiac conditioning techniques for esti-
young as well. Just as in mammals (Corey, 1978),mating odor detection thresholds, field observations,
domestic chicks show neophobia to familiar nestsand detailed atmospheric models of odor dispersion,
treated with novel odors ( Jones, 1988) and demon-Clark and Shah (1992) estimated that the Leach’s storm
strate a preference for familiar nest odors ( Jones andpetrel (Oceanodroma leucorhoa) is capable of detecting
Faure, 1982; Wurdinger, 1982).and homing in on an odor target for distances from 1

There is also evidence that starlings may use olfactionto 12 km.
to select nest material used in the fumigation of ectopar-Procellariiformes also appear to rely on olfactory
asites and pathogens (Clark and Mason, 1985, 1987,cues to locate their burrows, showing differential return

rates to their nest sites as a function of surgical manipu- 1988; Clark 1991b) or in the selection of material used in
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TABLE 4 Summary of Behavioral Olfactory Threshold Data for Different Species of Birds

Threshold (ppm)

Species Ratioa Stimulus Min Max Sourceb

Rock dove 18.0 n-Amyl acetate 0.31 29.80 5,6,9,10
Columba livia Benzaldehyde 0.47 0.75 10

Butanethiol 13,820 7
Butanol 0.17 1.30 10
n-Butyl acetate 0.11 2.59 5,10
Butyric acid 2.59 5
Ethanethiol 10,080 7
Heptane 0.29 0.38 8
Hexane 1.53 2.98 8
Pentane 16.45 20.76 8

Chicken 15.0 Heptane 0.31 0.57 8
Gallus gallus Hexane 0.64 1.00 8

Pentane 1.58 2.22 8

Northern bobwhite — Heptane 2.14 3.49 8
Colinus virginianus Hexane 3.15 4.02 8

Pentane 7.18 10.92 8

Black-billed magpie — Butanethiol 13,416 7
Pica pica Ethanethiol 8,400 7

European starling 9.7 Cyclohexanone 2.50 3
Sturnus vulgaris

Cedar waxwing — Cyclohexanone 6.80 86.46 1
Bombycilla cedrorum

Tree swallow 15.0 Cyclohexanone 73.42 1
Tachycineta bicolor

Brown-headed cowbird 7.0 Ethyl butyrate 0.76 2
Molothrus ater

Catbird — Cyclohexanone 35.14 4
Dumetella carolinensis

Eastern phoebe — Cyclohexanone 35.61 4
Sayornis phoebe

European goldfinch — Cyclohexanone 13.05 4
Carduelis carduelis

Great tit — Cyclohexanone 34.10 4
Parus major

Black-capped chickadee 3.0 Cyclohexanone 59.95 5
Parus atricapillus

a The ratio of the longest axis of the olfactory bulb to that of the ipsilateral cerebral hemisphere.
b Sources: (1) Clark (1991a); (2) Clark and Mason (1989); (3) Clark and Smeraski (1990); (4) Clark et

al. (1993). Reprinted by permission of the publisher from (Cedar thresholds in passerines, Clark et al.),
Comp. Biochem. Physiol., 104A, 305–312. Copyright 1993 by Elsevier Science Inc.; (5) Henton (1969); (6)
Henton et al. (1996); (7) Snyder and Peterson (1979); (8) Stattelman et al. (1975); (9) Walker et al. (1979);
(10) Walker et al. (1986).

‘‘anting’’ behavior, which is postulated to be a grooming and discrimination ability in this species (Clark and
Smeraski, 1990).response to rid the bird of ectoparasites (Clark et al.,

1990). Multiunit recordings from olfactory nerves indi-
cate starlings respond to a number of natural plant odors

F. Summary
and are capable of making discriminations between
complex sets of odors (Clark and Mason, 1987). How- All evidence indicates that the extent of olfactory

development in birds is on par with that found in mam-ever, olfactory discrimination by starlings shows a strong
correlation with breeding season (specifically nest- mals. Some species, such as passerines, have relatively

poorly developed olfactory capacities, though nonethe-building), suggesting hormonal influence on detection
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TABLE 5 Summary of Olfactory Orientation toward a Prey-Odorized Target
for Seabirds

Percentagesa

Taxa Sea water Cod liver oil Source

Albatrosses
Diomedea exulans 12 0 Lequette et al. (1989)
Phoebetria palpebrata 0 14 Lequette et al. (1989)

Pelicanoididae
Pelecanoides sp. 0 0 Lequette et al. (1989)

Procellariidae
Pagodroma nivea — 78 Jouventin and Robin (1984)
Pachyptila spp. 0 0 Lequette et al. (1989)
Procellaria aequinoctialis 3 58 Lequette et al. (1989)
Macronectes spp. 16 30 Lequette et al. (1989)
Daption capense 10 54 Lequette et al. (1989)
Daption capense 0 82 Jouventin and Robin (1984)
Puffinus gravis 5 95 Grubb (1972)
Puffinus grisenus 67 33 Grubb (1972)

Oceanitidae
Oceanodroma leucorhoa 0 100 Grubb (1972)
Oceanites oceanicus 24 76 Grubb (1972)
Oceanites oceanicus 13 77 Jouventin and Robin (1984)
Oceanites oceanicus 0 87 Lequette et al. (1989)
Fregetta tropica 0 95 Lequette et al. (1989)

Nonprocellariiformes
Larus dominicanus 11 0 Lequette et al. (1989)
Phalacrocorax atricpes 0 0 Lequette et al. (1989)
Sterna spp. 9 0 Lequette et al. (1989)

a Values are the percentage of the birds observed that were attracted to the target (control
or cod liver oil-soaked sponge).
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role of plant chemicals in controlling damage by herbivores.Z. Tierpsychol. 7, 84–111.
J. Chem. Ecol. 14, 1889–1903.Engelmann, C. (1957). ‘‘So leben Hühner, Tauben, Gänse.’’ Neumann-

Greig-Smith, P. W., Wilson, M. F., Blunden, C. A., and Wilson,Verlag, Radebeul, Germany.
G. M. (1983). Bud-eating by bullfinches, Pyrrhula pyrrhula in rela-Engelman, C. (1960). Weitere Versuche über die Futterwahl des Was-
tion to the chemical constituents of two pear cultivars. Ann. Appl.sergeflügels: Über die Schmeckempfindlichkeit der Gänse. Arch.
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spinal system innervates the body surface and the ex-I. Introduction 57
tremities (wings and legs).II. Types of Receptors and Afferent Fibers 57

Cutaneous receptors are the peripheral (dendritic)A. Mechanoreceptors 58
B. Thermoreceptors 61 endings of spinal or cranial ganglion cells. These endings
C. Nociceptors 62 are specialized for being excited by mechanical, thermal,

III. Central Processing 62 or noxious stimuli. Accordingly the skin includes the
A. Somatosensory Pathways 62 senses of mechanoreception (touch), thermoreception,
B. Electrophysiological Investigations 64 and nociception, which serve quite different functions.

IV. Behavioral Aspects 65 The information taken up by the receptors is con-
A. Mechanoreception 65 veyed up to the telencephalon via relays in the brain-
B. Thermoreception 66 stem. Both receptors and central pathways have been
C. Pain 66 studied with anatomical and electrophysiological means.

V. Summary and Conclusion 66 However, our knowledge of the somatosensory system
References 67 of birds is very limited compared to what is known of

the mammalian counterpart.

I. INTRODUCTION II. TYPES OF RECEPTORS AND AFFERENT FIBERS

The contact of the body surface with the environment In the avian skin there are both free nerve endings
is sensed by a variety of receptors located in the skin. and encapsulated endings (sensory corpuscles; Andres
This chapter deals with the exteroreceptive cutaneous and von Düring, 1973; 1990; Andres, 1974; Gottschaldt,
sensory system. Deep receptors located in the viscera, 1985). Whereas free nerve endings are thought to serve
muscles, and joints are sometimes also included into the mainly thermoreception and nociception, sensory cor-
somatosensory system. However, since they serve quite puscles are mechanoreceptors.
different functions (e.g., gastrointestinal motility, circu- Free nerve endings are supplied with unmyelinated
lation, respiration, and motor control) they will not be and thinly myelinated axons (C-fibers and Ad-fibers or
included here. group IV and group III fibers), corpuscular cutaneous

The somatosensory system may be divided into two mechanoreceptors are supplied with thickly myelinated
parts, the trigeminal system and the spinal system. The fibers of the Ab-type (group II; group I or Aa-fibers

supply proprioreceptors). Accordingly, different groupstrigeminal system primarily innervates the beak. The

Copyright q 2000 by Academic Press.
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of fiber diameters and conduction velocities have been elmann and Myers, 1961; Ostmann et al., 1963; Andres
and von Düring, 1990). There is a decreasing numberdescribed (Necker and Meinecke, 1984). C-fibers have

fiber diameters of less than 1 em and conduction veloci- from head to tail to neck to wing with relatively few
corpuscles on the back and fewest on the abdomen,ties (CV) of less than 2 m/sec. Ad-fibers have mean

diameters of about 2 em and mean CVs of about 5 m/ and flying birds are supplied with a larger number than
nonflying birds (Stammer, 1961).sec. There are two groups of large myelinated Ab-fibers

which have mean diameters of about 4 and 7 em and
b. Merkel Cell Receptorsmean CVs of about 15 and 35 m/sec, respectively.

Merkel cell receptors of the avian skin share some
similarity to the intraepidermal Merkel cell receptorsA. Mechanoreceptors
of mammals (Andres and von Düring, 1973). They are,

Four main types of mechanosensitive sensory corpus- however, located in the dermis. The basic morphology
cles may be distinguished in birds: Herbst corpuscles, of Merkel cell receptors is a Merkel cell and a disc-like
Merkel cell receptors, Grandry corpuscles, and Ruffini axon ending contacting this cell (Merkel cell neurite
endings. Although free nerve endings may function as complex; Figure 1b). Merkel cells are characterized by
mechanoreceptors (Iggo and Andres, 1982), electro- their clear cytoplasm which typically contains dense-
physiological evidence is lacking in birds. cored granula. Fingerlike processes interdigitate with

the surrounding Schwann cells. It is still a matter of
speculation whether Merkel cells function as secondary1. Morphology and Distribution of
sensory cells like hair cells in the inner ear. There areCutaneous Mechanoreceptors
symmetrical membrane thickenings of the axon mem-

a. Herbst Corpuscles brane and of the apposed Merkel cell membrane which
resemble desmosomes rather than synaptic contactsHerbst corpuscles are lamellated sensory receptors

comparable to the Pacinian corpuscles in mammals. The (Toyoshima and Shimamura, 1991).
Merkel cells may occur as single cells as well as inflattened axon ending is enlarged at its tip and is sur-

rounded by a central inner bulb (Figure 1f). The inner groups and may even be organized as corpuscles with
stacked arrangement similar to Grandry corpuscles ofbulb cells are of Schwann cell origin and form two op-

posing rows. The Schwann cell membrane adjacent to aquatic birds. Such corpuscles lack, however, a perineu-
ral sheath. Merkel cells have been found predominantlythe axon forms a complicated network of interdigitated

lamellae. Numerous fingerlike processes of the axon in the beak and tongue of various nonaquatic birds
(Botezat, 1906; Saxod, 1978; Gentle and Breward, 1986;protrude into and form contacts with the lamellae.

These axon processes are thought to be the sites where Toyoshima and Shimamura, 1991; Halata and Grim,
1993) but they have been described for the toe skinthe mechanical stimulus is tranduced into excitation of

the sensory membrane (Gottschaldt et al., 1982). The (Ide and Munger, 1978) and also for the feathered skin
(Andres and von Düring, 1990).inner bulb is surrounded by a capsule space which con-

tains cells of endoneural origin and collagen fibers which
c. Grandry Corpusclesform perforated concentric lamellae. The capsular space

is enclosed by an outer capsule whose dense lamellae Grandry corpuscles occur in aquatic birds (anseri-
forms) only (Gottschaldt, 1985). As with Merkel cellare of perineural origin. The myelinated afferent fiber

looses its myelin sheath before entering the inner bulb. receptors there is an intimate contact between Grandry
cell and nerve ending. Grandry cells are thought to beHerbst corpuscles are the most widely distributed

receptors in the skin of birds. They are located in the of neural crest origin and are described as ganglion cell-
like. Typically two or more Grandry cells are stackeddeep dermis and they are found in the beak, in the legs,

and in the feathered skin (Gottschaldt, 1985). There is with discoid axon endings in between the cells (Figure
1a). There is an ongoing debate whether Grandry cellsa conspicuous assembly of sometimes more than one

hundred Herbst corpuscles on the interosseous mem- and Merkel cells are two varieties of the same cell (Toy-
oshima, 1993). Grandry cells in aquatic birds are gener-brane of the leg (‘‘Herbstscher Strang’’ [strand of Herbst

corpuscles]; Schildmacher, 1931). In aquatic birds like ally larger than Merkel cells in nonaquatic birds. Except
for size, Merkel cells and Grandry cells share most struc-ducks and geese, in some shorebirds, and in the chicken

there are bill tip organs with numerous Herbst corpus- tural specializations. Whereas Merkel cell corpuscles
lack a sheath, Grandry corpuscles are always encapsu-cles (Bolze, 1968; Gottschaldt and Lausmann, 1975;

Berkhoudt, 1980; Gentle and Breward, 1986). In feath- lated by a single-layered capsule of perineural origin.
Grandry cells occur in the dermis of the bill of ducksered skin they are associated with the feather follicles

and with muscles of the feathers (Stammer, 1961; Wink- and geese (Saxod, 1978; Berkhoudt, 1980; Gottschaldt
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FIGURE 1 Types of mechanoreceptors in the avian skin. (a) Grandry corpuscle of aquatic birds; (b) Merkel
cell receptors; (c) Merkel cell corpuscle; (d) free stretch receptor ending; (e) Ruffini corpuscle; (f) Herbst
corpuscle. Abbreviations: c, capsule; cs, capsule space; cf, collagen fibers; di, disk-like afferent nerve ending;
ef, efferent fiber; m, Merkel cell; ps, perineural sheath; rax, receptor axon; sc, Schwann cell. After Andres
(1974) with permission.

and Lausmann, 1974) and they are numerous in bill tip trophysiolocical (Reinke and Necker, 1992a) but no
morphological evidence of Ruffini endings in the feath-organs, which are accumulations of sensory receptors

in connective tissue filled channels of the horny premax- ered skin.
illary plate of the bill.

2. Electrophysiology of Mechanoreceptorsd. Ruffini Endings

Electrophysiologically mechanoreceptors have beenRuffini endings are well known and well studied in
mammals but there are only few reports of this type of characterized by their response to a standard ramp-like

stimulus with a plateau (Figure 2). There are rapidlymechanoreceptor in the avian skin. Ruffini corpuscles
are the encapsulated modification of free stretch recep- adapting (RA) and slowly adapting (SA) responses

which may be further subdivided (Iggo and Gottschaldt,tors (Figures 1d and 1e; Andres and von Düring, 1990).
There is an extensive ramification of the axon endings 1974). Type SAI receptors respond both to the ramp

and to the plateau with a sustained firing at irregularwhich are in contact with bundles of collagen fibers.
The contact zones are probably the tranducer sites. A spike intervals (random or Poisson distribution of inter-

vals). This type of receptor may detect amplitudes of acapsule consisting of layers of perineural cells may lack
in avian Ruffini endings (Gottschaldt, 1985). stimulus (strength of touch or pressure). In mammals

the morphological basis of this type of response is theRuffini endings have been identified so far only in
the bill of geese (Gottschaldt et al., 1982) and in the intraepidermal Merkel cell receptor. Type SAII recep-

tors also have a sustained firing rate. However, there isbeak of the Japanese quail (Halata and Grim, 1993).
There are, however, numerous Ruffini corpuscles in often spontaneous activity and a regular firing (normal

or Gaussian distribution of intervals). In mammals thejoint capsules (Halata and Munger, 1980). There is elec-
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FIGURE 2 Types of responses of mechanoreceptors to a ramp-and-hold stimulus (uppermost trace). After
Iggo and Gottschaldt (1974) with permission.

Ruffini corpuscle has been identified as an SAII receptor Leitner and Roumy, 1974a; Hörster, 1990; Reinke and
Necker, 1992b; Shen and Xu, 1994). Thresholds are ratherand the most effective stimulus consists of lateral

stretching of the skin. RA receptors respond to a change high below 100 Hz but decrease in the frequency range
300 Hz up to 1000 Hz (Figure 4). In the high-frequencyof stimulus intensity only, for example, during the ramp.

Response varies with steepness (velocity of ramp). The range threshold amplitudes may be less than 0.1 em which
is in the range of human vibration sensitivity.morphological basis for these velocity detectors are the

Meissner corpuscles in glabrous skin and lanceolate end- The morphological basis of velocity-sensitive rapidly
adapting responses is less clear although RA responsesings in hairy skin of mammals; neither type of receptor

exists in birds. A very rapidly adapting type of response are very common. In the bill of aquatic birds RA re-
sponses are most likely based on Grandry corpusclesshows spikes only at the beginning and/or end of the

ramp; that is, during the acceleration phase of the ramp (Gottschaldt, 1974). RA responses in the chicken beak
have been ascribed to Merkel cell (Grandry) corpusclesstimulus. This type of receptor responds best to vibra-

tion. The morphological basis of the vibration receptor (Gentle, 1989). The morphological basis of RA re-
sponses in the feathered skin (Dorward, 1970; Neckerin mammals is a lamellated corpuscle, the Pacinian cor-

puscle. All types of responses have been observed in and Reiner, 1980; Necker 1985c, Reinke and Necker,
1992a) is even less clear. Assuming, however, that avianbirds also (Necker, 1983; Gottschaldt, 1985). However,

the correlation of structure and function is less clear in Merkel cell receptors differ in location and hence in
function from the mammalian counterpart (Andres andbirds than in mammals.

There isnodoubt thatHerbstcorpusclesarevibration- von Düring, 1990), and considering that there is a contin-
uum of rapidly adapting to slowly adapting responsessensitive receptors (Dorward, 1970; Dorward and McIn-

tyre, 1971; Gottschaldt, 1974; Shen and Xu, 1994). Vibra- (Dorward, 1970; Necker, 1985c), one might argue that
RA receptors in the feathered skin are due to Merkeltion receptors are usually characterized by strong phase

coupling; that is, there is one spike per stimulus cycle. cell receptor activation. This means that avian Merkel
cell receptors may have both rapidly adapting and slowlyIn the cycle histogram it can be seen that the spikes of

successive cycles fall within a limited phase angle range of adapting characteristics.
Both types of SA responses have been described inthe full 3608 cycle (Figure 3; Reinke and Necker, 1992b).

Herbst corpuscles are most sensitive to rather high fre- birds. SAI responses have most clearly been demon-
strated so far only in the feathered skin (Dorward, 1970;quencies (Dorward and Mcintyre, 1971; Gregory, 1973;
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FIGURE 4 Dependence of threshold of vibration-sensitive afferent
fibers in the interosseous nerve of the pigeon on vibration frequency.
(After J. Comp. Physiol. A, Response characteristics of Herbst corpus-
cles in the interosseous region of the pigeon’s hind limb, J. X. Shen
and Z. M. Xu, 175, 667–674, Fig. 7, 1994, q Springer-Verlag.)

and Fedde, 1993). These receptors increase activity with
increasing elevation of covert feathers.

FIGURE 3 Response of a vibration-sensitive afferent fiber. (a) Origi-
B. Thermoreceptorsnal traces of action potentials (above) and a 300-Hz vibration stimulus

(below). (b) Cycle histogram of the same recording shows the occur-
Thermoreceptors are thought to be free nerve end-ence of action potentials at a distinct phase of the stimulus cycle (08

ings (Hensel, 1973). This seems to hold for avian ther-to 3608). (After J. Comp. Physiol. A, Spinal dorsal column afferent
fiber composition in the pigeon: An electrophysiological investigation, moreceptors also since the conduction velocity of ther-
H. Reinke and R. Necker, 171, 397–403, 1992, q Springer-Verlag.) moreceptive afferents has been shown to be in the range

of Ad- and C-fibers (mean: 2 m/sec; Gentle 1989). Ther-
moreceptors are characterized by spontaneous activity

Necker 1985c; Brown and Fedde, 1993). Response char- at normal skin temperature which increases during cool-
acteristics are very similar to those of mammalian Merkel ing (cold receptors) or during warming (warm recep-
cell receptors. This includes a high dynamic sensitivity tors). Typically, rapid temperature changes result in an
during mechanical stimulation and cold sensitivity excitatory overshoot. Thermoreceptors in the avian skin
(Necker, 1985c). The location near filoplume follicles (mainly beak and tongue) have been described repeat-
(Necker, 1985c) agrees with the anatomical demonstra- edly (Kitchell et al., 1959; Leitner and Roumy, 1974b;
tion of groups of Merkel cells in the follicle wall (Andres Gregory, 1973; Necker, 1972, 1973; Gentle, 1987, 1989;
and von Düring, 1990). Schäfer et al., 1989). Most fibers were cold afferents and

Type SAII responses seem to be common in the beak there are only few demonstrations of warm receptors
skin (Necker, 1974a,b; Gottschaldt, 1974; Gottschaldt (Necker, 1972, 1973; Gentle, 1987, 1989).
et al., 1982) and the Ruffini endings are most likely Both the dynamic overshoot and the static tempera-
the morphological basis (Gottschaldt et al., 1982). SAII ture-dependent activity of cold receptors in the beak
reponses have been observed in the feathered skin of and tongue is lower than in mammalian cold receptors
the pigeon also, and the most effective stimulus was (Figures 5 and 6). As in mammals there is a maximum
lateral stretch of skin, as in mammals (Reinke and static and dynamic activity at about 258 to 308C. There
Necker, 1992a). SA responses of unclear origin (proba- is more indirect (Necker, 1977) than direct evidence of
bly Ruffini endings or free stretch receptors) have been cold sensitivity of the feathered skin (Necker and

Reiner, 1980; Necker, 1985b). Spontaneous activity ofdescribed with wing afferents in the chicken (Brown
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FIGURE 5 Activity of cold receptor neurons in the trigeminal gan-
glion of the pigeon. (A) Response to cooling steps (temperature as
indicated): (B) dependence of static activity of six fibers on adapting
temperature. (After Schäfer et al. (1989), Brain Res. 501, 66–72, with
permission from Elsevier Science.) FIGURE 6 Dependence of activity of a cold receptor (a) and of a

warm receptor (b) on beak skin temperature in the pigeon. Original
spike traces on the left and static activity on the right. (After J.
Comp. Physiol. A, Response of trigeminal ganglion neurons to thermalwarm receptors is high and there is an increase of static
stimulation of the beak of pigeons, R. Necker, 78, 307–314, 1972, qactivity with increasing temperature in the range of 258
Springer-Verlag.)to 458C (Figure 6).

C. Nociceptors III. CENTRAL PROCESSING
Nociceptors respond to stimuli which threaten to

damage the skin. Both mechanical stimuli (pin prick, A. Somatosensory Pathways
squeezing) and thermal stimuli (heat above about 458C)

1. Trigeminal Systemare effective in exciting nociceptor afferents. Different
types of nociceptors have been described: high threshold The trigeminal nerve consists of three branches, the
mechanoreceptors, heat nociceptors, and polymodal ramus ophthalmicus, which innervates the orbita, the
nociceptors (activated by heat, mechanical stimuli, and nasal area, and rostral part of the upper beak; the ramus
chemical agents like bradykinin; Burgess and Perl, maxillaris, which innervates the upper beak; and the
1973). All of these types seem to occur both in the ramus mandibularis which innervates the lower beak.feathered skin (Necker and Reiner, 1980) and in the

The ophthalmic nerve and the maxillary nerve are purebeak skin (Gentle, 1989).
sensory nerves whereas the mandibular nerve is a mixedNociceptors have no or only little spontaneous activ-
sensory and motor nerve (Barnikol, 1953). Sensory com-ity. High-threshold (nociceptive) mechanoreceptors in-
ponents of the facial nerve and the glossopharyngealcrease activity with increasing force of mechanical stim-
nerve may join the trigeminal system (Dubbeldam et al.,ulation (Figure 7a). Heat nociceptors increase activity
1979; Dubbeldam, 1984a; Bout and Dubbeldam, 1985).when skin temperature exceeds about 458C, and there

The somata of the trigeminal nerve are located inis an increasing activation up to temperatures above
the trigeminal ganglion (g. gasseri). The central root508C (Figure 7b). All of these responses show slow adap-
enters the brainstem and afferent fibers either ascendtation. Nociceptors seem to be quite numerous both in
in the ascending trigeminal tract (TTA), which ends inthe beak skin and in the feathered skin (Necker and

Reiner, 1980; Gentle, 1989). the main sensory nucleus of the fifth cranial nerve (PrV,
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FIGURE 8 Schematic outline of central pathways of the trigeminal
system. Afferents to the trigeminal nuclei on the left side of the brain,
efferents on the right side. Bas, nucleus basalis; cd, pars caudalis of
the descending trigeminal system (TTD); dh, cervical dorsal horn; G,
trigeminal ganglion; ip, pars interpolaris of TTD, or, pars oralis of
TTD; PrV, nucleus principalis nervi trigemini; rf, projection to the
reticular formation; th, projection to the thalamus. (After Dubbeldam
(1984b) with permission from S. Karger AG, Basel.)

dam, 1984). Pars oralis is the only trigeminal nucleus to
project to the cerebellum (Arends et al., 1984; Arends
and Zeigler, 1989). Pars interpolaris has mainly intra-
nuclear connections to oralis and PrV. Pars caudalis and
cervical dorsal horn may project up to the thalamus,
joining the medial lemniscus (Arends el al., 1984). The
more caudal subnuclei have projections to the neighbor-
ing reticular formation which may be important for mo-

FIGURE 7 Dependence of activity of nociceptors on increasing tor control (see Chapter 6).
force (a) and increasing temperature (b). (After J. Comp. Physiol. It has long been known that PrV projects via the
A, Cutaneous sensory afferents recorded from the nervus intraman- quintofrontal tract to the nucleus basalis (Bas) or nu-
dibularis of Gallus gallus var. domesticus, M. J. Gentle, 164, 763–774,

cleus prosencephali trigeminalis of the telencephalon,1989, q Springer-Verlag.)
bypassing the thalamus (Cohen and Karten, 1974).
There is both an ipsilateral and a contralateral projec-
tion and in the mallard a topographic representation ofnucleus principalis nervi trigemini), or descend in the
the branches of the trigeminal nerve could be demon-descending trigeminal tract (TTD), which extends cau-
strated (Dubbeldam et al., 1981, Figure 8). Nucleus ba-dally to the upper spinal cervical segments (Karten and
salis projects to the nearby frontal neostriatum whichHodos, 1967; Dubbeldam and Karten, 1978; Dubbel-
seems to be at the origin of a network connecting thedam, 1980). In the pigeon there is a lateral component
beak sensory system to the motor system, a circuit im-of TTD (lTTD) which mainly terminates in the external
portant for feeding (see Chapter 6).cuneate nucleus of the medulla. There is a somatotopic

projection of the three divisions of the trigeminal nerve
to PrV in such a way that the mandibular branch projects 2. Spinal System
dorsally, the maxillary branch intermedially, and the

Whereas the peripheral branches of spinal ganglionophthalmic branch ventrally.
cells innervate receptors in the periphery the centralThe TTD is accompanied by the nucleus of the TTD
branches enter the spinal cord by the dorsal root. Collat-(nTTD) which can be devided into several subnuclei
erals either ascend in the dorsal column or terminatefrom rostral to caudal: pars oralis (or) near PrV, pars
in the grey substance (for details of the spinal cord seeinterpolaris (ip), pars caudalis (cd), and spinal dorsal

horn (dh) in the upper cervical spinal cord (Figure 8). In Chapter 5).
There are several ascending pathways in the spinalthe nTTD fibers of the three branches of the trigeminal

nerve terminate in a topographic order in all subnuclei cord. The main pathways described for the mammalian
spinal cord (dorsal column, spinoolivary, spinocerebellar,(Dubbeldam and Karten, 1978; Arends and Dubbel-
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spinoreticular, spinomesencephalic, and spinothalamic) solateralis posterior (DLP). There is a differential pro-
jection of GC and CE whose significance is unknown asare found in the bird also (see Chapter 5). However, there

is only sparse direct projection to the thalamus. yet (Wild, 1989). The same thalamic targets are reached
by spinal afferents (Schneider and Necker, 1989).The dorsal column pathway (mechanoreception) is

outlined in Figure 9. Primary afferent fibers ascend in The thalamic somatosensory nuclei have different
ipsilateral projections to the telencephalon. The DLPthe dorsal column to terminate in the dorsal column

nuclei (nuclei gracilis et cuneatus, GC; nucleus cuneatus projects to a somatosensory area in the medial caudal
neostriatum (NC) near the auditory field L (see hearingexternus, CE) of the medulla oblongata (van den Akker,

1970; Wild, 1985; Necker and Schermuly, 1985; Schulte Chapter 2) and to the rostrally adjacent intermediate
neostriatum (NI). The NC further projects to the overly-and Necker, 1994). The medially located nucleus gracilis

(leg afferents) and the laterally located nucleus cuneatus ing hyperstriatum ventrale (HV; Funke, 1989b). The
main thalamic projection is from DIVA to a somatosen-(wing afferents) can be separated in caudal parts of the

medulla only and there is an overlapping projection in sory area far rostral in the telencephalon in the Wulst,
a rostromedial bulge in the avian telencephalon. Therostral GC and in the external cuneate nucleus (van den

Akker, 1970; Wild, 1985). The CE does not correspond rostral part of the Wulst serves somatosensory represen-
tation whereas the caudal part serves vision. This partto the mammalian analog (no relay of forelimb muscle

spindle afferents). In addition to the primary afferent of the brain belongs to the hyperstriatum accessorium
(HA) and it is the intermediate part (IHA) which re-fibers there are secondary afferents from laminae IV

and V neurons of the dorsal horn (see Chapter 5). ceives DIVA afferents (Wild, 1987; Funke, 1989b). Both
telencephalic areas are interconnected (Figure 9). BothThe dorsal column nuclei all project to the thalamus

via the medial lemniscus. There is a crossed and a spinal somatosensory representation areas have connec-
tions to descending (motor) systems (see Chapter 6).smaller uncrossed pathway and fibers give off collaterals

to the inferior olive, to the intercollicular area ventral
and medial to the auditory nucleus mesencephali later-

B. Electrophysiological Investigationsalis pars dorsalis (MLD), and to nucleus spiriformes
medialis (Wild, 1989). The main somatosensory thala- 1. Thermoreception and Nociception
mic nucleus has now been identified as the nucleus dor-

Nociception and thermoreception have been studiedsalis intermedius ventralis anterior (DIVA) first de-
so far only in the spinal dorsal horn. As in mammals,scribed in the owl (Karten et al., 1978) and then
nociceptive and thermoreceptive neurons are mainlyconfirmed in the pigeon (Wild, 1987; Funke, 1989b;
found in lamina I of the spinal dorsal horn both of theSchneider and Necker, 1989). A smaller contingent of
cervical and of the lumbar enlargements (Necker, 1985b;dorsal column nuclei afferents reaches the nucleus dor-
Woodbury, 1992). There is no significant direct projec-
tion of these neurons to the thalamus (see Chapter 5).
However, thermoreceptive and nociceptive information
may reach higher levels of the brain via relays in the
brainstem reticular formation (Necker, 1989; Günther
and Necker, 1995).

2. Mechanoreception

a. Trigeminal System and Beak Representation

In the trigeminal system the beak is represented both
in PrV and in nTTD. In both nuclei a dorsoventral
somatotopic organization has been confirmed with elec-
trophysiological recordings in the pigeon (Zeigler and
Witkovsky, 1968; Silver and Witkovsky, 1973). Units
were rapidly adapting or slowly adapting and some re-
sponded to opening and/or closing the beak. Tongue

FIGURE 9 Schematic outline of central pathways of the mechanore- stimulation was ineffective which confirms the lack of
ceptive spinal system. Bas, nucleus basalis; DH, dorsal horn; DIVA, glossopharyngeal projections to the trigeminal system
nucl. dorsalis intermedius ventralis anterior; DLP, nucleus dorsolater-

in the pigeon (Dubbeldam, 1984a).alis posterior; GC/CE, nuclei gracilis et cuneatus/nucleus cuneatus
There is evidence of responses of neurons in the so-externus; HA, hyperstriatum accessorius; ICo, nucleus intercollicu-

laris; NC, neostriatum caudale; OI, oliva inferior. matosensory thalamus to beak stimulation (Delius and
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Bennetto, 1972; Witkovsky et al., 1973) and it seems that somatosensory relay (Korzeniewska 1987; Korzeniew-
ska and Güntürkün, 1989). A detailed analysis showedDLP is the main site of thalamic beak representation

(Korzeniewska, 1987). Because of the lack of collaterals that most DIVA neurons respond specifically to body
stimulation (Schneider and Necker, 1996). Receptivefrom the quintofrontal tract this information may reach

the thalamus via the descending trigeminal system. fields were often large, normally covering the whole ex-
tremity and some including both extremities. The small-Processing in the nucleus basalis has been studied

both in the pigeon and in the mallard. In both species est receptive fields were located on the toes. A somato-
topic organization was largely missing although the areareceptive fields were often rather small especially at the

tip of the beak and there was a somatotopic organization with predominant wing responses could be separated
from a more rostral area with predominant leg responses.(Figure 8; Witkovsky et al., 1973; Berkhoudt et al., 1981).

The tongue was represented in the mallard but not in The telencephalic areas (NC/NI/HV, IHA) were
studied at the single-unit level (Funke, 1989a). Boththe pigeon as expected from the anatomical studies. In

contrast to PrV all units showed rapid adaptation. areas disclosed poor somatotopic organization. Re-
ceptive fields were smaller in IHA than in NC. Accord-In sandpipers and snipes (family Scolopacidae) an

enormous enlargement of nucleus basalis forming a ingly, there was a faint somatotopy in the Wulst (HA)
area with rostral parts of the body being representedbulge on the basolateral surface of the brain has been

observed (Pettigrew and Frost, 1985). Electrophysiolog- superficially and caudal parts in deeper layers. In the
owl a detailed representation of the toes was found inical recordings revealed an overrepresentation of the

bill tip. By analogy to the fovea in the eye a tactile fovea the Wulst area (Karten et al., 1978). There was
no somatotopic representation of the body in thehas been postulated for these birds.
NC/NI and adjacent HV and bimodal input (auditory/

b. Spinal System and Body Representation somatosensory) was common in this caudal area (Funke,
1989a). These differences in the two areas suggest thatThe spinal dorsal horn has been studied electrophysi-
the HA area may be compared to SI and NC/NI to SII ofologically in detail in the pigeon cervical enlargement
the mammalian somatosensory cortical representations.(Necker, 1985a,b, 1990) and in the chicken lumbosacral

enlargement (Woodbury, 1992). There is a somatotopic
organization similar to that in mammals; for example,

IV. BEHAVIORAL ASPECTSdistal parts of the extremities are represented medially
and proximal parts laterally (see Chapter 5).

A. MechanoreceptionMechanoreceptive neurons are located in lamina IV
of the dorsal horn both in the pigeon and in the chicken. Cutaneous mechanoreceptors are involved in a vari-
Both slowly adapting and rapidly adapting responses ety of behavioral responses. Most evident is a contribu-
have been observed but there is no clear evidence of tion of beak receptors to feeding (see Chapter 6). In
input from Herbst corpuscles in the cervical cord of the this context it has to be kept in mind that the avian
pigeon although it seems to be present in the lumbosa- beak serves as a prehensile organ comparable to the
cral enlargement of the chicken. In the ascending dorsal human hand. Parrots and birds of prey use both feet
column many primary afferent fibers respond to vibra- and beak for the handling of food items. Interestingly
tory stimuli (Reinke and Necker, 1992b). both beak and feet (toes) are the only parts of the avian

In the dorsal column nuclei there is evidence for a body which are represented in great detail in the CNS.
separate representation of leg and wing at least in caudal In the feet the conspicuous strand of Herbst corpus-
parts of these nuclei (Necker, 1991). Many neurons in cles on the interosseous membrane is exquisitely suit-
the GC show Herbst corpuscle input and there are also able to detect vibrations of the ground (Schwartzkopff,
slowly adapting responses (Reinke and Necker, 1996). 1949), perhaps even earthquakes (Shen and Xu, 1994).
CE seems to process primarily deep input (joint recep- Mechanoreceptors in the feathered skin can detect
tors). However, input from muscle spindles was not disorders of the plumage (Necker, 1985a). This may
found. Together with the finding that the CE does not trigger preening although this behavior does not neces-
project to the cerebellum (Wild, 1989) this supports the sarily depend on sensory input (Delius, 1988). Vibra-
assumption that the avian CE is not homologous to the tions of the plumage occur during flight and mechanore-
mammalian external cuneate nucleus. ceptors may detect turbulences in the air stream and

Delius and Bennetto (1972) were the first to record in this way influence flight control. Air stream evoked
somatosensory responses from the avian thalamus in the stimulation of mechanoreceptors in the feathered skin
DLP/DIVA region. Whereas the DLP turned out to be a is important for flight pattern (Gewecke and Woike,
multimodal nucleus processing both somatosensory and 1978) and for flight reflexes (Bilo and Bilo, 1978). It is

interesting that information from feather mechanore-visual and auditory stimuli DIVA seems to be a specific
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ceptors is conveyed directly from the spinal dorsal horn withdrawal) which may be mediated by different types
of nociceptors (Gentle, 1992). Apart from motor re-to the cerebellum (see Chapter 5).
sponses, changes in blood pressure and heart rate were
observed during noxious stimulation and there was a

B. Thermoreception parallel increase in heart rate and nociceptor activity
above about 478C in pigeons standing on a hot plateThermoreception clearly serves temperature regula-
(Figure 10; Necker, unpublished data). These responsestion in this homeothermic class of vertebrates (see
may well be mediated by the spinal lamina I–brainstemChapter 14). This is valid both for autonomic and behav-
pathway (see above). Reflex responses occur only atioral thermoregulation. There is, however, not much
very high temperatures (above 608C) in hot plate experi-evidence for behavioral responses apart from thermo-
ments (Sufka and Hughes, 1990, own observation).regulation. In incubator birds like the mallee fowl (fam-

The time course of pain-related behavior after beakily Megapodiidae) thermoreceptors in the beak seem to
amputation (trimming) studied as the number of pecksbe used for controlling the temperature of the incubator
in a visual stimulus task includes a pain-free period ofmound (Frith, 1959).
about 1 day which is followed by long-lasting guarding
behavior (Gentle et al., 1991). This means that birds

C. Pain may experience chronic pain (Gentle, 1992).

The behavior of birds to noxious stimuli has been
studied employing pinch, feather plucking, heat, and

V. SUMMARY AND CONCLUSIONSpain-producing substances (Wooley and Gentle, 1987;
Gentle and Hill, 1987; Szolcsanyi et al., 1986; Gentle
and Hunter, 1990; Gentle, 1992). Pinching and a hot The avian somatosensory system is largely compara-

ble to the mammalian one although there are much lessplate evoke reflex motor behavior (withdrawal reflex).
Noxious heat (comb only), however, results in passive detailed investigations. This includes the function and

morphology of cutaneous receptors, organization ofimmobility which was observed during feather removal
also (note that feather pecking is common in commer- central pathways, and central processing. Altogether, a

major difference between the avian and the mammaliancially reared poultry). This points to two types of re-
sponses to noxious stimulation, namely reflex/escape somatosensory system is the lack of a detailed somato-

topy in the brain. This poor somatotopy may be due(flight–fight response) and immobility (conservation–

FIGURE 10 Dependence of nociceptor activity and rate of electrocardiogram (ECG, beats
per minute) on hot plate temperature. Nociceptor activity after J. Comp. Physiol.,
Temperature-sensitive mechanoreceptors, thermoreceptors and heat nociceptors in the feath-
ered skin of pigeons, R. Necker and B. Reiner, 135, 201–207, Fig. 8, 1980, q Springer-Verlag;
ECG unpublished own data.
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The spinal cord consists of a number of segments
which may be grouped into cervical, thoracic, lumbar,
sacral, and coccygeal segments according to the distribu-
tion of vertebrae along the axis of the vertebral columnI. INTRODUCTION
(Figure 1a). Each segment gives rise to a pair of spinal
nerves. The number of segments varies from speciesThe general organization of the avian spinal cord

resembles that of all other vertebrates. There are, how- to species. The pigeon has 39 segments (14 cervical, 6
thoracic, 4 lumbar, and 15 sacrococcygeal; Huber, 1936)ever, some specializations which birds largely share with

the phylogenetically related class of reptiles. Compared and the ostrich 51 segments (15 cervical, 8 thoracic, 19
lumbosacral, and 9 coccygeal; Streeter, 1904). Thereto the mammalian cord the most outstanding deviations

are the lack of a cauda equina and a filum terminale are two distinct enlargements, the cervical enlargement
(C11 to T1 or segments 11 to 15 in the pigeon), whoseand the occurance of a sinus rhomboidalis or lumbosa-

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.71
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FIGURE 2 Cross-sectional anatomy of the spinal cord including af-
ferent and efferent peripheral connections. Ad, C, small myelinated
and unmyelinated fibers; DF, dorsal funiculus; DH, dorsal horn; DR,
dorsal root; DRG, dorsal root gangion; LF, lateral funiculus; LT,
Lissauers tract; mo, motoneurons; T, column of Terni; VF, ventral
funiculus; and VR, ventral root.

their somata near the spinal cord in the spinal or dorsal
root ganglia. The central processes of the ganglia cells
enter the spinal cord in the dorsal roots where they
usually bifurcate into an ascending and a descending
branch. Sympathetic and parasympathetic preganglionic
neurons are located near the central canal. The axons
of these neurons and those of the motoneurons in the
ventral horn leave the spinal cord in the ventral roots.
The ventral roots join the dorsal roots distal to the dorsal
root ganglion to give rise to the spinal nerves.

The lumbosacral sinus results from an incomplete or
lack of fusion of the dorsal part of the cord (see Figure
4). The sinus is filled by the gelatinous or glycogen body.
The glycogen body consists of glial cells with a high
content of glycogen (Welsch and Wächtler, 1969). ItFIGURE 1 (a) Outline of the spinal cord of the pigeon. Cervical

segments: 1–14 (C1–C14), thoracic segments: 15–20 (T1–T6), lumbar is supplied with blood vessels and unmyelinated fibers
segments: 21–24 (L1–L4), sacrococcygeal segments: 25–39 (SC1– (Paul, 1971). Its function is unknown. A less conspicuous
SC15). (b) Lumbosacral enlargement with sinus. (After Nerve roots glycogen body surrounding the central canal of cervicaland nuclear groups in the spinal cord of the pigeon, J. F. Huber,

segments 14 and 15 has been described in the chickenJ. Comp. Neurol., Copyright q 1936 John Wiley & Sons, Inc.
(Sansone and Lebeda, 1976).Reprinted by permission of John Wiley & Sons, Inc.)

segments innervate the wing via the brachial nerve
III. CYTOARCHITECTONIC ORGANIZATION OFplexus, and the lumbosacral enlargement (L1 to SC2

THE SPINAL GRAYor segments 21 to 26 in the pigeon), whose segments
innervate the legs via the lumbosacral plexus. The lum-

In the dorsal horn a marginal layer, a substantia gela-bosacral enlargement contains the very conspicuous
tinosa, a nucleus proprius, and, in the enlargements, arhomboid or lumbosacral sinus with the gelatinous or
magnocellular column can easily be discriminated. Theglycogen body as a peculiarity of all birds (Figure 1b).
intermediate gray shows no specializations, and thereIn cross sections of the spinal cord a central gray
is the group of large motoneuron somata in the ventralsubstance with surrounding white matter can be distin-
horn, especially of the segments innervating the limbs.guished (Figure 2). The gray substance which contains
A more detailed description of the spinal gray whichthe cell bodies has been divided into a dorsal horn, a
follows a scheme of lamination originally described forventral horn, and an intermediate gray in between both
the cat exists for the spinal cord of the pigeon (Leonardhorns. The white matter has been divided into a dorsal
and Cohen, 1975a) and of the chicken (Brinkmann andfuniculus or dorsal column, a lateral funiculus, and a

ventral funiculus. Peripheral afferent nerve fibers have Martin, 1973; Martin, 1979). According to this scheme
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(Figure 3) there are nine laminae labeled I to IX. Cells sacral segments there is a column of Terni dorsal to the
central canal which contains the preganglionic neuronsnear the central canal may be grouped into lamina X.

The head of the dorsal horn contains laminae I to of the autonomic nervous system.
In birds there are several groups of neurons outsideIV. Lamina I is characterized by small cells with few

large cells (cells of Waldeyer) bordering the gray sub- the gray substance (paragriseal cells, Figure 4). Lateral
to the head of the dorsal horn there are neurons whichstance. Lamina II contains many small cells. Because of

its gelatinous appearance in histological sections this seem to correspond to the lateral spinal nucleus of mam-
mals (Necker, 1990a). A functional equivalent of thelamina have been named Substantia gelatinosa. Lamina

III has fewer cells than lamina II. There is a difference mammalian lateral cervical nucleus seems to be absent
in birds (van den Akker, 1970). In thoracic segmentsbetween the pigeon and chicken in that lamina III is

not ventral but medial to lamina II in the chicken (Brink- neurons are found in Lissauers tract (entrance zone of
dorsal root fibers; see Figure 2) outside the gray (vanmann and Martin, 1973). Lamina IV represents the nu-

cleus proprius of the dorsal horn and consists of a dis- den Akker, 1970; Günther and Necker, 1995). In the
lumbosacral cord there are numerous paragriseal cellstinct group of medium-sized multipolar cells. Lamina V

in the neck of the dorsal horn contains cells of various in the lateral and ventral funiculi (Huber, 1936; Leonard
and Cohen, 1975a).sizes. In the enlargements the very large cells of Clarke’s

column (ClC) or magnocellular column form a distinct Marginal neurons at the lateral border of the spinal
cord and in close proximity to the dentate ligamentgroup of neurons within lamina V.

Laminae VI to VIII occupy the intermediate gray (specialization of the meninges) are found throughout
the length of the spinal cord (Huber, 1936). There areand part of the ventral horn. Its delineation is uncertain.

There are both small and large cells. The motoneurons major marginal nuclei of Hofmann-Kölliker or acces-
sory lobes of Lachi in the lumbosacral enlargement andin the ventral horn make up lamina IX. This lamina has

two subdivisions in the enlargements, a lateral column minor marginal nuclei in all other segments (Figure 4;
Kölliker, 1902; Huber, 1936). The accessory lobes form(motor supply of limb muscles) and a medial group

corresponding to lamina IX of all other segments (motor distinct protuberances from the ventrolateral funiculi at
segments L1 to SC4 in the pigeon. They are supportedsupply of axial muscles; Huber, 1936). In thoracic and

FIGURE 3 Nuclear groups and laminae of the spinal gray substance. [After A cytoarchitectonic analysis of
the spinal cord of the pigeon (Columba livia), R. B. Leonard and D. H. Cohen, J. Comp. Neurol., Copyright
q 1975 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.]
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FIGURE 5 Evoked potentials recorded from (A) the medial cord
surface or (B) lateral cord surface. Electrical stimulation of a cutane-
ous nerve. Note long latency peaks in the lower trace. (After Exp.

FIGURE 4 Distribution of special cell groups along the spinal cord. Brain Res., Projection of a cutaneous nerve to a spinal cord of the
AL, accessory lobes; ClC, Clarke’s column; G, glycogen body; LSN, pigeon. I. Evoked field potentials, R. Necker, 59, 338–343, Fig. 2,
lateral spinal nucleus; LT, Lissauers tract neurons; MN, marginal 1995a, q Springer-Verlag.)
nuclei; PGC, paragriseal cells; SBC, spinal border cells; and T, column
of Terni.

Cohen, 1975b). Most medial fibers terminate in the dor-
sal horn but some reach the ventral horn (see Figure

by the dentate ligament which has at this level of the 2). Most fibers terminate in adjacent segments but part
spinal cord both a longitudinal and a transverse compo- of the ascending fibers reach the dorsal column nuclei
nent (Schroeder and Murray, 1987). The accessory lobes in the brain stem. Although there is no separation into
lie between the roots as do the minor nuclei. Aside from a fasciculus gracilis (hindlimb afferents) and a fasciculus
nerve cell somata the minor marginal nuclei contain few cuneatus (forelimb afferents), at cervical levels leg affer-
glial material but the accessory lobes contain similar ents always assume a medial position in the dorsal col-
cells as the glycogen body. umns (van den Akker, 1970). Small fibers terminate in

superficial layers (laminae I and II) of the dorsal horn
but there is also a bundle running ventrally lateral to

IV. PERIPHERAL INPUT TO THE SPINAL CORD the dorsal horn to reach deep layers of the dorsal horn
(Ohmori et al., 1987; Ohmori and Necker, 1995).

When entering the spinal cord the dorsal roots sepa- The projection of peripheral nerves to the spinal cord
rate into a bundle of coarse fibers which runs medially has been studied repeatedly (van den Akker, 1970; Leo-
and a lateral bundle of fine fibers which enters through nard and Cohen 1975b; Necker and Schermuly, 1985;
Lissauers tract (Nieuwenhyus, 1964). This separation Wild, 1985; Woodbury and Scott, 1991; Schulte and
can be shown electrophysiologically (Figure 5): record- Necker, 1994). All these investigations show that there
ings from the medial cord show short-latency responses is a somatotopic organization of this projection which
from fast-conducting large fibers only (N1 in Figure 5), is similar to that found in mammals. The extremities
whereas lateral recordings show in addition long-latency are represented in such a way that distal parts (toes) are
responses of small myelinated (N3 in Figure 5) and represented medially and proximal parts (upper arm,
unmyelinated fibers (Necker, 1985a). thigh) laterally. There is, however, considerable ana-

The fibers bifurcate into an ascending branch and a tomical overlap of projection fields of individual nerves
(Schulte and Necker, 1994).descending branch (van den Akker, 1970; Leonard and
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V. FUNCTIONAL ASPECTS OF LAMINAE AND
NUCLEAR GROUPS

A. Lamina I

Lamina I receives an input primarily from small fibers
which are thought to innervate nociceptors and thermo-
receptors. Accordingly, latencies of responses are often
long and many lamina I neurons respond specifically to
noxious stimulation (nociceptive specific neurons, NS)
and a few to thermal stimulation (Necker, 1985b; Wood-
bury, 1992). There are, however, also neurons which
were activated by light mechanical stimulation (low
threshold mechanoreceptive neurons, LTM) or by both
light and noxious mechanical or noxious heat stimula-
tion (wide dynamic range neurons, WDR); that is, the
whole spectrum of neuron types found in the mamma-
lian cord (Brown, 1981).

The large lamina I neurons project bilaterally to the
brainstem and seem to terminate predominantly in the
lateral reticular formation, in the nucleus tractus solita-
rius, and in the parabrachial area (Necker, 1989;
Günther and Necker, 1995).

A

B

B. Laminae II and III FIGURE 6 Somatotopic representation of the wing in the spinal
dorsal horn of the pigeon. (A) Two recording sites (medial and lateral).The small cells in laminae II and III do not project
(B) Receptive fields on the wing corresponding to the recording sitesbeyond a few segments and are thought to belong to the shown in A (same arrows). (After Exp. Brain Res., Sensory representa-

propriospinal system. As in mammals small peripheral tion of the wing in the spinal dorsal horn of the pigeon, R. Necker,
fibers terminate in lamina II (Woodbury and Scott, 81, 403–412, Fig. 11, 1990b, q Springer-Verlag.)

1990) which thus seems to be involved in nociception.
Large cutaneous fibers terminate in lamina III (and IV)

however, a difference between cervical and lumbar lam-
where they probably contact dendrites of lamina IV

ina IV neurons. Whereas cervical neurons project pre-
neurons as in the mammalian dorsal horn (Brown,

dominantly to the dorsal column nuclei, those of lumbar
1981). There are no detailed investigations of these lami- segments do not project beyond the cervical enlarge-
nae in birds. ment (Necker, 1991). A distinct group of cervical lamina

IV neurons has descending projections. This means a
reciprocal innervation of cervical and lumbosacral en-C. Lamina IV (Nucleus Proprius)
largements by lamina IV neurons. This scheme of inner-

Lamina IV or nucleus proprius is a well- vation which seems to be peculiar to birds, may be
circumscribed group of medium-sized multipolar neu- important for coordination of wing and leg movements
rons which receive an afferent input from large fibers (Necker, 1990a, 1994).
of cutaneous mechanoreceptors. Accordingly, response A further group of lamina IV neurons located in
latencies are short and nearly all neurons respond to most caudal cervical segments and in thoracic segments
light mechanical stimulation of the skin (LTM neurons; projects to the cerebellum (see Figure 9; Necker, 1992).
Necker, 1985b; Woodbury, 1992). There is a distinct This pathway, which is not present in mammals, may
topographic organization in lamina IV with distal parts be important for control of flight.
of the limbs being represented medially and proximal
parts laterally (Figure 6; Necker 1990b). As in mammals

D. Lamina Vthis physiologically defined somatotopy shows less over-
lap than the anatomical one (Schulte and Necker, 1994). Lamina V includes Clarke’s column at the enlarge-

The majority of lamina IV neurons projects in the ments which will be considered separately below. Me-
dorsal column or dorsolateral funiculus to the dorsal dial lamina V receives an input from large afferent fibers

and medial lamina V neurons, especially those of lumbarcolumn nuclei (Funke, 1988; Necker, 1991). There is,
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segments, project ipsilaterally to the dorsal column nu-
clei (Necker, 1991). Lateral lamina V neurons receive
an input from fine fibers (Ohmori et al., 1987; Ohmori
and Necker, 1995) and project to the reticular formation
(Necker, 1989). Some lamina V neurons have descend-
ing projections. There are no detailed electrophysiologi-
cal investigations of this lamina. However, it is likely
that there is convergence of sensory inputs especially
in lateral lamina V as is true in mammals where lamina
V neurons often show wide dynamic range responses
(WDR) and are thought to be part of the pain system.

E. Laminae VI, VII, and VIII

There is not much known about these laminae of the
intermediate gray except that they have both ascending
projections to the reticular formation (Necker, 1989) as
well as descending projections (Necker, 1990a). Most
cells are probably interneurons of the sensorimotor in-
terface and of descending systems (termination of, e.g.,
the rubrospinal tract, see below)

F. Lamina IX (Motoneurons)

Motoneurons which innervate different muscles are
arranged in distinct columns with some overlap which
extend for a few segments (Figure 7; Landmesser, 1978;
Hollyday, 1980; Ohmori et al., 1982, 1984a; Martin and
Hrycyshyn, 1981; Sokoloff et al., 1989).

Recent investigations showed that both the lateral
and the medial motor column contain neurons which
project to the cerebellum (see Figure 9; Necker, 1989,
1992). Although there is no clear histological distinction,
a dorsal group of lateral lamina IX neurons in the en-
largements has been identified as cells of origin of a
spinocerebellar pathway. These cells may be compared
to the spinal border cells (SBC, see Figure 4) of the
mammalian cord which are the cells of origin of the
ventral spinocerebellar tract (Matsushita et al., 1979).
The physiology of this group of cells has not yet been
studied in birds.

Lamina IX receives a peripheral input most probably
from proprioreceptor afferents. This input seems to be
distributed both to the motoneurons and to the spinal
border cells. There is electrophysiological evidence of FIGURE 7 Motor columns in the brachial cord of the chicken. Abbre-

viations of muscles (lowercase abbreviations are nerves): BB, M. bi-monosynaptic connections between muscle afferents
ceps brachii; CBCa, CBCp, M. coracobrachialis caudalis, cranialis;and motoneurons (Rabin 1975a). This means that birds
EMR, M. extensor metacarpi radialis; FCU, M. flexor carpi ulnaris;have not only polysynaptic reflexes but monosynaptic
HT, M. humerotriceps; LD, M. latissimus dorsi; Pc, M. pectoralis, SbC,

reflexes like mammals also. M. subcoracoideus; SpC, M. supracoracoideus; Spn, M. supinator; ST,
M. scapulotriceps; and StC, M. sternocoracoideus. After Ohmori et
al. (1982) with permission.G. Clarke’s Column (Magnocellular Column)

Clarke’s column receives an input from peripheral
large fiber afferents, most probably from propriorecep-
tors as has been shown electrophysiologically for the
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cervical enlargement (Necker, 1990b). Cervical Clarke’s lobes have terminals near these paragriseal cells which
might be one of their inputs (Necker, 1997). Since theycolumn neurons project ipsilaterally to the cerebellum

whereas those of the lumbar cord cross to the contralat- project to the cerebellum (Necker, 1992; see Figure 9)
they seem to be involved in sensorimotor control. How-eral side and recross at the level of the brainstem to

terminate in the ipsilateral cerebellum (see Figure 9; ever, their function has not yet been investigated.
Vielvoye, 1977; Necker, 1992). Cervical Clarke’s column
seems to correspond to the external cuneate nucleus in

4. Marginal Nucleithe brainstem of mammals since both nuclei process
proprioreceptor afferents from the forelimb. It is un- Of all paragriseal cell groups only the minor marginal
clear why the location is so different. Clarke’s column nuclei have been shown to have an input from peripheral
in the lumbar cord seems to be the equivalent of the nerves (van den Akker, 1970). This input is probably
mammalian Clarke’s column. However, the course of from axial muscle afferents since radial nerve afferents
the pathway arising from these cells is uncrossed in do not reach the marginal nuclei (Necker and Schulte,
mammals. In both classes of vertebrates, however, the 1994). The axons of the marginal cells cross to the con-
projection is to the ispilateral cerebellum. tralateral side where they ascend and descend in the

ventrolateral cord for a few segments (Necker, 1997).
The exact terminations and functional implications areH. Column of Terni
not yet known.

The cells of this medial column receive an input from So far no input for the accessory lobes in the lumbosa-
visceral afferent fibers (Ohmori et al., 1987) and from cral cord could be demonstrated. However, the course
the hypothalamus (Cabot et al., 1982). They have been of the axons of these cells has been shown both for the
shown to innervate visceral organs (Cabot and Cohen, chicken (Matsushita, 1968; Eide, 1996) and the pigeon
1977; Ohmori et al., 1984). (Necker, 1994, 1997). Axons cross to the contralateral

side to terminate in the ventromedial gray of rostral and
caudal neighboring segments (Figure 8). Some axons orI. Paragriseal Cells (See Figure 4)
collaterals reach the ventrolateral funiculus where they

1. Lateral Spinal Nucleus (LSN) contact spinocerebellar paragriseal cells (Necker, 1997).
It has been suggested that the accessory lobes may func-Input and function of LSN is unknown. The projec-
tion as mechanoreceptors (Schroeder and Murray,tion is similar to that of lamina I neurons; that is, to the

brainstem reticular formation and adjacent structures
(Necker, 1989; Günther and Necker, 1995). There is
also a significant descending projection (Necker, 1990a).
In mammals LSN has been suggested to be part of the
pain system.

2. Lissauer Tract Neurons

These neurons may have migrated from lamina I
toward their input (dorsal root entrance zone). It is most
likely that the neurons have a peripheral input from
visceral or cardiac afferents (Cabot and Cohen, 1977).
The projection is to the nucleus tractus solitarius and it
seems that rostral parts of the solitarius complex receive
spinal input from these neurons only (Günther and
Necker, 1995). No electrophysiological investigations
have been done but it has been suggested that the tho-
racic Lissauer tract neurons are involved in visceronoci-
ception.

3. Lumbar Paragriseal Cells
FIGURE 8 Schematic representation of afferents and efferents of the

There is probably no peripheral input to these numer- cervical marginal nuclei (top) and of the lumbosacral accessory lobes
ous paragriseal cells in the lumbosacral enlargement. (bottom). AL, accessory lobes; DRG, dorsal root ganglion cell; MN,

marginal nucleus; PGC, paragriseal cell; and SC, spinocerebellar tract.Recent investigations showed that cells of the accessory
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1987). However, since there have been no electrophysio-
logical investigations the function of these peculiar mar-
ginal nuclei remains enigmatic.

VI. ASCENDING PATHWAYS

In the mammalian cord dorsal column, spinocervi-
cal, spinothalamic, spinomesencephalic, spinoreticular,
spinoolivary, and spinocerebellar pathways can be sepa-
rated. All these pathways are present in birds also
(Necker, 1989, 1991, 1992).

Ascending pathways have been studied anatomically
at the level of the spinal cord (Kühn and Trendelenburg,
1911; van den Akker, 1970; Vielvoye. 1977) and there
is one electrophysiological investigation also (Oscarsson
et al., 1963). However, although different tracts have
been identified the investigations were largely unable
to show the cells of origin in the spinal cord and the
terminations in the brain which define the function of
the tracts. The cells of origin have been studied recently
by investigations based on neuroanatomical tracer tech-
niques and most projections have been mentioned
above. Here, a summary will be given.

The most prominent and distinct ascending pathways
are the dorsal columns and the spinocerebellar pathways
in the lateral funiculus. Most tracts terminate at the level
of the medulla oblongata and there are few projections
to the mescencephalic or thalamic level (Necker, 1989).

The dorsal column consists of primary afferent fibers
and of axons of secondary afferents originating in cervi-
cal lamina IV and in lumbar medial lamina V neurons.
Since most primary afferents terminate in the spinal
gray, the extent of the dorsal column is reduced signifi-

FIGURE 9 Cells of origin and spinal pathways of spinocerebellarcantly beyond the enlargements (Streeter, 1904). Fibers
tracts of the pigeon. (After Anat. Embryol., Spinal neurons projectingin the dorsal column are afferents of cutaneous mecha-
to an anterior or posterior cerebellum in the pigeon, R. Necker, 185,

noreceptors and of joint receptors (Reinke and Necker, 325–334, Fig. 9, 1992, q Springer-Verlag.)
1992). The termination of this tract is in the dorsal col-
umn nuclei in the medulla oblongata (nuclei gracilis et
cuneatus and nucleus cuneatus externus). shift during their ascent. The course of spinocerebellar

cells located in the medial motor column is unclear.The spinocerebellar pathways travel in the lateral
funiculus. Four different pathways can be distiguished There is a rostral (lobules I to VI) and a caudal

somatosensory area in the cerebellum (lobule IX). Thefrom dorsal to ventral (Figure 9; Necker, 1992). Fibers
from cervical lamina IV neurons some of which project spinocerebellar pathways terminate in both areas except

for the spinal border cells, which project to anteriorto the cerebellum, assume the most dorsal pathway. This
is followed ventrally by fibers from cervical Clarke’s cerebellum only. Whereas the main input to the anterior

cerebellum seems to be from the proprioreceptive sys-column. Fibers from lumbar Clarke’s column, spinal
border cells, and paragriseal spinocerebellar cells all tem (Clarke’s columns, SBC), that to the posterior cere-

bellum is dominated by lamina IV neurons; that is, cuta-cross to the contralateral side where they first course in
the ventral funiculus and then shift dorsally to join the neous mechanoreception (Necker, 1992).

The axons of lamina I neurons predominantly coursecervical Clarke’s column fibers ventrally. The most ven-
tral pathway consists of fibers from cervical spinal bor- in the dorsolateral funiculus (Günther and Necker,

1995). Lateral lamina V, intermediate gray, and ventralder cells whose axons first course medially and then
ventrally into the ventral funiculus with a dorsalward horn neurons probably project in more ventral parts of
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the lateral funiculus and lateral parts of the ventral funic- rons). Reticular formation and vestibular projections
course in the ventral funiculus and terminals have beenulus. All these pathways largely terminate in medullar

nuclei (reticular formation, inferior olive, nucleus tractus demonstrated in the medial ventral gray ( Janzik, 1966).
Long descending tracts from the forebrain (sep-solitarius, and parabrachial area). This means that a sig-

nificant spinothalamic pathway is lacking in birds. tomesencephalic tract, occipitomesencephalic tract)
reach first cervical segments only (see Dubbeldam,
Chapter 6). This is even true for parrots with their pedal
dexterity (Webster et al., 1990).VII. DESCENDING PATHWAYS

On the whole, the cells of origin of descending projec-
tions are well known but their termination is less wellA variety of brainstem nuclei has been shown to project
studied and there is not much known about functionalto the cervical cord in pigeons (Cabot et al., 1982) or
aspects of descending input to the spinal gray and to thelumbar cord in chickens (Webster and Steeves, 1991).
motoneurons. Lesion studies suggest that the descendingThese include from rostral to caudal: paraventricular nu-
pathway from the medullar reticular formation is essentialcleus in the hypothalamus (PVM); interstitial nucleus of
for walking in ducks (Webster and Steeves, 1991). Disyn-Cajal (IS); intercollicular nucleus (ICo) and nucleus ruber
aptic vestibular input to neck motoneurons has been dem-(Ru) in the midbrain; nuclei coeruleus (LoC) and sub-
onstrated electrophysiologically; wing and leg motoneu-coeruleus (Scd, Scv); large parts of the mesencephalic,
rons were not affected by the same stimuli (Rabin, 1975b).pontine, and medullar reticular formation; caudal raphe
This latter finding could be explained by later findingsnuclei; and vestibular nuclei (mainly lateral vestibular or
which showed that vestibular reflexes are greatly fascili-Deiters nucleus). For more details see Figure 10.
tated by activation of cutaneous mechanoreceptors as isThe main projection of the PVM as part of the auto-
the case during flight (Bilo and Bilo, 1978, 1983).nomic nervous system is to the column of Terni in an

ipsilateral dorsolateral pathway (Cabot et al., 1982). The
rubrospinal tract as a main motor pathway is located

VIII. SUMMARY AND CONCLUSIONScontralaterally in the medial dorsolateral funiculus and
terminals are found in laminae V to VII; in the interme-

Although cytoarchitectonics and pathways of the spi-diate gray (Wild et al., 1979).
nal cord of birds have been studied in some detail thereThere are several raphe–spinal projections of presum-
is still a limited amount of knowledge of functional as-ably serotonergic neurons in the lateral and ventral funic-
pects.ulus to laminae I and II, laminae V–VII, central areas

There seems to be a rather clear separation of noci-including column of Terni, and lamina IX (motoneu-
ception (and probably thermoreception), cutaneous
mechanoreception, and proprioception. Noxious stimuli
are processed in superficial layers of the dorsal horn
(laminae I and II). Information from cutaneous mecha-
noreceptors is processed by lamina IV and medial lam-
ina V neurons. Muscle spindle afferents reach Clarke’s
column, spinal border cells, and lamina IX. The physiol-
ogy of the remaining parts of the gray substance has
not yet been investigated.

Bipedal locomotion and flight suggest specializations
in the avian spinal cord and there are indeed some
peculiarities in birds compared to mammals. These can
be summarized as follows (see Necker, 1994): Spinocer-
ebellar systems differ from the mammalian scheme in
that there are ‘‘Clarke’s columns’’ and ‘‘spinal border

FIGURE 10 Descending pathways in the pigeon cervical enlarge-
cells’’ in both enlargements. However, since the projec-ment (based on Cabot et al., 1982). GC, dorsal column nuclei; IS,
tion to the cerebellum is similar, the different locationsn. interstitialis Cajal; PVM, n. paraventricularis; Rgc, n. reticularis

gigantocellularis; Rm, Rp, Rob, nucll. raphe magnus, pallidus, obs- do not necessarily mean functional differences between
curus; RP, n. reticularis pontis; RU, n. ruber; SC, n. subcoeruleus; and the two classes of vertebrates. Electrophysiological in-
VESTIB, nn. vestibularis. Reprinted from Progress in Brain Research: vestigations should clarify this issue. Some lamina IV
Descending Pathways to the Spinal Cord, Vol. 57, Cabot et al., Avian

neurons (cutaneous mechanoreception) have projec-bulbospinal pathways: anterograde and retrograde studies of cells of
tions that differ from the mammalian ones. These modi-origin, funicular trajectories and laminar terminations, pp. 79–108,

Copyright (1982), with permission from Elsevier Science. fications (reciprocal innervation of the enlargements,
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Jankowska, A. E. (1992). Interneuronal relay in spinal pathways fromprojection to the cerebellum) may well be understood
proprioceptors. Progr. Neurobiol. 38, 335–378.as adaptations to flight.

Janzik, H. H. (1966). Der Vorderstrang der Hühner. Verh. Anat. Ges.Because of the location in the lumbosacral cord the 61, 351–355.
numerous paragriseal cells and the accessory lobes seem Kölliker, A. (1902). Über die oberflächlichen Nervenkerne im Marke
to play a role in bipedal walking. Functional evidence der Vögel und Reptilien. Z. wiss. Zool. 77, 125–179.

Kühn, A., and Trendelenburg, W. (1911). Die exogenen und endo-is, however, lacking. It seems that the marginal nuclei
genen Bahnen des Rückenmarks der Taube mit der Degeneration-outside the lumbosacral enlargement are involved in
smethode untersucht. Arch. Anat. Entwicklungsgesch. 35–48.proprioreception (probably interneurons in sensorimo-

Landmesser, L. (1978). The distribution of motoneurones supplying
tor propriospinal circuits). However, the meaning of chick hind limb muscles. J. Physiol. (London) 284, 371–389.
the location of the marginal nuclei far outside the gray Leonard, R. B., and Cohen, D. H. (1975a). A cytoarchitectonic analysis

of the spinal cord of the pigeon (Columba livia). J. Comp. Neurol.substance is completely unknown.
163, 159–180.Sensorimotor circuits in the spinal cord have been

Leonard, R. B., and Cohen, D. H. (1975b). Spinal terminal fields ofstudied in great detail in the mammal ( Jankowska,
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163, 181–192.

in birds. There are some reflex studies, however, mainly Martin, A. H. (1979). A cytoarchitectonic scheme for the spinal cord
in embryonic stages (Bekoff, 1992). Despite being in- of the domestic fowl, Gallus gallus domesticus: Lumbar region.
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Matsushita, M. (1968). Zur Cytoarchitektonik des Hühnerrücken-
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I. Introductory Remarks 83 tor control and the organization of the motor control
II. The Control of Eye and Head Movements: The systems in birds are the subjects of this chapter.

Oculomotor System 84 Motor control systems have a hierarchical organiza-
A. Oculomotor Nuclei and Eye Muscles 84 tion; that is, they comprise centers in ‘‘lower’’ and
B. Vestibulocollic and Tectobulbospinal Control of ‘‘higher’’ parts of the central nervous system. Each level

Head and Neck Movements 87 has its specific function: motor centers in the central
III. The Motor Control of Jaw and nervous system activate muscles; higher centers control

Tongue Movements 87 and coordinate the activity of the respective motor cen-
A. Jaw Opening and Closing Muscles and Their

ters. Such higher centers can be premotor regions inMotor Nuclei 87
the brainstem, but parts of the cerebellum and the telen-B. Intrinsic and Extrinsic Tongue Muscles 89
cephalon are also involved. There is also a hierarchy ofC. Bulbar Premotor Centers and Proprioceptive

Control 89 motor activities: reflexes, fixed or—perhaps better—
IV. Other Premotor and Motor Systems modal action patterns and complex behavior. More

in the Brainstem 91 complex activities require more complex control
A. Locomotion Centers 91 systems.
B. Centers for Vocalization and Respiration 91 These few observations already suffice to make clear

V. Structure and Function of the Cerebellum 92 that there is not just one motor control system: activities
VI. Telencephalic Centers for Motor Control 94 of different complexity and using varying mechanical

A. Eminentia Sagittalis (Wulst) and systems each require their own motor control system,
Septomesencephalic Tract 94

even though some of these systems may share nervousB. Archistriatum and
centers. Further it is important to keep in mind that theOccipitomesencephalic Tract 95
muscular systems of the various mechanical systems mayC. Paleostriatal Complex and Ansa Lenticularis 97
have a different embryological origin and thus may beVII. Concluding Remarks 97

References 97 under the control of differently organized neuronal sys-
tems. For example, the extrinsic eye muscles have a
somatic origin and thus are innervated by somatic motorI. INTRODUCTORY REMARKS
nerves, whereas the muscles of the jaws and some of
the tongue muscles are considered ‘‘visceral’’ and inner-All animals are active; each activity depends upon
vated by visceromotor nerves (e.g., Romer and Pars-the well coordinated action of groups of muscles. The

nervous system is responsible for this coordination. Mo- sons, 1977). We will begin to consider several motor

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.83
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systems which have their motor control systems in the
brainstem; after that, higher hierarchical systems will be
discussed. In this terminology, the medulla oblongata,
mesencephalon, and diencephalon are part of the brain-
stem, whereas the cerebellum and telencephalon con-
tain the higher systems.

Sensory information from various sources is indis-
pensable to guide activities. This can be information
from exteroceptive sensory systems such as the visual
system, tactile (somatosensory) system, and auditory
system, but also proprioception; that is, direct regis-
tration of the bird’s own activity of muscles and of
movements of bony elements. Some of the sensory
systems are dealt with in Chapters 1–3. Finally, even
though quite a lot of work has been done on the or-
ganization of the motor and premotor systems in birds,
there are still more questions than answers. Some of
the current uncertainties will pop up in the following
sections.

II. THE CONTROL OF EYE AND
HEAD MOVEMENTS: THE
OCULOMOTOR SYSTEM

A sitting bird is able to survey a large part of its
surroundings using both head and eye movements. Sev-

FIGURE 1 Ventral view of a bird’s head showing the eyes, extrinsiceral types of eye movements can be distinguished such
eye muscles, and nerve branches innervating these muscles. Abbrevia-

as saccades (fast flicks elicited by a sudden stimulus) tions: br.s., brainstem; co., chiasma opticum; hy., hypothalamus; l.o.,
and smooth pursuit (following a moving target). The lobus opticus; m.o.i., musculus obliquus internus; m.r.l., musc.rectus

lateralis; m.r.m., musc.rectus medialis; m.r.v., musc.rectus ventralis;combined movements of head and eyes are also of im-
N.III, N.IV, N.VI, oculomotor nerve, trochlear nerve, abducens nerve.portance when, for example, fixing objects like food
(Modified after Bubien-Waluszewska (1981) with permission.)particles (e.g., Zeigler et al., 1980; Zweers, 1982). Head

movements are effectuated by the neck muscles and are
under the control of motoneurons in the cervical cord.

projections to these motor nuclei, such as the vestibularEmphasis in this section will be upon eye movements
nuclei and several parts of the reticular formation inand the neural substrate for their control. However, the
the mesencephalon and pontine region (Labandeira-two types of movements cannot be regarded entirely

independently, as they may share parts of their premo-
tor systems. TABLE 1 The Extrinsic Eye Muscles and Their Innervating

Motor Nuclei

A. Oculomotor Nuclei and Eye Muscles Muscle Motor nucleusa

Six muscles are responsible for all movements of the
Rectus inferior Ipsilateral Om p. dorsolateralis (Omdl)

eye (Figure 1). These extrinsic eye muscles are inner- Rectus medialis Ipsilateral Om p. dorsomedials (Omdm)
vated by branches of the oculomotor,trochlear and ab- Rectus superior Contralateral Om p. ventromedialis

(medial part) (Omvm,med)ducens nerves. Each muscle has its own motor cell group
Rectus lateralis Ipsilateral m VI (VI)(Table 1). The two muscles that turn the eye to dorsal
Obliquus superior Contralateral m IV (IV)are innervated by contralateral centers, the other mus-
Obliquus inferior Ipsilateral Om p. ventromedialis (lateral

cles by ipsilateral cell groups. It is interesting to note part) (Omvm,lat)
that apparently the cells innervating the contralateral
m. rectus superior migrate during ontogeny from one aOm, nucleus oculomotorius; m IV, n. trochlearis; m VI, n. abdu-
side of the brain to the other, thus forming an oculomo- cens (Heaton and Wayne, 1983; Labandeira-Garcia et al., 1987; Sohal

and Holt, 1978).tor decussation (Heaton, 1981). Several regions send
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Garcia et al., 1989). Two systems serve to stabilize the Finally, the nucleus interstitialis of Cajal is a re-
lay between nBOR and motoneurons in the cervicalvisual field.
cord.

The n. lentiformis mesencephali (LM; Figure 2B) is
1. Optokinetic Nystagmus

the second cell group of the accessory optic system.
Units in this center are sensitive for rather fast move-The optokinetic nystagmus (OKN) is found in all

classes of vertebrates including birds. It is a visuomotor ments (20–608/sec), predominantly (660% of the units)
in the horizontal plane (Winterson and Brauth, 1985).reflex that serves to stabilize the retinal image with

respect to movements of the animal or of its environ- This cell group does not project directly to the oculomo-
tor nuclei, but has reciprocal connections with nBORment. Under experimental conditions OKN is a stereo-

typed pattern of eye motion consisting of a pursuit (Figure 2C). Further, it sends efferents to the cerebel-
lum, partly directly and partly indirectly via the lateralmovement (slow phase) followed by a rapid movement

in the opposite direction (saccadelike resetting fast pons (Clarke, 1977). Bodnarenko et al. (1988) mapped
the metabolic activity in the lentiform nucleus usingphase) (Fite, 1979). The reflex arch underlying OKN

consists of displaced ganglion cells occurring in the pe- [14C]-2-deoxy-d-glucose: when part of the eye was oc-
cluded, only part of the nucleus was labeled; the lenti-ripheral part of the retina (see Chapter 1) and projecting

to part of the contralateral accessory optic system, the form nucleus receives a retinotopically organized
input.nucleus of the basal optic root (Figure 2: nBOR; Reiner

et al., 1979). The cells of this center project directly to
Cells use glucose when active. Deoxy-d-glucose is taken up by

oculomotor neurons: a dorsal part of nBOR is sensitive the cells but cannot be digested. It remains in the cells and
to dorsal movements in the visual field and projects can—if radioactively labeled—be visualized in histological sec-

tions using autoradiography. This technique can be used toto the ventromedial part of the ipsilateral oculomotor
estimate differences in activity between cell groups.nucleus (Omvm). The nBOR proper is sensitive to ven-

tral movements and projects to the dorsolateral part In case of binocular stimulation in the horizontal plane
of the contralateral Om (Omdl) and trochlear nucleus the OKN appears to be asymmetrical, as the amplitude
(Brecha and Karten, 1979; McKenna and Wallman, is larger after stimulation in the temporal–nasal direc-
1985). This is a disynaptic feedback from retinal gan- tion than after stimulation in the nasal–temporal direc-
glion cells to the oculomotor system; that is, a closed- tion (Gioanni et al., 1981). Suppression of the GABA
loop system: visual information is used directly to com- activity in the accessory optic nuclei destroys this asym-
pensate for movements of the visual field. The nBOR metry; it has been suggested that these nuclei code the
cells are particularly sensitive to slow, wholefield visual visual signal according to coordinates corresponding to
motion. A small number of units respond to binocular vestibular input (Bonaventure et al., 1992).
stimulation, some with a preference for motion in the
same direction, others for motion in opposite directions

2. The VestibuloOculomotor Reflex
in the two eyes, enabling the bird to distinguish transla-
tional and rotational movements (Wylie and Frost, When a bird’s body orientation is changing with re-

spect to the horizontal position, the animal is perfectly1990).
In addition to the direct retinal input nBOR receives able to keep its head in a stable horizontal position.

The vestibular nuclei record all movements of the head.afferents from several visual centers—pretectal nuclei
and the ventral lateral geniculate nucleus (see Chapter This information is used to correct both head and eye

movements. Direct vestibulocollic motor and vestibulo-1)—from the telencephalon and from several other ar-
eas. The variety of input is reflected in a wide variety oculomotor pathways are instrumental in this correc-

tion. Vestibular cell groups send fibers either to theof transmitters and neuropeptides in this center (Britto
et al., 1989). One of the important neurotransmitters is neck muscle motor neurons, to the motor nuclei of the

eye muscles, or to both (Figure 3). In particular, oneGABA (gamma-aminobutyric acid), which has a role
in modulating the directional selectivity of nBOR cells. vestibular cell group, the n. tangentialis, receives very

large afferents from the vestibular sense organ and sendsThe source of this GABA-ergic input is uncertain. There
is evidence that the visual Wulst (see Chapter 1) influ- direct projections to the ipsilateral dorsomedial oculo-

motor nucleus (Omdm) and possibly to the remainingences the directional selectivity of nBOR units (Britto
et al., 1990). The nBOR itself has direct projections to contralateral cell groups, thus forming a fast reflex path-

way (Wold, 1978; Cox and Peusner, 1990). However,folia IXc,IXd, and the paraflocculus of the cerebel-
lum as well as indirect cerebellar projections via the there is not yet unanimity about the precise pattern of

vestibular projections to the oculomotor complex (e.g.,oliva inferior (Brecha et al., 1980). The possible role of
this cerebellar input will be discussed in a later section. Arends et al., 1991). Nevertheless it can be assumed
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FIGURE 2 Accessory optic system. (A) Cross section through pigeon brain showing the
position of the nucleus of the basal optic root (nBor). (B) Cross section showing the position
of the nucleus lentiformis (LM). (C) Sagittal view of brainstem plus cerebellum showing the
input in nBor from displaced retinal ganglion cells (DGC) and its output to oculomotor
centers (Omdl and Omvm), interstitial nucleus of Cajal (Is), to the oliva inferior (OI), and
to folia IXc,d of the cerebellum. Note the reciprocal connections between nBor and LM.
Further abbreviations: AL, TOM, and TSM, telencephalic fiber systems (compare to Figures 10
and 12); Co, chiasma opticum; CP, commissura posterior; FRL, FRM, lateral/medial reticular
formation; ICo, nucleus intercollicularis; Imc, nu. isthmi, pars magnocellularis; NIII, oculomotor
nerve; Ov, nu. ovoidalis; Rt, nu. rotundus; Ru, nu. ruber; TeO, tectum opticum. (Modified after,
Projections of the nucleus of the basal optic root in the pigeon: An autoradiographic and horse-
radish peroxidase study, N. Brecha, H. J. Karten, and S. P. Hunt, J. Comp. Neurol. Copyright
q 1980 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)

that nuclei responsible for horizontal eye movements is due to the fact that the vestibular pathway has less
synaptic interruptions from receptor to oculomotor cell(Omdm and mVI) receive vestibular input from one

side (the ipsilateral or contralateral vestibular nuclei, than has the visual pathway (see retinal structure, Chap-
ter 1). Moreover, the tangential vestibular nucleus,respectively); those responsible for vertical and oblique

movements receive bilateral input (Table 2). The effect source of the vestibulooculomotor projection receives
input via a system of large (i.e., fast) fibers. This pictureis that vestibular input will always cause the two eyes

to move in the same direction. For example, stimulation may be too simple, as little is known about the kind of
neurotransmitters used in the vestibulooculomotor sys-in the right horizontal vestibular ampulla causes a twitch

of the two eyes to the left (du Lac and Lisberger, 1992). tem. Recently, Wentzel et al. (1995) showed that in rab-
bits the ipsilateral projection from the superior vestibularThis is an example of a feedforward system: the vestibu-

lar information is used to correct eye movements before nucleus is predominantly GABA-ergic (i.e., inhibitory),
whereas other vestibular nuclei exert an excitatory effect.visual feedback can reach the oculomotor nuclei. This
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the tectobulbar pathway to the n. gigantocellularis of the
reticular formation (Reiner and Karten, 1982). A second
visual input originates from the accessory optic system
and reaches neck motor neurons via the n. interstitialis
of Cajal (see section on Optokinetic Reflex). Vestibular
nuclei have direct projections to the cervical motor pools
(Arends et al., 1991), aswell as indirect via the parvocellu-
lar reticular nucleus. In particular, the direct pathway has
much in common with the vestibulooculomotor system,
both arising from the same group of vestibular nuclei

FIGURE 3 Scheme of vestibular projections to oculomotor centers (Figure 3; Arends et al., 1991). We will return to the role
(mIII, mIV, mIV) and the motor neck system (SSp). VeD, VeDL,

of the reticular formation in the next sections.VeM, VeS, nucleus vestibularis descendens/dorsolateralis/medialis/
superior; Tang, nu. (vestibularis) tangentialis.

III. THE MOTOR CONTROL OF JAW
As in the optokinetic system, a second vestibuloocu- AND TONGUE MOVEMENTS

lar control pathway includes part of the cerebellum.
Cerebellar projections to the vestibular nuclei arise from A. Jaw Opening and Closing Muscles and
several regions including the flocculus. When a single Their Motor Nuclei
electrical pulse is given simultaneously to the vestibulum
and flocculus, the effect of the vestibulum stimulation The jaw muscles have a visceral origin (are part of the

pharyngeal region). Therefore, the nerves innervating(see above) is suppressed (du Lac and Lisberger, 1992).
This cerebellar involvement may serve to refine the these muscles and the corresponding motor nuclei are

considered visceromotor elements (Romer and Pars-vestibular control, possibly by a learning process. The
vestibulooculomotor reflex can undergo rapid, but long- sons, 1977). In contrast to the situation for the oculomo-

tor nerves, the two nerves leave the brainstem dorsolat-lasting adaptive changes under experimental conditions
in both newly hatched and adult animals (Wallman et erally and not ventrally. A complication in birds is that

they possess a so-called kinetic skull. This means thatal., 1982; chicken).
not only the lower jaw, but also the upper jaw moves
to open the beak. Movements of the upper beak dependB. Vestibulocollic and Tectobulbospinal
upon the presence of the quadrate bone; this has articu-Control of Head and Neck Movements
lations with the skull and with the lower jaw. Movements
of the beaks are achieved by four groups of muscles,It is clear that visual orientation depends upon eye

movements as well as upon head movements. The motor two groups of beak openers and two groups of beak
closers (Figure 4A). One opener group consists of thepools innervating the neck muscles, responsible for head

movements, are part of the motor system of the cervical depressor muscles running from the caudal part of the
lower jaw to the skull. This muscle complex is innervated(spinal) cord and will notbe discussed here. However, the

brainstem contains premotor centers of the neck motor by motor neurons of the facial nerve and is responsible
for lowering the mandible. The second group of beaksystem using the same type of information as the oculo-

motor system. Visual information from the mesence- opener muscles, the protractors, is attached to the quad-
rate bone and to the skull; contraction of these musclesphalic (optic) tectum enters one of these premotor cen-

ters (Tellegen and Dubbeldam, 1994) via a crossing of causes a rotation of the quadrate to medial and rostral.

TABLE 2 The Oculomotor Nuclei, the Vestibular Input, and the Direction of Eye Movements Caused by Each of the Nuclei

Motor center Side-innervated muscle Side origin (tangent.input)a Side origin (vest.input)b Direction (eye motion)c

Omdl Ipsilateral Contralateral Contra-ipsilateral Q
Omdm Ipsilateral Ipsilateral Ipsilateral Rm
Omvm,med Contralateral Contralateral Contra-/ipsilateral q
Omvm,lat Ipsilateral Contralateral Contra-/ipsilateral "

IV Contralateral Contralateral Contra-/ipsilateral '

VI Ipsilateral Contralateral Contra-/ipsilateral rm

aSeveral authors, see text.
bAccording to Correia et al. (1983).
cm, medial.
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FIGURE 4 (A) Jaw mechanism in a duck (simplified); (B) horizontal view of brainstem with
motor nuclei, reticular premotor regions and the proprioceptive mesencephalic trigeminal
system. Abbreviations: am, adductor muscle of mandible; dm, depressor muscle of mandible;
mand, mandibula; mesV, trigeminal mesencephalic nucleus; mVa, mVp, trigeminal motor
nuclei innervating jaw closing (a) and opening (p) muscles; mVII, facial motor nucleus; nTTD,
nuclei of the descending trigeminal system; pp, pterygoid muscle; pq, protractor muscle of
qu; qu, quadrate bone; RPc, parvocellular reticular formation.

Two bony elements (pterygoid and palatinum) transmit are responsible for the backmovement of the quadrate
bone and closing movement of the upper beak. Thethis movement to the upper beak (Figure 4A) pushing

its tip upward. Adductor muscles connecting lower jaw openers of the upper beak and the two groups of beak
closing muscles are innervated by motor neurons of theand skull cause a closing movement of the lower jaw;

the pterygoid muscles at the ventral side of the head trigeminal nerve (e.g., Wild and Zeigler, 1980).
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This description is a gross simplification of a very ity the tongue motor centers, but also the activity of
these centers and that of the jaw motor centers.complex mechanism (with many variations among the

avian species), but it is sufficient to illustrate that four
motor centers are needed to effectuate the movements C. Bulbar Premotor Centers and
of the beak. These motor centers can be identified by Proprioceptive Control
tracing methods: tracers are injected in the muscles and

The motor centers of the jaw muscles receive inputtransported to the motor centers, where they can be
from two sources. One source is the mesencephalic tri-visualized. Electrostimulation in such a motor center
geminal nucleus; this is a sensory center innervating theresults in a short contraction (twitch) of the correspond-
muscle spindles in the jaw muscles (Figure 4B). Muscleing muscle. The electrical activity of the muscle can be
spindles are receptors sensitive to stretch of musclesrecorded directly by electromyography.
and are part of the proprioceptive system (e.g., Manni

Electromyography: Recording of voltage gradients produced et al., 1965). A muscle spindle consists of a few small,
by currents in the muscle tissue during activation of muscle intrafusal muscle fibers surrounded by a capsule. The
fibers by the innervating motor neurons.

intrafusal fibers are innervated by two types of afferent
nerve fibers (Ia and II fibers) showing dynamic andElectromyography can be used to record the normal
static responses, respectively (for details of muscle spin-pattern of activity of a group of muscles; for example,
dles; see Maier, 1992). Two further categories of motorduring the pecking of a free-moving bird. During normal
neurons can be distinguished, a-motor neurons and c-movements, beak-opening and -closing motor neurons
motor neurons. The latter category innervates the intra-fire alternately, the periods of activity partly overlapping
fusal muscle fibers and thus can influence the sensitivity(Figure 5). Myograms show that the activity of facial
of the muscle spindles. The c-cells are smaller than theand trigeminal innervated beak-opening muscles pre-
a-motor neurons innervating the extrafusal (‘‘normal’’)cedes the activity of the two trigeminal innervated beak-
muscle fibers. The two categories of neurons mingle inclosing muscles during fast pecking movements. Jaw-
the motor nuclei.closing muscles may be active during part of the opening

The cells of the mesencephalic trigeminal nucleusmovement and determine maximal opening amplitude
project directly to the a-motoneurons of the jaw closers(Bout and Zeigler, 1994). A superimposed system is
thus forming a monosynaptic reflex (Passatore et al.,required to generate this pattern of alternating activities;
1979). The muscle spindles are distributed in such a waythe activity of the motor nuclei is under control of a
that they are in the best position to record changes ofpremotor system. Before having a closer look at this
length of the muscles (Bout and Dubbeldam, 1991); jawpresumed premotor system (or systems) we will have a
openers don’t have muscle spindles. Stretch of a musclelook at another complex kinetic system: that of the
spindle causes activation of the motoneurons innervat-tongue.
ing this muscle through the monosynaptic reflex. The
contribution of this reflex in different kinds of move-
ments is not clear. It has been suggested that the muscleB. Intrinsic and Extrinsic Tongue Muscles
spindles may have a role in the control of the gape of

Movements of the tongue are caused by two groups the beak (Dubbeldam, 1984).
of muscles. The extrinsic muscles are part of the visceral The reticular formation is the most important source
musculature, comparable to the jaw muscles. These ex- of input to the motor nuclei; that is, it can be considered
trinsic muscles are innervated by a trigeminal motor the premotor system of the jaw motor system (Berk-
center (intermandibular muscle), a facial center (stylo- houdt et al., 1982, Arends and Dubbeldam, 1982). The
hyoid and serpihyoid muscles: tongue protractors), and reticular formation is characterized by the presence of
a glossopharyngeal center (geniohoid muscle: tongue many dispersed interconnected interneurons. Roughly,
retractor; Dubbeldam and Bout, 1990). The second it consists of three longitudinal zones in the brain stem:
group, the intrinsic muscles, have a somatic origin and a dorsolateral and a ventromedial parvocellular zone
are innervated by part of the dorsal motor nucleus of (both containing small cells) and a ventral gigantocellu-
the 12th cranial nerve, the hypoglossal nerve. Notwith- lar zone (with large cells). The two parvocellular zones
standing their different embryological origin, the two contain the jaw premotor system. The dorsolateral zone
groups of muscles behave in a similar way. The positions can be subdivided in a rostral, an intermediate, and a
of the motor nuclei innervating the various muscles are caudal compartment (Bout and Dubbeldam, 1994). The
wide apart. As jaws and tongue move in close harmony rostral compartment sends ipsilateral projections to the
during feeding, drinking, and comparable actions, a pre- jaw-closing motor nuclei, the caudal one to the jaw-

opening centers. The two compartments receive inputmotor system is needed not only to coordinate the activ-
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FIGURE 5 Electromyogram of pea-eating pigeon. (A–E), Sequence of beak movements during grasp and
transport; (F–H), electromyographic registration of an adductor (AME), a depressor (DM) and a protractor
(PQP) muscle. (I) Distance between beak-tips recorded by a sensor (black blocks on upper and lower beak).
(J) Frame-pulses to synchronize film pictures (A–E) and electromyogram. (From Ontogeny of feeding in
pigeons: A cinefluoroscopic and electromyographic analysis, E. M. S. J. van Gennip and H. Berkhoudt, J. Exp.
Zool., Copyright q 1994 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)

from the mesencephalic trigeminal nucleus; propriocep- ments; the term fixed action pattern expresses this ste-
reotypy. However, it has been recognized that this pat-tive information from the muscle spindles can thus be

used to control indirectly the motor activity of both the tern is less stereotyped than initially assumed. For
example, Zeigler et al. (1980) demonstrated that in pi-jaw-opener and jaw-closer motoneurons. The ventrome-

dial parvocellular zone is not compartmentalized. Cells geons the gape of the beak during pecking is tuned to
the size of the food particles. Partly, this tuning dependsover the whole length of this zone project bilaterally

to the motor centers of jaw-opening and jaw-closing upon visual information, but also tactile sense is impor-
tant both for this tuning and for monitoring the transportmuscles (Bout and Dubbeldam, 1994).

Often pecking—the basic mode of feeding in of food through the oropharyngeal cavity (e.g., Zweers,
1982). Tactile (trigeminal) input reaches the dorsolat-birds—is considered a stereotyped pattern of move-
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eral premotor system via the nuclei of the descending IV. OTHER PREMOTOR AND MOTOR SYSTEMS
IN THE BRAINSTEMsensory trigeminal system (Arends et al., 1984; Chapter

4). The adjustment of the gape requires a continuous
tuning of the pattern of motor activity: there is a A. Locomotion Centers
modal—modifiable—rather than a fixed motor pattern.

The reticular formation contains premotor neurons
Both the dorsolateral zone and the ventromedial zone

not only of motor systems of the head, but also of motor
receive direct input from a telencephalic sensorimotor systems of the spinal cord; among others, those of the
region (Dubbeldam and den Boer, 1994); the most lat- locomotor systems (flying and walking). Steeves et al.
eral part receives a cerebellar input (Arends and (1987) could demonstrate that electrical stimulation in
Zeigler, 1989, 1991b). This strongly suggests that the the gigantocellular formation of the medulla oblongata,
premotor regions are under control of higher centers as well as in the subtrigeminal region of the caudal
(see below). medulla, evokes locomotory movements in decerebrate

Several models of pattern generating neuronal con- birds (Figure 6; goose and duck). Earlier, we saw that
figurations have been developed. So far, however, no the gigantocellular region contains also premotor neu-
generally accepted model exists; moreover, none of rons of the neck muscle system—a coincidence of pre-
these models has been designed specifically for the situa- motor elements for locomotion and head movements
tion in birds. Although there is no direct evidence in seems quite obvious, when looking at a walking chicken.
birds, work in mammals suggests that the parvocellular However, this is not proof of such a relationship!
premotor areas do have a crucial role in generating
jaw motor patterns. There is further evidence that the

B. Centers for Vocalization and Respirationventromedial zone has a comparable function for tongue
muscle motor centers and craniocervical muscle motor Birds use their syrinx to produce sounds. The syrinx is
centers, thus integrating the activity of the various mus- an organ at the transition of the trachea and bronchiae.
cle systems (Tellegen and Dubbeldam, 1994). Such a Vocalization depends upon the control of a few small
coordination is a prerequisite when pecking, preening, syringeal muscles and the precise regulation of the
and other behavioral activities are considered to be the stream of (expiratory) air passing through the trachea.
effects of integrated motor patterns of jaw, tongue, and This requires a close coordination of the motor centers

of the syringeal and respiratory muscles. The caudalneck muscles.

FIGURE 6 Diagrams of caudal brainstem. Open circles indicate sites, where locomotion
could be evoked by electrostimulation. Abbreviations: N.VIII, N.IX, N.X: eighth, ninth,
and tenth cranial nerves; OI, inferior olive; RGc, RPc, gigantocellular/parvocellular reticular
formation; ST, subtrigeminal reticular nucleus; TTD, descending trigeminal system; Ved, VeL,
VeM, vestibular nuclei; IX, IX–X, X, motor centers of NIX, NX. (Reprinted from Brain Res.
401, J. D. Steeves, G. N. Sholomenko, and D. M. S. Webster, Stimulation of the pontomedullary
reticular formation initiates locomotion in decerebrate birds, pp. 205–212, Copyright (1987),
with permission from Elsevier Science.)
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part of the dorsal hypoglossal motor nucleus innervates layer of Purkyne cells (P-cells) and an inner granular
the syringeal muscles; the motor cells of the respiratory layer. In Nissl-stained sections the molecular layer looks
muscles are part of the motor system of the spinal cord. rather ‘‘empty,’’ as it contains relatively few cell bodies.
However, several cell groups have a role in the control The P-cells have large cell bodies and large dendritic
of respiration: a dorsomedial cell group in the mesence- trees extending to the outer surface of the molecular
phalic nucleus intercollicularis (Figure 12) and the n. layer. Each tree lies in a single plane, the dendrites
retroambiguus in the medulla oblongata. The latter ap- of all P-cells forming parallel planes (Figure 7). The
pears to be a premotor center of motor neurons inner- granular layer consists of densely packed, small cell bod-
vating abdominal expiratory muscles (Wild, 1993a). The ies, the granular cells. The cerebellum has two systems
nucleus ambiguus is a cell group innervating laryngeal of afferent fibers, the climbing fibers and the mossy
muscles and thus may be also of importance for vocaliza- fibers (Figure 7). Many sources send mossy fibers to the
tions. In songbirds these centers are all under direct granular layer, where each fiber makes contact with
telencephalic control (Wild, 1993b); we will return to several granular cells. Each granular cell sends its axon
this topic when discussing the telencephalic systems. into the molecular layer, where it splits into two

branches running parallel to the surface of the cerebel-
lum. All axons of the granular cells or parallel fibers

V. STRUCTURE AND FUNCTION run parallel to each other and perpendicular to the plane
OF THE CEREBELLUM of the dendrites of the P-cells (Figure 7). In this way

each parallel fiber makes contacts with many P-cells and
Birds possess a well-developed cerebellum, but, as each P-cell receives input from many parallel fibers.

in mammals, its precise role in the control of motor The oliva inferior—a lamellar cell group in the me-
activity is not yet well understood. However, there is dulla oblongata—is the source of the second input sys-
little doubt that the ease and precision of motor perfor- tem, that of the climbing fibers. Each of these fibers
mance depend upon an intact cerebellum. Before having ‘‘climbs’’ in the dendritic tree of one P-cell and each
a closer look at this aspect we will consider the organiza- P-cell receives one climbing fiber. The inferior olive
tion of the cerebellum. Two major cell regions can be projects to the cortex in a strictly ordered way; that is,
distinguished, the cerebellar cortex and the central cere- each particular part of the olive has its own projection
bellar nuclei. The cerebellar cortex has essentially the area in the cortex (Furber, 1983). The effect is that
same structure in all vertebrate groups. It is a three- longitudinal zones of olivocerebellar projections, so-

called modules, can be recognized (Arends and Voogd,layered structure with an outer molecular layer, a mono-

FIGURE 7 Organization of cerebellar cortex. The molecular layer contains the dendrites of the P-
cells, the terminals of the climbing fibers, and the parallel fibers; the Purkyne (P-)cells form a monolayer
of large perikarya; the granular layer contains the numerous granular cells (gr.c) and terminals of the
mossy fibers. The mossy fibers, climbing fibers, and axons of the P-cells form the white core of the
cerebellar lobes. Further details in the text.
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1989). Previously, three longitudinal zones have been Marr (1969) was the first to develop a model ascribing
a learning function to the cerebellum. He defined adescribed in an electrostimulation study (Goodman et

al., 1964), but later studies revealed a more complex module as consisting of a number of microzones. Each
zone can be considered a three-step computing devicepattern—we will return to this issue.

The axons of the P-cells form the output of the cere- with a receptor part consisting of the mossy fibers, an
associative part (the granular cells 1 parallel fibers),bellar cortex; the central cerebellar nuclei and some

vestibular nuclei are the targets of these fibers. The and an effector (the P-cells). Such a microzone may
control a specific motor function. The role of the climb-input of both the climbing fibers and the mossy fibers

plus parallel fibers is excitatory; the P-cells have an ing fibers would be the refining of the synaptic relation-
ship between granular cells and P-cells resulting in aninhibitory effect on the activity of the central nuclei.

Collaterals of the P-cell axons reenter the molecular optimalization of the control. In the original theory this
role of climbing fibers was restricted to the early devel-layer and have an inhibitory effect on neighboring

P-cells. In mammals, three more cell types are found in opment; in this respect the theory did not hold. More
recent studies ascribe a specific role to the climbingthe outer layers of the cerebellar cortex in addition to

the P-cells—stellate, basket, and Golgi cells—which all fibers in the fine tuning of P-cell activity. It has been
demonstrated that the neurons of the inferior olive oper-have inhibitory effects. Probably, such cells also occur

in the avian cerebellum, but no details are available in ate as ‘‘a distributed system, whose collective activity is
rhythmic and temporally related to specific parametersthe literature. The study of neurotransmitters may shed

some more light. GABA is the inhibitory neurotrans- of movement’’ (Welsh et al., 1995). In the vision of these
authors the rhythmic olivary input may cause groups ofmitter of these interneurons in mammals; in the pigeon

GABA-A receptors have been found in both the granu- P-cells to fire synchronously; the axons of these P-cells
may converge upon specific motor zones within the cen-lar and molecular layer, GABA-B receptors only in the

latter (Albin et al., 1991). GABA-A is coupled to an tral cerebellar nuclei and, through these, control specific
motor activities. The cerebellar nuclei do not projectinhibitory chloride channel and GABA-B to a G-

protein-coupled receptor that modulates potassium and directly to motor centers, but their output reaches sev-
eral vestibular nuclei and many parts of the reticularcalcium channels. This strongly suggests that interneu-

rons modulate the activity of P-cells in birds also. formation, through two large fiber systems (Figure 8;

FIGURE 8 Simplified overview of the projections from the lateral and medial central cerebellar
nuclei (CbL, CbM). Abbreviations: d.thal, v.thal, dorsal/ventral thalamic nuclei; ICo, nucleus intercol-
licularis; Is, interstitialnucleusofCajal;LoC, locusceruleus;nTTDor.nucleusoralisofdescending trigem-
inal tract; OI, inferior olive; PM, medial pontine nucleus; RGc, RP, RPGC, reticular cell groups; Ru, red
nucleus (nu.ruber); Scd, nucleus subceruleus dorsalis; SpM, medial spiriform nucleus; VeD, VeDL, VeM,
VeLv, vestibular cell groups. [Modified after Organization of the cerebellum in the pigeon (Columba
livia): II.Projectionsofthecerebellarnuclei, J. J.A.ArendsandH.P.Zeigler, J.Comp.Neurol., Copyright
q 1991 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.]
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Arends and Zeigler, 1991b). We already saw that parts
of this reticular formation serve as premotor systems
for various motor activities. Some of the cell groups
receiving cerebellar input, such as the red nucleus (n.
ruber; Figures 8 and 11), are the source of fiber systems
descending into the spinal cord and thus participate in
the control of motor activities of the spinal motor cen-
ters (see Chapter 6).

Even though there is no definite theory on cerebellar
function, it is clear that it does have an important role
in the control of learned movements. We already men-
tioned the convergence of input from the accessory optic
and vestibular systems in folia IXc and IXd that may
be important to tune eye movements to movements of
the head. Another example is the trigeminal system:
one of the nuclei of the descending system (n. oralis)
sends input to folia VIII and IXa of the cerebellum and
a second one (n. interpolaris) to the oliva inferior and
from there to the cerebellar cortex (Arends et al., 1984;
Arends and Zeigler, 1989). Here, trigeminal information
reaches the cerebellar cortex via two pathways and may

FIGURE 9 Three main telencephalic subdivisions: the dorsal Wulstthus be used in the control of beak movements such
(W), the dorsal ventricular ridge with neostriatum (N), hyperstriatumas pecking.
ventrale (HV) and archistriatum (A), and the paleostriatal complex
(PC). The output system of PC is part of the lateral forebrain bundle
(LFB), that of W is the septomesencephalic tract (TSM) descending

VI. TELENCEPHALIC CENTERS FOR medial to the lateral ventricle (VL).
MOTOR CONTROL

pallial structure and corresponds to the mammalianThe telencephalon comprises the highest hierarchical
basal ganglion (Karten and Dubbeldam, 1973). It re-centers for the processing of sensory information and
ceives input from the overlying telencephalic parts asthe control of motor activity. A telencephalon consists
well as from the mesencephalon, but no ascending sen-of an outer pallial and a deeper subpallial region. The
sory input. Each of these regions includes the source ofcortex of the mammalian forebrain contains neurons of
a large descending or extratelencephalic fiber system.pallial origin, and the basal ganglion or corpus striatum
We will have a closer look at these systems and seecontains the subpallial cell populations. For a long time
what role each may have in the control of motor ac-the avian forebrain was assumed to consist of a hypertro-
tivity.phied striatum and a rudimentary cortex (e.g., Kappers

et al., 1963). This belief is reflected in the nomenclature,
with many names still ending with -striatum. More re- A. Eminentia Sagittalis (Wulst) and
cently, the interpretation of the avian forebrain has Septomesencephalic Tract
changed thoroughly. For the following overview it is
sufficient to subdivide the telencephalic hemisphere The Wulst is one of the few telencephalic areas with

a clear cortical appearance. In the pigeon and owl fourroughly into three regions (Figure 9). One region forms
a slight dorsal bulge and is called the eminentia sagittalis layers can be distinguished, from dorsal to ventral the

hyperstriatum accessorium (HA), the nucleus intercala-or Wulst; it is bordered by a shallow furrow, the valle-
cula. The second and largest part is often indicated as tus of HA (IHA), the hyperstriatum intercalatum supre-

mum (HIS), and the hyperstriatum dorsale (HD). Thethe dorsal ventricular ridge; in fact, this term reflects
the embryological origin of this region. The paleostriatal four layers are not obvious in all avian species. The

IHA is the main recipient of thalamic (i.e., sensory)complex is the deepest part of the telencephalon. The
first two regions contain areas that are recipients of input, whereas HA is the origin of the septomesenceph-

alic tract. The rostral part of the Wulst receives somato-ascending sensory systems (Chapter 4); these regions
are of pallial origin and may contain the same popula- sensory input, the caudal part visual input (Chapter 4).

The septomesencephalic fibers arising from the rostraltions of cells that form the cortex in mammals (Nauta
and Karten, 1970). The paleostriatal complex is a sub- part of HA form the basal branch of this tract, the fibers



4219 / c6-95 / 08-04-99 14:43:03

Chapter 6. Motor Control System 95

FIGURE 10 Sagittal view of brain with the trajectories of two extratelencephalic fiber systems. The
septomesencephalic tract (TSM) derives from the Wulst (W); its dorsal branch projects to the dorsal
thalamus and optic tectum (TeO), the basal branch has (among others) projections to the nu. ruber
(Ru) and medial reticular formation. Ru is source of the rubrospinal tract (TRS) with projections in
brainstem and spinal cord (see Chapter 5). The occipitomesencephalic tract (TOM) derives from
archistriatum (A) and has (among others) projections to the medial spiriform nucleus (SpM, a relay
to the cerebellar cortex) and to the parvocellular reticular formation (i.e., the premotor system of
various motor systems).

from the caudal part form the dorsal branch (Figure 10; with the high prehensile abilities of their feet. However,
there is no experimental evidence to support this claimKarten, 1971; Verhaart 1971). The latter branch projects
(Webster et al., 1990).to cell groups in the dorsal thalamus and to the optic

tectum (Karten et al., 1973). The Wulst modifies through
this pathway the excitability of cells in the optic tectum

B. Archistriatum and(Leresche et al., 1983). The basal branch splits off after
Occipitomesencephalic Tractdescending through the septum of the forebrain and

runs caudally along the ventral margin of the brainstem. The archistriatum is one of the regions derived from
In its caudal course it sends projections to the prerubral the dorsal ventricular ridge, other parts are the neostria-
area and, in the owl, to the nucleus ruber, to the medial tum and hyperstriatum ventrale (Figure 9). The neostri-
spiriform nucleus, to the medial reticular formation and atum embraces telencephalic end stations of ascending
pontine nucleus and, in the owl and the parrot, also sensory systems—the nucleus trigeminalis prosenceph-
to the gracilis–cuneatus complex (Karten, 1971: owl; ali or n. basalis (tactile sense head region), the ectostria-
Zecha, 1962: parrot). The reticular formation and tum of the visual system, and field L of the auditory
(pre-)rubral region are premotor centers for spinal func- system (see Chapters 1–2). Each of these sensory cen-
tions, whereas the medial spiriform and pontine nuclei ters is, via relays in the neostriatum and hyperstriatum
are relays for cerebellar input (Figure 10). Taking these ventrale, connected with the archistriatum, a region in
connections into account the basal branch appears to the temporal pole of the telencephalon. Such circuits
convey information from telencephalic centers to motor have been described for the visual system (Ritchie, 1979)
control centers. In parrots this system is large and can and the trigeminal system (Figure 11; Wild et al., 1985;
be followed into the cervical cord. It has been speculated Dubbeldam and Visser, 1987) and can be considered to
that it is comparable to the mammalian pyramidal or be sensorimotor circuits. Interruption of the visual cir-

cuit (e.g., bilateral ablation of the lateral neostriatum)corticospinal tract, its importance in parrots having to do
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1. Vocalization in Songbirds: A Special Case

Song in oscine passeriformes is a learned motor skill;
the young birds have to learn the song from a tutor,
generally a parent. In a series of studies Nottebohm and
his coworkers clarified the organization of the neuronal
substrate of this vocalization system (Figure 12). Two
circuits can be distinguished (Nottebohm, 1993); one is
essential for the maintenance of normal song (vocal
control), the second has special importance for the
learning process. The first circuit consists of a neostriatal
region, often called the ‘‘high vocalization center’’
(HVC), with a core and a belt area and a nucleus ro-
bustus in the archistriatum (RA; Figure 12). HVC re-
ceives auditory input from the field L complex (see
Chapter 2) and probably multisensory input from the
thalamic uvaeform nucleus, partly directly and partly
indirectly via an ‘‘interface’’ nucleus (not shown in fig-
ure). The second circuit is from HVC to area X in the

FIGURE 11 Example of intratelencephalic sensorimotor circuits: parolfactory lobe, from here to the medial part of the
cells in nucleus basalis (trigeminal system, see Chapter 3) project to dorsolateral thalamic nucleus (DLM), then to the lateral
neostriatum (N) and hyperstriatum ventrale (HV). N-cells project to

magnocellular nucleus of neostriatum (lMAN), and fi-the paleostriatal complex (PC) and via a relay in lateral N (NL) to the
nally from here again to RA. Fibers from RA join thearchistriatum (A). PC and the lateral part of the lobus parolfactorius

(LPO) are source of the ansa lenticularis (AL), A of the occipitomes- TOM and terminate directly on several centers con-
encephalic tract (TOM). Modified after Dubbeldam and den Boer- nected with the respiration system (e.g., nucleus inter-
Visser (1994).

collicularis, ICo; Figure 12) and on the motor center
of the syrinx (mXII; e.g., Wild, 1993b). Through these
connections RA is in the right position to coordinate
the activity of both respiratory and vocalization motor

causes a visuomotor deficit during feeding in pigeons: centers. Respiration has an important role in producing
birds can still direct their peck, but have difficulties with sounds. Manogue and Paton (1982) demonstrated that
grasping and ingesting grains ( Jäger, 1990). Comparable
effects can be found after disruption of the trigeminoar-
chistriatal pathway: feeding behavior deficits were found
after bilateral damage to the ascending sensory trigemi-
nal system (Zeigler and Karten, 1973). Sometimes this
intratelencephalic circuit is called a ‘‘feeding circuit’’
(e.g., Dubbeldam, 1985).

The archistriatum can be subdivided into several
parts; one of these is considered a sensorimotor region
and is source of one of the large descending systems,
the occipitomesencephalic tract (Zeier and Karten,
1971). In previous sections it was already mentioned
that this fiber system has projections to, among other
areas, the medial spiriform nucleus (a relay to the
cerebellar cortex) and to the premotor systems of the
jaw, tongue, and neck system (Figure 10). Apparently,
disruption of the intratelencephalic pathways causes FIGURE 12 Vocalization circuits in the brain of a song bird. Explana-

tion in text. Abbreviations: DLM, medial part of dorsolateral thalamicdisturbance of motor performance through these pro-
nucleus; fL, field L (auditory center); HVC, ‘‘high-vocalization cen-jections to the premotor system. To demonstrate the
ter’’; ICo, intercollicular nucleus; lMAN, lateral magnocellular nucleusimportance of the intratelencephalic pathways we will of anterior neostriatum; mXII, hypoglossal motor nucleus (innervating

have a closer look at a specific system, the vocalization syrinx); RA, nucleus robustus of archistriatum; X, area X in parolfac-
tory lobe.system in songbirds.
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the effect of electrostimulation in HVC or RA on the whereas also the lobus olfactorius (LPO) is considered
activity of the syringeal motor nucleus is influenced by part of this complex (Figures 9 and 10; Karten and
the respiration: the effect was much larger during expira- Dubbeldam, 1973). It is a subpallial structure compara-
tion than during inspiration; apparently, respiratory cen- ble to the basal ganglion of the mammals. Large parts
ters in the brainstem have a gating function; that is, of the Wulst and dorsal ventricular ridge send input to
they control the activity of the syringeal part of the LPO and PA (Veenman et al., 1995). PA projects to
hypoglossal motor center. PP; the latter structure and LPO are the source of the

The intratelencephalic vocalization system presents third large extratelencephalic pathway, the ansa lenticu-
a unique system and many fascinating phenomena have laris. This fiber system has projections to several nuclei,
been discovered about the properties of, in particular, including the lateral spiriform nucleus and the nucleus
the circuit including HVC and RA. A few will be men- tegmenti pedunculopontinus (review in Reiner et al.,
tioned. A first observation concerns the occurrence of 1984). These nuclei have a substantial input to the optic
auditory activity in several centers of the vocal control tectum; probably this system plays an important role in
system; an important function may be auditory feed visuomotor control. The n. tegmenti pedunculopontinus
back, at least during learning (e.g., Doupe and Konishi, projects back to the paleostriatal complex; at least part
1991). Deafening adult zebra finches does not disturb of this projection is dopaminergic (uses the neurotrans-
their song. Sutter and Margoliash (1994), studying syn- mitter dopamine). In this respect this cell group is com-
chronous activity of HVC units in zebra finches in re- parable to the mammalian substantia nigra; in man,
sponse to autogenous song, found no clear topographic disturbance of this dopaminergic projection is the cause
distribution of units responding to specific syllables. of pathological motor disturbances such as Parkinson’s
Most units reacted within a narrow range of time. disease. A comparable phenomenon has not been de-
McCashland (1987), recording single- and multiunit ac- scribed in birds. However, injections with neurotoxic
tivity from the interface nucleus, HVC and RA, found substances (e.g., kainic acid) in the paleostriatal complex
that the units in these centers are sequentially activated of pigeons do cause disturbances such as irregular jerky
before the onset of song. The correspondence of the head movements and abnormal head postures (Rieke,
pattern of activity in these cell areas and the timing of 1980). In particular, in birds with damage to PP and
song elements suggests that these nuclei ‘‘generate or INP, rotating movements toward the side of the damage
relay learned temporal cues for song’’ (McCashland, were observed.
1987). Because of their stereotyped songs zebra finches Through the multiple projections the paleostriatal
are very suitable for studying the effects of electrophysi- complex receives not only input from the visual system,
ological interference during song. In a series of experi- but also from other sensory systems. The input from
ments using chronically implanted electrodes into either the various sources may be used to coordinate head
the HVC, the RA, or the connecting fiber system, Vu position or, more generally, body position with object
et al. (1994) demonstrated that only stimulation in HVC location in space (Reiner et al., 1984; Dubbeldam and
affects the temporal pattern of song, whereas stimula- den Boer-Visser, 1994). In particular, the lateral spiri-
tion in RA may disrupt a syllable, but not the temporal form nucleus and deep tectal layers may be instrumental
pattern of song. Their conclusion is that RA is part in the control of this type of movements.
of the premotor pathway, but that HVC is part of a
telencephalic network responsible for producing the
central motor program of the song. This network con-

VII. CONCLUDING REMARKStrols the syringeal activity directly via the projection
from RA to the motor nucleus innervating the syringeal

It is clear that motor control is not the function ofmuscles (Figure 12). However exciting these observa-
one specific region of the brain; on the contrary, largetions may be, many details about the further organiza-
parts of the brain are involved. Each region appears totion of this network still have to be filled in.
have a specific role, but there are still many unanswerred
questions about the nature of these roles. A furtherC. Paleostriatal Complex and
complication is that motor control systems for different

Ansa Lenticularis activities may share part of their circuitry. This may be
due partly to the need to coordinate the activity ofThe deepest ventromedial part of the avian telen-
certain motor systems. Anyhow, the picture arising fromcephalon is the paleostriatal complex consisting of a
the preceding overview makes clear that the centralpaleostriatum augmentatum (PA), paleostriatum primi-

tivum (PP), and a nucleus intrapeduncularis (INP), nervous system is not composed of a number of indepen-
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I. Introduction 101 muscle, striated intrinsic muscle of the eyes, and some
II. Components 102 types of secretory cells (Bennett, 1974). It is usually

A. General Description 102 presented anatomically as a motor or effector system
III. Peripheral Motor Components of the that innervates a large number of body organs known

Autonomic Nervous System 102 as viscera within the thoraco-abdominal-pelvic body
A. Sympathetic Nervous System 102 cavity and cranium. Functionally it is an important
B. Parasypathetic Nervous System 104

neural system intimately involved in many basic, physi-
IV. Central Components of the Autonomic

ological functions and behaviors critical to the survivalNervous System 105
of an organism, and hence, its species. Specific exam-A. Sympathetic Nervous System 105
ples of its direct regulation of physiological processesB. Parasympathetic Nervous System 105
include respiration, cardiovascular function, thermo-C. Hypothalamopituitary and

Hypothalomo-ANS Systems 108 regulation, osmotic balance, gastrointestinal move-
D. Other Systems Involving Circumventricular ments, and circadian rhythms. Examples of the latter

Organs (CVOs) 111 are the regulation of feeding, sexual behavior, and
V. Functional Neural Pathways of the Autonomic diurnal and circannual rhythmic behaviors displayed

Nervous System 112 by many, if not all, avian species. Manifestation of
A. An Autonomic Pathway Regulating the behaviors just listed require emotions, motivation,Food Intake 112

and/or cognitive function for appropriate execution.B. Visceral Forebrain System 114
It is clear that the ANS responsible for regulating theC. Limbic System 115
previously listed physiological functions and behaviorsVI. Shifts in Homeostasis: An Autonomic
involves more than an extensive network of gangliaHypothesis Explaining the Regulation of Annual

Cycles of Birds 117 and peripheral nerves outside the confines of the
VII. Consequences of Genetic Selection for Rapid central nervous system. In effect the system regulates

Growth in Broilers and Turkeys: An Imbalanced processes that involve conscious acts as well as basic
Autonomic Nervous System 118 ones which function automatically; therefore, it must
References 118 include all major parts of the nervous system. The

purpose of this chapter is to describe both central
and peripheral components of the avian ANS andI. INTRODUCTION
functions controlled by the system, with particular
emphasis on the ability of birds to display homeostasisThe autonomic nervous system (ANS) of birds, as
and dynamic shifts in homeostatic regulation through-in mammals, has traditionally been described as a

network of nerves innervating smooth and cardiac out their annual cycles to maximize their fitness.
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II. COMPONENTS rons of the ANS which reside within the brain and
comprise functional neural pathways of the ANS. Two
prominent systems directly connect to and therefore areA. General Description
constituents of the ANS: the visceral forebrain system

The principal components of the ANS include the and the limbic system. The two will be discussed near
sympathetic (thoracolumbar), parasympathetic (cranio- the end of the chapter. A final component of the ANS
sacral), and enteric nervous systems (Langley, 1921). is a series of circumventricular organs (CVOs) that will
The sympathetic and parasympathetic systems inner- be referred to as the neuroendocrine/paracrine portion
vate the same end organs but, in general, liberate differ- of the ANS. Circumventricular organs contain special-
ent neural transmitter substances and have generally ized ependymal cells, neurons, and neuropeptides, the
opposing actions on visceral functions. It has been sug- latter of which can either be released into or taken up
gested that the terms sympathetic and parasympathetic from the cerebrospinal fluid. In addition to neurons that
should be discarded with respect to their use in the avian make point-to-point contact via synapses, CVOs have
nervous system since deviations from the traditional elements that can release substances into the cerebrospi-
anatomical separation have been reported (Bennett, nal fluid or vasculature and affect target structures lo-
1974). On the other hand, it is the opinion of this author cated at a distance thereby serving more of a paracrine
and others (Akester, 1979) that the traditional scheme and neuroendocrine role. Two CVOs that have received
found in the mammalian literature is a very useful considerable attention are the median eminence (the
framework from which students can develop an anatom- interface between the brain and pituitary gland) and
ical and functional understanding of the nervous system the pineal gland. Refer to Chapter 16 on the pituitary
to justify its retention. Therefore it should be noted that gland and Chapter 21 on the pineal for more detail on
the following is clearly a simplification. The scheme, the neuroendocrinology and function of these important
however, should serve to synthesize past data and, more organs. Figure 2 shows the location of CVOs currently
importantly, suggest hypotheses which can be tested in identified in avian species.
the future.

The principal components of the ANS reside mostly
in the viscera, hence they are regarded as predominantly

III. PERIPHERAL MOTOR COMPONENTS OF THEperipheral and motor. Figure 1 shows a schematic dia-
AUTONOMIC NERVOUS SYSTEMgram of the principal peripheral or motor components

of the ANS. The sympathetic nervous system is depicted
A. Sympathetic Nervous Systemon the left while the parasympathetic nervous system

is shown on the right. Note that both the sympathetic The sympathetic nervous system of birds and mam-
and parasympathetic nervous systems consist of a num- mals consists primarily of a chain of ganglia on each
ber of two-neuron complexes: a preganglionic and post- side of the spinal cord at the level of the thoracic and
ganglionic neuron. The former resides within the central lumbar regions (Figure 1). Since the thoracic and lumbar
nervous system (brain or spinal cord). Therefore the vertebrae are highly fused in birds due to their adapta-
preganglionic neurons should be regarded as central tion for flight (Gill, 1995), individual vertebra are not
components of the ANS. A number of ganglia have been numbered and therefore ganglia found within the para-
identified and examined in birds. The cranial (superior) vertebral chain are not numbered as well. Individual
cervical ganglion (g.) is an important sympathetic g. that ganglia, however, have been clearly and carefully de-
contains neurons which project to the pineal as well as scribed by Hsieh (1951) and Akester (1979). A general
to other organs (Figure 1). Major parasympathetic g. scheme that occurs in both mammals and birds is that
include the ciliary, ethmoid, sphenopalatine, geniculate, the preganglionic component is a short neuron that orig-
and chorda tympani (Figure 1). Detailed descriptions inates in the spinal cord and projects to a ganglion.
of each can be found in Akester (1979) and Bubien- Within the ganglion, a major neurotransmitter released
Waluszewska (1981). A second constituent (not shown) by the terminal region of the neuron is acetylcholine
is a set of sensory (visceral afferent) fibers from the (ACh). Acetylcholine is synthesized from choline and
heart, lungs, gastrointestinal tract, and other viscera that acetyl CoA as shown in Figure 3. Choline is a vitamin
projects to specific subnuclei within the nucleus (n.) and is required in the diet for adequate ACh production
tractus solitarius (nTS). The nTS will be discussed in and for the prevention of perosis or twisted leg problems
a later section, as it is a major interface between the in poultry (Scott et al., 1969). The enzyme acetylcholin-
peripheral and central nervous system regarding the esterase is available to inactivate ACh such that post-
ANS. A third constituent of the ANS is a series of mono- ganglionic neurons do not continuously respond to the

presence of ACh (Kandel et al., 1991). Nicotinic recep-and multisynaptic connections to the preganglionic neu-
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FIGURE 1 The efferent component of the autonomic nervous system (ANS) of birds. The sympathetic and
parasympathetic arms of the ANS are shown on the left and right sides, respectively.

tors are present on postganglionic neurons found within of catecholamines beginning with l-dopa and ending
with epinephrine. The metabolic pathway for NE syn-each ganglion. Postganglionic neurons usually have

longer processes compared to preganglionic ones and thesis can be found in Figure 4 (modified from Cooper
et al., 1991). As depicted in Figure 1, there are exceptionsproject to a target organ within the viscera. A major

neurotransmitter released from postganglionic neurons to the generalized scheme of a short preganglionic neu-
ron projecting to a chain of ganglia found on either sideis norepinephrine (NE) and the receptors specific for

NE are a- or b-receptors (Cooper et al., 1991; Kandel of the spinal cord and a long postganglionic neuron. In
addition, avian species have specialized ganglia foundet al., 1991). The precursor of NE is an essential amino

acid, tyrosine, that must be provided in poultry rations within the viscera. One unusual and important group
of ganglia found in birds is known as the intestinal or(Scott et al., 1969). Tyrosine is then converted to a series
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FIGURE 2 Location of circumventricular organs in a sagittal view of the chick brain near
midline. APa, area postrema; GP, pineal gland; LSO, lateral septal organ; ME, median emi-
nence; NH, neurohypophysis; OVLT, organum vasculosum of the lamina terminalis; PC,
choroid plexus; PVO, paraventricular organ; SCO, subcommissural organ; SSO, subseptal
organ; and STO, subtrochlear organ.

Remak’s nerve (Figure 1). The ganglionated, intestinal
nerve is found along the entire length of the alimentary
canal from the duodenum to cloaca. It is a mixed sympa-
thetic and parasympathetic nerve (Akester, 1979).

B. Parasympathetic Nervous System

The parasympathetic nervous system consists of
nerves originating either from the brain or sacral region
of the spinal cord (right side of Figure 1) that project
to ganglia usually located either near or in end organs.
Preganglionic neurons from the brain are found in mo-
tor nuclei of the oculomotor (III), facial (VII), glosso-
pharyngeal (IX), and vagus (X) nerves (Akester, 1979;
Dubbeldam, 1993). Preganglionic neurons in the sacral
region are found in the nucleus pudendus or n. pelvinus.
Parasympathetic neurons in the sacral region innervate
reproductive organs, colon, and cloaca (Ohmori et al.
1984). Their fibers form part of the pelvic plexus (Figure
1) and project to specific body organs. In contrast to
the preganglionic nerves of the sympathetic nervous
system, preganglionic neurons of the parasympathetic
nervous system have long processes and terminate in a
ganglion juxtapositioned to the targeted visceral organ.
Similar to the sympathetic nervous system, the pregan-
glionic nerve cell releases ACh. Within each ganglion,
postganglionic neurons contain nicotinic receptors spe-
cific for ACh. Each postganglionic neuron has shortFIGURE 3 The synthesis and degradation of acetylcholine within

the autonomic nervous system. processes and, similar to its preganglionic neuron, re-
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FIGURE 4 The synthesis of several catecholamines from the essential amino acid
tyrosine. The key enzymes in the pathway include: 1 (tyrosine hydroxylase), 2 (aromatic
amino acid decarboxylase, 3 (dopamine-b-hydroxylase), and 4 (phenylethanolamine-N-
methyl transferase).

leases ACh. The receptors found within the targeted the extensive series of preganglionic neurons through-
out the thoracolumbar region of the spinal column.visceral organ are muscarinic (Kandel et al., 1991).
Note, however, that retrograde and anterograde tracing
studies need to be completed in birds to substantiate the
existence of this pathway (GCt to nIMM). In mammals,IV. CENTRAL COMPONENTS OF THE
major projections can be traced to the central gray fromAUTONOMIC NERVOUS SYSTEM
the hypothalamus, particularly the ventromedial hypo-
thalamic nucleus (VMN, Krieger et al., 1979; Saper etA. Sympathetic Nervous System
al., 1976). The findings are significant in that the VMN

Cell bodies or perikarya of preganglionic neurons of can then be regarded as forming part of a sympathetic
the sympathetic nervous system of mammals form a neuroanatomical pathway that has importance regard-
distinct column within the thoracolumbar region of the ing homeostasis and energy intake (Luiten et al., 1987).
spinal cord known as the intermediolateral cell column The pathway will be discussed later under the section
(IML; Kandel et al., 1991). The avian homolog of this entitled ‘‘Functional Neural Pathways of the Autonomic
cell column is known as the n. intermediomedialis, pars Nervous System.’’ It should be noted that the projection
commissurae dorsalis (Breazile and Hartwig, 1989). For- from the VMN (also referred to as the n. medialis hypo-
merly the n. was known as the column of Terni (Terni, thalami posterioris) to the GCt of birds, although pres-
1923; Hosoya et al., 1992). It is the dorsal commissural ent, is not a major projection system compared to that
portion of the intermediate nucleus and is shown as the in mammals (Berk and Butler, 1981). Therefore the bird
cell group directly dorsal to the central canal of the may have a polysynaptic pathway from the VMN to the
spinal cord (Figure 5). Neurons from the brain project nIMM rather than a two-neuron pathway (VMN to GCt,
to the various levels of the groups of preganglion neu- GCt to IML) as demonstrated in mammals. There also
rons that are found from the last cervical segment, exists a direct projection from the paraventricular n. to
through all of the thoracic, lumbar, and the first or the thoracic spinal cord and therefore presumably to the
second synsacral segments of the spinal cord (Macdon- column of Terni or nIMM (Berk and Finkelstein, 1983).
ald and Cohen, 1973). The major groups of projection
neurons from the brain to the nuclei intermediomedialis B. Parasympathetic Nervous System
(nIMM) originate from the central gray as shown in Fig-
ure 6. Note that the substantial grisea centralis or central The effector portion of the parasympathetic nervous

system in the brain of birds is illustrated in Figure 7.gray (GCt) first appears at the level of the midbrain or
mesencephalon (Figure 6A, plane A5.0) and continues The accessory oculomotor n. (one of several motor n. of

cranial nerve III), considered equivalent to the Edinger-through the level of the pons in the chick brain(Figure
6B, plane A1.6), for a total extent of 3.4 mm of neural Westphal n. of mammals (Niimi et al., 1958; Heaton

and Wayne, 1983; Breazile and Kuenzel, 1993) and thetissue (Kuenzel and Masson, 1988). It therefore com-
prises a large number of neurons providing input into motor n. of the VIIth, IXth, and Xth cranial nerves
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FIGURE 5 A cross section of the spinal cord at the level of thoracic vertebrae. The origin of preganglionic
neurons of the sympathetic nervous system occur within the intermediomedial nucleus, also termed the column of
Terni. CC, central canal; nDL, dorsolateral nucleus; nIMM, intermediomedial nucleus (column of Terni); nMAR,
marginal nucleus; nMOT, motor nucleus; nPRP, nucleus proprius; and nSG, nucleus substantia gelatinosa.

contain preganglionic parasympathetic neurons (Figure shown in Figure 7, the most important brain components
of the parasympathetic nervous system are the dorsal7). In addition, the ventrolateral medulla contains para-

sympathetic neurons involved in controlling the cardio- motor nucleus of the vagus (dMnX) and its associated
n. tractus solitarius (nTS). The dorsal vagal complex,vascular system (Figure 7). Of the specific brain areas

FIGURE 6 The extent of the central gray (GCt) within the brain of the chick. It first appears within the
midbrain (A) at the level of plate A5.0 (5.0 mm anterior to zero reference plane; Kuenzel and Masson. A
Stereotaxic Atlas of the Brain of the Chick (Gallus domesticus), q 1988. Johns Hopkins University Press). It
then courses over a distance of 3.4 mm and terminates in the pons (B). In mammals (and presumably birds)
it contains neurons that are part of the sympathetic nervous system (SNS) which project to preganglionic
neurons of the SNS within the thoracolumbar region of spinal cord. IH, inferior hypothalamic nucleus (n); IN,
infundibular n.; LoC, locus ceruleus; ME, median eminence; OP LOBE, optic lobe; and R, raphe n.
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FIGURE 7 Sagittal section of brain near midline showing the origin of preganglionic neurons of the parasympa-
thetic nervous system (PNS). Each vertical line shows the approximate brain region from where the three
displayed cross sections were taken. The most rostral section (section A3.4) shows the Edinger Westphal n.
(EW), the source of preganglionic neurons of cranial nerve III that innervate the eye and regulate pupil size.
The midsection (section AP0.0) shows the origin of preganglionic nerves of cranial nerve VII, which project
to the gland of the nictitating membrane, lacrimal gland and salivary glands. The hind-section (section P2.8)
shows the most important components of the PNS, (1) the nucleus tractus solitarius (nTS) and (2) the source
of preganglionic neurons of cranial nerves IX and X, which project to the heart, lungs, and most portions and
organs associated with the digestive tract. In addition, parasympathetic neurons that affect heart and respiratory
function are located in the ventrolateral medulla (Rpgl, vlm). APa, area postrema; AVT, area ventralis of
Tsai; EW, Edinger-Westphal nucleus; FLM, fasciculus longitudinalis medialis; IP, interpeduncular n.; MnVIId
and MnVIIv, dorsal and ventral motor n. of the facial nerve; NIII, third cranial nerve; NIX-X, ninth and tenth
cranial nerves; nIX-X, glossopharyngeal and dorsal motor n. of the vagus; nTS, n. tractus solitarius; OMdm,
OMdl and OMv, dorsomedial, dorsolateral and ventral oculomotor nerve n.; Rpgl (vlm), n. reticularis paragigan-
tocellularis lateralis (ventrolateral medulla); TS, tractus solitarius.

comprised of two complex nuclear groups, the dMnX to establish possible functions of subnuclei. For both
birds and mammals, the nTS receives primary afferentand nTS, has been studied extensively in the pigeon

Columba livia (Figure 7). Katz and Karten (1979, fibers conveying taste or gustatory and visceral sensory
information from the facial, glossopharyngeal, and vagal1983a,b, 1985) subdivided the dMnX and nTS into at

least 12 and 19 subnuclei, respectively. Tract-tracing and nerves (Beckstead and Norgren, 1979; Dubbeldam,
1984; Dubbeldam et al., 1976, 1979). Gustatory afferentsneuropeptide anatomical studies have been conducted
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terminate in rostral portions of the nTS while visceral al., 1974; Vowles et al., 1975; Kuenzel and van Tienho-
ven, 1982; Kuenzel and Masson, 1988). Certain nucleiafferents project to more caudal regions of the nucleus.

The complex nTS can also be topographically organized have been shown to contain specific neuropeptides af-
fecting the ANS and have projections to the medianinto functional medial and lateral tiers. Gastrointestinal

afferents originating from the thoracic and abdominal eminence, neurohypophysis, dorsal vagal complex, or
midbrain central gray and therefore are central compo-cavities project upon the medial tier while cardiovascu-

lar (heart and aortic arch) and pulmonary (lungs) affer- nents of autonomic pathways. The following is a brief,
selected list of nuclei of importance to ANS function.ents project upon the lateral tier (Katz and Karten, 1979;

1983a,b). Directly ventral to the nTS is the dMnX, a The medial preoptic n. (POM) within the preoptic
area (POA) has been shown to be a sex-related dimor-major source of preganglionic motor neurons of the

parasympathetic nervous system (Figure 7). The nTS phic nucleus in birds (Viglietti-Panzica et al., 1986; Pan-
zica et al., 1987). It occurs within the central region oftherefore is strategically located to either relay afferent

information to upper brainstem, mid- and forebrain the POA and terminates at the cross-sectional plane of
the quail brain that shows the presence of the anteriorstructures (discussed under the section ‘‘Functional

Neural Pathways of the Autonomic Nervous System’’) commissure (Figures 8A, 8B). The POM has been dem-
onstrated to be approximately 40% larger in male thanor immediately relay sensory information via vagovagal

reflexes directly to the dMnX (Berk and Smith, 1994). female Japanese quail. Further analysis has revealed
two cytoarchitectural differences in the POM: dorsolat-Of interest is that within the medial tier of the nTS, there

is a rostrocaudal topographic organization of afferents eral and medial subnuclei. Only the former showed hy-
pertrophy of neurons and an overall increase in volumefrom the gastrointestinal tract that matches the rostro-

caudal topography of the gastrointestinal tract. This is following high levels of testosterone in males but not
females (Panzica et al., 1991). Numerous past studiesparalleled by a partial topographic organization within

the dMnX with respect to its series of preganglionic have supported the role of the preoptic area (POA) in
sexual behavior and reproductive function. Electrolyticneurons innervating target viscera (Katz and Karten,

1985; Schwaber and Cohen, 1978). Another important lesions destroying the POA, including the POM, re-
sulted in a decrease in gonadal function (Ralph, 1959;anatomical characteristic of the nTS is the presence of

the taenia choriodea and the lateralis superficialis of the Ralph and Fraps, 1959) and a marked decline in sexual
behavior (Barfield, 1965; Meyer and Salzen, 1970;taenia choroidea which are suggested homologs of the

mammalian area postrema (Berk, 1991). The area post- Haynes and Glick, 1974). When androgen was im-
planted directly into the POA, it activated copulatoryrema (APa) is a circumventricular organ (Figures 2, 7,

and 9C) and contains modified glial cells and neurons behavior in roosters (Barfield, 1969). Autoradiography
was used to first show testosterone-binding sites withinwhich not only sense constituents within the cerebrospi-

nal fluid but also may release neuromodulators into the the POA and other brain areas of the chicken (Meyer,
1973). A polyclonal antibody developed from a syn-ventricular system thereby having a paracrine function

(Vigh, 1971; Leonhardt, 1980; Vigh-Teichmann and thetic portion of the androgen receptor and immunocy-
tochemistry have been used to confirm the presenceVigh, 1983).

The other source of preganglionic parasympathetic of androgen receptors in the POM of Japanese quail
(Balthazart et al., 1992). In addition, the conversion ofneurons that has not been studied rigorously in birds

are those responsible for projecting to the pelvic plexus testosterone to estradiol is thought to be critical for the
interaction of gonadal steroids with neurons within the(Figure 1). The pelvic plexus contains both sympathetic

and parasympathetic neurons situated within the mesen- brain and activation of copulatory behavior. The en-
zyme responsible for the conversion of testosterone totery supporting the rectum and cloaca. Together with

the intestinal nerve (Remak’s nerve) the plexus regu- estradiol is aromatase. Aromatase-immunoreactive
neurons were found within the POM as well as estrogenlates movements in the distal parts of the alimentary

canal, ureters, oviduct in the female, and ductus deferens receptors. Of interest was that few neurons within the
POM showed colocalization of aromatase and estrogenand erectile vascular bodies of the male (Akester, 1979).
receptors (Balthazart et al., 1991). Recently quail aroma-
tase cDNA was utilized to produce a recombinant pro-C. Hypothalamopituitary and
tein from which a polyclonal antibody was produced.Hypothalamo-ANS Systems
The more specific antibody was utilized in immunocyto-
chemistry and confirmed previous work identifying irThe preoptic–hypothalamic system of birds consists

of at least 21 distinct nuclei as described in past stereo- neurons within the POM. More ir neurons for aromatase
were found in the quail POA than were found previouslytaxic atlases (van Tienhoven and Juhász, 1962; Feldman

et al., 1973; Youngren and Phillips, 1978; Karten and utilizing a polyclonal antibody to human aromatase
(Foidart et al., 1995). An earlier study (Berk and Butler,Hodos, 1967; Zweers, 1971; Stokes et al., 1974; Baylé et
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FIGURE 8 Cross sections of brain showing forebrain and hypothalamic structures of importance to the
ANS. Plates modified from a stereotaxic atlas of a chick brain (Kuenzel and Masson. A Stereotaxic Atlas
of the Brain of the Chick (Gallus domesticus), q 1988. Johns Hopkins University Press). The letter ‘‘A’’
and number in the upper left-hand corner of each brain section shows the distance in millimeters anterior
to a zero reference point located in the hindbrain. (A) Depicts the beginning of the preoptic area, medial
to the septomesencephalic tract (TSM). (B) The septal area (SM,SL)is shown medial to the ventral portion
of the lateral ventricle (VL); the hypothalamus is located ventral to the anterior commissure (CA), dorsal
to the optic chiasma (CO) and lateral to the third ventricle (VIII). (C) Section showing the midregion of
hypothalamus dorsal to the dorsal supraoptic decussation (DSD). The avian amygdala comprises the n.
taeniae (Tn), medial and posterior archistriatum (Am, Ap). (D) Section showing the caudal hypothalamus
medial to the optic tract (TrO). Other abbreviations: AL, ansa lenticularis; DMN, dorsomedial hypo. n.;
DSv, SCNm, two proposed avian suprachiasmatic n.; HL, HM, SHL, habenular complex; IH, IN, inferior
and infundibular hypo., n.; LHy, lateral hypo. area; ME, median eminence; nCPa, bed n. pallial commissure;
POM, med. preoptic n.; PVN, paraventricular n.; QF, quintofrontal tract; SCE, stratum cellulare externum;
SOe, SOv, supraoptic n.; VMN, ventromedial hypothalamic n.

1981) examining efferent pathways of the POM re- is regarded as a central component of the sympathetic
nervous system.ported that it contained neurons that projected to the

area ventralis of Tsai, n. intercollicularis and central The paraventricular n. (PVN) is a complex one and
in mammals it comprises 8 to 10 subnuclei (Swanson andgray (Figure 6) of the midbrain. The latter, in particular,

suggests that the POM has input into a structure that Kuypers, 1980). In the chick, it is a very heterogeneous
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structure consisting of 10 subnuclei (Kuenzel, 1994a). have not been completely described. Perhaps in avian
species the functional SCN has been parceled into two orThe magnocellular portion of the nucleus extends from

a rostral position directly beneath the anterior commis- more subnuclei. Certainly past studies involving lesions
targeted to the SCNm which disrupted circadiansure for approximately 2.0 mm in a caudal direction

(Kuenzel and Masson, 1988). The cells project to the rhythms in birds were large enough such that both the
SCNm and DSv were disrupted (Ebihara and Kawa-neurohypophysis, contain arginine vasotocin and meso-

tocin, and are involved in water balance and contraction mura, 1981; Simpson and Follett, 1981; Takahashi and
Menaker, 1982).of smooth muscle (Berk and Butler, 1981; Berk and

Finkelstein, 1983; Goossens et al., 1977; Bons, 1980). The inferior hypothalamic and infundibular n. (IH,
IN; Figure 8D), the latter considered equivalent to theThe large cells of the PVN are therefore comparable

to those found within the supraoptic n. (SOe, SOv; Fig- arcuate n. of mammals, are two additional groups of
neurons that have important interactions with the me-ures 8A, and 8C). The PVN of the pigeon, however,

also has neurons which project to the external zone of dian eminence and the ANS. The two nuclei, in addition
to the caudalmost portion of the VMN, comprise thethe median eminence and therefore the PVN serves an

additional function to regulate anterior pituitary func- infundibular or tuberal nuclear complex. Lesions of the
infundibular complex, in which the IN and IH have beention (Berk and Finkelstein, 1983). In mammals, parvo-

cellular neurons within the PVN contain corticotropin destroyed, result in termination of gonadal function,
including an inability of lesioned birds to show futurereleasing hormone (CRH) and project to the external

zone of the median eminence (Lechan et al., 1980). The gonadal growth following photoperiodic stimulation
(Graber et al., 1967; Wilson, 1967; Stetson, 1969; SharpCRH neurons not only regulate adrenal function, they

also affect metabolism and food intake. A detailed ac- and Follett, 1969; Oliver, 1972; Stetson, 1972; Davies
and Follett, 1975). A tuberohypophyseal tract has beencount of the PVN and two other nuclei, the ventrome-

dial hypothalamic n. and the lateral hypothalmic area, described that projects from the infundibular n. to the
entire length of the median eminence (Wingstrand,with respect to their regulation of food intake, will be

included under the next major section, ‘‘Functional Neu- 1951; Oksche and Farner, 1974). Hence, that tract might
be the one responsible for maintaining or facilitatingral Pathways of the Autonomic Nervous System, Feed-

ing System.’’ gonadal development. Of interest is that neither GnRH
neurons nor their fiber tracts have been shown to occurThe system of gonadotropin-releasing hormone

(GnRH) neurons is discussed in the chapters of the male within the IH/IN region (reviewed in Kuenzel, 1993).
Two major populations of neurons have been describedand female reproductive systems (Chapters 22 and 23).

They are included here as they form several groups of to occur within the IH/IN region: neuropeptide Y
(NPY) neurons (Kuenzel and McMurtry, 1988; Aste etneurons in the preoptic, hypothalamic, thalamic, and

midbrain regions. A major group of GnRH neurons al., 1991; Kuenzel et al., 1994; Kuenzel and Fraley, 1995)
and vasoactive intestinal polypeptide (VIP) neuronsoccurs in the bed n. of the pallial commissure (nCPa;

Kuenzel and Blähser, 1991). GnRH neurons found (Yamada et al., 1982; Silver et al., 1988; Mauro et al.,
1989; Sharp et al., 1989; Kuenzel and Blähser, 1994). Itwithin the nCPa (Figure 8B) and preoptic area project

to the median eminence and affect the release of lutein- has been reported that chicks given a substance, sulfa-
methazine, that markedly stimulated gonadal develop-izing hormone and follicle stimulating hormone from

the anterior pituitary ( Józsa and Mess, 1982; Sterling ment, resulted in a significant increase in darkly immu-
nostained NPY neurons within the IH/IN regionand Sharp, 1982; Mikami et al., 1988; Foster et al., 1987).

The suprachiasmatic n. (SCN) is a controversial struc- (Kuenzel et al., 1994). Concomitantly, plasma LH and
FSH were significantly elevated (Kuenzel et al., 1995)ture within the brain of avian species. Two nuclei have

been proposed as the SCN of birds: (1) SCN, pars medi- in treated chicks compared to controls suggesting that
sulfamethazine may facilitate gonadal development viaalis (SCNm; Crosby and Woodburne, 1940), and (2) n.

decussationis supraopticae, pars ventralis (DSv; Figures an activation of NPY neurons. Related to the previous
immunocytochemical data is the finding that chronic8B, and 8C, respectively) or lateral hypothalamic reti-

norecipient n. (Repérant, 1973). It is not clear which of intracerebroventricular injections of NPY resulted in a
significant increase in gonadal size in immature chicksthe two nuclei are homologs of the mammalian SCN

as each differs chemoarchitecturally from that of the (Fraley and Kuenzel, 1993). Therefore past lesion stud-
ies within the infundibular nuclear complex of severaltraditional mammalian SCN (Norgren and Silver, 1990).

Due to its involvement with the eyes and the pineal avian species cited above that significantly reduced go-
nadal function could have been the result of compromis-gland for regulating circadian rhythms (see Chapter 21),

it is an important hypothalmic n. To date, the afferent ing NPY-like neurons within the IH/IN complex. It is
not known, however, if NPY neurons in the IH/IN com-and efferent pathways from each of the proposed n.



4219 / c7-111 / 08-04-99 14:45:54

Chapter 7. The Autonomic Nervous System 111

plex project to the median eminence and therefore are first proposed and described in the chick (Kuenzel and
vanTienhoven, 1982; Kuenzel and Blähser, 1994). It isthe neurons comprising the tuberohypophyseal tract. In

addition, one cannot rule out the significance of VIP found at the base of the lateral ventricle and contains
highly modified ependymal cells, an incomplete blood–neurons found within the IH/IN complex. It has been

reported that VIP not only releases prolactin (Opel and brain barrier, and cerebrospinal fluid-contacting neu-
rons (Figure 9A). A subpopulation of the VIP cerebro-Proudman, 1988) but also LH (Macnamee et al., 1986)

and a subpopulation of VIP neurons within the medio- spinal fluid-contacting neurons also immunostained
with an antibody to opsin suggests that they may bebasal hypothalamus immunostained with an antibody

to opsin, suggesting that some of the VIP neurons may deep encephalic photoreceptors (Silver et al., 1988). The
last finding is of significance since avian biologists havebe encephalic photoreceptors (Silver et al., 1988). Future

studies are therefore required to establish whether NPY, been searching for several decades for the location of
neurons that respond to photoperiodic stimulation. ItVIP, or both sets of neurons within the mediobasal

hypothalamus are required to function with GnRH neu- has been well documented since the original finding of
Rowan (1926) that the reproductive system of birds isronal terminals found within the median eminence to

effect gonadal development in avian species. activated by increased daylength. The location of the
sensory system remains unknown. Compelling evidence
has been obtained showing that the eyes and pinealD. Other Systems Involving
gland are not essential for the progonadal effects ofCircumventricular Organs (CVOs)
photostimulation. The remaining possibility is that deep

Earlier in the chapter it was stated that CVOs (Figure encephalic photoreceptors occur within diencephalic tis-
2) are an important constituent of the ANS of birds sue (reviewed in Kuenzel, 1993), an hypothesis origi-
in that they contain the appropriate neural and glial nally proposed by Karl von Frisch (1911). Two loci have
components that can secrete as well as internalize neuro- emerged as the most likely candidate(s). The first is the
modulators via the cerebrospinal fluid. Three CVOs infundibular nuclear complex (described in Chapter 16),
potentially play key roles within the ANS of birds. The while the second is located within the ventral forebrain
first is the lateral septal organ (LSO; Figures 2 and 9A). and is proposed to be the LSO. A subset of the VIP-

containing cerebrospinal fluid-contacting neuronsThe LSO has been shown to be a CVO in birds as

FIGURE 9 Three important circumventricular organs involving the ANS. (A) The lateral septal organ (LSO)
consists of two components. The lateral LSO contains VIP receptors and lacks a complete blood–brain barrier.
The medial LSO has cerebrospinal fluid contacting neurons that contain VIP. The LSO is proposed to be part
of the visceral forebrain system of birds. (B) The median eminence (ME) is an interface between the central
nervous system and endocrine system. Diagram modified from Oksche and Farner (1974). CSF, cerebrospinal
fluid contacting neuron; E, ependymal cells; ET, ependymal tanycytes; G, glial cells; PN, peptidergic or aminergic
neuron. (C) The area postrema (APa) is an interface between peripheral and central components of the ANS.
dMnX, dorsal motor n. of the vagus; nTS, n. tractus solitarius.
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within the LSO of birds may be the elusive neurons the LSO and ME, the APa lacks a complete blood–brain
barrier. More importantly, afferents from the viscera,housing deep encephalic photoreceptors. Further study

is necessary to provide the critical, direct evidence. Later particularly from the aortic arch (Katz and Karten,
1979), pulmonary tissue, and gastrointestinal tract (Katzin the chapter, the LSO will be presented as a compo-

nent of the visceral forebrain system, a key brain system and Karten, 1983a,b) project to the nTS, which is di-
rectly ventral and medial to the APa (Figure 9C). Thethat directly projects to, and therefore is a part of, the

ANS of birds. In summary, the LSO of birds is strategi- APa and its adjacent nTS comprise an important site
within the brainstem for parasympathetic neurons andcally located to receive as well as integrate information

that regulates critical physiological and behavioral func- associated functions of the ANS.
tions controlled by the ANS.

The median eminence (ME) is the second CVO and is
V. FUNCTIONAL NEURAL PATHWAYS OFshown schematically in Figure 9B. It is a most important

THE AUTONOMIC NERVOUS SYSTEMCVO as it is the interface between the central nervous
system and pituitary gland, hence the endocrine system.

The major functions associated with the ANS includeDirectly beneath the ME is the anterior pituitary while
cardiovascular regulation ( Jones and West; Chapter 9),the caudal continuation of the ME becomes the poste-
respiration (Powell and Mitchell; Chapter 10), osmo-rior pituitary or neurohypophysis (NH; Figure 2). The
regulation (Goldstein and Skadhauge; Chapter 11),neurosecretory neurons within the hypothalamus re-
thermoregulation (Dawson and Whittow; Chapter 14),sponsible for controlling gonadal (GnRH neurons), thy-
circadian rhythms and photoperiodism (Gwinner android (thyroid-releasing hormone neurons) and adrenal
Hau; Chapter 21), and the regulation of food intake.gland (corticotropin-releasing hormone and arginine va-
The latter will be utilized as an example of how specificsotocin neurons) function, or growth (growth hormone
groups of cells within the brains of birds project to thestimulating and somatostatin neurons) and prolactin se-
motor or efferent components of the ANS and thereforecretion (VIP neurons) all project to the ME. The termi-
form a functional neural pathway with that system.nals release neurohormones or hypophysiotropic factors
Thereafter, the visceral forebrain system in birds willinto a capillary plexus known as the hypophysial portal
be characterized as it is a more global neuroanatomicalsystem. Specific pituicytes within the adenohypophysis
pathway and therefore subserves more than one func-respond to the neurohormones by secreting anterior
tion. Recently, it has been proposed to regulate thepituitary hormones into the cardiovascular system. Note
annual cycles of birds (Kuenzel and Blähser, 1993). Fi-that the ME contains anatomical constituents similar to
nally, components of the limbic system of birds will bethe LSO (Figure 9B). The ME consists of modified
described as it shares several neural structures with theependymal cells, aminergic and peptidergic neurons, ce-
visceral forebrain system and therefore should be con-rebrospinal fluid contacting neurons, and an incomplete
sidered part of the ANS.blood–brain barrier (Oksche and Farner, 1974). Please

refer to chapters pertaining to the pituitary gland and
endocrinology, thyroids, and adrenals for more details A. An Autonomic Pathway Regulating
on the regulation of the endocrine system. The posterior Food Intake
pituitary is organized very differently. Magnocellular
neurons, primarily located within the PVN, SOe, and For many years a dual-center hypothesis was utilized

to explain the neural regulation of food intake in mam-SOv nuclei (Figures 8A and 8C) project directly into
the posterior pituitary. The neurosecretory hormones mals (Stellar, 1954). It was based upon the work of

Hetherington and Ranson (1940), who demonstrated inarginine vasotocin and mesotocin are secreted directly
into the posterior pituitary where they can be stored rats that bilateral lesions of the ventromedial hypothala-

mic n. (VMN; Figure 8C) resulted in increased foodtemporarily or released into the circulatory system and
transported to either the kidneys or smooth muscle of intake and marked obesity. Further research involving

bilateral lesions of the lateral hypothalamic n. (LHy;the reproductive system (see Chapters 11, 22, and 23).
The area postrema (APa) is the third CVO of impor- Figures 8C and 8D) resulted in an opposite effect, com-

plete absence of feeding and drinking (Anand and Bro-tance to the ANS (Figures 2 and 9C). It, along with the
nucleus tractus solitarius (nTS), serves as an interface beck, 1951). The ventromedial hypothalamus, termed a

‘‘satiety’’ center, was proposed to contain a set of neu-between the ANS and the central nervous system. In
the literature, the avian APa is referred to as the taenia rons that projected to and inhibited a lateral hypothala-

mic area, the ‘‘feeding’’ center. More recently the pastchoroidea. It has been proposed that the taenia choroi-
dea and its adjacent lateral, superficial n. are homolo- hypothalamic model has been incorporated into a path-

way involving the ANS and offers a more completegous to the mammalian APa (Berk, 1991). Similar to
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explanation for regulating food intake. The model, and IH of white-throated sparrows (Kuenzel and Helms,
1967, 1970; Kuenzel, 1974) effected hyperphagia andtermed the autonomic and endocrine hypothesis, sug-

gests that lesions of the ventromedial hypothalamic n. obesity. Bilateral hypothalamic lesions have been per-
formed in chickens (Feldman et al., 1957), white-result in a significant decrease in sympathetic activity.

Therefore with or without an increase in food intake, throated sparrows (Kuenzel, 1972), pigeons (Zeigler,
1976; Zeigler and Karten, 1973; Zeigler et al., 1969) andthe animal will have a lower metabolic rate and higher

release of corticosteriods and insulin from the adrenal broiler chicks (Kuenzel, 1982). Lesions targeted in and
around the LHy on both sides of the brain reducedcortex and pancreas, respectively (Inoue and Bray, 1979;

Bray and York, 1979; Bray, 1991). The result will be food intake. A marked difference between birds and
mammals was found; namely, the aphagic response wasan increase in lipogenesis. Neuroanatomical data have

supported the ‘‘autonomic and endocrine’’ hypothesis. not permanent. Large, bilateral lesions involving both
the ansa lenticularis and quinto frontal tract or the stra-Tract-tracing studies in the rat have shown that the

VMN contains neurons which project to the central gray. tum cellulare externum (Figure 8C, 8D) were most ef-
fective for reducing food intake, however, intake usuallyIn turn, the central gray has neurons that project monsy-

naptically to the intermediolateral column of the spinal returned to preoperative levels within 4 to 7 days (Kuen-
zel, 1982). Similar results were obtained when stimulus-cord (Luiten et al., 1987). As discussed earlier in the

chapter, the intermediolateral column houses the pre- bound feeding was attempted in fowl. More than 625
sites were implanted with electrodes for electrical brainganglionic neurons of the sympathetic nervous system.

As suggested by the ‘‘autonomic and endocrine’’ hy- stimulation in conscious animals. No positive brain loci
were identified for stimulus-bound food intake as haspothesis, VMN lesions significantly disrupt neuroana-

tomical connections of the sympathetic nervous system been demonstrated frequently in mammals (Tweeton et
al., 1973). Of interest is that neural pathways have beenresulting in decreased sympathetic activity. The affected

animal gains weight, particularly body lipids. In contrast, traced from specific hypothalamic areas to the hindbrain
in birds. It has been shown that the VMN does projectthe LHy contains neurons that project directly to the

nTS and dMnX (Luiten et al., 1987). As mentioned to the central gray, similar to mammals. The beginning
and end of the central gray (GCt) are shown in Figurepreviously, the dMnX comprises preganglionic neurons

of the parasympathetic nervous system. Therefore bilat- 6. In the chick brain, the GCt continues for at least
3.4 mm and therefore is an extensive structure in theeral lesions of the LHy result in an interruption of a

neural pathway involving the parasympathetic nervous rostrocaudal direction. A difference, however, is that
the GCt projection is not as robust as the mammaliansystem. Greater activity thereby occurs in the sympa-

thetic nervous system followed by an increased meta- one suggesting that important GCt input may be coming
from nuclei other than the VMN (Berk and Butler,bolic rate and loss of body weight. Another hypothala-

mic n. has been shown to play a key role in food intake, 1981). Similar to mammals, the LHy has been shown
to project directly to the vagal complex. A discrete por-the paraventricular n. (PVN; Figure 8C). Of interest is

that the PVN has direct projections to the central gray tion of the LHy, the stratum cellulare externum (SCE),
projects to the nTS and dMnX and hence the SCE hasas well as the nTS and dMnX and therefore has connec-

tions to both arms of the ANS. In mammals the PVN been proposed to be homologous to the LHy of mam-
mals (Berk, 1987). The PVN of birds has similar projec-has been shown to be one of the most sensitive sites in

the brain for stimulating food intake following direct tions to that established for mammals. Monosynaptic
connections have been shown to occur from the PVNapplication of norepinephrine, neuropeptide Y, b-

endorphin, and galanin (Leibowitz, 1978; Leibowitz and to the GCt and from the PVN to the thoracic level of
the spinal cord. Presumably, therefore, a monosynapticHor, 1982; Stanley and Leibowitz, 1984; Stanley et al.,

1985; Kyrkouli et al., 1990). Further studies have shown connection occurs between the PVN and the n. inter-
mediomedialis (the column of Terni) within the spinalthat the most sensitive brain site for eliciting food intake

in the rat following direct application of NPY occurs in cord. The PVN also has monosynaptic connections to
the vagal complex (Berk and Finkelstein, 1983). There-the perifornical hypothalamus which lies next to, but is

separate from, the PVN (Stanley et al., 1993). fore the PVN has both sympathetic and parasympathetic
connections. A compilation of current anatomical con-In avian species, considerably more research is

needed to establish the neural pathway responsible for nectivity among the VMN, LHy, PVN, and ANS in birds
is shown in Figure 10.regulating food intake via the ANS. Nonetheless, the

following evidence thus far suggests a system similar to Sparce research has been completed regarding the
function of the PVN in birds. Bilateral lesions of thethat established for mammals. Electrolytic lesions of the

VMN of Leghorn chickens (Lepkovsky and Yasuda, PVN have not been completed to date to determine
whether birds will become hyperphagic. Norepineph-1966; Snapir et al., 1973; Sonoda, 1983) and the VMN
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FIGURE 10 Sagittal section of chick brain showing structures important for regulatng food
intake. The dashed line shows a pathway that needs to be verified in birds. ANT. PIT.,
anterior pituitary; dMnX, dorsal motor n. of vagus; GCt, central gray; LHy (SCE), lateral
hypo. area (stratum cellulare externum); nTS, n. tractus solitarius; PB, parabrachial n.; PNS,
parasympathetic nervous system; POST. PIT. (NH), post. pituitary (neurohypophysis); PVN,
paraventricular n.; SNS, sympathetic nervous system; VMN, ventromedial hypo. n.

rine administered to the PVN and anterior medial hypo- pressure, heart rate, and respiratory rate following elec-
trical stimulation. It was found that all subcortical com-thalamic nuclei resulted in increased food intake in

broiler chicks (Denbow and Sheppard, 1993). Direct ponents of the VFS (refer to Table 1), when electrically
stimulated, resulted in cardiovascular and respiratoryadministration of other biogenic amines and neuropep-

tides to the PVN have not been attempted. changes (Macdonald and Cohen, 1973). In addition, a
recent immunocytochemical study was completed show-
ing the location of vasoactive intestinal polypeptideB. Visceral Forebrain System
(VIP)-immunoreactive neurons and fibers throughout
the chick brain. It was noted that all components of theA second neural system that has been proposed to

exist in mammals is a visceral forebrain system. Similar VFS of birds have VIP neurons or fibers (Kuenzel and
Blähser, 1993, 1994). When one examines the functionsto the feeding circuit described above, the VFS is inti-

mately involved with the ANS, particularly the parasym- of VIP found in the mammalian literature, a majority
directly involve the ANS including vasodilation, in-pathetic nervous system. Its components in birds (dis-

played as double-underlined structures) and its known creased blood flow and exocrine gland secretion, neuro-
endocrine release of prolactin, neuroendocrine stimula-anatomical pathways are shown in Figure 11 and Table

1. Two significant structures of the VFS include the tion or inhibition of luteinizing hormone, stimulation of
male sexual behavior and thyroid hormone secretion,nTS and parabrachial n. (PB) as all other nuclei of the

mammalian VFS system have reciprocal monosynaptic alteration of energy metabolism, and modulation of cir-
cadian rhythms (reviewed in Kuenzel and Blähser,connections with them (van der Kooy et al., 1984). In

birds, all subcortical structures of the VFS have been 1993). Other neural components that could be included
in the VFS of birds are the ventrolateral medulla, areashown to have single neuron connections with the nTS

except the infundibular n. (IN) as illustrated by a dashed ventralis of Tsai, locus ceruleus, and substantia nigra;
as each was shown to significantly alter respiratory andline in Figure 11. The major role of the VFS in mammals

is to influence cardiovascular, respiratory, and gastroin- cardiovascular function when electrically stimulated
(Macdonald and Cohen, 1973), has monosynaptic con-testinal functions including the possibility of interfering

with or overriding brainstem homeostatic mechanisms nections with the nTS (Arends et al., 1988), and contains
immunoreactive VIP perikarya and fibers (Kuenzel andduring periods of stress or emotional activity (van der

Kooy et al., 1984). Of interest is that a systematic brain Blähser, 1994). To date, the most controversial compo-
nent of the VFS of birds is the caudal dorsolateral neo-mapping study was conducted in the pigeon where brain

loci were determined that significantly altered blood striatum (NEOcdl, Figure 11), as it has been proposed
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FIGURE 11 The visceral forebrain system of birds. Components are shown as double underline abbreviations
on the schematic diagram. See Table 1 for abbreviations.

to be equivalent to the prefrontal cortex of mammals proposed to regulate the annual cycles of migratory
birds.(Mogensen and Divac, 1982; Divac and Mogensen, 1985;

Divac et al., 1985; Waldmann and Güntürkün, 1993;
Rehkämper and Zilles, 1991); however, in contrast to

C. Limbic Systemmammals, the forebrain structure does not have mono-
synaptic connections with the nTS or PB (Wild et al., The limbic system of mammals includes a number of
1990). More recently, a larger region of the avian neo- anatomical substrates involved in emotions. Some of its
cortex including the NEOcdl has been termed the pal- anatomical structures reside within the cortex and its
lium externum and it projects to the striatum of the functions include motivation, memory, and learning.
basal ganglia (Veenman et al., 1995). Further studies One might question why the system should be associated
are therefore needed to determine whether the avian with the ANS. An overwhelming argument favoring
NEOcdl is equivalent to the mammalian prefrontal cor- its inclusion is that a primary function of the ANS,
tex. Nonetheless, a VFS appears to exist in the avian particularly when its sympathetic division dominates, is
brain and the complex pathway, with its direct connec- to prepare an organism for a ‘‘fight-or-flight’’ reaction.
tions to the ANS, as discussed in the last two sections Such a response involves emotional behavior, memory,
of this chapter, has possible ramifications concerning and learning to enhance survival of the species. Al-
the current genetic selection programs in the poultry though it remains an ill-defined neural system in birds, it

will be shown that two of its components (hypothalamusindustry as well as with the neuroanatomical system
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TABLE 1 Components of the Visceral Forebrain System in Mammals and Birds

Mammalian structure Avian equivalenta Abbreviation

A. Cortical component
(1) Med. lat. prefontal cortex Caud. dorsolat. NEOcdl

neostriatumb

B. Subcortical components
Ventrolateral forebrain
(2) Central n. amygdala Archistriatumb,c A

Dorsolat. n. post. Apdl
mediale Am
n. taeniae Tn

Septal Area
(3) Bed n. stria terminalis n. accumbens nAcd

Bed. n. stria terminalis nST
Hypothalamus
(4) Paraventricular n. Paraventricular n. PVN
(5) Posterolateral hypothalamic n. Lat. hypothalamic area LHy

Stratum cellulare externum SCE
(6) Arcuate n. Infundibular n. IN
Pons
(7) Parabrachial n. Parabrachial n. PB
Medulla oblongata
(8) n. tractus solitarius n. tractus solitarius S

C. Proposed additions to VFS of birdse

Midbrain and Pons
(9) Substantia nigra Substantia nigra TPc
(10) Locus ceruleus Locus ceruleus LoC
Medulla oblongata
(11) Ventrolateral medulla Ventrolateral medulla vlm

acaud. 5 caudal; dorsolat. 5 dorsolateral; lat. 5 lateral; med. 5 medial; n. 5 nucleus;
post. 5 posterior.

bControversial equivalents.
cAvian equivalent for central n. of amygdala not resolved.
dnAc and nST of birds, as shown in past published stereotaxic atlases, proposed to be

equivalent to nST of mammals.
eBased upon monosynaptic connections to nTS, cardiovascular changes from electrical stimu-

lation and presence of VIP perikarya.

and amygdala) are also part of the VFS discussed pre- birds includes three proposed nuclear groups: n. taeniae,
medial archistriatum, and posterior archistriatum (Zeierviously.

The concept of a limbic lobe within the forebrain of and Karten, 1971). The mesolimbic dopamine system,
the last structure listed as part of the mammalian limbicmammals was proposed by James Papez and expanded

upon by Paul MacLean, who introduced the term limbic system, has been examined in birds (Kitt and Brauth,
1986). The system, originating in a midbrain nucleus, thesystem (Kandel et al., 1991). Specific anatomical compo-

nents of the mammalian system include the cingulate area ventralis of Tsai (AVT; Figure 7), consists largely of
dopaminergic neurons which project to the hypothala-gyrus and other inner cortical areas that form a ring

around the thalamus and hypothalamus. Other constit- mus, habenula (HL, HM, SHL; Figure 8D), preoptic
area (anterior portion of hypothalamus ventral to theuents include the hippocampal formation, amygdala,

septal nuclei, habenula, hypothalamus and the mesolim- septomesencephalic tract (TSM; Figure 8A)), septal
area (SM, SL; Figure 8B), amygdala, and hippocampalbic dopamine system (Kandel et al., 1991). In birds, the

hippocampus (Hp; Figure 8B) and amygdala (Tn, Am, complex (Kitt and Brauth, 1986). All of the structures
just listed are considered components of the limbicAp; Figures 8C and 8D) are relatively large and distinct

cortical structures. The hippocampal and parahippo- system.
Functionally, the hippocampus of birds has beencampal areas and their cytochemical composition have

been examined in pigeons (Erichsen et al., 1991; Krebs shown to be involved with food storage behavior (Healy
and Krebs, 1993) and homing (Bingman, 1993). Bothet al., 1991). The equivalent structure of the amygdala in
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behaviors involve memory. The latter has particular sig- within the pituitary gland is a key hormone, since exoge-
nous injections effect both premigratory fatteningnificance regarding not only the ability of birds to find

home roosts each day, but also the annual feat of migra- (Meier and Farner, 1964) and migratory behavior
(Meier et al., 1965). The mediobasal hypothalamus hastory birds to journey to their appropriate breeding

grounds and wintering grounds each spring and fall, also been proposed since medial lesions destroying the
VMN and part of the IH and IN disrupted all of therespectively. The amygdala of birds has been shown to

function in arousal and to affect emotional behavior. ethophysiological events of the annual cycle of the
white-throated sparrow, Zonotrichia albicollis (Kuen-Phillips (1964) reported that mallard ducks placed in

cages show considerable fear responses and do not ini- zel, 1974). The pineal gland and suprachiasmatic nucleus
have also been implicated (refer to Chapter 21). Re-tially breed well in captivity. Bilateral lesions involving

the amygdala, particularly its pathway projecting to the cently, the visceral forebrain system (VFS) has been
proposed to constitute the neural system that regulateshypothalamus, resulted in a marked taming effect. The

greatly reduced escape behavior resulted in increased the annual cycle of birds (Kuenzel and Blähser, 1993;
1994; Kuenzel, 1994b). Its components have already beenovarian growth and function in lesioned birds. Addi-

tional studies will need to be completed to establish detailed (Figure 11; Table 1). The following is a synopsis
of how the VFS functions to control circannual cyclescomplete, functional neural pathways responsible for

emotional and cognitive behaviors expressed by birds. of birds.
Migratory birds that inhabit the temperate zone for

both wintering and breeding grounds (short and moder-
ate distant migrants) or breeding grounds only (longVI. SHIFTS IN HOMEOSTASIS: AN AUTONOMIC

HYPOTHESIS EXPLAINING THE REGULATION OF distant migrants) begin to display hyperphagia during
the early spring in anticipation of migration to the north-ANNUAL CYCLES OF BIRDS
ern breeding grounds. In effect, there occurs a marked
shift in homeostasis with respect to maintaining a partic-Avian species, particularly migratory birds inhabiting

the temperate zone of North America, Europe, or Asia, ular body weight. It is not uncommon for individuals of
some species to double their food intake, fat deposition,display very pronounced physiological and behavioral

events throughout their annual cycles such as increased and display a 50% gain in body weight within a 2- to 4-
week period in anticipation of a rigorous migratoryfood intake resulting in large depositions of body fat,

molt of feathers, migration, and reproduction. Each of flight. The parasympathetic nervous system (PNS) ap-
pears to dominate in order to effect the rapid gains inthe events occurs in an orderly and predictable sequence

and requires a considerable amount of energy. Research lipid stores. Upon attaining the desired weight gains,
birds shift into another phase of their annual cycle asefforts over the past few decades have shown that go-

nadal development (Rowan, 1926), premigratory fatten- they begin their spring migratory journey. Most passer-
ine species are nocturnal migrants; therefore theying (King and Farner, 1965), molt, and migratory orien-

tation (Emlen, 1969) can be expressed at different times change from a diurnal existence to one of nearly com-
plete wakefulness over several days as they migrate untilof the year by manipulating the photoperiod. More in-

terestingly, if one subjects birds to constant environmen- arriving at the breeding grounds. Other drastic changes
occur. Prior to and during spring migration, birds feedtal conditions over long periods of time, testes develop-

ment, molt, and nocturnal activity (an expression of a and migrate in flocks. This social behavior exhibited by
many is quickly transformed into a competitive, territo-bird’s motivation to migrate in a cage environment)

persist but in more frequent cycles than would have rial one upon arrival on the breeding grounds. The ago-
nistic behavior, particularly demonstrated in males, con-occurred under a natural photoperiod (Gwinner, 1991).

Therefore, circannual cycles behave similarly to circa- tinues until a mate is found and the breeding cycle is
initiated. Characteristic of this period is a continuousdian rhythms (e.g., sleep–wake cycles and activity and

body temperature cycles) of avian or mammalian physi- loss in body weight due to a high energy expenditure
involved in securing a mate. Thereafter, yet anotherological variables measured under constant environ-

mental conditions. Therefore, it has been proposed that dynamic ethophysiological shift occurs and throughout
the period of incubating their eggs, there may be acircannual rhythms are long-term manifestations of cir-

cadian rhythms and both are the result of an endogenous complete cessation of food intake by parents resulting
in a significant loss of weight. Finally, a major postnup-rhythm that can be synchronized by external factors,

particularly photoperiod (Gwinner, 1981). tial or basic molt occurs where both the flight and body
feathers are replaced. A significant increase in dailyAn unanswered question to date is what constitutes

the control system that regulates the annual cycle of metabolism has been documented with a nearly com-
plete loss of body lipid reserves (Dolnik and Gavrilov,birds? It has been argued for some time that prolactin
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1979). In effect, from the initiation of spring migration 1977). Consequently, broilers show a dominance of the
PNS similar to rats receiving lesions to the ventromedialto the end of postnuptial molt, a shift in the balance of

the ANS has occurred such that the sympathetic nervous hypothalamic nuclei and in some obese humans (see
section ‘‘An Autonomic Pathway Regulating Food In-system (SNS) eventually dominates. Throughout the

late spring and early summer, the gradual predominant take’’). Due to the tendency of broilers to show obesity,
avian leg weakness, and diseases associated with theeffects of the SNS are responsible for the continued loss

in weight and most body lipid reserves. The physiologi- cardiovascular system, it will be important in the future
for poultry geneticists to attempt to bring back intocal processes responsible for molt that occur during the

summer are critical. The process of molting not only balance the SNS and PNS of some commercial poultry
strains (Kuenzel, 1994a).begins another shifting of the ANS toward a dominance

of the PNS, it is responsible for effecting a photorefrac-
tory state where birds no longer respond to the remain- Acknowledgments
ing long photoperiods of the summer/early fall months.
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I. Introduction 123 esis derives from tissue culture studies from single devel-
oping muscle cells. Clones, which can be grown in cul-II. Development of Avian Muscle 123

III. Muscle Fiber Types 126 ture from cells capable of forming muscle, can be
identified. The change in numbers of muscle precursorIV. Innervation 128

V. Electrical Properties of Muscle Fibers 128 cells (myoblasts) has been studied in chick limb muscle
(Bonner and Hauschka, 1974); myoblasts amenable toVI. Contractile Properties 129

VII. Neuromuscular Transmission 130 cloning appear on about Day 3 in ovo. The numbers
increase about six- to sevenfold over the next 6 days.VIII. Uses of Avian Muscle in

Neuromuscular Pharmacology 133 Myogenesis, both in vivo and in vitro, consists of the
fusion of spindle-shaped, uninucleated myoblasts (Fig-References 135
ure 2) to form multinucleated myotubes that will eventu-
ally grow into mature muscle fibers.

Transmission and scanning electron microscopy hasI. INTRODUCTION
been used to study morphological changes in the early
stages of myogenesis of chick embryo muscle cells inAvian skeletal muscle and the process of transmission
culture (Shimada, 1972a,b). Myogenic cells grow verybetween somatic nerves and skeletal muscle in birds are
close together, with small projections extending fromessentially similar to mammalian skeletal muscle. Figure
some myotubes which attach the cell both to adjacent1 shows the basic striation pattern of skeletal muscle.
myoblasts and to the surface of the culture dish. Addi-Many of the established properties of avian skeletal
tionally, a cell-surface material is observable that is pos-muscle have been comprehensively reviewed previously
sibly involved in cellular adhesion. Numerous close junc-(Berger, 1960; George and Berger, 1966; Bowman and
tions with an intercellular distance of 2.5–10 nm andMarshall, 1972; van den Berge, 1975). In this chapter

we have concentrated on more recent work. some focal tight junctions with no discernible gap can
be detected between pairs of myogenic cells. It is likely
that the fusion process is initiated by the formation of
close contact between cells, which is followed by theII. DEVELOPMENT OF AVIAN MUSCLE
appearance of vesicles and tubules between the adjacent
cytoplasms. At the final stage, remnants of broken cellThe chick has been the major species in which mor-
membranes disappear and a common cytoplasm isphological studies of avian myogenesis have been made.
formed.Muscle development has been studied both in vivo and

Both thick myosin (15–16 nm in diameter) and thinin tissue culture, but owing to the difficulty of defining
actin (5–6 nm in diameter) filaments are synthesizedin situ which cells will eventually form skeletal muscle

fibers, most of our information on early-stage myogen- by clusters of cytoplasmic ribosomes (polysomes). This

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.123
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FIGURE 1 Schematic representation of the band pattern of a striated muscle myofibril related to the arrange-
ment of the actin (thin) and myosin (thick) filaments. Two sarcomeres are shown (the area between two
adjacent Z-lines is a sarcomere). The myofibrils within the muscle fiber are aligned in a parallel pattern that
stretches right across the muscle fiber as a whole. In the contracted state (bottom) the thick and thin filaments
slide over one another but neither changes in length. This causes a narrowing of the H and I bands, but no
change in the width of the A band which reflects the constant length of the myosin filaments. (Reproduced
from Bowman, 1964, with permission.)

contractile protein synthesis greatly increases following develops more slowly than the sarcoplasmic reticulum;
the surface membrane of the myotubes invaginates tomyoblast fusion. There is a progressive organization of

myofibrils during growth resulting in the mature cell form the T-tubules. Initially the T-tubules consist of
having a cross-striated pattern similar to that of adult shallow vesicles connected to the sarcolemma, but with
skeletal muscle (Shimada et al., 1967; Askanas et al., time they project deeper and deeper into the myotube
1972). until contact is made with the sarcoplasmic reticulum

During the earliest myotube stage in embryonic chick (Chan et al., 1990).
muscle, both in vivo and in vitro, the sarcoplasmic reticu-
lum develops in isolated portions from rough-surfaced
endoplasmic reticulum (Ezerman and Ishikawa, 1967;

FIGURE 2 Phase-contrast micrographs of chick embryo skeletalShimada et al., 1967, Larson et al., 1970, Chan et al.,
muscle cells growing in culture. (A) Twenty-four-hour cell culture

1990). Subsequently, the isolated portions of sarcoplas- showing myoblasts (M) and fibroblasts (F). (B) Seven-day culture
mic reticulum join together to create a network around showing several long myotubes (MT), one of which shows extensive

cross-striations (arrows). Scale bar is 50 em in both A and B.the contractile filaments. The transverse tubular system
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The above stages are followed by the main period of ated immediately posthatching it is only partially re-
versed.growth of the muscle and the differentiation of the fibers

into different types. Fibers lengthen by the addition
of new sarcomeres and broaden with the increase in
myofibrils per fiber (see Burleigh, 1974; Goldspink, III. MUSCLE FIBER TYPES
1974; Vrbová et al., 1978 for reviews). An example is
the chicken latissimus dorsi muscles where mean fiber As in amphibians and reptiles, as well as in mammals,
diameter increases tenfold from 4 to 6 em in 18-day- some of the avian muscle fibers adapt for rapid, intermit-
old embryos to 40–60 em in 8-month-old chickens tent contraction whereas others adapt for more continu-
(Shear and Goldspink, 1971). There are also structural ous contraction. These functional differences require
changes in Z-disks during growth in chickens (Ahn et differences in the structure and biochemistry of fibers.
al., 1993). Mechanical strength increases in the weeks Muscles are usually described as slow or fast contracting.
after hatching, and the disks in leg muscle become However, this represents an oversimplification of the
stronger than those in breast muscle. Z-disks are known situation. The color of the muscles (red or white) does
to be associated with a very large protein (connectin, not adequately describe the variety of fiber types that
or titin) that connects them to thick filaments. Titin is exist either. Indeed, most individual muscles contain a
also present in chicken muscle (Tan et al., 1993), and mixture of fiber types, and often more than two types
it changes its isoform during development (Hattori et can be distinguished (e.g., Khan, 1976; Toutant et al.,
al., 1995). 1980; Billeter et al., 1992). Five major fiber types have

Normal contractile activity is essential for post- been recognized on the basis of biochemical and mor-
hatching muscle growth. Immobilization of chicken pos- phological criteria (Table 1) (Barnard et al., 1982). With
terior latissimus dorsi (PLD) muscles for periods up to the important exception of the multiply innervated slow-
11 months results in a dramatic reduction of fiber size contracting fibers (which are common in avian, amphib-
(Shear, 1978, 1981). In mature fowls the atrophy is com- ian, and reptilian, but not mammalian muscle), the fiber

types in the chicken muscle are closely similar to thosepletely reversible, but when the immobilization is initi-

TABLE 1 Comparison of Different Fiber Types in Chicken Musclea

Twitch fibers Tonic fibers

I IIA IIB IIIA IIIB

Histochemical criteria
ATPase (pH 9.4) No staining Strong Strong Medium Strong
ATPase (pH 4.6) Strong No or weak Weak Weak Medium
ATPase (pH 4.3) Strong No staining No staining Weak Medium
NADH-TRb Medium Weak or medium No staining Medium Medium or strong
Phosphorylase None or weak Strong Srong Weak Medium
Fiber innervation Multiple Focal Focal Multiple Multiple

Histological characteristics
Fiber shape Polygonal Polygonal Polygonal Rounded Rounded
Fascicle shape Polygonal Polygonal Polygonal Rounded Rounded
Mitochondrial density Very high High Low Very high Very high
Fiber lipid droplets No Yes No No No
Relative fiber size Small/medium Medium Medium Large Medium
Myonuclei distribution Peripheral Usually peripheral Usually central Peripheral Peripheral

Fiber type composition (%)
Pectoral 0 ,1 .99 0 0
PLD ,3 5–20 80–95 0 0
ALD 0 0 0 65–80 20–35
Sartorius (red) 30–45 35–50 15–25 0 0
Sartorius (white) 0 10–20 80–90 0 0
Plantaris 0 0 0 65–75 25–35

aAdapted from Barnard et al. (1982) with permission.
bNADH-tetrazolium reductase.
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found in mammalian muscle. Very little mammalian The actin and myosin filaments interdigitate on each
side of the H-zone causing the greatest optical densitymuscle is multiply innervated; the extraocular muscles

and esophagus are exceptions. Slow-contracting mam- in the sarcomere. An M-band can be seen bisecting
every H-zone. Taking the chicken posterior latissimusmalian muscles (e.g., the soleus of the cat) are focally in-

nervated. dorsi (PLD) as an example, the myofibrils are 0.5–1 em
in diameter, the A-filaments are 1.55–1.6 em long, andIn addition to the morphological and enzymatic dif-

ferences which are shown in Table 1, avian white and the I-filaments 1.05 em long. The I-filaments broaden
as they approach the Z-line and overlap 30–40 nm withred fibers differ in their ultrastructure. Generally, white

fibers have a very definite fibrillar appearance (Fibrillen- those of the next sarcomere.
In Felderstruktur fibers (Figure 3B), the fibrils arestruktur) similar to that of mammalian muscle, whereas

red fibers have a more granular and indefinite appear- very irregular in both size and distribution. The fibrils
connect with each other only at points along the lengthance (Felderstruktur).

In Fibrillenstruktur fibers (Figure 3A), the myofibrils of the fibrils. In the chicken anterior latissimus dorsi
(ALD), the fibrils appear ribbon-shaped in cross section,are polygonal in cross section and uniform in diameter

and have a regular arrangement, being separated from having diameters of 0.5–1 em by 2–5 em. The fibrils
are not regularly surrounded by sarcoplasm and gran-each other by a granular sarcoplasm. The cross-

striations are evident; the dark A (anisotropic)- and ules. The Z-lines take a zigzag course across the width
of the fibril. The A-, I-, H-, and M-bands can be distin-light I (isotropic)-bands. Each I-band is bisected by a

smooth Z-line running directly across the fibril (see Fig- guished, although the M-line is somewhat less distinct
in Felderstruktur than in Fibrillenstruktur fibers. The A-ure 1). The H-zone, where only thick filaments are

found, can be observed in the midsection of the A-band. and I-filaments in the ALD are similar in length to those

FIGURE 3 Electron micrographs of longitudinal sections of muscles from 2- to 3-month-old chickens. (a)
White fibers that have a defined fibrillar appearance (‘‘fibrillenstruktur’’). This is a section from the posterior
latissimus dorsi. (b) Red fibers that have a more granular and indefinite appearance (‘‘felderstruktur’’). This
is a section from the anterior latissimus dorsi. Scale bar is 1 micron. Reprinted with permission from Hess
(1961). See text for more details.
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of the PLD. However, the I-filaments are not regularly myoblasts are the predominant cell type, but at this
early stage there is no evidence of specialization of thearranged at the level of the Z-line, where they can over-

lap those of the next sarcomere by around 100 nm. One nerve ending or of localization of acetylcholinesterase,
which is used as a marker of functional transmission. Itparticularly unusual feature is a network of filaments

that encircles the fibrils at the Z-line level. Additionally, has been suggested that the cell adhesion molecule, N-
cadherin, may be involved in stabilizing neuromuscularthere is a less well-developed and regular arrangement

of the T tubules and sarcoplasmic reticulum in Felder- contacts (Cifuertis-Diaz et al., 1994). As myotube devel-
opment proceeds, occasional nerve–muscle contacts canstruktur than in Fibrillenstruktur fibers. Pigeon ALD

fibers appear to have some unique structural features be observed. In the intercostal muscles of chick em-
bryos, a few neuromuscular contacts are observable by(Khan, 1993).

During development, fibers of posterior latissimus Day 6 of incubation. The first development of primitive
neuromuscular junctions occurs between Days 7 and 10,dorsi muscles of the chicken become faster-contracting

than ALD fibers at about the same time as the density and by Days 15–16 mature neuromuscular junctions
can be found; these are associated with fully developedof triads becomes higher (Takekura et al., 1993). The

sarcoplasmic reticulum also begins to differentiate muscle fibers. From then on the size of the neuromuscu-
lar junction increases with muscle growth, but the basicaround this stage, but the final fiber-type-specific distri-

bution of T-tubules occurs after hatching. Other studies morphology remains essentially unchanged (Atsumi,
1971). In embryonic chick ALD the morphological de-have correlated the development of the functional Ca21-

channels of the sarcoplasmic reticulum with that of spe- velopment of neuromuscular junctions has been corre-
lated with the onset of transmitter release measuredcific forms of foot proteins (Sutko et al., 1991). There

are two isoforms of the sarcoplasmic reticulum Ca21- using electrophysiological techniques (Bennett and Pet-
tigrew, 1974). The sequence of innervation has beenrelease channel (or ‘‘ryanodine receptor’’) in chicken

skeletal muscles. They have similar conductances but studied in chick PLD muscles by Bourgeois and Toutant
(1982). Additionally, Adachi (1983) has observed thatdifferent activation and inactivation properties (Percival

et al., 1994). The a-isoform appears to be essential for the neuromuscular junctions of different muscles ma-
ture at different times, with proximal muscles precedingnormal excitation–contraction coupling (Ivanenko et

al., 1995). distal ones.
In the chicken, innervation patterns are related toThere are also developmental changes in expression

of isoforms of troponin T that correlate with differences the different fiber types. White Fibrillenstruktur fibers
are focally innervated by one or only a few nerve termi-in Ca21 sensitivity and contractility in fibers from ALD,

PLD, and pectoralis major muscles (Reiser et al., 1992). nals, as in mammalian muscle, whereas the Felder-
struktur-containing red fibers are multiply innervatedThe fast-contracting PLD and pectoralis major fibers

become more sensitive to Ca21 during maturation, which by many nerve terminals (Ginsborg and Mackay, 1961;
Hess, 1961). The endplate structure differs in focallycorresponds to changes in isoforms of troponin T, but

not of troponin C or I or troponomyosin. There are and multiply innervated fibers: endplates in focally in-
nervated fibers sit on top of the fiber and postjunctionaloverall changes in troponin C expression during devel-

opment, however (Berezowsky and Bag, 1992). folds like those seen in mammalian muscle are observed;
in multiply innervated muscle the endplate is not ele-
vated and postjunctional folds are not seen (Hess, 1967).
Muscle spindles (intrafusal fibers) also have differentIV. INNERVATION
neuromuscular junctions (Maier, 1991). Intracellular
microelectrode studies have shown that in multiply in-There is an intimate association between the muscle

structure and its innervation. Thus, the final maturation nervated fibers the maximum distance between adjacent
junctions is of the same order of magnitude as the spaceand long-term survival of skeletal muscle is highly de-

pendent on innervation by the motor neurones. The constant of the fiber. Ginsborg and Mackay (1961) using
electrophysiological techniques to record junctionaldevelopment of the neuromuscular junction is required

before individual muscle fibers can fulfill their adult electrical activity in the form of miniature endplate po-
tentials, measured the average distance between neuro-role. The development of nerve–muscle connections has

been studied in many species, including in chick muscle muscular junctions in the ALD of a 2-week-old chick
as 225 em; at 15 weeks this increased to 790 em. Hess(Hirano, 1967; Atsumi, 1971; Landmesser and Morris,

1975; Kikuchi and Ashmore, 1976; Atsumi, 1977; Bur- (1961) found a distance of 1000 em in adult chickens.
The distance between endplates appears to be directlyrage and Lentz, 1981; Bourgeois and Toutant, 1982;

Adachi, 1983) and in pigeon muscle (Torrella et al., proportional to the length of the muscle fiber suggesting
that the number of junctions is established early in de-1993). Nerve fibers are observable as early as when the
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velopment and remains constant during growth. Gins- and there are many endplates per muscle fiber. Multiply
innervated fibers have high membrane resistancesborg and Mackay (1961) estimated that there were
(3000–4000 Vcm2) compared to those of focally inner-about 80 junctions on each of the fibers of the ALD
vated fibers (500–600 Vcm2); this results in a large volt-that extend the length of the muscle.
age change in response to the transmitter-induced local
current flow through the endplate ion channels. Thus,
the combination of electrical properties with the largeV. ELECTRICAL PROPERTIES OF MUSCLE FIBERS
number of endplates allows simultaneous multiple local
responses produced by transmitter acetylcholine to ex-The resting membrane potential of mature avian
cite the contractile mechanism and produce a musclemuscle fibers is similar to that of other skeletal muscles
contraction.(i.e., around -70 to -90 mV). In general, adult muscle

In terms of the development of the differences be-fiber membranes are much more permeable to K1 than
tween the fiber types, at 14 days in ovo, the electricalto Na1, and this differential permeability develops dur-
properties of ALD and PLD fibers are found to being growth.
similar. The properties of the PLD change within theThe membrane-passive electrical properties of a mus-
first 2 weeks of hatching; some of the changes are associ-cle fiber determine its response to an electrical stimulus.
ated with the membrane becoming permeable to Cl-

A high fiber input resistance will result in a large voltage
ions (Poznansky and Steele, 1984).response to a given current pulse; long space and time

Not surprisingly, given the vastly different mecha-constants will allow the response to spread over a large
nism of initiation, the action potentials of the PLD mus-area of the membrane. There are very marked differ-
cles are larger and have a faster maximum rate of rise

ences in membrane-passive properties in avian multiply than those of ALD muscles when they are observed
and focally innervated fibers (Fedde, 1969; Gordon et (Cullen et al., 1975). Also, the action potential conduc-
al., 1977b). The differences are linked to the observa- tion velocity in the two muscles is markedly different;
tions, as in mammalian muscle, that propagating muscle in the isolated PLD muscle at 31–368C, the conduction
action potentials can be generated in focally innervated velocity was 2.3–2.8 m/sec, compared to a value of 0.41–
fibers, but not always in multiply innervated fibers. In 0.7 m/sec in isolated ALD muscle at 28–348C (Ginsborg,
focally innervated chick PLD fibers, propagated muscle 1960b). The difference in conduction velocity is related
action potentials can be elicited by single nerve impulses to the difference in contraction speed of the two
or by direct electrical stimulation of the muscle fibers muscles.
(Ginsborg, 1960b; Hnı́k et al., 1967. However, in multi- The different rates of rise of action potentials in the
ply innervated chick muscle, it is less straightforward. different muscle types presumably relates to different
It has been found that in vivo the ALD muscle of the densities of voltage-dependent Na1-channels. The ap-
chick responds to single-shock nerve stimulation with pearance of such channels in immature chick muscle
only local endplate potentials; no action potential is can be stimulated by the acetylcholine receptor inducing
produced. Propagated muscle action potentials can only factor ARIA (Corfas and Fischbach, 1993). The num-
be elicited in vivo by closely spaced twin pulses or by bers of Na1 channels expressed in cultured chick skeletal
single shocks after a period of high-frequency nerve muscle may be regulated by intracellular levels of Ca21

stimulation ( Jirmanová and Vyklický, 1965; Hnı́k et al., (Satoh et al., 1992).
1967). However, in vitro, either nerve stimulation or Although the action potentials in mature twitch fibers
direct muscle stimulation can elicit propagated muscle of avian muscles result from activation of Na1 chan-

nels, less-developed muscle fibers also have voltage-action potentials in the ALD muscle (Ginsborg, 1960b).
dependent Ca21-channels (e.g., Yoshida et al., 1990;In focally innervated twitch fibers, propagated muscle
Satoh et al., 1991). The numbers of such channels canaction potentials emanate from the endplate region
be increased by electrical stimulation (Freud-Silverbergas a result of local electrical activity from chemical
and Shainberg, 1993), although the density of Ca21-transmission (see later). These fibers have short space
channel binding sites does not appear to be different(,l mm) and time constants (3–4 msec) so that the
between T-tubules from normal and dystrophic chickenslocal potential change evoked by transmitter acetylcho-
(Moro et al., 1995).line decays within a very short distance of the endplate

(Fedde, 1969; Entrikin and Bryant, 1975; Lebeda and
Albuquerque, 1975; Gordon et al., 1977b). However, VI. CONTRACTILE PROPERTIES
in the multiply innervated fibers, contraction can be
initiated directly by the spread of the acetylcholine- Avian skeletal muscle contains actin and myosin fil-
induced potential change. To facilitate this, these fibers aments, arranged in the classical interdigitated pattern

(see above). It is also known to contain the regulatoryhave long space (p2 mm) and time constants (p30 msec)



4219 / c8-130 / 08-04-99 14:46:57

A. L. Harvey and I. G. Marshall130

contractile proteins troponin, tropomyosin, and a- by an active transport mechanism involving a V-type
ATPase. Intravesicular protons are then exchanged foractinin (Allen et al., 1979; Devlin and Emerson,

1978, 1979). It is therefore assumed that the process of acetylcholine via the acetylcholine transporter itself
(see Parsons et al., 1993 for review). The vesicles areexcitation–contraction coupling in avian muscle is es-

sentially the same as that in mammalian muscle. Thus, thought to be anchored to the intraterminal cytoskele-
ton, including actin strands, by a family of synapticcertainly in focally innervated avian muscle fibers, it is

assumed that muscle action potentials spread down the vesicle-associated proteins, the synapsins. Phosphoryla-
tion of synapsin by a calcium/calmodulin-dependentT-tubules to activate the contraction mechanism.

The contraction times of multiply innervated muscles protein kinase leads to the freeing of the synaptic vesi-
cle, allowing it to travel toward the active zones orwith a Felderstruktur are 5 to 10 times slower than those

of singly innervated muscles with a Fibrillenstruktur. release sites in the prejunctional sarcolemma. A pleth-
ora of prejunctional proteins have been associated withThis can be observed both in vivo (Hnik et al., 1967)

and in vitro (Ginsborg, 1960b; Gordon and Vrbová, the actual process of release, including synaptobrevin,
synaptotagmin, syntaxins, synaptophysins, and the a-1975; Gordon et al., 1977b). The time to reach one-

half maximum response to a 40-Hz tetanus was about latrotoxin receptor, rab3A. One possible mechanism is
that synaptotagmin, associated with the vesicle, binds400–500 msec in the chicken ALD, but only about

50 msec in the chicken PLD. Two other multiply inner- to the a-latrotoxin receptor, which is associated with
the sarcolemma, forming a fusion pore through whichvated muscles of the chicken, the adductor profundus

and the plantaris, have been shown to contract with the contents of the vesicle can be released into the
synaptic cleft (see Catsicas et al., 1994 for review).velocities similar to that of the ALD (Barnard et al.,

1982). Although the release of acetylcholine from avian mo-
tor nerve terminals is dependent on extracellular Ca21,Contractile property development has been studied

by Gordon et al. (1977a,b) in chicken ALD and PLD as in amphibian and mammalian species, the Ca21-
channels are different from those in murine motormuscles. After 14–16 days incubation the contraction

speeds of both embryo muscles were similar (time to nerves. Release of acetylcholine from chicken motor
nerves is sensitive to g-conotoxin GVIA, whereas thathalf-maximal tension response to 40 Hz stimulation was

p400–500 msec). Little change in the contraction speed from mouse motor nerves is not (De Luca et al., 1991).
On the postjunctional side of the membrane, nicotineof ALD muscles was observed during subsequent devel-

opment. In contrast there was a progressive increase in itself was long ago demonstrated to cause contracture
of avian muscle (Langley, 1905; Gasser and Dale, 1926).the speed of contraction of PLD muscles
As a result of this observation, it was clear that avian
skeletal muscle contained the nicotinic type of acetyl-
choline receptors, a fact that was less clear at that timeVII. NEUROMUSCULAR TRANSMISSION
for mammalian skeletal muscle. Brown and Harvey
(1938) showed that close-arterial injection of acetylcho-The neurotransmitter at avian skeletal muscle neuro-

muscular junctions is acetylcholine. Evidence for this line into the gastrocnemius muscle of anesthetized
chickens caused a biphasic response, a rapid contractionincludes the facts that choline acetyltransferase, the en-

zyme that synthesizes acetylcholine, is present in of the focally innervated fibers followed by a slower,
longer-maintained contracture of the multiply inner-chicken ALD and PLD muscles and its activity increases

during development (Betz et al., 1980). Drugs such as vated fibers. The presence of acetylcholine receptors in
avian muscle has been demonstrated unequivocally byhemicholinium, which inhibits choline uptake; vesami-

col, which blocks synaptic vesicular transport of acetyl- the binding of a-bungarotoxin, an extremely potent and
almost irreversible binding component for muscle-typecholine; and b-bungarotoxin, which blocks acetylcholine

release, block neuromuscular transmission in chicken nicotinic receptors from the venom of the Taiwan krait
(Chang et al., 1975).muscle (Marshall, 1969, 1970; Dryden et al., 1974). Thus,

it appears from pharmacological inference that prejunc- The muscle-type nicotinic receptor, which represents
the chemically excitable portion of the muscle mem-tional events at avian junctions share common basic

mechanisms with the more widely studied mammalian brane, constitutes the recognition site for the chemical
transmitter and a cation channel. Thus, it is a ligand-and amphibian systems. Thus, it is likely that acetylcho-

line is synthesized from its precursors by choline acetyl- gated cation channel. It is one of a family of such ligand-
gated channels, which includes the 5HT3, GABAA, gly-transferase in the cytoplasm of the nerve terminal. It is

now known that acetylcholine is loaded into synaptic cine, and kainate-type glutamate receptors. It is made
up of a protein pentamer inserted into the electricallyvesicles, their storage structures, by a two-stage concen-

trative mechanism. In this, protons enter the vesicle excitable phospholipid muscle membrane. The recep-
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tors are situated on the postjunctional muscle mem-
brane, in close apposition to the sites of release of the
immediately available store of acetylcholine; this acetyl-
choline is stored in synaptic vesicles attached to the
specialized release sites, or ‘‘active zones.’’

The muscle-type nicotinic receptor is made up of five
glycosylated protein subunits. Each set of subunits spans
the muscle membrane to form the wall of an aqueous
pore. This is the cation channel through which mainly
Na1 and K1 flow when the receptor is activated by ace-
tylcholine. The endplate channel, being a relatively non-
specific cation channel, is different from the sodium-
and potassium-specific channels involved in the nerve
and muscle action potentials.

The five subunits of the mammalian muscle-type nic-
otinic receptor are designated, and arranged in the
order, a-b-a-d-«. In Torpedo receptors, where much
of the original work was performed, and in immature
mammalian muscle, the «-subunit is replaced by a c-
subunit. Acetylcholine interacts with the extracellular
N-terminal portions of the two a-subunits, at positions
172–201 of the amino acid sequence; this portion of the
receptor is the recognition site for the chemical trans-
mitter.

Each individual subunit of the receptor is made up
of alternating hydrophilic and hydrophobic components
of the amino acid chain. The hydrophobic sections are
associated with the hydrophobic phospholipid muscle
membrane. The four hydrophobic sections form the four
transmembrane portions of the subunits, designated FIGURE 4 (a) Focal and (b) diffuse spontaneous activity (mepps)
M1–M4. The five M2 a-helices of the constituent sub- recorded with intracellular electrodes from two different fibers of the

same chick biventer cervicis muscle at 378C. The relatively constantunits form the inner wall of the channel. The two a-
shape of the potentials in a indicates that they originated at a focalsubunits appear identical in amino acid composition.
endplate close to which the fiber was impaled. The variations in theHowever, their pharmacological binding properties are
shapes of the potentials in b indicate that they originated at junctions

different. Thus, in Torpedo receptor dimers formed at a variety of distances from the point at which the fiber was impaled.
from ( plus a-or from a-plus-d have different binding Reproduced with permission from Ginsborg (1960a).
properties. This suggests that the binding sites are close
to the boundaries of the a-subunit with these adjoining
subunits, rather than to the common b-subunit, which have widely varying rise times. The smaller potentials

measured have longer rise times than larger potentials,does not appear to play a role in binding.
As indicated earlier, the distribution of endplates suggesting that the small potentials originate some dis-

tance from the site of the recording electrode (Figureand therefore of acetylcholine receptors is different on
multiply and focally innervated avian muscle. In the 4b). This diffuse pattern of electrical activity has been

related to multiple innervation and the more uniformfocally innervated fibers, acetylcholine sensitivity ap-
pears only at the single neuromuscular junction area of electrical activity to focal (or single) innervation.

Miniature endplate currents from chick ALD andthe fiber, whereas there are several peaks of sensitivity
in multiply innervated fibers associated with the larger PLD muscles have been recorded using the two-micro-

electrode voltage clamp technique (Harvey and vannumber of endplates per fiber (Fedde, 1969). There is a
corresponding difference in the pattern of spontaneous Helden, 1981) (Figure 5). In the focally innervated PLD

fibers, miniature endplate currents with fast growthminiature endplate potential activity (Figure 4) (Gins-
borg, 1960a). In a focally innervated preparation, minia- times could only be recorded from a single site on each

fiber, whereas miniature endplate currents could be re-ture endplate potential rise times recorded from any
individual fiber do not vary greatly (Figure 4a). In multi- corded from many locations on fibers in ALD muscles.

Consistent with Ginsborg’s data, obtained using single-ply innervated muscles, miniature endplate potentials
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FIGURE 5 The decay of m.e.p.c.s in PLD and ALD muscles is exponential. The averages of 30
extracellularly recorded m.e.p.c.s from a PLD endplate (A) and from and ALD endplate (B) are shown.
The amplitude of the decay phase of these averaged m.e.p.c.s is plotted semilogarithmically as a function
of time after peak in C (for the PLD) and D (for the ALD). The time constants of decay, tD, are shown
in the arrows in C and D.

electrode potential recording techniques (Ginsborg, contrast to findings on multiply and singly innervated
fibers of the snake (Dionne and Parsons, 1981) and frog1960a), the miniature endplate currents in ALD muscles

had a much wider range of amplitudes and growth times, (Miledi and Uchitel, 1981), receptors in both types of
chicken muscle have similar channel properties (Harveyconsistent with multiple innervation, than those in PLD

muscles. In the ALD fibers, very slowly rising miniature and van Helden, 1981). Both types of muscle have the
same transmitter reversal potential. Similar single-endplate currents were frequently observed having am-

plitudes much greater than predicted from cable theory channel conductances (20–40 pS) and single channel
lifetimes (4–8 msec at resting potentials of -60 tofor the propagation of a transient signal along a muscle

fiber. The significance of these giant, slow spontaneous -80 mV at room temperature) were observed, and simi-
lar temperature and voltage sensitivities were measured.events is unknown, although similar phenomena have

been described in mammalian preparations treated with One major difference from mammalian or amphibian
receptors was that the channel lifetimes of chicken ace-certain drugs (Molgó and Thesleff, 1982).

There is little evidence for significant differences in tylcholine receptors were consistently longer than those
of the other species measured under the same condi-the functional (Harvey and van Helden, 1981) or bio-

chemical (Sumikawa et al., 1982a,b) properties of recep- tions. Such long channel lifetimes are also found in choli-
noceptors of denervated and in immature mammaliantors from different types of chicken muscle. Thus, in
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muscle, and there is some evidence for an immunologi- Agrin induces the clustering of acetylcholine recep-
tors on membranes of cultured chick myotubes, andcal similarity between such mammalian receptors and
agrinlike molecules are present at developing neuro-those on mature avian ALD muscles (Hall et al., 1985).
muscular junctions. Agrin also influenced the distribu-During development of mammalian muscle it is known
tion of some cytoskeletal proteins, including filamin,that there is a change to short open times (Sakmann
a-actinin, and vinculin, but had no effect on actin orand Brenner, 1978). This is associated with the change
tropomyosin (Shadiack and Nitkin, 1991). It is probablefrom a c- to «-subunit in the receptor. However, the
that proteins like filamin contribute to the stability ofcorresponding change does not occur during the devel-
the clusters of acetylcholine receptors in mature skele-opment of chicken ALD or PLD from 16-day-old em-
tal muscle.bryos to 14-week-old animals (Harvey and van Helden,

ATP is released along with acetylcholine from motor1981), although there are developmental changes in the
nerves because it is contained within synaptic vesiclesmolecular forms of acetylcholinesterase at ALD and
along with acetylcholine. It is not clear if ATP has aPLD neuromuscular junctions ( Jedrzejczyk et al., 1984).
role in neuromuscular transmission in adults, but severalAcetylcholine receptor turnover has been estimated
ATP-induced responses have been demonstrated in de-for in vivo developing chicken muscle by measuring the
veloping chicken muscle and in immature muscle cellsrate of release of bound radioactivity from radiolabelled
in tissue culture. ATP was shown to induce a rapida-bungarotoxin (Betz et al., 1980; Burden, 1977a,b).
depolorization by activating a single class of ion channelBoth junctional and extrajunctional receptors had simi-
which was permeable to monovalent cations and anionslar half-lives (p30 hr) until about 3 weeks after hatching,
(Thomas and Hume, 1990). ATP also induced a slowerwhen the junctional receptors reached the adult half-
activation of K1-channels (Hume and Thomas, 1990),life of about 5 days (Burden, 1977b; Betz et al., 1980).
which involves two distinct classes of channels with dif-The mechanisms responsible for the change in rate of
ferent conductances (23 and 50 pS) (Thomas and Hume,metabolism are not known, but they presumably relate
1993). From pharmacological experiments with a rangeto changes in the cytoskeleton. The change in avian
of ATP agonists and antagonists, it appears that themuscle happens much more slowly than in mammalian
same class of ATP receptor is linked to both types ofmuscle. Close packing of receptors does not by itself
response (Thomas et al., 1991).explain the difference, as the half-life of receptors in

‘‘hot spots’’ is similar to that of the diffusely distributed
receptors (Schuetze et al., 1978).

VIII. USES OF AVIAN MUSCLE INThe study of the distribution of acetylcholine recep- NEUROMUSCULAR PHARMACOLOGY
tors has been extended to investigations of gene expres-
sion and of cytoskeletal proteins that might be associ- It has long been known that avian and amphibian
ated with clusters of receptors. A glycoprotein has been muscles respond quite differently from mammalian
isolated from chick brain that increases the appearance muscle to the addition of acetylcholine and other nico-
of receptors in chick myotubes: it has been called ARIA tinic agonist drugs such as nicotine and decamethonium
for ‘‘acetylcholine receptor-inducing activity.’’ A partial which cause endplate depolarization. In early studies of
pro-ARIA cDNA has been cloned, and it was shown to neurotransmission, mimicking of the effects of nerve
produce functionally effective ARIA after transfection stimulation by injection of putative chemical transmit-
into kidney cells (Punn and Tsim, 1995). The glycopro- ters helped to lead to theories of chemical synaptic trans-
tein ARIA has also been shown to induce the produc- mission. However, confirmation of chemical transmis-
tion of Na1-channels in cultured chick muscle, suggest- sion in all types of skeletal muscle was hampered by
ing that it might regulate several genes important for the fact that innervated mammalian muscle does not
the development of neuromuscular junctions (Corfas respond to intravenously injected acetylcholine or to
and Fischbach, 1993). Developmental changes in the acetylcholine injected into the solution bathing an iso-
activity of genes coding for acetylcholine subunits have lated muscle. In contrast, nicotine and acetylcholine had
been studied (e.g., Jia et al., 1992), as has the localization long been known to produce contracture responses
of relevant mRNAs by in situ hybridization (Piette et when injected intravenously into chickens (Langley,
al., 1992). The link between electrical activity of chick 1905; Gasser and Dale, 1926). It was not until after the
muscle (at least in denervated muscle) and inactivation discovery of the release of acetylcholine from mamma-
of genes coding for acetylcholine receptors appears to lian motor nerves (Dale et al., 1936) that Brown (1938)
involve the activation of protein kinase C (Huang et al., showed that close intraarterial injection of acetylcholine
1992, 1993), which also regulates other muscle genes was required to produce contraction responses in mam-

mals similar to those produced by nerve stimulation.(Choi et al., 1991).
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The difference between the responses of avian and concentration–response lines in the presence of the an-
tagonist.mammalian muscle to endplate depolarizing drugs is

In our own laboratories, as in others, the isolatedrelated to the previously described innervation and
chick biventer cervicis nerve–muscle preparation hasexcitation–contraction coupling mechanisms of multi-
been widely used as a simple, inexpensive preparationply and focally innervated muscles. Thus, in focally in-
for the initial screening of drugs thought to act at thenervated muscles, simultaneous activation of the end-
neuromuscular junction. In this context it has a valuableplate receptors on many individual muscle fibers is
use both in research and in undergraduate teaching.necessary to obtain a synchronized contraction of the
The muscle can be readily isolated together with itsmuscle. This is difficult to achieve with applied agonists.
motor nerve, which is encapsulated in its tendon. AsIn multiply innervated muscles, the local endplate depo-
the muscle contains a mixture of focally and multiplylarizations directly excite the contractile mechanism
innervated fibers, stimulation of the motor nerve resultswithout the necessity for action potential generation.
in twitch responses mainly of the focally innervatedThe muscle will remain in contracture for as long as the
fibers, whereas addition of agonists results in contrac-depolarizing agent remains activating the receptors. The
ture responses of the multiply innervated fibers (Figureamplitude of the tension response is related to the num-
6). Drugs that act to change postjunctional acetylcholineber of receptors occupied by the drug, and this phenom-
receptor responsiveness affect responses to both nerveenon can be exploited in the study of the action of drugs
stimulation and added agonists. In contrast, drugs thatacting at the neuromuscular junction.
act by changing the release of acetylcholine from theThe contracture response of avian multiply inner-
nerve terminals either reduce or increase responsesvated muscle has been used to study the actions of nico-
to nerve stimulation, but the responses to added agon-tinic agonist drugs in the same way as in other multiply
ists remain unchanged. This is shown with 3,4-innervated muscles, such as the frog rectus abdominis
diaminopyridine which increases transmitter releaseand the leech dorsal muscle. Isolated muscles that have
(Figure 6). Actions of drugs directly on muscle contrac-been used for this purpose are the anterior latissimus
tility can be assessed on preparations stimulated directlydorsi (Ginsborg and Mackay, 1960), the semispinalis
by addition of KCl or by electrical stimulation aftercervicis (Child and Zaimis, 1960), the biventer cervicis
abolition of neuromuscular transmission. We have used(Ginsborg and Warriner, 1960), and the tibialis anterior
this preparation to study the effects of various groups(van Reizen, 1968) muscles; the latter two muscles also
of drugs affecting neuromuscular transmission includingcontain significant numbers of focally innervated fibers.
competitive neuromuscular blocking agents (GandihaMultiply innervated fibers in the necks and legs of birds
et al., 1975; Durant et al., 1979; Marshall et al., 1981;

has been utilized to differentiate between neuromuscu-
Habtemariam et al., 1993; Verma et al., 1994), irrevers-

lar blocking drugs of the depolarizing and nondepolariz- ible postjunctionally acting snake toxins (Dryden et al.,
ing types (Buttle and Zaimis, 1949; Zaimis, 1953, 1959; 1974; Harvey et al., 1978, 1982; Harvey and Tamiya,
Bowman, 1964). These types of drugs are used clinically 1980), postjunctionally active receptor-associated chan-
as skeletal muscle relaxants. However, depolarizing nel-blocking drugs (Harvey et al., 1984), prejunctionally
drugs possess several undesirable effects relating to their active blocking drugs interfering with acetylcholine me-
mechanism of action that necessitate their identification tabolism (Marshall, 1969, 1970a,b), snake toxins and
and removal from testing programs designed to discover antibiotics that reduce acetylcholine release (Dryden et
new agents. Depolarizing agents such as decametho- al., 1974; Singh et al., 1978; Faure et al., 1993), aminopyri-
nium, suxamethonium, and carbolonium produce, on dines (Bowman et al., 1977; Harvey and Marshall,
intravenous injection in birds, a characteristic spastic 1977a,b,c), snake and scorpion toxins that increase
paralysis with the neck pulled back and the legs rigidly transmitter release (Barrett and Harvey, 1979; Harvey
extended. In contrast, nondepolarizing agents such as and Karlsson, 1980, 1982; Marshall and Harvey, 1989;
tubocurarine produce a flaccid paralysis. Despite the Rowan et al., 1992; Hollecker et al., 1993), myotoxic and
usefulness of this test in unanaesthetized birds, its use neurotoxic phospholipases A2 (Rowan et al., 1989a,b,
is contraindicated on ethical grounds. 1991; Mollier et al., 1989; Takasaki et al., 1990; Chwetzoff

It is possible to construct classical concentration– et al., 1990; Geh et al., 1992; Fatehi et al., 1994), and
response curves to nicotinic agonists on isolated anticholinesterase agents (Gandiha et al., 1972; Green
avian multiply innervated muscle and hence to study et al., 1978; Braga et al., 1991). In the case of the last class
the effects of nicotinic antagonists. From these of drugs, it should be noted that chicken muscle acetyl-
concentration–response curves it is possible to show cholinesterase may be insensitive to some types of inhibi-
competitive and noncompetitive blockade of nicotinic tors (e.g., Anderson et al., 1985). The preparation has also

been used as a model to study the type of drug interactionreceptors by examination of the shape and position of
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FIGURE 6 Indirectly stimulated chick biventer cervicis nerve–muscle preparation. (A) Responses to single-
shock nerve stimulation and to exogenously applied acetylcholine (ACH) and carbachol (car). (B) The augmen-
tation of twitch amplitude produced by 3,4-diaminopyridine (3,4 AP). Note that acetylcholine and carbachol
responses are unaffected by the 3,4-diaminopyridine, indicating that the frug is acting to increase the output of
transmitter ecetylcholine on nerve stimulation. (Modified from Harvey and Marshall, 1987.)

Atsumi, S. (1971). The histogenesis of motor neurones with specialthat causes muscle damage in malignant hyperthermia: a
reference to the correlation of their endplate formation. I. Thecombination of halothane and suxamethonium induced
development of endplates in the intercostal muscle in the chick

release of creatine kinase, which was prevented by chlor- embryo. Acta Anat. 81, 161.
promazine (McLoughlin et al., 1991). Atsumi, S. (1977). Development of neuromuscular junctions of fast

and slow muscles in chick embryo-light and electron microscopicBecause of its simplicity in use, the chick biventer
study. J. Neurocytol. 6, 691.cervicis preparation was recommended as a standard

Barfaraz, A., and Harvey, A. L. (1994). The use of the chick biventerpreparation for the screening of snake venoms for neu-
cervicis preparation to assess the protective activity of six interna-

rotoxic and myotoxic effects and for checking that anti- tional reference antivenoms on the neuromuscular effects of snake
venoms can neutralize such effects of venoms (Harvey venoms in vitro. Toxicon 32, 267.

Barnard, E. A., Lyles, J. M., and Pizzey, J. A. (1982). Fibre types inet al., 1994). This use was demonstrated with six Interna-
chicken skeletal muscles and their changes in muscular dystrophy.tional Reference Antivenoms designated by the World
J. Physiol. 331, 333.Health Organization (Barfaraz and Harvey, 1994). Barrett, J. C., and Harvey, A. L. (1979). Effects of venom of the
green mamba, Dendroaspis angusticeps, on skeletal muscle and
neuromuscular transmission. Br. J. Pharmacol. 67, 199.
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provide adequate delivery of oxygen to working vascu-I. Introduction 141
lar beds and to provide efficient removal of metabolicII. Heart 142
products. Furthermore, birds are homeothermic organ-A. Gross Structure and Function 142

B. Cardiac Variables 147 isms and the cardiovascular system plays a major role
C. Fine Structure and Cardiac Electrophysiology 148 in conserving or removing body heat. The descriptions

III. General Circulatory Hemodynamics 154 of the component parts of the circulatory system in this
IV. The Vascular Tree 157 chapter illustrate that these transport requirements are

A. Arterial System 157 met in a variety of ways in birds inhabiting particular
B. Capillary Beds 165 environmental niches. This chapter describes the mor-
C. Venous System 173 phology and functional aspects of the avian heart (Sec-

V. Blood 176 tion II), hemodynamics of the circulation (Section III),
A. Components 176 the vascular tree (Section IV), and the physiological
B. Rheology 177 properties of the blood (Section V). A common thread
C. Effects of Altitude 180 running through this discussion is that the component
D. Temperature Effects 180

parts of the circulation must cooperate in an integratedVI. Control of the Cardiovascular System 181
fashion in order to ensure that oxygen delivery to theA. Control Systems 181
tissues matches demand. The integrative control of theB. Control of Peripheral Blood Flow 181
avian circulation by autoregulatory, humoral, and neu-C. Control of the Heart 190
ral mechanisms is described in Section VI.D. Reflexes Controlling the Circulation 215

Modern birds are probably derived from theropodE. Integrative Neural Control 221
dinosaurs (Chiappe, 1995), while mammals have de-References 223
scended from a group of carnivorous reptiles, the cyno-
donts. These ancestral lines originated in the Triassic
more than 200 million years ago, so in evolutionary

I. INTRODUCTION terms avian and mammalian stocks have been separated
for a substantial period of time. As one might expect,
significant differences in cardiovascular structure andBirds have evolved a high-performance cardiovascu-

lar system to meet the rigorous demands of running, function have arisen in the two groups since their separa-
tion, yet a number of similarities in their circulatoryflying, swimming, or diving in a variety of environments,

some of them very harsh. Sustained high levels of activ- systems are also evident. Such similarities probably rep-
resent both the conservation of characteristics commonity in these environments place severe demands on the

transport capabilities of the cardiovascular system to to organisms ancestral to the two groups and the results

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.141
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of convergent evolution once the stocks had divided. thin but tough, fibrous pericardial sac encloses the heart.
This sac contains a small volume of serous fluid thatHowever, our knowledge of cardiovascular structure

and function is far more limited in birds than in mam- provides lubrication for the rhythmic motion of the car-
diac contraction cycle. The pericardium is looselymals. In comparing the characteristics of the avian car-

diovascular system with those of the mammalian circula- attached to the dorsal surface of the sternum and the
surrounding air sacs and more firmly to the liver. It istion throughout this chapter, we have attempted to

clarify the nature of the divergent and convergent fea- also attached, via the peritoneum of the hepatic perito-
neal cavities, to the vertebral column. These attach-tures of this system in the two groups.

This review of the avian cardiovascular system draws ments secure the apex of the heart within the median
incisura of the liver and in the caudoventral axis of theon a number of excellent previous reviews, including

major works by Akester (1971), Jones and Johansen thoracoabdominal cavity. The outer fibrous layer of the
pericardial sac is continuous with the outer adventitial(1972), Bennett (1974), Baumel (1975), Akester (1979),

Cabot and Cohen (1980), West et al. (1981), Benzo layer of the large central blood vessels. The pericardial
membrane is relatively noncompliant and therefore(1986), and the previous edition of this volume (Sturkie,

1986b). This chapter represents an update and extension strongly resists large, rapid increases in cardiac size
which might be caused by volume overload of a heartof these works and summarizes recent contributions in

additional areas not previously covered. chamber. The noncompliant nature of the pericardial
sac may result in some degree of mechanical coupling
between the ventricles via the contained incompressible

II. HEART lubricating fluid. For example, an increase in diastolic
pressure in one ventricle may be transmitted to the

A. Gross Structure and Function other, increasing pressure and decreasing compliance.

1. Functional Anatomy
2. Heart Size

The avian heart, like that of the mammal, is a four-
chambered, muscular fluid pump that intermittently In birds, heart mass scales in respect to body mass

as Mh 5 0.014Mb
0.91 (Bishop and Butler, 1995). In mam-pressurizes the central arteries, inducing blood flow to

the capillary beds of both the systemic and pulmonary mals the relationship is Mh 5 0.0058Mb
0.98 (Prothero,

1979), where Mh is heart mass and Mb body mass.circulations. Functionally, these circuits lie in series with
each other, and blood returns to the heart to be pressur- When compared with mammals, birds of a given body

mass have a significantly heavier heart. This may beized before entering either circuit. As in mammals, the
right ventricle pressurizes the pulmonary circulation, due to the high aerobic power input needed to sustain

flapping flight. Furthermore, unlike mammals in whichthe left ventricle the systemic circulation. In each case,
the pressure differential between the central mean arte- heart mass is almost directly proportional to body mass,

in birds the exponent denoting proportionality is sig-rial pressure and the central venous pressure drives
blood flow (the cardiac output) through the resistance nificantly less than one. This means that larger birds

like swans, ducks and geese tend to have proportionallyto flow offered by the microvessels of the circulation.
The left and right atria receive blood at central venous much smaller hearts in relation to their body mass than

do smaller birds. Thus, heart mass represents about 1.1%pressure before it enters the ventricles. In common with
the atria of mammals, these chambers probably function of body mass for a bird like the racing pigeon (421 g),

compared with 0.8% for the 2.95 kg Pekin duck; thismore as blood reservoirs for their respective ventricles
than as important ‘‘superchargers’’ for ventricular pres- relationship is shown in Figure 1 (Grubb, 1983; Bishop

and Butler 1995). In at least one large species, the barna-sure. The resistance to blood flow, the peripheral resis-
tance, is lower in the pulmonary than in the systemic cle goose (mass 1.6 kg), the heart can hypertrophy be-

fore migration to an estimated 1.1% of body masscircuit, so the right ventricle is required to generate less
pressure than the left ventricle to produce the same (Bishop et al., 1995). Therefore, large flying birds may

have the genetic potential to increase heart size, andvolume flow rate. This difference in ventricular pressure
is reflected in the gross anatomy of the ventricles, the therefore cardiac output, through either seasonal hu-

moral mechanisms or in the long term through naturalmyocardium of the right ventricle being thinner than
that of the more powerful left ventricle. selection. Hummingbirds have proportionally larger

hearts than all other birds (shown separately in FigureIn birds, the heart is located in the cranial part of
the common thoracoabdominal cavity, with its long axis 1), probably reflecting the high aerobic demands of hov-

ering flight. For 25 species of hummingbirds: Mh 5slightly to the right of the midline. It is partly enclosed
dorsally and laterally by the lobes of the liver. A very 0.025Mb

0.95 (Hartman, 1961).
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layer, longitudinal muscle of the right ventricle, and
sinuspiral and bulbospiral muscles. The left ventricle is
cone-shaped and extends to the apex of the heart. Its
right wall forms the interventricular septum. The free
wall of the right ventricle is continuous with the outer
portion of the wall of the left ventricle and wraps around
the right side of the heart to enclose a crescent-shaped
cavity which does not reach the apex of the heart. The
muscular walls of the two ventricles are differentially
developed, the wall of the left ventricle being 2–3 times
thicker than that of the right. In addition, the radius of
curvature of the wall of the left ventricle is smaller than
that of the right (Figure 2). This implies both a greater
mechanical advantage for pressure generation in the left
than in the right ventricle and, according to LaPlace’s
law, a smaller wall tension for a given left ventricular
pressure increment. Therefore, contraction of the myo-
cardial layers of the thick, small-radius wall of the left
ventricle enables it to generate systolic pressures 4–5
times higher than those produced by the right ventricle,
without rupturing. The larger radius of curvature and
thinner free ventricular wall of the right ventricle reflects

FIGURE 1 (A) Heart mass as a percentage of body mass. (B) Heart the lower systolic pressures generated by this chamber,
mass in grams, plotted against body mass (g) for 488 avian species, made possible by the low vascular resistance of the avian
including 25 species of hummingbird. Hummingbird data are repre-

lungs. Another consequence of this geometry is thatsented by the filled triangles and dashed line; all other species are
relatively large changes in stroke volume can be maderepresented by open circles and solid line. (After Physiological model-

ling of oxygen consumption in birds during flight, C. M. Bishop and by small changes in the degree of shortening of right
P. J. Butler, J. Exp. Biol. 198, 2153–2163, 1995, q Springer-Verlag.) ventricular muscle fibers.

4. Valves3. Cardiac Chambers

Blood entering the left ventricle from the left atriumThe avian heart has two completely divided atria and
ventricles. These chambers are functionally equivalent on atrial systole passes through an orifice guarded by a

membranous atrioventricular (AV) valve, similar in gen-to those of the mammalian heart, serving to distribute
cardiac output both to the systemic circulation and to the eral structure to a mammalian AV valve. The valve forms

a continuous membrane around the aperture. The valvelungs. In life, the atria are rounded chambers, distended
with blood in atrial diastole. In excised hearts they may is tricuspid, not bicuspid as it is in mammals, but in the

avian heart the cusps of this valve are poorly defined. Thecollapse, causing auricles to appear. The right atrium
tends to be much larger than the left. The wall of the anterior and posterior leaflets are small. The large aortic

(medial) leaflet is connected to the bases of the left andavian atria and ventricles, as in mammals, consists of
endocardial, myocardial, and epicardial layers. The noncoronary cusps of the adjacent aortic outflow valve

by fibrous tissue. The free margin of the valve is well se-atrial walls are generally thin, although atrial muscle is
arranged in thick bundles forming muscular arches. The cured to the left ventricular endocardium by numerous

inextensible chordae tendineae. This arrangement pre-right and left transverse arches are arranged at right
angles to the dorsal longitudinal arch and the interatrial vents valve eversion during ventricular systole.

Blood passing from the right atrium to the right ven-septum. The transverse arches branch into smaller bun-
dles which fuse with a circular muscle band (muscularis tricle enters through an orifice guarded by an AV valve

that is structurally unique to birds. In pronounced con-basianularis atrii) at the ventral limits of the atria. Con-
traction of atrial muscle nearly empties the atria. In trast to the fibrous structure characteristic of the mam-

malian tricuspid valve, in birds the right AV valve con-many species the atria lack functional inflow valves, so
that the importance of atrial contraction for ventricular sists of a single spiral flap of myocardium attached

obliquely to the free wall of the right ventricle (Figurefilling may be slight.
The muscular architecture of the ventricles is more 3; Lu et al., 1993a). This spiral flap is apposed to a

downward extension of the free wall of the right atrium.complex than that of the atria and includes a superficial
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FIGURE 2 Transverse section through the ventricles of the avian heart. The lumen of each
ventricle is shaded. (Reprinted from Form and Function in Birds 2, N. H. West, B. L. Langille,
and D. R. Jones, Cardiovascular system, pp. 235–339, 1981, by permission of the publisher Aca-
demic Press.)

FIGURE 3 Anterior frontal views through the atria and ventricles of a chicken heart, showing both
the right and left atrioventricular (AV) valves. (A) Anterior view of heart dissected in the frontal
plane. (B) Frontal histological section of 8 em thickness, Goldner trichrome stain. AOL, aortic leaflet
of left AV valve; COP, connecting part of muscle arch; IAS, interatrial septum; IVS, interventricular
septum; LA, left atrium; LPM, left papillary muscle; LSVC, left superior vena cava; LV, left ventricle;
NCS, noncoronary sinus of the aorta; PL, posterior leaflet of left AV valve; PPM, posterior papillary
muscle; RA, right atrium; RAVV, right AV valve; RSVC, right superior vena cava; RV, right ventricle.
(After Histological organization of the right and left atrioventricular valves of the chicken heart and
their relationship to the atrioventricular Purkinje ring and the middle bundle branch, Y. Lu, T. N.
James, M. Bootsma, and F. Terasaki, Anat. Rec., Copyright q 1993 Wiley-Liss, Inc. Reprinted by
permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.)
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The atrial component of the valve extends toward the
apex of the ventricle for a shorter distance than does
the right ventricular flap. Most of the valve is made of
ventricular myocardium and is bilaminar only in its up-
per portion. The mechanism of valve closure at the start
of ventricular systole is unknown. It could be active, by
contraction of the muscular flaps, or passive, by deflec-
tion of the ventricular flap by a brief backflow of blood
at the start of ventricular systole.

The idea of valve closure depending at least partially
on active muscular contraction is supported by evidence
that at the cellular level both atrioventricular valves are
closely approached by the electrical conducting system
of the myocardium. A complete ring of Purkinje fibers
encircles the right AV orifice and connects to the muscu-
lar AV valve (Lu et al., 1993a,b). An exception to this
anatomical arrangement may be the penguin, in which
Adams (1937) did not find a Purkinje ring. The majority
of studies, summarized by Lu et al. (1993a,b), support
the idea that both the atrial and ventricular muscular
components of the right AV valve are excited to contract
via the Purkinje system. However, Szabo et al. (1986)
thought that there was an insulating layer of connective
tissue between the Purkinje AV ring system and the
left ventricular myocardium, suggesting that the muscle
flap derived from the left ventricle may work passively. FIGURE 4 Photomicrograph of a histological section of the chicken
Definitive physiological experiments have not been per- heart, taken in a modified sagittal plane through the anterior column
formed to resolve this issue, but the balance of current of the muscle arch, indicated by an asterisk. The muscle arch lies be-

tween the left coronary aortic valve cusp (curved arrow) and the aorticevidence suggests that both portions of the valve are elec-
leaflet of the left AV valve (straight arrow). IAS, interatrial septum;trically activated before the ventricular myocardium to
LA, left atrium; LV, left ventricle. (After Histological organization ofdynamically contract and close the AV orifice at the start
the right and left antrioventricular valves of the chicken heart and their

of ventricular systole (Lu et al., 1993b). This is clearly very relationship to the atrioventricular Purkinje ring and the middle bundle
different from the closure mechanism in mammals, in branch, Y. Lu, T. N. James, M. Bootsma, and F. Terasaki, Anat. Rec.,

Copyright q 1993 Wiley-Liss, Inc. Reprinted by permission of Wiley-which the leaflets of the tricuspid valve float up into the
Liss, Inc., a subsidiary of John Wiley & Sons, Inc.)right AV orifice, moved by the AV pressure differential

generated during ventricular systole itself.
The outflow valves from the right and left ventricles and the adjacent mitral valve; in mammals the myocar-

are, at first glance, more conventional (mammalian) in dial ring is incomplete. In the bird, however, this sphinc-
nature. The pulmonary outflow valve consists of three terlike myocardial cylinder is potentially capable, on
semilunar cusps. It prevents regurgitation from the pul- contraction, of constricting the left ventricular outflow
monary artery into the right ventricle, the valvules open- tract. Lu et al. (1993a) propose that the muscular ring
ing as pressure in the ventricle falls below that in the could act as a sphincter controlling the rate of left ven-
pulmonary trunk on ventricular diastole. There are also tricular outflow by modulating outflow resistance. An-

other attractive possibility is that muscular contractionthree semilunar cusps in the aortic outflow valve, but
of the myocardial ring could close the relatively rigidthey are much more rigid than those of the pulmonary
cusps of the aortic outflow valve. The middle bundleoutflow valve and are firmly attached to underlying myo-
branch of the Purkinje system is connected to the archcardium. The cusps are linked by a ring of fibrous tissue
of muscle, so its contraction may start relatively earlythat lies within a complete ring of underlying, circumfer-
in the cardiac cycle. Obviously, physiological studies areentially arranged, myocardial cells. The ring is com-
urgently needed to determine whether either of thesepleted by an arch of cardiac muscle that lies between
intriguing mechanisms operate in the avian heart.the left coronary cusp of the aortic outflow valve and

the aortic leaflet of the left AV valve as shown in Figure
5. Coronary Circulation4 (Lu et al., 1993a). This anatomical arrangement con-

trasts with that in the mammalian heart, in which there Oxygenated blood destined to supply the avian myo-
is only connective tissue, not myocardium, between that cardium via the right and left coronary arteries enters

the right ventral and left aortic sinuses, which lie imme-part of the muscular ring lying between the aortic wall
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diately downstream from the cusps of the aortic outflow Five groups of cardiac veins, with frequently anasto-
mosing small tributaries, return venous blood from thevalve. Most birds have two entrances to the coronary

circulation, although there is individual variation so that myocardium into the right atrium via a coronary sinus.
Small cardiac veins open directly into the atria and theup to four openings have been observed. In chickens

the right ventral sinus leads into the right coronary ar- right ventricle. This basic anatomical pattern of coro-
nary circulation is seen in birds ranging from thetery, which then divides immediately into a superficial

and a deep branch (Figure 5). The superficial branch chicken, duck, and pigeon (West et al., 1981) to the
ostrich (Bezuidenhout, 1984).follows the groove (coronary sulcus) between the right

ventricle and atrium and supplies the cardiac muscle The rate of perfusion of the myocardium of the bird
heart is high compared with the perfusion rates of mostof both chambers. The larger deep branch supplies the

ventral wall of the right ventricle, the dorsal walls of other avian tissues, as shown in Figure 25 (see Section
IV,B,3) ( Johansen, 1964; Jones et al., 1979). The con-both atria, and the muscular right atrioventricular valve.

In most species the right coronary artery is dominant stantly active cardiac muscle is perfused at a much
higher rate than resting skeletal muscle. Presumably, asand also supplies the ventricular septum, the heart apex,

and much of the left ventricular myocardium. The left in mammals, the majority of avian coronary blood flow
occurs in diastole, so we might expect coronary flow tocoronary artery arises from the left aortic sinus and also

has a superficial branch which follows the left coronary increase if the diastolic interval is prolonged, provided
arterial driving pressure does not fall. This combinationsulcus. Another superficial branch gives off atrial and

ventricular tributaries, and a deep branch supplies the of factors occurs during avian diving, in which the heart
slows and the arterial pressure is maintained by an in-ventral myocardium of the left ventricle. It is not uncom-

mon in chickens for the left coronary artery to be domi- crease in peripheral resistance. In mallards coronary
flow is well maintained under these circumstancesnant, in which case it supplies almost all of the left

ventricular myocardium and the heart apex. There are ( Jones et al., 1979).
Generally, a reduction in the oxygen supply, or anfrequent anastomoses between the branches of the coro-

nary arteries, particularly near the coronary sulcus. increase in myocardial oxygen demand, results in a com-

FIGURE 5 Arrangement of the coronary arteries of the chicken, Gallus, drawn from
the cranioventral aspect. Solid black and dashed lines represent superficial portions of
arteries. Cross-hatched lines represent deep arteries embedded in the myocardium of
the ventral and right side of the interventricular septum. A, aorta; P, pulmonary trunk.
(After West et al. (1981) with permission.)
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pensatory increase in coronary blood flow. Both of these obviously be highly undesirable in a bird engaged in ac-
tive high altitude migratory flight. Interestingly, the rela-factors presumably come into play during high-altitude

flight in birds. In Pekin ducks and bar-headed geese tionship between coronary blood flow and PaCO2 in
bar-headed geese appears to be quite different in the hy-coronary blood flow (expressed per gram of wet heart

weight) was about 3.5 ml min21 g21 at sea level when pocapnic and hypercapnic ranges of PCO2. Over a hy-
percapnic range of PaCO2 from about 30 to 60 mmHgthe inspired partial pressure of oxygen (PIO2) was

142 mmHg. Exposure to severe hypoxia (28 mmHg there is a linear increase in coronary flow with PaCO2, as
in the mammal. However, in the hypocapnic condition,PIO2) resulted in increases in coronary blood flow of

5.5 and 2.7 times respectively in ducks and geese (Faraci when PaCO2 is 30 mmHg or lower, there appears to be no
effect of PaCO2 on coronary blood flow or resistanceet al., 1984). These were largely brought about by de-

creases in coronary vascular resistance in response to (FaraciandFedde,1986).Whetherthisrepresentsaspecific
vascular adaptation securing myocardial oxygen deliveryhypoxia (Figure 6). Although bar-headed geese are ac-

complished high-altitude fliers, in contrast to ducks, the during high-altitude flight remains to be determined.
Turkeys sometimes show a congestive cardiomyopa-geese showed smaller increases in coronary blood flow

under the conditions of these experiments. However, thy that is presumed to be of viral origin, the so-called
‘‘round heart disease.’’ In this condition, systemic hypo-these smaller increases in flow still satisfied myocardial

oxygen demand because arterial oxygen content (CaO2) tension and low cardiac output, caused by reduced left
ventricular myocardial shortening, are probably the re-was higher in the geese than in the ducks.

When migrating at extreme altitude (up to 9000 m) sult of reduced subendocardial coronary perfusion rate
(Einzig et al., 1980). Turkeys with round heart diseasebar-headed geese must hyperventilate to maintain PaO2

at adequate levels in the face of reduced PIO2. As a also show an altered EKG pattern (see Section II,C,4).
consequence of increased ventilation, carbon dioxide is
removed from the blood at an increased rate and PaCO2 B. Cardiac Variables
falls. Therefore arterial blood in the geese flying at high
altitude is both alkalotic and hypocapnic. Carbon diox- Theaviancardiovascularsystemisnotmerelyareplica

of the arrangement in mammals, despite similarities inide is a potent coronary vasodilating agent in mammals,
coupling increased aerobic metabolism in the myocar- performance between the two systems. Birds have larger

hearts, bigger stroke volumes, lower heart rates, anddium to an increased rate of oxygen delivery, accom-
plished by decreases in coronary resistance and in- higher cardiac outputs than mammals of corresponding

body mass (Grubb, 1983). In addition, in many avian spe-creases in coronary blood flow. On the other hand,
hypocapnia results in increased coronary flow resis- cies mean arterial pressure is higher than that found in

mammals of comparable body mass (see Smith, 1994).tance and decreased coronary blood flow. This would

FIGURE 6 Responses of the coronary circulation to hypoxia in Pekin ducks and bar-headed
geese. (Left) coronary blood flow (ml min21 g21); (right) coronary vascular resistance (mmHg
ml min21 g21 ) as a function of the arterial O2 partial pressure (PaO2). All values are means
6 S.E. (n 5 5) except at 25 Torr, where means for two geese were plotted. An asterisk
represents significant difference from normoxia (highest PaO2 level) at P # 0.05. (Reprinted
from Resp. Physiol. 61, F. M. Faraci, D. L. Kilgore, and M. R. Fedde, Blood flow distribution
during hypocapnic hypoxia in Pekin ducks and barheaded geese, pp. 21–30, Copyright (1985),
with permission from Elsevier Science.)



4219 / c9-148 / 08-04-99 14:48:05

Smith, West, and Jones148

Cardiac output, the product of stroke volume and heart In flight, as at rest, larger species show lower coronary
perfusion rates per mass of body tissue. It is likely thatrate, is of particular interest because it is a major determi-

nant of the rate of oxygen delivery to tissues. this reflects an optimization of the arterial oxygen supply
at the tissue level, the body mass exponent for cardiacIn resting birds left ventricular stroke volume (Vs)

was found to be almost directly proportional to body output being very similar to the exponent for mass-
specific oxygen consumption. Thus, natural selectionmass (Mb) (Grubb, 1983). For nine species of birds rang-

ing in body mass from 0.035 kg (budgerigar) to 37.5 kg probably acts on cardiac output to maintain the arterio-
venous O2 difference at a similar level across different(emu) Grubb found that Vs 5 1.72Mb

0.97, where Vs is
in milliliters and Mb is in kilograms. Heart rate (fH, avian species. Stroke volume is constrained by cardiac

geometry such that, on theoretical grounds, Vs shouldbeats min21) at rest was found to be slower in larger
birds: fH 5 178.5Mb

–0.282. Cardiac output (CO, ml kg21 be closely proportional to Mh and Mb (Schmidt-Nielsen,
1984; Astrand and Rodahl, 1986). Therefore, the lowermin21) at rest, the product of stroke volume and heart

rate, therefore scaled with the mass of the bird as: mass–specific cardiac outputs of larger avian species,
matching their lower mass–specific VO2 levels, are re-CO 5 307.0Mb

0.69. The corresponding relationship for
mammalian cardiac output (Holt et al., 1968) is CO 5 flected in their lower heart rates.
166Mb

0.79. These results show that birds have a propor-
tionally larger cardiac output compared with a mammal

C. Fine Structure and Cardiacof the same body mass. In larger birds resting heart rate
is slower than in smaller birds. Recently, Bishop and Electrophysiology
Butler (1995) found that for 49 species the allometric

1. Fine Structure
relationship for heart rate at rest was fH 5 125Mb

–0.37,
while for birds in flight it was fH 5 480Mb

–0.19. It is Histologically the atria and ventricles are quite simi-
lar consisting of an external layer, the epicardium, whichinteresting that the heart rate–body mass relationship

during flight has a more shallow slope than that in resting is separated from an inner endocardium by the mass
of heart muscle, the myocardium. Ventricles are muchanimals, indicating that larger species show a greater

increase in heart rate in absolute terms in the transition thicker than the atria due to extensive proliferation of
the myocardial layer. The epicardial and endocardialfrom rest to flight (Figure 7). Bishop and Butler (1995)

suggest thatthe body mass exponent of stroke volume layers are morphologically similar, consisting of loose
connective tissue and elastic fibers bordered by a singlein flight should be similar to that at rest (Mb

0.96), even
though the absolute value of stroke volume may in- layer of squamous epithelial or endothelial cells, respec-

tively. The atrial and ventricular septa have endocardialcrease during flight. Therefore, in flight, it is predicted
that cardiac output will scale to body mass as the sum of layers facing the lumens of their respective cavities with

myocardial cells between them. In the sparrow andthe exponents for stroke volume and heart rate (Mb
0.77).

stork, the atrial septum is very thin and in some regions
consists only of two apposed layers of endocardium.

The atrial and ventricular myocardia consist of stri-
ated muscle fibers, differing from those of mammals in
three notable respects (Sommer and Johnson, 1969,
1970; Hirakow, 1970). (1) Striated muscle bands, which
are prominent in mammalian cardiac muscle are also
present in the bird heart, except for the M-band. In
mammalian cardiac muscle the M-band is a line of pro-
tein molecules connecting adjacent myosin filaments.
The significance of the lack of an M-band on the contrac-
tile properties of avian myocytes is unknown. (2) Avian
cardiac muscle fibers are much smaller in diameter than
mammalian fibers and hence there are many more of
them in similarly sized hearts. Avian myocardial cells
are typically 2–7 em in diameter compared with the

FIGURE 7 Heart rate (beats min21) plotted against body mass (kg) 10- to 15-em diameter of mammalian cells. (3) Avian
for 49 species of birds, including 7 species of hummingbirds, at rest myocardial cells lack transverse tubules (T-tubules)
and in flight. Hummingbirds, open triangles (rest) and filled triangles

which are prominent in mammalian cardiac muscle. The(flight). Other species, filled circles (rest) and open circles (flight).
membrane surrounding the muscle fibers (sarcolemma)(After Bishop and Butler, 1995, J. Exp. Biol., Company of Biolo-

gists, Ltd.) consists of two parts, a cell membrane (plasmalemma)
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and an external layer interconnected with an interstitial than in passerines (Sommer et al., 1991). Interestingly,
the volume of JSR in mouse hearts and the total volumenetwork of collagenous fibers. In mammalian cardiac

muscle, T-tubules form as invaginations of the plasma- of JSR (20%) and EJSR (80%) in the finch are virtually
identical (Bossen et al., 1978).lemma, perpendicular to the long axis of the myofila-

ments. T-tubules lie next to, and form junctions with,
sections of the sarcoplasmic reticulum (diads or triads,

2. Excitation–Contraction CouplingFigure 8). In mammals, the T-tubule system increases
the surface area of the myocardial cells to the extent Excitation–contraction coupling describes how an
that the surface-to-volume ratio of a mouse cardiac cell electrical signal, the action potential (AP), traveling
(15-em diameter) is the same as that of a finch (8-em along the plasmalemma evokes calcium release from
diameter). The finch and the mouse have similar cardiac the sarcoplasmic reticulum (SR) in the region of the
frequencies (Bossen et al., 1978). myofibrils, causing a change in actin–myosin interac-

The connection between the sarcoplasmic reticulum tions which leads to muscle contraction. The transduc-
and the plasmalemma occurs through ‘‘couplings’’ and tion between the electrical signal and Ca21 release from
in birds, lacking a T-tubule system, these couplings occur the JSR is effected by a transmitter which is, in fact,
at the surface of the cell (Figure 8). Couplings are ef- calcium itself. In the first step of this process, the AP
fected by junctional processes that extend from the cyto- causes voltage-dependent Ca21 channels to open in the
plasmic face of the sarcoplasmic reticulum (junctional sarcolemmal membrane through a conformational
sarcoplasmic reticulum, JSR) that are very closely ap- change in the channels. Ca21 then enters the cell and
posed to the inner surface of the plasmalemma. Birds diffuses to receptors on the junctional processes where
also possess an extended junctional sarcoplasmic reticu- it acts as a transmitter, opening Ca21-dependent Ca21

lum (EJSR), which occurs in the region of the Z-bands channels which in turn release Ca21 sequestered in the
but it is anomalous in that although it resembles the sarcoplasmic reticulum. This Ca21-induced Ca21 release
JSR in most respects, the actual junctional processes (CICR) is crucial for the physiological function of the
may be separated from the plasmalemma by a cleft of bird heart in which the EJSR, which is the majority of

the junctional SR, is separated from the plasmalemmaseveral microns. EJSR is much less developed in chicken

FIGURE 8 Comparison of mammalian (left) and avian (right) myocardial cells. The major
distinguishing features of avian fibers are the smaller cell diameters and the presence of M bands
and transverse (T)-tubules. SR, sarcoplasmic reticulum; T, triad junction; D, diad junction; PC,
peripheral coupling site; TT, transverse tubule; MIT, mitochondria; M, H, A, I, Z, bands of
striated muscle (after Sommer and Johnson, 1969; used by permission).
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by several microns. Furthermore, CICR allows exqui- few myofibrils. Many Purkinje cells, however, contain
longitudinal fibers called intermediate filaments; thesesitely fine regulation of force generation in myocytes.
are part of the cytoskeleton, serving to maintain cellIn cardiac muscle, contraction is ‘‘all or none’’ and force
shape as the myocardium contracts. Purkinje cells maymodulation must be done at the cellular level by regulat-
be up to 5 times the diameter of myocardial cells.ing not only the amount of Ca21 entering through the

The SA node is located close to the opening of thesarcolemma, but also its effect on Ca21 release from
venae cavae into the right atrium although there is con-the SR.
siderable species variation in birds. The SA node con-
sists of P- and many T-cells and is enclosed in a loosely3. Conduction System
organized connective tissue sheath. The T cells transmit

The cardiac conduction system of the avian heart impulses from the pacemaker to atrial muscle cells. The
consists of the sinoatrial (SA) node, atrioventricular SA node is morphologically, and perhaps physiologi-
(AV) node, AV Purkinje ring, His bundle, and three cally, diffuse in birds and the primary electrical pace-
bundle branches (Figure 9). Histologically, three types maker region appears to change position spontaneously
of cells are associated with the conducting system. within the node (Hill and Goldberg, 1980).
(1) Pacemaker cells (P-cells) are small and spherical in All the muscle fibers within a given cardiac chamber
shape and are found in both the SA and AV nodes. P- should contract more or less simultaneously while, for
cells have the property of repetitive spontaneous depo- normal cardiac function, it is essential that the atria
larization. (2) Transitional cells (T-cells) are much contract before the ventricles. The wave of excitation
smaller and have fewer microfibrils than cardiac muscle which is initiated in the SA node is delayed at the AV
cells; their structure is intermediate between normal node allowing the atria to empty before ventricular con-
cardiac muscle cells and Purkinje fibers. (3) Purkinje traction begins. The electrical impulse which initiates

contraction spreads through the atria and ventricles atfibers are large, elongated, brick-shaped cells containing

FIGURE 9 The Purkinje system of the bird heart (after Davies, 1930) and transmembrane
action potentials recorded from cells at the indicated sites in chicken and turkey (Moore, 1965,
with permission of the New York Academy of Sciences; and modified from Jones and Johansen,
1972, with permission).
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rates in excess of 1 m sec21, whereas conduction through along the tracts of the coronary arteries (periarterial
Purkinje fibers).the AV node is two to three orders of magnitude slower.

An indication of the theropod ancestry of birds canSpread of excitation through myocardial muscle occurs
be inferred from the conducting system of the heart.from one muscle cell to the next as well as along special-
Birds, unlike mammals, possess an AV ring of Purkinjeized conducting pathways. Individual muscle cells are
fibers on the right side of the heart which runs up anddiscrete entities but they behave electrically as if they
around the right AV valve (Figure 10; and see Sectionwere all joined together to form a syncytium. This prop-
II,A,4). The middle bundle branch, after separatingerty results from low electrical resistance in parts of
from the others, runs around the aorta and connects tothe cell membrane where cell apposition is very close.
the AV ring forming a figure eight (Lu et al., 1993b).Junctional complexes, the intercalated disks, commonly

Purkinje cells conduct electrical impulses much fasterjoin myocytes end-to-end in avian myocardium, occur-
than cardiac myocytes. In mammals, part of the reasonring at right angles to the long axis of the myofibrils.
for this high conduction speed is that Purkinje cells lackIntercalated disks consist of two components, desmo-
a T-tubule system. T-tubules increase the surface areasomes, which mechanically couple the cells together,
of the cell and therefore membrane capacitance (in-and nexuses, which couple cells electrically. A nexus
creasing the length of time a given amount of electricalmay be viewed as an array of unit electrical resistors
charge will take to alter membrane potential); a highwith their number being inversely proportional to the
capacitance thus slows conduction velocity. However,electrical resistance between the cells (Sommer, 1983).
in birds, there is no T-tubule system associated withInterestingly, there are few nexuses along the longitudi-
either myocardial or Purkinje cells, yet the latter stillnal axes of myocardial cells.
conduct impulses at a faster rate. This is because conduc-The speed at which the wave of electrical excitation
tion velocity varies directly with cell diameter and avianpropagates through the ventricles is enhanced by a spe-
Purkinje cells are much larger than myocardial cells.cialized conducting system of Purkinje fibers but
Furthermore, a higher conduction velocity may be fos-whether a specialized conducting system also exists in
tered in Purkinje cells by intermediate filaments whichthe atria of birds is controversial. In the atrium, waves
serve to keep the cell round. Also, the electrical resis-of electrical and contractile activity proceed in the same
tance between Purkinje cells is lower than that betweendirection, from the SA to AV nodes, which may mean
myocardial cells because nexus size also increases withthat a specialized conducting system is unnecessary here.
cell diameter, acting to further increase conduction ve-However, both atria contain Purkinje cells, and these
locity. Finally, in mammals with extremely large heartshave been described both morphologically and physio-
(i.e., ungulates), the Purkinje cells within a bundle are

logically as being organized to preferentially direct the
tightly packed together and surrounded by an insulating

wave of activation toward the AV node (Davies, 1930; membrane so that they behave electrically as a single
Hill and Goldberg, 1980). The contrarian view is that fiber of a diameter equal to that of the whole bundle.
since the Purkinje cells in the atria are mixed diffusely Purkinje cells are likewise bundled in the avian heart but
among the normal myocardial cells then they may repre- whether this enhances conduction velocity is uncertain
sent the remnants of an embryological anlage left over because the bundles lack a connective tissue sheath and
from the time when that anlage was building the ventric- are therefore not insulated from surrounding tissues.
ular conducting system (Sommer, 1983).

The atrial wave of excitation crosses to the ventricle
4. Electrophysiologythrough the AV node which, in birds, is a somewhat

controversial structure because many morphological in- The Purkinje fibers follow the coronary arteries and
vestigations have failed to locate it, although its presence therefore take a relatively short course through the thick
has been established in functional studies. In the chicken left myocardium. This accounts for the rapidity of arrival
the AV node is located in the right side of the base of of the wave of excitation at a given point on the surface
the interatrial septum (Davies, 1930; Lu et al., 1993b; of the left ventricular wall in the avian heart (Lewis,
Ying et al., 1993) although in Indian fowl, Pucnonotus 1916). The sequence of depolarization is, according to
cafer, house sparrow, Passer domesticas, and in Babo Kisch (1951): right ventricle apex, right ventricle base,
begalensis it is located in the left AV junction (Mathur, left ventricle base, left ventricle apex. Moore (1965) has
1973). The His bundle and its three bundle branches of mapped epicardial activation and suggests that in the
Purkinje cells arise from the AV node. The right and turkey the apical third of the right ventricular epicar-
left bundle branches emerge from the septum to form dium is activated earliest, the upper basilar third is inter-
a network in the subendocardium of the right and left mediate, and the pulmonary outflow tract is the last

region activated in the whole heart. The anterior one-ventricles, respectively, penetrating the myocardium
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FIGURE 10 Diagram of specialized atrioventricular connections in lower reptiles, birds, and mammals as
seen when looking into the ventricles after making a transverse section through the heart, as indicated on the
diagram of the chicken heart on the right hand side (after Davies, 1930).

third of the septal region and the middle region of the muscle only at places of direct contact between its termi-
nal fibers and heart muscle and not along the entireleft ventricle are activated before the basilar regions,

the whole left ventricular epicardium being activated course of the conducting system receives support from
his own work (Kisch, 1951) showing that subendocardialin 12.5 ms. Lewis (1916) and Mangold (1919) suggest

somewhat different sequences (see Table 1). Kisch’s muscle is activated about 20 ms later than the earliest
activated subepicardial muscle, which in turn suggestssuggestion that the conducting system stimulates heart

TABLE 1 Ventricular Depolarization in Birdsa

Moore (1965) Kisch (1951) Mangold (1919) Lewis (1916)

Right ventricle Apex 1 1 1 1
Base 4 2 3 4

Left ventricle Apex 2 4 4 2
Base 3 3 2 3

a Key to table: 1 represents the earliest and 4 the last area to depolarize.
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short cuts of the conductive system to subepicardial tion that sweep across the heart can be reduced to a
single electrical dipole. The dipole has magnitudemuscle. However, Davies (1930) and Lu et al. (1993b)

both suggest that since the bundle branches lack a fi- (volts), direction, and sense (positive or negative), so it
is a vector quantity. In Einthoven’s concept the cardiacbrous sheath there will be early and widespread propa-

gation of the impulse in the septal region and thence vector is situated at the center of an equilateral triangle
(Figure 11) formed by the bipolar lead connections.along the bundle to all parts of the ventricles. In fact,

Moore (1965) described early activity in the cranial part Lead I connects across the thorax from the right (nega-
tive electrode) to the left (positive electrode) wing bases.of the septum which was then followed by contraction

of its basal region. Obviously, these two suggestions Lead II is recorded between right wing base (negative
electrode) and left thigh (positive electrode). Lead IIIconcerning the conduction network are mutually exclu-

sive, and clarification of the problem must await further is connected between the left wing base (negative elec-
trode) and the left thigh (positive electrode). The ar-experimental work.

The conducting system of the bird heart has been rangement of these leads is such that, in humans and
many other mammals, the polarity of the recorded sig-investigated by recording transmembrane potentials

from cells in the heart of the chicken and turkey (Moore, nals is positive. In contrast, in birds, the polarity of the
major component of the ECG (ventricular contraction)1965; 1967). The pacemaker cells of the SA node, in

the absence of any extrinsic influences, set the heart is negative (Figure 12).
There has been some controversy over what the typi-rate. Cells that function as pacemakers show a character-

istic slow depolarization during diastole, the steepness cal avian ECG looks like (Figure 12). For instance,
Kisch (1951) reported the presence of P, QRS, and Tof the depolarization being related to the degree of

automaticity inherent in the cell (the fastest cells to waves, whereas Mangold (1919) reported that the elec-
trocardiogram of birds has no R component, but insteaddepolarize drive the slower), whereas cells not sponta-

neously active show a steady membrane potential during a deep S wave. Sturkie (1986a) reported the presence
of P, a dominant S, and T waves, a small R, but no Qdiastole (Figure 9). Action potentials recorded from the

junction of the left SA valve with the sinus venosus wave. The status of the Q wave has not been clarified
by more recent work. There is general agreement thatshow diastolic depolarization (prepotentials) with a slow

transition to the ascending phase of the actual AP (Fig- it is absent in the chicken (Goldberg and Bolnick, 1980),
small in the turkey (McKenzie et al., 1971), and promi-ure 9), in contrast to the relatively more rapid rise of

the AP recorded in the right SA valve itself, indicating nent in some duck ECGs (Figure 12; Cinar et al., 1996).
Aside from being useful in monitoring heart rate thethat cells in the right SA valve are triggered by the

pacemaker cells. The duration of APs recorded from ECG can also be used to access the timing of the various
phases of the cardiac cycle, since components of theventricular muscle cells is longer than those recorded

from atrial muscle cells (Figure 9). Purkinje fibers dis- ECG can be identified with atrial (P wave) and ventricu-
lar (QRS or RS) depolarization as well as repolarizationplay a prominent sharp peak to their APs, which is

followed by a distinct plateau, a feature not seen in APs of the ventricles (T wave). The duration of the P wave
is the period of atrial depolarization and repolarizationfrom atrial or ventricular muscle cells. The duration of

depolarization is also much longer in Purkinje fibers while the P–R duration includes the conduction delay
at the AV node. QRS or RS represents ventricular acti-although diastolic depolarizations have not been re-

corded from avian Purkinje fibers. The longer duration vation and the T wave is the period in which the heart
is completely depolarized. QT or RT duration repre-of the Purkinje APs as compared with those of ventricu-

lar myocytes indicates a long refractory period which sents the duration of a complete cycle of activation and
relaxation of the ventricle (Figure 12). Most of thesewould tend to prevent extrasystole and possible fibrilla-

tion by assuring a concerted depolarization of the ven- intervals are fixed, so it is primarily the period between
the T and P waves (i.e., interbeat interval), which short-tricular muscle (Moore, 1965).

The summed electrical activity of the heart (electro- ens and lengthens with increases and decreases in heart
rate, respectively. In fact, at very high heart rates thecardiogram, ECG) is usually recorded indirectly with

electrodes placed on the surface of the body or just T wave of one beat may come to overlie the P wave of
the next.under the skin. (A direct ECG recording would be made

by dividing the sternum and placing recording elec- Bipolar recording of the standard limb leads means
that the cardiac vector is projected along the line be-trodes on the surface of the heart). In birds, as in mam-

mals, three standard leads (I, II, and III) are used, fol- tween the two electrodes (Figure 11). When all leads
are used then it is possible to reconstruct the orientationlowing the model first conceived by Einthoven about

100 years ago. The body is a volume conductor of elec- of the cardiac vector or mean electrical axis (MEA) for
any of the events of the cardiac cycle with respect totricity and the waves of depolarization and repolariza-
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FIGURE 11 Relationship of the electrical axis of the heart to potentials recorded from the
three standard leads (I, II, and III) as conceived by Einthoven. The duck is presented in
ventral view on the left side of the figure. The electrical axis is upward and close to the
midline. The arrow in the middle of Einthoven’s triangle shows the direction of the axis,
while the length represents its magnitude and degrees its orientation. The voltage changes
seen at each lead (I, II, and III) are shown.

the plane of orientation of the leads. Standard leads lie rate, using a single pair of leads (usually II), the RS
wave is often presented as deflecting positively. This isin the frontal plane and, in mammals, the MEA of the

QRS is oriented downward (inferiorly) and to the left achieved by reversing the polarity of the lead II bipolar
electrodes (inverting Einthoven’s triangle, Figure 12)(1 608). In contrast, the MEA of the QRS wave in the

bird heart is close to 2908, being oriented along the and is done for artistic reasons.
Further interpretation of the ECG of birds is compli-long axis of the body, and superior to the frontal plane.

Hence, the QRS or RS wave is of negative polarity and cated by variability in electrode recording sites, anatom-
ical differences between species, and the absence of abarely represented in lead I with the highest voltages

being recorded by leads II or III (Figure 11). The mean large bank of data such as has been accumulated for
humans and, to a lesser extent, other mammals. In fact,electrical axes of the P and T waves can be calculated

in a similar fashion. By using other cardiac leads in it seems most unlikely that rigorous, detailed investiga-
tion of the ECG of birds will ever be used for clinicaladdition to the standard limb lead I, Szabuniewicz and

McCrady (1967) were able to determine the MEAs of diagnosis. Boulianne et al. (1992) suggest that only dis-
eases that cause a shift in position of the heart in thethe QRS or RS, P, and T waves of the heart in the

chicken not only in the frontal plane (277.18) but also torso, and therefore alter the MEA, can be successfully
diagnosed by two-dimensional electrocardiography.in the horizontal (172.48) and sagittal (255.48) planes.

As the mean electrical axis of the ventricular depolar- Round heart disease in chickens and turkeys produces
such a shift; the mean RS axis in the frontal plane aver-ization phase is negative while that for the repolarization

phase is positive then the QRS or RS component de- ages 1708 compared with 2858 in the normal bird (Hun-
saker et al., 1971) (also see Section II,A,5).flects downward or negatively while the T wave is up-

right or positive (Figure 12). Obviously, the heart does
not markedly change its position in the chest with each
beat. The waves deflect in opposite directions because III. GENERAL CIRCULATORY

HEMODYNAMICSdepolarization causes the ventricular myocardium to
become negative and repolarization drives the myocar-
dium positive. Also, the time courses of these waves are The three major constituents of the pulmonary and

systemic circulations are (1) the arteries or distribut-different. Repolarization is slower than depolarization
so the T wave is more spread out than the QRS or RS ing vessels, (2) the capillaries or exchange vessels, and

(3), the veins which are storage vessels. Arterioles andwave. In this context it should be noted that when the
ECG is recorded just for purposes of monitoring heart venules are muscular vessels located upstream and
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FIGURE 12 Upper ECG trace: voltage recorded from lead II when the recording electrodes are
placed in the conventional mammalian manner, on the right shoulder and left leg. Einthoven’s
triangle is shown on the duck on the upper right in ventral view. Lower ECG trace: voltage recorded
from lead II when the recording electrodes are placed on the left shoulder and right leg. Einthoven’s
triangle is inverted as shown on the duck on the lower right in ventral view. The components of
the ECG waveform are shown. P indicates atrial contraction, QRS is ventricular activation, and T
represents ventricular depolarization (from L. Liu, D. Syme, and D.R. Jones, unpublished).

downstream of the capillary beds, respectively. They along a tube of radius (r) and length (L) during steady
flow, as follows:are regulatory vessels, directly controlling blood flow

distribution and indirectly controlling exchange of mate-
Q? 5(P1 2 P2) 3

fr4

8eL
, (1)rials across capillary walls by adjustment of capillary

pressure.
where e is blood viscosity. Rearrangement of Eq. 1 hintsThe major arteries bifurcate many times before the
at a somewhat more familiar form,capillary beds and at each bifurcation vascular resistance

increases (McDonald, 1974). Volume flow in the parent 8eL
fr4 5

P1 2 P2

Q?
(2)and daughter vessels remains the same in the steady

state but flow velocity in the daughters falls to about
because the term on the left hand side of Eq. 2 is vascular

80% of that in the parent vessel. Therefore, the sum of
resistance (R). Consequently,

the cross-sectional areas (fr2, where r is internal radius)
of both daughter vessels is greater than that of the parent R 5

P1 2 P2

Q?
(3)

vessel by about 25%. Hence as the vessels divide flow
velocity falls so that in the capillary circulation flow or, for the whole body, total peripheral resistance (TPR,
velocity is exceptionally low. This allows adequate time kPa sec m23),
for exchange of blood gases, nutrients, and metabolites
with the surrounding cells. TPR 5

MAP 2 MVP
CO

(4)
Pressure, generated by cardiac contraction, drives

blood flow around the circulation. Poiseuille’s law re- where MAP is mean arterial pressure (kPa), MVP is
mean venous pressure (kPa), and CO is cardiac outputlates volume flow (Q? ) to the pressure drop (P1 2 P2)
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(m3 sec21). In order to compare animals of different gradient in this vessel. The vessels of the capillary circu-
sizes it is usual to express cardiac output on a unit weight lation are small and a will be likewise, so application of
basis (i.e., m3 sec21 kg21). Poiseuille’s formula to this vascular bed would appear,

Since the length (L) of any vascular channel is ana- superficially, to be most appropriate. Unfortunately
tomically fixed while blood viscosity will only vary by blood viscosity, which can be regarded as a constant
2 to 3 times, then vascular resistance is dominated by in larger vessels, may vary unpredictably in vessels of
the radius of the vessels (Eq. 2). Consequently, with a capillary size (Section V,B). Therefore, caution is the
given pressure drop, halving vessel radius will reduce watchword when applying steady flow formulations to
flow to one sixteenth, as shown in Figure 13, for a change flow driven by an oscillating pump but, even so, pulsatile
in vessel radius from, for instance, two units (center flow has a mean, steady flow component and Pouseuil-
profile) to one (left profile). This has important implica- le’s law can be applied to this component, as in calcula-
tions for the control of blood flow distribution. tions of total peripheral resistance (Eq. 4).

Poiseuille’s Law (Eq. 1) applies to steady flow but in Fourier analysis of pulsatile flow (and pressure)
the major arteries flow is highly pulsatile. In pulsatile waveforms can be used to isolate the mean from the
flow, due to the inertia of the blood and high heartbeat oscillatory components. The latter are resolved as a
frequencies, flow amplitude may no longer vary linearly series of sinusoidal waves at the harmonics of the origi-
with the pressure gradient. Nevertheless, the extent of nal waveform (first harmonic is fundamental frequency
the deviation from Poiseuille’s law can be assessed from (f); second harmonic is 2f, ........ nth harmonic is nf ). If
a nondimensional constant a (Womersley, 1957) pressure and flow waveforms are recorded simultane-

ously then dividing the oscillatory component of pres-
sure by flow, at each harmonic, gives the vascular imped-a 5 r !2ffr

e
, (5)

ance. Consequently, vascular resistance (mean pressure
divided by mean flow) can be considered as the imped-where r is radius, f is heart rate, r is blood density, and
ance at zero frequency. The vascular impedance of anye is blood viscosity.
region of the circulatory system is thus determined byWhen a , 0.5 for the fundamental frequency (i.e.,
relating the corresponding frequency components ofheartbeat frequency), the phase lag is negligible and
pressure and flow waves recorded simultaneously at thatflow conforms approximately with that predicted by
region. If pressure and flow are recorded at the inputPoiseuille’s equation. Calculations for the aorta of a
to the aorta then aortic impedance is an expressionduck give a value for a of 6.0–7.0 for the fundamental
not only of the characteristics of the whole systemicfrequency (about 3 sec21) so that estimation of flow by
circulation but also of the afterload against which thethe Poiseuille formula is not reliable. However, it is
left ventricle must work.obvious that for any given heart frequency, the value

Pressure and flow recorded at the input to the arterialof a is directly dependent on the size of the vessel.
system start synchronously yet peak flow velocity isHence, in the femoral artery, a is certainly below 1, and

flow will vary approximately linearly with the pressure reached before peak pressure. This rather anomalous

FIGURE 13 Effect of change in radius (length of arrow) of a vessel on fluid flow with
a constant driving pressure. Flow decreases in proportion to the fourth power of the
decrease in radius. Radius dimensions and relative flow volumes are in arbitrary units.
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situation is caused by the fact that the pulses travel This finding suggests that the retention or disappearance
through the arterial system. Therefore, for the pressure of aortic arches is dependent upon hemodynamic condi-
pulse, a positive gradient between an upstream and tions, and it may be that the persistence of the right
downstream point in an artery, established when the arch simply results from the unique development of the
crest of the pressure wave traverses the upstream point, ventricular outflow tract in birds.
will reverse when the crest reaches the downstream The first major vascular bed supplied by the aorta is
point. Hence the pressure gradient oscillates about a that of the heart. The coronary arteries, supplying the
mean in all arterial vessels and flow will rise or fall nutritional and respiratory circulation of heart muscle,
or even reverse with these oscillations in the pressure arise from the ascending aorta close to the heart (Section
gradient, although the presence of valves on the outflow II,A,5). The ascending aorta then gives rise to two very
tracts of the ventricles may limit the extent of reversal large brachiocephalic trunks (Figure 14), supplying
at the root of the aorta. Nevertheless, it is obvious that blood to the head, wings, and flight muscles. Each brach-
flow and pressure waves are not ‘‘in phase’’ and the iocephalic vessel is usually larger in diameter than the
extent of the phase difference, at each harmonic fre- continuation of the aorta, reflecting the higher blood
quency, can be resolved by Fourier analysis. flow rates in the brachiocephalics.

The input impedance is presented (usually graphi- All the arteries of the head and neck are branches
cally, see Figures 21 and 23 in Section IV) as a set of of the carotid arteries. Surprising variation exists in the
terms of the values of modulus (uZu) and phase (f) at pattern of the carotid arteries close to the heart. The
each frequency obtained by Fourier analysis, thus: most common arrangement is two vessels of equal size

running side by side (Figure 14). Other patterns are:
(uZu) 5

pulsatile pressure
pulsatile flow

(6)

and

(f) 5 pressure phase–flow phase. (7)

The phase of the impedance will be negative when the
flow leads the pressure and positive when the pressure
leads the flow.

IV. THE VASCULAR TREE

A. Arterial System

1. Gross Anatomy

At least six pairs of aortic arches appear in the em-
bryos of all vertebrates, recapitulating their aquatic an-
cestry. In birds, not all arches are present at one time
and some are extremely transitory, such as the fifth pair
of aortic arches which make their appearance last. Only
three arches persist in the adult, represented by the
carotid artery (third arch), the aorta (fourth arch), and
the pulmonary artery (sixth arch). In terrestrial verte-
brates other than birds and mammals both left and right
branches of the fourth aortic arch are retained whereas
only the right persists in birds and the left in mammals.
In some avian species a remnant of the left aortic arch
may remain as a solid core of cells while in a few others,
such as the belted kingfisher (Ceryle alcyon), the left
arch remains patent and functional although it loses its
connection with the root of the aorta (Glenny, 1940).
In an interesting series of experiments Stéphan (1949)
demonstrated that ligation of the right aortic arch in

FIGURE 14 The major systemic arteries in the bird.the embryo causes the left to develop, as in mammals.
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(1) a single artery formed by fusion of both carotids venous blood that has traversed the distal parts of the
(herons, bitterns, and kingfishers); (2) a single vessel limbs and is therefore colder. The countercurrent ar-
due to loss of the right (passerines) or left (plovers) rangement of blood flow ensures that heat can be trans-
carotid; or (3) two arteries of unequal size (flamingos, ferred from arterial to venous blood all along the length
sulphur-crested cockatoo). of the artery and vein apposed in the rete, thereby reduc-

Blood flow to the brain must not be interrupted, or ing heat loss to the environment by reducing the temper-
impairment of brain function rapidly ensues. The carotid ature of arterial blood flowing through peripheral thin-
arteries lie in a groove in the base of the neck vertebrae ner sections like the web of the foot or the wing.
close to the axis of rotation and are therefore protected
from possible obstruction due to compression from neck

2. Functional Morphology of the Arterial Wallmovements. Other safety measures are provided by
anastomoses between the carotid and vertebral arteries The large arteries have two main functions. First,
and, at the base of the brain, by either an X-, I-, or H- they serve as low-resistance conduits carrying blood to
shaped junction between the carotids. This intercarotid the arterioles for distribution to the peripheral vascular
anastomosis has been found in all species of bird except beds. Second, the whole arterial system serves as a pres-
those of the suborder Tyranni (Baumel and Gerchman,

sure reservoir or Windkessel, accepting the volume of
1968). Birds do not possess a cerebral arterial circle of

blood ejected by the heart and converting the highly
Willis comparable to that of mammals but, since the

pulsatile input into a steady flow of blood through the
intercarotid anastomosis is relatively large in many

capillary beds. The Windkessel results from wall elastic-cases, it may represent a more effective collateral circu-
ity, particularly of those vessels close to the heart.lation than the mammalian arterial circle. Blood to the

The central arterial vessels are indeed ‘‘elastic’’ whilewings and flight muscles is supplied by the subclavian
the more peripheral ones, certainly distal to the secondarteries. Each subclavian divides into two branches, the
order of branching, are ‘‘muscular.’’ In elastic arteries,brachial (wing) and pectoral (flight muscles).
the vast majority of the wall is made up of layers ofThe descending aorta runs caudally, ventral to the
smooth muscle embedded in elastin fibers alternatingvertebral column, giving off paired intercostal and lum-
with layers of collagen. One layer, composed of a combi-bar arteries. Blood is supplied to organs within the abdo-
nation of muscular, elastic, and collagen fibers, forms amen and legs by the following vessels, originating from
single lamellar unit within the wall. Large numbers ofthe descending aorta (see Figure 14):
concentric lamellar units make up the bulk of the wall
of elastic arteries of pigeon, chicken, and the mute swanCeliac artery Liver, spleen, glandular stomach,

gizzard, intestine, pancreas (Cygnus olor) as shown in Figure 15 (Bussow, 1973).
Cranial mesenteric artery Most of intestine, pancreas Interestingly, the lamellar units do not form complete
Renal arteries Kidneys (anterior portion), testes cylinders around the vessel. This is particularly obviousFemoral arteries Legs

in vessels very close to the heart where an individualIschiatic arteries Middle and posterior portions of kidney
lamella may extend around only one quarter, at most,and legs; uterine region of oviduct

Caudal mesenteric artery Rectum and cloaca of the vessel circumference.
Internal iliac arteries Walls of pelvis; oviduct Wall structure of the muscular arteries is very differ-
Caudal artery Tail, terminal branch of aorta

ent. Muscular vessels consist largely of circumferentially
arranged smooth muscle cells with elastic fibers distrib-There are in effect three pairs of renal arteries in
uted, either singly or in bundles, as a wide-meshedbirds, one pair arising from the aorta and two from the
plexus between the muscle cells (Hodges, 1974). Theischiatic arteries. However, in Ardea cinerea one pair
collagenous components are transferred to the outerof renal arteries arises from the femoral arteries instead
layer of the wall. An interesting embellishment of theof the ischiatics.
normal structure of muscular arteries occurs in the cra-The ischiatic artery is the major vessel supplying the
nial mesenteric artery of the chicken and turkey (Ballleg. At the level of the knee it meets and joins the
et al., 1963). This vessel is invested by longitudinallyfemoral artery to form the popliteal artery. This artery,
arranged smooth muscle fibres, the thickness of thispassing into the lower leg, divides to form the anterior
layer being approximately the same as that of the cir-and posterior tibial arteries. In the tarsal region of the
cumferentially oriented smooth muscle within the wallleg and in the axillary region of many birds, there are
proper. The functional significance of the external mus-arteriovenous networks of vessels referred to as rete
cle layer is unclear but it may serve to shorten the vesselmirabili (particularly prominent in wading and aquatic
to accommodate changes in its position brought aboutbirds). These structures serve as heat exchangers, since

warm arterial blood is brought into close proximity to by gut movements (also see Section VI,B,3,a).
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FIGURE 15 Semischematic depiction of the wall of an elastic (a) and muscular (b) artery.
(a) Wall structure of an avian elastic artery. The wall is made up of fragmented layers of
smooth muscle embedded in a fine network of elastic fibers (1) alternating with layers of
collagen (2). (b) Wall structure of an avian muscular artery consisting of a thin intima, a
media made up of smooth muscle cells and elastic fibers (3), and a thick adventitia with a
well-defined elastica externa (4). Upper diagrams compare wall thickness of elastic and
muscular arteries of similar lumen diameter. The wall of the elastic vessel is about three
times as thick as that of a muscular vessel (after Bussow, 1973; used by permission).

The elastic arteries include the aortic arch and its very well. Furthermore, in both the pigeon and turkey
the wall in this region is transversely asymmetric with amajor branches, the thoracic aorta up to about the level

of the celiac artery, and the extrapulmonary portions thick, muscular ventral wall and a thin elastic dorsal wall.
The arteries in vivo expand and recoil with everyof the pulmonary arteries, while all branches of the

abdominal aorta as well as the caudal portion of the heartbeat although this behavior is seldom mimicked in
in vitro experiments designed to study vessel mechanics.aorta itself are muscular. In most regions of the arterial

tree the change from an elastic to a muscular wall occurs Instead, the static rather than dynamic elastic behavior
of the arterial wall is usually investigated. Essentially,rather abruptly, usually at a branch site. An exception

to this is in the aorta itself. In the aorta, the elastic and a short length of excised blood vessel is inflated from a
syringe and the pressure change induced by a givenmuscular portions are separated by a segment of the

vessel extending from the coeliac artery to the ischiatic volume change is noted. These ‘‘pressure–volume
loops’’ give an immediate and compelling view of howarteries, whose wall structure fits neither description
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arterial elasticity changes with the degree of inflation. of most mammals and approaching those obtained for
invertebrate blood vessels. In one sense, the higher theFurthermore, by using blood vessels from different areas

of the body, regional variations in elasticity are revealed. ‘‘resilience’’ the better because most of the energy cost
of stretching elastic vessels with each cardiac ejectionPressure–volume loops are usually J-shaped, showing

that the more a vessel is stretched the more resistant it will be returned by elastic recoil on deflation. Unfortu-
nately, if the ‘‘resilience’’ is too high then the vesselsbecomes to further stretch (Figure 16; Speckmann and

Ringer, 1966). The collagen fibres in the vessel wall may go into uncontrolled oscillations (resonance) par-
ticularly at the high repetition frequencies (heart rates)inhibit expansion at high pressures, whereas the proper-

ties of elastin dominate the lower pressure limb of the seen in many birds. Obviously, vascular engineering in
birds is close to the edge.curves. It is the compliance of elastin and the stiffness

of collagen working in concert that allows uniform and Pressure–volume loops reveal characteristics specific
to particular segments of whole vessels, whereas thesmooth expansion of the vessel wall over a range of

distending pressures without formation of aneurysms. properties of the materials making up a vessel wall are
revealed by stress–strain curves (Figure 17A). Stress isIn contrast, a wall in which the properties of extension

remain constant across the range of distending pressures the deforming force divided by the area of the vessel
wall over which it is applied while strain is the ratio ofwould be prone to aneurysm formation. Rubber has a

straight rather than J-shaped response to distension and the stretched radius to the unstretched radius of the
vessel. Stress–strain curves for the ascending and de-aneurysms always occur in the wall of cylindrical bal-

loons when they are inflated. scending aortae, the brachiocephalic arteries, and the
thoracic aorta of the duck (A. platyrhynchos) are shownWhen a blood vessel is inflated more pressure is re-

quired to expand it than is recovered during recoil of in Figure 17A. The stress–strain relationship for the
abdominal aorta lies to the left of that for the other,the elastic walls. The ratio between the energy recovered

in deflation to that expended in inflation is a measure of more central, vessels indicating that, as in the turkey
(Figure 16), the abdominal aorta is much stiffer thanthe ‘‘resilience’’ of that vessel (Figure 16). Surprisingly,

‘‘resilience’’ is similar for both thoracic (elastic) and the other vessels, a finding which would be expected
given that the abdominal portions of the aortae of duckabdominal (muscular) aortae of the turkey. Over the

range of arterial pressures encountered in turkeys ‘‘resil- and turkey have more collagen than do more central
segments of this vessel.ience’’ lies between 85 and 87%, values well above those

FIGURE 16 Typical pressure–volume loops for the abdominal and thoracic regions of the
aorta in a turkey. For each loop, the upper curve is the inflation sequence and the lower
curve the deflection sequence. Resilience of the vessel is obtained by dividing the area under
the deflation sequence (shaded) by the area under the inflation sequence over the range of
blood pressures recorded in turkeys (data from Speckmann and Ringer, 1966).
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FIGURE 17 (A) Stress–strain curves for the blood vessel wall from four regions of the aorta in a duck (A.
platyrhynchos). (B) The static elastic modulus of these vessels derived from data in A (M. Braun and D. R.
Jones, unpublished).
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The slope of the line of a stress–strain curve is the Peaking of the pressure pulse is due to wave transmis-
sion effects, primarily wave reflections. All forms ofelastic modulus of the material making up the blood

vessel wall, but, since the slopes for blood vessels are wave motion can be reflected by physical changes in the
system they are traveling through. When such changesnot linear, the elastic modulus is continually changing.

The incremental elastic modulus describes the elastic occur within the arterial system, incident pressure and
flow waves will be reflected back toward the heart. Thesemodulus for a small increment in strain (Bergel, 1961).

Incremental elastic moduli for the duck aorta, which physical changes can be discrete discontinuities, such as
those due to arterial branching (McDonald, 1974) orare similar to those for the turkey aorta (Speckman and

Ringer, 1964), are shown in Figure 17B. The moduli for continuous variations in wall compliance due to an in-
crease in arterial stiffening toward the periphery (Lan-the abdominal aorta are well above that for the thoracic,

confirming that the former is stiffer than the latter. Nev- gille and Jones, 1975; 1976). However, the major reflect-
ing site seems to be the terminal vascular bed. Fromertheless, these moduli are one to two orders of magni-

tude below those obtained from arteries in correspond- this site pressure and flow pulse waves are reflected
back toward the heart to interfere, destructively or con-ing parts of the mammalian vascular tree. In mammals,

the lamellar units in the wall form complete cylinders structively, with the incident wave generated by cardiac
contraction. This interference means that pressure andso that those laminae containing primarily collagen must

be stretched to the same extent as the more distensible flow waves recorded simultaneously at any one site in
the arterial system will be quite unlike those recordedmuscular laminae. Consequently, such rigid laminae are

more important in determining the degree of extension at another. In a reflectionless system, pressure and flow
pulses sampled at any given site should look similar toof the wall. However, in birds, arterial lamellar units do

not form complete cylinders so there is some ‘‘series’’ those recorded anywhere else in the system.
An essential question concerns the nature of the ter-coupling between the rigid and elastic components of

the wall which allows more distensible laminae to be mination that the peripheral vascular beds present to
outgoing pressure and flow waves. Peripheral beds areextended somewhat independently. Avian blood vessels

have much thicker walls than mammalian vessels of the ‘‘closed’’ terminations if they present a relatively large
impedance to pulsatile flow; they are ‘‘open’’ if theysame diameter, thus compensating for their lower elastic

modulus (Bussow, 1973). present a relatively low impedance. In higher vertebra-
tes, reflections produce large oscillations in peripheral
pressures that drive small oscillatory flows through the

3. Relationship between Arterial Pressure and Flow
terminal vascular beds (Figure 18), indicating a high
terminal impedance; i.e., of the ‘‘closed’’ type. Hence,Each heartbeat sends a pulse through the arterial

system which arrives later at sites more distal to the the pressure should be reflected at the closed end with-
out a phase shift while, to satisfy the condition that highheart. The velocity at which the pulse wave travels is

lowest in the most distensible vessels and increases in the pressure oscillations are required to drive low oscillatory
flows through a high terminal impedance, the reflectedstiffer peripheral vessels. In ducks, pulse wave velocity

increases from 4.4 6 0.8 m sec21 in the aortic arch to flow wave should be inverted. That is, the reflected wave
should be 1808 out of phase with the incident wave.11.7 6 1.2 m sec21 in the abdominal aorta, with the

major increase in velocity occurring in the thoracic aorta However, how much of the incident wave reaches the
termination (because the incident pulse is attenuated,(Langille and Jones, 1975).

When the pulse transit time occupies a considerable especially in the smaller vessels, as it propagates through
the system) and how much of the reflected wave getsproportion of each cardiac cycle then significant phase

changes occur between the pressure and flow pulses at back to the heart (since its amplitude is also reduced
by damping) is still a matter of speculation.different arterial sites. In ducks, the time taken for the

pulse to travel from the heart to the distal end of the The reflection coefficient (that portion of the incident
wave reflected by the terminal vascular beds) is ex-abdominal aorta is around 20 ms, which is about 5–10%

of the cardiac cycle (Langille and Jones, 1975). Conse- tremely sensitive to the state of the peripheral vascula-
ture. Under resting conditions up to 80% of the incidentquently, in ducks, there are marked changes in the wave-

form of the systemic pressure pulse as it travels through wave may be reflected. Intense vasoconstriction, which
occurs in ducks during forced diving or when voluntarilythe arterial system (Figure 18). Both pulse amplitude

and the contour of the pulse waveform are altered, with diving birds are trapped underwater and unable to sur-
face, causes 100% of the incident wave to be reflected.pulse pressure increasing by about 30%. This peaking

of the pressure pulse results from a marked increase in In contrast, vasodilatation of peripheral vascular beds,
occurring during exercise or hemorrhage, may reducethe systolic portion with little change in the diastolic

portion (Figure 18). the reflection coefficient to zero.
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FIGURE 18 Diagrammatic representation of pressure waves recorded simultaneously in the proximal and
distal aorta of a duck. Amplification and distortion of the pressure wave occurs during propagation along
the aorta. (Enhanced from Langille and Jones (1975), Am. J. Physiol. with permission.)

Evaluation of wave propagation through the arterial the wave envelope in Figure 19) than it would be in the
absence of reflections.system is complex, requiring harmonic analyses of pres-

sure and flow waveforms. Fortunately, a simple concep- The flow wave will also be reflected such that the
incident and reflected waves are 1808 out of phase attual analysis of the interaction of incident and reflected

waves in the arterial tree is sufficient for the present the termination but are in phase one-quarter cycle away
from the terminal impedance. Hence, the flow wavespurpose. For simplicity, consider a pressure wave dis-

playing simple harmonic motion, as illustrated in Figure will cancel one another at the termination and will sum
at the heart. Therefore, highly oscillatory cardiac out-19 (first harmonic). At the closed end of the system

(terminal vascular beds) both incident and reflected flow is generated for less pulsatile pressure than would
be the case in a nonreflecting system; the advantage ofpressure waves will be in phase and the waves will sum

giving an antinode, evident as an enlarged pressure os- this is that more external cardiac work is available for
any given level of cardiac oxygen consumptioncillation. The reflected wave is shown as 40% of the

incident wave in Figure 19 so that the amplitude of the (Milnor, 1979).
The benefits of such reflections will be maximizedresultant compound wave will be 140% of the incident

wave as is shown by the wave envelope. Now consider when the heart is one-quarter wavelength upstream of
the major reflecting site. In ducks, resting heart rate isa point one quarter wavelength back from the termina-

tion. The incident wave left here one-quarter of a cycle 2–3 beats sec21 so even at the lowest pulse wave velocity
(4 m sec21) the major reflecting site would have to bebefore it reached the closed end and the reflected wave

takes another one-quarter cycle to return to this point, located one third or one half meter from the heart—a
most unlikely possibility. During exercise, however,so the incident and reflected waves are now 1808 out of

phase and destructive interference produces a node, heart frequency may double and the major reflecting site
would now be 16–25 cm from the heart. Unfortunately,evident as a decrease in pressure. Hence, the amplitude

of the resultant wave is some 40% smaller (as shown by exercise is associated with vasodilation which will re-
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FIGURE 19 Interactions between incident and reflected pressure waves at a closed end (terminal vascular
beds). For clarity it is assumed that only 40% of the wave is reflected from the closed end (i.e., reflection
coefficient 5 0.4). The abscissa is marked in fractions of a wavelength. At the point of reflection both
waves are in phase and sum together. With reference to a point one-quarter wavelength away, the incident
wave is 908 earlier and the reflected wave 908 later so that they are 1808 out of phase and cancel. This
point is a node and the only oscillation is the difference between the maximum amplitudes of the incident
and reflected waves. For maximum benefits in terms of promoting cardiac efficiency the heart should be
located at this point. The total excursion throughout the cycle is represented by the wave envelope (heavy
outer lines; figure redrawn and caption modified from McDonald, 1974).

duce the reflection coefficient. In contrast, vasoconstric- occur but they are diffuse, the pressure wave bouncing
back and forth between the heart and periphery, untiltion during forced or voluntary diving, especially if the

bird is trapped underwater, would accentuate reflections damped to extinction. In humans, atherosclerosis causes
a loss of pressure pulse amplification as the pulse travelsbut heart frequency is now about 0.33 beats sec21 (or 1

beat every 3 sec). through the arterial system (O’Rourke et al., 1968); simi-
lar observations have been made in the turkey, Mel-Consequently, obtaining the necessary balance be-

tween heart rate and reflection coefficient to maximize eagris (Taylor, 1964), where atherosclerosis is very com-
mon (Ball et al., 1972; Manning and Middleton, 1972).beneficial reflection effects seems unlikely. What then

are the consequences of a mismatch between pulse Loss of pulse amplification in atherosclerosis results
from a generalized stiffening of the major arteries, whichwavelength and distance between the heart and major

reflecting sites? Let us assume that Figure 19 describes acts to speed pulse wave propagation and thereby mini-
mize wave transmission phenomena.the second and not the first harmonic of the pressure

wave. In this case, the first harmonic will be 908, not 1808, The hummingbird is among the smallest homeother-
mic vertebrates. Is it possible to predict the hemodynam-out of phase at the heart. This represents an antinode for

the first harmonic which will add to systolic pressure, ics of the hummingbird from our knowledge of hemody-
namics in the duck? Assuming pulse wave velocity iscausing the heart to expend more energy. The heart will

be located at a node for the second harmonic but at an unaltered, then for similar conditions to hold in both
hummingbird and duck, heart frequency ( fH) must in-antinode for the third (2708 out of phase). As the first

three harmonics contribute about 80–90% to the origi- crease in the same proportion as the linear dimension
(L) of the animal decreases with reduction in body massnal pulse amplitude then the net effect will be an in-

crease in systolic pressure. In the duck, this is seen as (Mb). For birds, the allometric equation relating fH and
Mb is fH 5 k1 ? Mb

20.282 (Grubb, 1983; and see Sectiona significant early systolic shoulder in the pressure pulse
recorded in the aortic arch (Figure 18). II,B), while L 5 k2 ? Mb

20.33, where k1 and k2 are con-
stants.If the transit time of either pressure or flow waves

through the arterial system becomes less than 5% of the According to this analysis, a hummingbird 400 times
smaller than a duck will have a fH 5.3 times higher butcardiac cycle then reflection effects on the shapes of

these waves are not obvious. Nevertheless reflections L will decrease nearly seven times. Even at the highest
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fH reported for the giant hummingbird (Patagona gigas) Pulsatile pressure and flow are generated by the first,
embryonic cardiac contractions. In Stage 24 chick em-of 1020 beats min21 (Lasiewski et al., 1967), pulse transit

time as a proportion of the cardiac interval will be con- bryos pressure and flow waveforms resemble those re-
corded from mature animals despite the absence of thesiderably less than that in the duck and reflection effects

on pulse wave shapes will probably not be obvious semi-lunar valve apparatus in the heart (Figure 22;
Zahka et al., 1989). Both peripheral resistance and vas-( Jones, 1991).
cular impedance modulus decrease with development
through stages 18 to 29 (3–6 days, development; Figure

4. Vascular Impedance
23). Over this period, mean dorsal aortic pressure and
flow increase 13 and 10 times, respectively, the increasedWhile the complex pressure and flow waves recorded

in avian arteries (Figure 20) are not directly comparable flow being accommodated by the rapidly expanding ar-
terial bed. The velocity of pulse wave propagation in-they, like all periodic signals, can be expressed as a sum

of sinusoidal signals of ascending frequency (harmonics). creases with developmental stage, from around 0.5 m
sec21 at stage 18 to nearly 1 m sec21 at stage 24 (YoshigiThese individual harmonics of pressure and flow are di-

rectly comparable (see McDonald, 1974). Comparison et al., 1997). Hence, pulse transit time will be a negligible
fraction of the cardiac cycle (0.35–0.45 sec) so that re-can be done most conveniently by determining vascular

impedance versus frequency. Impedance modulus (am- flection effects will be unimportant. Even if this were
not the case, reflection effects would be minimized inplitude of a pressure harmonic divided by amplitude of

the flow harmonic of the same order) is the analog of vas- the later stages of embryonic development because of
the marked decline in vascular resistance. Conse-cular resistance that is applicable to pulsatile flows. Im-

pedance phase is simply a measure of the degree to which quently, the fall in vascular impedance during embry-
onic development is due to the growth of a larger, morepressure and flow oscillations are out of synchrony.

Figure 21A illustrates impedance versus frequency distensible, dorsal aorta in which elastic fibers first ap-
pear at stage 29 (Hughes, 1942).curves for the circulation supplied by the descending

thoracic aorta of Anas, while Fig. 21B illustrates the
vascular impedance of the pulmonary circulation. Aortic

B. Capillary Bedsimpedance falls from the value at zero frequency, the
peripheral resistance (Zt), to settle at a steady value at 1. Gas Exchange
high frequencies; this is an indication of the characteris-

Systemic capillaries form a vital functional interfacetic impedance (Zo; Figure 21B). Peripheral resistance
between the blood and the systemic tissues of birds.and characteristic impedance are measures of arteriolar
The pathway between erythrocytes in capillary bloodcaliber and aortic distensibility respectively, uninflu-
and mitochondria in the surrounding tissue representsenced by wave reflection effects. Often, the modulus and
the last in a series of resistances in the oxygen transportphase are not constant but fluctuate, these fluctuations
pathway from the lungs. Oxygen and carbon dioxidebeing caused by wave reflection effects from peripheral
move between the systemic capillary blood and the sur-vascular sites. A well-defined minimum in impedance
rounding tissue mitochondria by simple diffusion.modulus of the aortic circulation, and a coincident rise in
Therefore, the diffusion distance from erythrocyte toimpedance phase from negative values (pressure lagging
mitochondrion and the partitioning of diffusion resis-flow oscillations) to positive values (pressure leading
tance along this route is of immense physiological inter-flow oscillations), are characteristics of a wave reflecting
est. The concept of a capillary domain, a volume of tissuesystem (Figure 21A). At the frequency of the impedance
whose oxygen demands could potentially be satisfied byminimum (10 Hz) the circulation imposes minimal load
diffusion from one capillary, was first expounded byfor pulsatile flow on the heart (Figure 21A).
August Krogh in 1914 and remains a valuable conceptThe reflection coefficient depends on the impedance
in understanding gas exchange in muscle tissue (Krogh,mismatch between the terminal arteriolar bed and the
1919). A simple explanation of the factors important insupply artery and is given by the ratio
capillary blood–tissue gas exchange, based on this

(Zt 2 Z0)/(Zt 1 Z0) 3 100. model, is to be found in West (1995).
Studies on the systemic capillaries of birds, in particu-For the aortic circulation, the reflection coefficient is

lar those of flight muscle, have been dominated recentlyhigh, being over 80%. However, in the pulmonary circu-
by two interesting themes: (1) the high workload of thelation the absence of clear impedance minima suggests
avian pectoralis major muscle during flight, reflected inthat this low-resistance circulation does not give rise to
an increase in oxygen consumption of about five timesmajor reflections of the pulse wave. In fact, the reflection

coefficient for the pulmonary circuit is only 25%. that at rest (Butler et al., 1977), suggests that the func-
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FIGURE 20 Pressures (mmHg) and flows (l min21) recorded simultaneously in the arterial system of a duck.
Traces, from top to bottom: flow in right brachiocephalic artery, RBAF; flow in left brachiocephalic artery,
LBAF; pulmonary arterial flow, PAF; pulmonary arterial pressure, PAP; aortic flow, AF; aortic pressure, AP;
right ventricular pressure, RVP; left ventricular pressure, LVP. Panels on right represent paired oscilloscope
records of central pressures and flows. Traces match those on the left but each pair was recorded from a
different animal. (From Langille and Jones (1975), Am. J. Physiol. with permission.)
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FIGURE 21 Impedance modulus and phase versus frequency graphs for aortic (A) and pulmonary
(B) circulations in a duck. (From Langille and Jones (1975), Am. J. Physiol., with permission.)

tional anatomy of the pectoral muscle capillaries may re- sity or geometric arrangement that facilitates the delivery
veal adaptations to both high tissue oxygen demand and of oxygen to the working pectoralis muscle in the face of
mechanical tissue deformation during sarcomere short- a relatively low PaO2 (the pressure head for diffusion at
ening; and (2) some species fly at high altitudes. There- the arterial end of systemic capillaries) caused by a re-
fore, there may be specific adaptations in capillary den- duced atmospheric partial pressure of oxygen.

Three parameters may be considered in determining
the capillarity of muscle. These are the number of capil-
laries per muscle fiber, the cross sectional area of muscle
fibers, and the geometrical arrangement of capillaries
around each fiber (Snyder, 1990). Gray et al. (1983)
found that sections of pure slow red muscle fibers from
the anterior latissimus dorsi of chicken had 25% more
capillaries per square millimeter than did sections of
fast white fibers from the posterior part of this muscle.
However, in six other species of birds ranging in mass
from 11g to 6.2 kg there was no significant correlation
between fiber diameter and capillary number per fiber

FIGURE 22 Dorsal aortic pressure and flow velocity recorded simulta- in slow red fibers and fast white fibers of the anterior
neously from a stage 24 chick embryo. The pressure and flow waveforms and posterior latissimus dorsi respectively. Thus, tissue
are similar to those recorded from mature animals (see Figure 20) despite capillary density decreased in muscle with larger fibers.the absence of a semilunar valve apparatus. (After K. G. Zahka, N. Hu,

The maximum diffusion distance from capillary to mito-K. P. Brin, F. C. Yin, and E. B. Clark, Aortic impedance and hydraulic
power in the chick embryo from stages 18 to 29, Circ. Res. 64, 1091–1095.) chondrion in slow red fibers and fast white fibers of the
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axis of muscle fibers in pigeon pectoralis muscle
(Mathieu-Costello, 1991, Figure 24). These branch from
capillaries running parallel to the long axes of the muscle
fibers. The branch points move closer together as the
pectoralis muscle shortens on the power stroke, but the
perpendicular orientation of the branches to the long
axis of the muscle fibers does not change appreciably
during contraction. The short segments of capillary par-
allel to the muscle fiber between these branches bow
as the muscle shortens, but do not become particularly
tortuous. The branches perpendicular to the long axis
of the muscle fibers run around the circumference of
the fibers and this arrangement together with their high
density ensures that there is an effective envelope of
capillary blood surrounding portions of the fibers. This
results in very effective blood–tissue O2 transfer (Ellis
et al., 1983). Such an arrangement of capillary branches
may compensate for the unfavorable rheological prop-
erties of avian blood compared with mammalian blood;
these properties include relatively low red cell deform-
ability and a low capillary hematocrit (see Section V).

Flying hummingbirds have the highest mass-specific
metabolic rate of any vertebrate and hummingbird flightFIGURE 23 Impedance modulus (upper) and phase angle (lower)
muscles have the highest oxygen demand of any verte-for chick embryos from stages 18 to 29. The identification key inset

in the upper panel also applies to the lower panel. (Modified from brate skeletal muscle. It would be expected, therefore,
K. G. Zahka, N. Hu, K. P. Brin, F. C. Yin, and E. B. Clark, Aortic that the adaptations for effective gas exchange at the
impedance and hydraulic power in the chick embryo from stages 18 capillary level would be most obvious in these birds.
to 29, Circ. Res. 64, 1091–1095.)

These could include a reduced diffusion distance from
the capillary to the mitochondria or possibly an increase
in the capillary-to-fiber contact area. Increases in eithergastrocnemius muscle was estimated to average 32.4 and

36.5 em respectively (Snyder, 1990). This is similar to of these factors would increase the flux of respiratory
gases for a given drop in PO2 across the capillary–the values obtained in mammals, suggesting that diffu-

sion distance has been highly conserved in vertebrate mitochondrial diffusion distance. The ratio of capillary
surface area to muscle fiber surface area is about twiceevolution. Increasing the number of capillaries per fiber

appears to produce diminishing returns such that be- as large in hummingbird flight muscle as in the rat soleus
muscle, with similar mitochondrial density in the twoyond two capillaries per fiber there do not appear to be

further measurable reductions in diffusion distance. In muscles (Mathieu-Costello et al., 1992). Therefore, ac-
cording to Fick’s law, the rate of O2 diffusion into thecontrast to the situation in neonatal mammals, the

capillary-to-fiber ratio in bird muscle appears to be fixed avian fiber would be about double that in the rat, all
other factors being equal. This supports the idea thataround hatching. Because the fibers hypertrophy during

development, diffusion distances are shortest in newly the large area of the capillary–muscle fiber interface in
avian flight muscle plays an important role in enablinghatched chicks—some 18 em (Byers and Snyder, 1984).

The benefitsconferred byreducing erythrocyte-to-mi- these muscles to maintain an extremely high oxygen
usage during flight. The respiration rates of muscle mito-tochondrion diffusion distance depend on assumptions

made about how the resistance to oxygen diffusion is dis- chondria in working hummingbird flight muscle are
about double those in the locomotor muscles of mam-tributed between source (blood) and sink (mitochon-

drion). It has been argued that the capillary-to-tissue in- mals. Interestingly the size of this interface in the pecto-
ralis muscle of the only actively flying mammal, the bat,terface represents the major resistance (Gayeski and

Honig, 1986), in which case reducing the overall diffusion is similar to that in hummingbird flight muscle.
The basic structure of the capillary network in thedistance would be of limited effectiveness compared with

increasing the area of this interface (see below). hummingbird is similar to that in pigeon flight muscle,
although capillary density tends to be higher in the hum-Compared with the geometric arrangement in mam-

malian hindlimb muscle, there are a larger number of mingbird. This results from the smaller cross-sectional
area of the muscle fibers (one-half for aerobic and one-capillary branches running perpendicular to the long
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FIGURE 24 Schematic diagram illustrating the microvascular geometry in the pectoralis muscle
of the pigeon. For clarity, the width and number of capillary branches running perpendicular
to the long axis of the muscle fibers have been reduced. a, artery; b, vein. (Reprinted from
Tissue Cell 26, O. Mathieu-Costello, P. J. Agey, R. B. Logemann, M. Florez-Duquett, and
M. H. Bernstein, Effect of flying activity on capillary-fiber geometry in pigeon flight muscle,
pp. 57–73, (1994), by permission of the publisher Churchill Livingstone.)

tenth for glycolytic) rather than from a greater number just matched fiber hypertrophy and concluded that mus-
cle growth was the primary determinant of capillarity.of capillaries surrounding each fiber (Mathieu-Costello

et al., 1992). The smaller cross sectional area of fibers Birds inhabit niches at a wide range of altitudes and
many seasonal migrations occur at high altitude. It ismay be an adaptation to reduce the diffusion distance

from capillary blood to the mitochondria. However, therefore of particular and current interest to know
whether we can identify adaptations in the degree ofsome experimental and theoretical evidence shows that

the main drop in PO2 occurs across the resistance of- flight muscle capillarity associated with high-altitude
residence or flight. In view of the evidence outlinedfered by the capillary–fiber interface and PO2 then

declines more slowly, largely because of myoglobin- above it might be predicted that any such adaptation
would increase the total surface area of contact betweenfacilitated diffusion (Honig et al., 1991). Thus, a large

contact area between capillary and fiber is probably a capillary and muscle fiber, thereby increasing oxygen
conductance. However, the current evidence for adapta-more important factor in effective oxygen delivery than

a short path between capillary and mitochondrion. This tion is sparse and contradictory. When wild pigeons
actively flying at 3800 m in La Paz, Bolivia were com-is particularly true for flight muscle in both birds and

bats where fiber myoglobin content, and therefore the pared with controls at sea level no adaptations in capil-
lary geometry or density could be identified that werepotential for facilitated diffusion, is high. Interestingly,

a comparison of actively flying and sedentary pigeons attributable to chronic altitude exposure (Mathieu-
Costello et al., 1996). On the other hand, Leon-Velardeshowed little effect of flight conditioning on capillary–

fiber relationships. Wild pigeons had a greater aerobic et al. (1993) found that the number of capillaries sur-
rounding a fiber was greater in the pectorals and somecapacity than sedentary birds, achieved by a 30% greater

cross-sectional area of aerobic fibers in the pectoralis limb muscles of Andean coots native to 4200 m com-
pared with controls at sea level. Furthermore, Canadatogether with a higher density of mitochondria. How-

ever, the capillary–fiber ratio was similar, as was capil- goose goslings hatching from eggs raised under hypoxic
conditions have been reported to show an increasedlary length–fiber volume at a given mitochondrial den-

sity (Mathieu-Costello et al., 1994). This finding is capillary-to-fiber ratio (Snyder, 1987). Diffusion dis-
tances were also claimed to be shorter in geese incu-consistent with the results of Snyder and Coelho (1989),

who caused hypertrophy of the right anterior latissimus bated in mild hypoxia (94 torr) (Snyder et al., 1984).
However, other factors capable of facilitating oxygendorsi of chickens by taping weights to the humerus. They

found that the increased number of capillaries per fiber delivery, such as changes in P50 (partial pressure of oxy-
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gen at which hemoglobin is half-saturated) and the in birds presents some unique and interesting features.
For instance, in turkey and duck, the ratio of proteinoxygen-carrying capacity of blood or increases in the

myoglobin content of muscle fibers may ultimately prove concentration in the interstitial fluid to that in the blood
is much lower than the ratio in mammals (Hargens etto be more significant adaptations. Indeed, increases in

carrying capacity and high levels of tissue oxygen extrac- al., 1974). Hargens et al. (1974) have pointed out that
the lower ratio in birds is correlated with a higher arte-tion have been demonstrated in unexercised pigeons ac-

climatized to high altitude (Weinstein et al., 1985). rial blood pressure. Also, birds as a group seem to be
highly resistant to hemorrhage, tolerating blood loss
much better than mammals. Kovách and Balint (1969)

2. Microvascular Fluid Exchange
have shown that increased hemorrhage tolerance be-
comes apparent only during prolonged bleeding becauseCapillary fluid balance is maintained by the dynamic

interaction between hydrostatic and osmotic forces act- hemodilution continues in the pigeon through the pe-
riod of blood loss, whereas in the rat no further hemodi-ing across the capillary wall, as first described by Starling

over 100 years ago (Starling, 1896). Starling’s original lution occurs after about 15–20 min of bleeding. Hemo-
dilution is achieved by the inflow of isotonic fluid withformulation has been modified and refined by Landis

(1927) and Kedem and Katchalsky (1958), yielding the a low protein content.
The restoration of blood volume results from absorp-following equation to describe microvascular fluid ex-

change: tion of tissue fluid across the capillary walls due to re-
duced capillary pressure. This fall in capillary pressure

Jv 5 KFC [(Pc 2 PT) 2 sd (fP 2 fT)],
could be brought about by an increase in the ratio be-
tween pre- and postcapillary resistances as well as bywhere Jv is net volume flow across the vascular wall,

KFC is capillary filtration coefficient, Pc and PT are capil- changes in arterial and venous pressures during hemor-
rhage. Resistance changes across the capillaries seemlary and tissue fluid pressures, respectively, (fP 2 fT)

is colloid osmotic pressure difference between plasma to be the most important factor in rapid restoration
of blood volume in ducks. Blockade of a-adrenergic(P) and tissue (T), and sd is the osmotic reflection coeffi-

cient. receptors eliminates vasoconstriction in the skeletal
muscle, which forms the major reserve of tissue fluidIn the steady state, the capillary blood pressure op-

poses the blood colloid osmotic pressure (COP) to main- and leads to a greatly retarded restoration of blood
volume (Djojosugito et al., 1968). Djojosugito et al.tain tissue fluid balance. Blood pressure exceeds COP

at the arteriolar end of the capillary and is usually below (1968) attribute the difference in ability to restore blood
volume after hemorrhage in ducks and cats to a veryCOP at the venous end. Fluids are secreted at the arteri-

olar and absorbed at the venous ends of the capillary. pronounced reflex vasoconstriction in duck skeletal
musculature and to a capillary surface area in ducksHence, for adequate fluid exchange, COP pressure must

offset capillary pressure, the latter being a reflection of three to five times that in the cat, a condition that in-
creases the rate of absorption of fluid into the vascularthe arterial blood pressure (Landis and Pappenheimer,

1963). The value of the COP is determined by the con- system (Folkow et al., 1966).
Many birds have extremely long necks with the headcentrations and species of blood proteins as well as by

cations held in the plasma by the Donnan effect of the being held a meter or more above the heart. Do these
birds have exceptionally high blood pressure to over-proteins (Guyton et al., 1975). However, it is now clear

that microvascular fluid exchange is a dynamic process come the gravitational effect on the circulation? High
blood pressures are not necessary to ensure flow to thein which extravascular forces such as tissue fluid pres-

sure, tissue colloid osmotic pressure, and the actual flow head. In a fluid- filled system, the gravitational pressure
of blood in the veins will counterbalance the gravita-of lymph can influence transcapillary fluid movement

(Taylor and Townsley, 1987). In addition to heterogene- tional pressure in the arteries of the neck, much like
the loop of a siphon. In other words, it is no moreity of Starling forces in different areas of the microvascu-

lar beds there is also the possibility that heterogeneity difficult for blood to flow uphill than downhill in a sys-
tem of closed tubes like the circulation. Overall circula-of capillary membrane permeability will also contribute

to differences between global and local values of the tory flow around the body occurs due to a pressure
difference between the aorta and right atrium and itStarling pressures (Michel, 1997). In the light of recent

knowledge, the simplistic steady state view of secretion matters little what actual route the blood follows.
If pressure is measured in the cerebral circulation ofat the arteriolar end of the capillary and absorption at

the venous end of the capillary can only be regarded as a long-necked bird, this will be lower than that recorded
in the aorta just outside the aortic valves by an amounta transient phenomenon at best.

Studies on avian species have contributed little to sufficient to cause the required blood flow along the
neck artery (a small difference) and by the gravitationalthis discussion although microvascular fluid exchange
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effect due to the height the head is held above the heart.
If the head is held one meter above the heart, pressure
in the arteries of the head will be about 75 mmHg less
than at the heart. Consequently, in the cranial capillary
beds it is now possible that the hydrostatic pressure will
be lower than the colloid osmotic pressure of the blood
and fluid will be continuously removed from the intersti-
tial spaces, with similar consequences as those following
excessive alcohol consumption. As drunken ostriches
are not a common sight then countermeasures such as
markedly increased arterial blood pressure, decreased
arteriolar resistance, or reduced blood colloid osmotic
pressure must be in effect. It is now possible to obtain
a ready supply of long-necked birds (ostriches and emus
being bred for food) and it is to be hoped that these
countermeasures can be subjected to empirical investi-
gation.

3. Distribution of Blood Flow

a. Distribution of Cardiac Output at Rest

The percentage of cardiac output distributed to dif-
ferent organs is closely related to their aerobic metabolic
activity and their size. The distribution of cardiac output
is ultimately determined by the relative resistance of
systemic vascular beds that are arranged in parallel FIGURE 25 Organ blood flow plotted as a percentage of cardiac

output in birds at rest. Standard error bars are shown where appro-throughout the body. Vascular resistance, in turn, is
priate. Data are taken from Boelkins et al. (1973) (chicken), Duchampdetermined by a variety of hormonal, autoregulatory,
and Barre (1993) (muscovy duckling), Jones et al. (1979) (Pekin andand neural control mechanisms (see Section VI). Values
mallard), Sapirstein and Hartman (1959) (chicken), Stephenson et al.

obtained by different investigators for relative blood (1994) (Pekin duck) and Wolfenson et al. (1978) (chicken).
flow (% cardiac output) to various organs differ widely,
probably reflecting differences in experimental tech-

role to be effective. In contrast to splenic blood flow,nique, species, and ‘‘resting’’ conditions. Nevertheless,
the rate of cerebral blood flow in birds is an order ofit is apparent from the limited data available that the
magnitude less. Blood flow to the whole brain and toheart, liver, kidneys, and intestines receive relatively
individual cerebral regions ranges from 0.43 to 1.6 mllarge percentages of the total cardiac output (Figure
min21 g21 under normoxic conditions, as shown in Figure25). The avian brain appears to receive about 3% of
26 (Bickler and Julian 1992, Butler et al., 1988; Faracicardiac output, similar to the proportion of cardiac out-
and Fedde 1986; Faraci et al., 1984; Grubb et al., 1977;put going to the brain in a small mammal like the rat
Jones et al., 1979; Stephenson et al., 1994; Wolfenson etat rest (Ollenberger and West, 1998).
al., 1982a). Both the heart and kidneys have relativelyBy far the highest resting blood flows thus far mea-
high rates of mass specific blood flow, reflecting the highsured in any avian organ (about 16 ml min21 g21 of wet
oxygen demand of the contracting cardiac muscle andtissue weight) are found in the spleen (Figure 26). This
the activity of energy-dependent membrane pumps inorgan receives a disproportionately large percentage of
renal tissue, respectively. Pectoral and gastrocnemiustotal cardiac output despite its small size (Figure 25).
muscle, on the other hand, show relatively low perfusionHigh tissue flow rates also have been found in the mam-
rates at rest (Figure 26).malian spleen; a flow of some 12 ml min21 g21 has been

reported in conscious dogs (Grindlay et al., 1939). Such
b. Effects of Swimming and Submergence on Tissuehigh rates are almost certainly related to the dual func-
Blood Flowtion of this organ: as a filter for aging erythrocytes, which

are eliminated by the process of diapedesis; and as an Surface swimming in tufted ducks at close to maxi-
mum sustainable speeds resulted in an increase of car-organ of the reticuloendothelial system, in which the

blood is cleaned by phagocytic reticuloendothelial cells diac output by 70%, from 276 ml min21 to 466 ml min21.
Despite this, there were no increases in blood flow toas it passes through the splenic sinuses and pulp. Obvi-

ously, a high flow rate is needed for this dual filtration the brain, liver, adrenals, spleen, or respiratory muscles.
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oxygen demand associated with exercise of these mus-
cles under other conditions. Even though cardiac output
is reduced during diving, the rate of perfusion of the
head and thoracoabdominal areas is kept at or above
predive levels, represented by maintained or increased
blood flow to the heart and brain (Heieis and Jones,
1988; Jones et al., 1979). In mallards and Pekin ducks
myocardial flow was, on average, 0.73 ml min21g21 pre-
submersion and 0.88 ml min21 g21 after 144–250 sec
of submergence. Cerebral flow increased from 0.43 ml
min21 g21 to 3.68 ml min21 g21 over the same time period.
In Pekin ducks forcibly submerged until PaO2 fell to
50 mmHg, cerebral blood flow increased from 1.58 ml
min21 g21 to 3.2 ml min21 g21. Clearly, regardless of the
wide range of absolute values measured, cerebral blood
flow increases in forced submersion asphyxia, represent-
ing maintained oxygen delivery to brain tissue. A redis-
tribution of blood flow away from more hypoxia-
tolerant regions toward more sensitive regions within
the brain itself does not seem to occur in the Pekin duck
(Stephenson et al., 1994). However such heterogeneous
regional changes in cerebral blood flow in response to
asphyxia have been proposed to occur in neonatal mam-
mals (Goplerud et al., 1989).

c. Changes in Blood Flow Associated with Flight
FIGURE 26 Mass-specific organ blood flow (ml min21 g21) in birds The pectoral muscles receive relatively low rates of
at rest. Standard error bars are shown where appropriate. Data are tissue blood flow at rest (Figure 25), but flow to these
taken from Butler et al. (1988) (tufted duck), Duchamp and Barre

muscles during flight has not been measured. During(1993) (muscovy duckling), Faraci et al. (1985) (Pekin duck), Jones
bipedal locomotion in birds, blood flow increases sig-et al. (1979) (Pekin and mallard), Stephenson et al. (1994) (Pekin

duck), and Wolfenson et al. (1978) (chicken). nificantly in the locomotory muscles; Bech and Nomoto
(1982) reported that sciatic artery blood flow increased
3.7 times in Pekin ducks running on a treadmill. As

There was about a 30% increase in flow to the myocar- described above, tissue blood flow to leg muscles in
dium, reflecting an increased oxygen demand of the ducks increases some 5-fold in ducks swimming at close
heart muscle. Blood flow to the active muscles of the to maximum sustainable rates (Butler et al., 1988).
legs increased about three times, matching increased Therefore it is probably safe to assume that similar
oxygen demand. Interestingly, blood flow to the inactive increases in blood flow rates to flight muscle occur dur-
pectoralis muscles, and to some visceral organs like the ing moderate to energetic flapping flight; less strenuous
intestines and kidneys, actually decreased during swim- flight may not involve such large changes in muscle flow
ming, despite the increased cardiac output. This suggests rates. By analogy, domestic chickens show little change
that the cardiac output is selectively redistributed during in leg muscle flow when walking on a treadmill, even
swimming both by vasodilation in active muscle and at metabolic rates over double the resting rate (Bracken-
vasoconstriction in visceral organs and inactive muscle bury et al., 1993).
(Figure 27; Butler et al., 1988). Short periods of under- Several studies have addressed the effects of simu-
water swimming in redhead ducks resulted in blood flow lated high altitude flight on cerebral blood flow. At
to the hind legs approximately doubling, suggesting that altitude the arterial blood is presumably both hypox-
the pattern of blood flow redistribution is similar to that emic as a result of the reduced PIO2 and hypocapnic as
in surface swimming (Stephenson and Jones, 1992). the result of CO2 washout by increased hypoxemia-

During forced submergence aquatic birds show driven ventilation (Faraci et al.,, 1985). Carbon dioxide
bradycardia, a reduction in cardiac output, and massive is normally a potent vasodilator within the cerebral cir-
peripheral vasoconstriction that in the case of the swim- culation (Faraci and Fedde, 1986; Grubb et al., 1977), so
ming muscles is not counterpoised by vasodilation; the cerebral vasoconstriction is a distinct possibility under

these conditions. However, it turns out that cerebrallatter response would normally result from the increased
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FIGURE 27 Histograms showing mean blood flow to selected vascular beds in six tufted ducks before
(open bars) and during swimming at a mean velocity of 0.69 6 0.01 m sec21 (shaded bars). Asterisks
indicate significant differences between preexercise and swimming values (P , 0.05). (After Butler et
al. (1988), J. Exp. Biol., Company of Biologists Ltd.)

blood flow is fairly insensitive to severe hypocapnia in increased blood flow to the hindlimb muscles at the
expense of flow to the preovulatory follicles, but not todomestic geese and Pekin ducks and very insensitive in

bar-headed geese, a species well adapted to high altitude other visceral organs (Brackenbury et al., 1990). Heat
stress also affects follicular blood flow. Elevating body(Bickler and Julian, 1992, Faraci and Fedde, 1986;

Grubb et al., 1977). In domestic geese, cerebral blood temperature by 1–28C results in blood flow falling to
70–80% of control in the larger ovarian follicles andflow decreased as PaCO2 fell from 50 to 20 mmHg but

then reached a plateau. Bickler and Julian (1992), how- 58% of control in the uterus, as flow to the skin increases
(Wolfenson et al., 1978, 1981). During the passage ofever, found that the PO2 of cerebral tissue continued

to fall as PaCO2 fell below 20 mmHg, possibly because an egg down the oviduct, blood flow increased threefold
in oviducal segments surrounding the egg. This maybrain perfusion plateaued at a level lower than that in

normoxia. At altitude arterial blood is both hypocapnic have been due to increased oxygen demand associated
with contractile activity in the muscular layer of theand hypoxemic, and hypoxemia also causes cerebral

vasodilation. In this context, Grubb et al. (1977) found oviduct wall (Wolfenson et al., 1982b). Blood flow to
the shell gland was normally small, but increased five-that concomitant hypocapnia could shift the onset of

hypoxia-driven vasodilation to a lower PaO2 range. fold within a few hours after entry of an egg into the
gland, paralleling the time course of shell calcification.

d. Changes in Blood Flow Associated with Ovulation

In laying hens there are dynamic changes in regional
C. Venous Systemblood flow to the reproductive organs associated with

ovulation (Boelkins et al., 1973). Scanes et al. (1982) 1. Functional Development of Venous System
found that five major preovulatory follicles received half

The embryological development of the avian venousof the total ovarian blood flow and that blood flow
system follows a typical vertebrate pattern. At aboutincreased during their maturation, but postovulatory
the 15-somite stage of the avian embryo, paired cranialfollicles received little blood flow. Prostaglandin F-2a
and caudal common cardinal veins develop from a vas-administration caused follicular vasoconstriction. Follic-
cular plexus in somatic mesoderm (Lillie, 1908; Sabin,ular blood flow was also sensitive to the changes in the
1917). The heart shifts caudally during embryonic devel-distribution of cardiac output associated with activity
opment, and the cranial cardinal veins elongate to be-and temperature stress. Treadmill exercise sufficient to

cause a 150% increase in metabolic rate significantly come the jugular veins. Subclavian veins, returning
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blood to the right side of the heart from the pectoral
Compliance 5

DV
DP

.region and the wings, arise as tributaries of the caudal
cardinal veins (Ede, 1964). The adult avian venous sys-

In mammals, the entire vascular system has a compli-tem cranial to the heart differs in detail from the mam-
ance of about 3 ml (blood) kg (body mass) mmHg21.malian pattern in that there are two cranial (superior)
The compliance of the arterial vascular segment isvenae cavae. The right jugular vein is much larger in
only about 3% of that of the venous segment (Rothe,diameter than the left, and there is an anastomosis be-
1983). Therefore, despite the smaller vascular pressurestween the jugular veins at the base of the head, allowing
in the venous side of the circulation, at any one timesome blood draining from the left side of the head and
about 60–80% of blood volume is contained in theneck to return to the heart in the larger right jugular
veins. They are therefore referred to as capacitancevein.
vessels. The capacity of the venous circulation canDevelopment of the venous system caudal to the
change either passively by changes in transmural pres-heart is primarily concerned with the formation of the
sure or actively by changes in the contractile state ofphysiologically important renal and hepatic portal ve-
venous smooth muscle. A reduced transmural pressurenous circulations (see below). Subcardinal veins, which
and therefore a passive elastic recoil of compliantdevelop along with the embryonic kidney (mesoneph-
veins, or a reduction in venous compliance by activeros), initially provide renal drainage into the caudal
contraction of smooth muscle in the venous walls,cardinal veins. Eventually the anterior portions of the
mediated by a-adrenergic receptors (Section VI,B,3),caudal cardinal veins disappear and the subcardinals
would both serve to reduce venous capacitance. Thisform a connection with the ductus venosus, this connec-
transfers blood toward the heart. All other thingstion becoming the caudal vena cava. The liver develops
being equal, this would tend to increase atrial filling

around the ductus venosus, which subdivides into a cap-
and therefore cardiac output. The large veins of the

illary bed, forming the hepatic portal circulation. The
domestic fowl are well innervated with adrenergic

cranial portion of the ductus venosus becomes the he-
motor fibers (Bennett et al., 1974, Bennett and Malmf-

patic vein and the caudal portion becomes the hepatic ors, 1975b), and the density of this innervation suggests
portal vein. Finally, the renal portal veins form a junc- that there is active control of venous capacitance
tion with the caudal vena cava via the common iliac (Section VI,B,3), although to date there are no physio-
veins and the caudal subcardinal veins are replaced by logical studies in birds analogous to those of adrenergic
the caudal renal veins. effects on venous capacitance function in mammals

(Vanhoutte and Leusen, 1969).

2. Capacitance Function

3. Physiological Role of VeinsThe walls of the veins in birds are, as in mammals,
in Exercise and Submersionthinner than those of arteries so that venous distension

depends on a positive transmural pressure gradient. Venous pressure in pigeons flying in a low-speed wind
The three basic components of blood vessel walls, tunnel increased to 2.5 mmHg from the resting value
tunica intima, media, and externa, are present. The of 1.2 mmHg (Butler et al., 1977). Cardiac output in-
tunica media is composed of circumferential smooth creased 4.4 times during flight, mainly accomplished by
muscle fibers. In larger veins elastic laminae appear an increase in heart rate at a constant stroke volume.
in the tunica externa, which makes up most of the In flight, the increased pressure gradient from the ve-
wall tissue. Veins near the heart are frequently invested nous end of capillaries to the right ventricle increases
with cardiac muscle fibers that are apparently func- venous return, right heart filling, and cardiac output
tional. The caudal vena cava of the mallard can via the Frank–Starling relationship. Venous pressure is
occasionally be seen to contract at the same frequency determined by the relationship between venous volume
as the sinus venosus. and compliance, which is reduced as venous smooth

As in mammals, the avian venous system does not muscle contracts and the vein walls stiffen. In mammals
necessarily represent a passive conduit returning blood the venous beds of the liver, spleen, and skin act as
to the heart. The thin, distensible walls of veins mean reservoirs of blood which can actively reduce their ca-
that these vessels are relatively compliant compared pacitance during exercise, thereby increasing venous
with arteries. As applied to blood vessels, compliance pressure and the volume of venous return to the heart
is the ratio of the change in vessel volume (DV) (Rothe, 1983). Whether these venous vascular beds also
resulting from a change in transmural distending pres- constrict during flight exercise in birds is currently un-

known.sure (DP):



4219 / c9-175 / 08-04-99 14:48:13

Chapter 9. The Cardiovascular System 175

Active venoconstriction may also be important in the If the valve is partially closed due to parasympathetic
stimulation, and resistance at the valve is high, bloodcardiovascular adjustments to diving in birds. Djojosug-

ito et al. (1969) provided indirect evidence that venous can alternatively enter the renal portal system by flowing
into the cranial and caudal portal veins. Thus the portalpressure increased during diving in ducks and this was

confirmed by Langille (1983), whose results suggested veins are arranged functionally in parallel with the direct
venous route provided by the common iliac vein andthat this was due to active venoconstriction. In the latter

study, cardiac stroke volume fell if central venous pres- the vena cava. Blood entering the cranial and caudal
portal systems eventually drains into the internal verte-sure was held constant during diving. This suggests that

reduced ventricular contractility, caused by an increase bral venous sinuses and caudal mesenteric veins respec-
tively and makes its way back to the right side of thein vagal motor nerve activity to the heart, is normally

counteracted during diving by increased venoconstric- heart by this route. Anteriorly the caudal mesenteric
vein connects with the portal system of the liver, provid-tion-induced filling via the Frank–Starling mechanism

(see Section VI,C,2,c). ing another option for blood flow. The cranial and cau-
dal portal veins are arranged in parallel with each other,
and a ‘‘packet’’ of blood from the external iliac vein

4. Renal Portal System
can enter one or the other, but not both. Therefore,
variable fractions of venous blood derived from the legs,In common with most other vertebrate groups,

birds possess a renal portal circulation. Venous blood tail, and lower digestive tract can return directly to the
right side of the heart (via the common iliac vein andmaking its way back to the heart from the legs and

the lower intestine of birds enters the kidneys through vena cava) or enter the renal (cranial portal vein) or
renal and hepatic portal systems (caudal portal vein)a renal portal system. Within the kidneys this blood

mixes with postglomerular efferent arteriolar blood in (Figure 30). The overall pattern of venous flow will
depend on the distribution of vascular resistance withinperitubular sinuses that surround all nonmedullary

nephron segments and eventually flows toward the the portal system.
Several workers have tried to ascribe a functionalrenal veins. The physiological significance of the renal

portal system is currently poorly understood. About significance to the renal portal system. This is a difficult
task in the face of the possibility of neural, humoral,50–70% of total renal blood flow is contributed by

the renal portal vein. However, this percentage is and local metabolic control all influencing the relative
resistances offered by the portal veins and valve.highly variable between animals and can change rap-

idly in the same individual for no apparent reason Recent experimental evidence has resulted in the
development of the portal compensation hypothesis,(Odlind, 1978). Part of the variability in flow can be

attributed to the status of active, innervated renal in which the parallel interconnecting veins described
above are viewed as an anastomosing network, withportal valves within the iliac veins (Figures 28 and

29; Glahn et al., 1993). The valves receive dense the peritubular sinuses located in the renal cortex at
its center. Therefore, the amount of portal bloodreciprocal motor innervation from the parasympathetic

and sympathetic divisions of the autonomic nervous flowing to the kidneys will depend on both the resist-
ances and pressures in the parallel shunt pathwayssystem (see Section VI,B,3). Adrenergic stimulation

produces relaxation of the smooth muscle of the valve, described above and resistance and pressure within
the peritubular sinuses.and cholinergic stimulation produces contraction. In

contrast, smooth muscle of the renal portal vein itself Blood flowing from the renal glomeruli also enters
the sinuses and contributes to pressure within themshows a predominantly adrenergic contractile response

typical of most vascular smooth muscle (Burrows et (Wideman et al., 1991), so any reduction in renal
arterial pressure below the autoregulatory range shouldal., 1983). The distribution of vascular resistance within

the portal system, governed by both the portal valve promote inflow to the sinuses from the portal veins.
It is known that if the portal system is intact, birdsand the alternate, parallel venous pathways for blood

returning to the heart (Figure 30) determine the can maintain total renal blood flow in the face of a
fall in renal arterial pressure to 40–50 mmHg. Shouldvolume flow of renal portal blood.

There are several options for a ‘‘packet’’ of venous arterial pressure fall, the glomerular vessels themselves
can, by autoregulation, maintain glomerular filtrationblood returning from the legs in the external iliac veins

(Figures 29 and 30): if the renal portal valve is open rate constant but only down to a minimum pressure
of 70 mmHg (Wideman et al., 1992). The wider auto-under the influence of sympathetic nervous system acti-

vation, blood can flow through the patent valve into the regulatory range for total renal blood flow may be
due partially to an autoregulatory buffering effect bycommon iliac vein leading to the vena cava and directly

back to the right side of the heart, bypassing the kidney. the portal system. Experimentally reducing portal
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FIGURE 28 Illustration of a renal portal valve. The valve, composed of smooth muscle,
is situated in the external iliac vein at the point where the efferent renal vein joins the iliac
vein. The valve is anchored to the vein wall by muscular ‘‘tethers.’’ (After Burrows et al.
(1983), Am. J. Physiol. with permission.)

blood flow leads to a narrowing of the range of a nutritional blood supply to the cells of cortical neph-
rons (Wideman and Gregg, 1988).arterial pressures over which total renal blood flow

is maintained constant (Wideman et al., 1992). There
are regional differences in renal blood flow, with the

V. BLOODanterior part of the kidney apparently receiving a
greater contribution from the portal veins. This sug-

A. Componentsgests that renal arterial flow is normally lower in the
anterior kidney. Circulating blood is a non-Newtonian fluid, consisting

The functional significance of the portal system in of particles (the cellular components) suspended in
the environmental physiology of birds may be related plasma. Avian blood characteristically differs from
to salt loading and dehydration. Dantzler (1989) has mammalian blood in that erythrocytes are oval and nu-
proposed that under these conditions the adaptive re- cleated, thrombocytes are nucleated and are as large as
sponse of the preglomerular arterial vessels of reptilian- the other leucocytes, blood glucose level is typically
type nephrons in the superficial renal cortex is to con- double that in mammals, and plasma protein content is
strict, causing sustained cessation of filtration. Renal substantially lower. A modern account of techniques in
blood flow could be maintained under these conditions avian hematology and cytology is provided by Campbell

(1995). Rheologically, the suspension of cells (mainlyby a compensatory increase in portal flow, maintaining
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its hematocrit, and in the capillary beds and precapillary
vessels viscosity is also influenced by the vessel diame-
ter. While little work has been done on these general
effects in birds, they have been thoroughly evaluated
in mammals; see Berne and Levy (1992) for a lucid dis-
cussion.

Nucleation is typical of submammalian erythrocytes,
and mature avian erythrocytes have a nucleus posi-
tioned centrally in an ovoid cell body. Avian erythro-
cytes also tend to be larger than those of mammals,
although typically smaller than the erythrocytes of rep-
tiles (Hawkey et al., 1991). In birds erythrocyte length
ranges from 14.0 to 15.7 em and width from 7.5 to
7.9 em, yielding a ratio of length to width of 1.50–2.0
(Palomeque and Planas, 1977). The ovoid shape of the
cells accounts for some of the observed differences in
rheological properties from those observed in mamma-
lian blood. Nuclei are also ovoid, with a length to width
ratio ranging from 1.8 to 3.0. The nuclei therefore have
a more elongated shape than do the erythrocytes, and
this may be an important factor in determining the ex-
tent of erythrocyte deformability as these cells travel

FIGURE 29 Ventral view of the avian kidneys with a simplified through the capillaries.
representation of the avian renal portal circulation and its connections
to the systemic venous system. (After Wideman et al. (1992), Am. J.

B. RheologyPhysiol. with permission.)

The viscosity of a homogeneous (Newtonian) fluid
is constant if measured over the range of flow rateserythrocytes) in a homogeneous fluid phase (plasma)
and tube diameters that are likely to be found in theconfers unique properties on the resulting fluid. The
cardiovascular system. The properties of the tubingapparent viscosity of the blood will vary as a function of
and the fluid are important factors in determining
resistance to blood flow, as outlined in Section III.
With reference to the tubing, Poiseuille’s law (Eq. 1;
Section III) states that there is an inverse relationship
between blood flow and the fourth power of the radius
of a vessel. However, also explicit in Poiseuille’s law
is a term for fluid viscosity, and resistance to flow is
directly proportional to the value of this term. Viscosity
is essentially the resistance to bulk flow conferred on
a fluid by the frictional, or shearing, interaction of
one layer (lamina) of fluid moving over another with
a different velocity. In a single-phase (Newtonian)
fluid like water, viscosity is constant with changes in
tube radius and flow velocity. However, in a two-phase
medium like blood, which is essentially a suspension of
particles, viscosity depends on (1) the concentration
of the particles (essentially the fraction of total volume
occupied by erythrocytes, or hematocrit); (2) the veloc-
ity of flow; and (3) the radius of the vessel in which

FIGURE 30 Three potential parallel shunt pathways in the renal viscosity is measured.
portal circulation. (1) The renal portal valve is open under influence
of its sympathetic motor innervation—venous blood flows from the

1. Effect of Hematocritexternal iliac vein through the patent valve into the common iliac
vein, bypassing the kidney. (2 and 3) The renal portal valve is partially

Apparent blood viscosity varies as hematocrit varies.closed and resistance at the valve is high. Blood returning from the
Plasma, devoid of cells and particulate matter, has alegs in the external iliac veins enters the cranial and caudal portal

systems. (After Akester (1967), with permission of J. Anat.) viscosity of 1.3 (pure water has a viscosity of 1). Mamma-
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lian blood with a normal hematocrit of 45% has a viscos- measured in a small tube connecting a reservoir of blood
ity 2.4 times that of plasma alone. However, there is an to a collecting vessel is lower than that measured in
exponential relationship between hematocrit and vis- blood taken from either vessel. Second, the apparent
cosity so that an increase in hematocrit to 70% more viscosity of the blood in the tube decreases as a function
than doubles the apparent viscosity and has the same of tube diameter, if diameters are less than about
effect on the resistance to blood flow (Berne and Levy, 0.3 mm. The same effect applies to blood flow through
1992). At low hematocrits, the viscosity of suspensions microvessels in situ. The hematocrit of blood measured
of turkey erythrocytes in Ringer’s solution is compara- in arterial and venous microvessels in the cat has been
ble to that of mammalian suspensions of the same hema- found to be lower than that recorded in large systemic
tocrit, but as hematocrit approaches 85% viscosity of vessels (Lipowsky et al., 1980). These hematocrit- and
turkey blood increases disproportionately more than viscosity-related phenomena, discussed in Section V,B,2
that of mammalian suspensions. This suggests that tur- above, are linked by the fact that the composition of
key erythrocytes may be less deformable than mamma- the blood actually changes as it flows through small
lian erythrocytes. Avian erythrocytes differ from mam-

tubes of about the same diameter as capillaries. This ismalian erythrocytes in size, shape, presence of a nucleus,
because erythrocytes tend toward the center of the flowand possibly tensile properties of the membrane. The
stream, which has a velocity twice that of the averagepresence of a nucleus with a length to width ratio greater
flow velocity under the laminar flow conditions foundthan that of the whole cell may lead to a high internal
in these vessels. This velocity is therefore faster thanviscosity, tending to decrease the deformability of the
the average velocity for the plasma component of thecells (Usami et al., 1970). Another factor that may con-
blood and results in relatively fewer erythrocytes in thetribute to a high internal viscosity in avian erythrocytes
tube or capillary at any one time, compared to the num-is a relatively high concentration of free cytoplasmic
ber which would be present in the same volume of bloodhemoglobin (Gaehtgens et al., 1981a). In mammalian
sampled from a large vessel. This reduction in hematocriterythrocytes, velocity gradients in the plasma are trans-
under dynamic conditions is called the Fahreus effect. Itmitted into the cytoplasm by a ‘‘tank-tread’’-like motion

of the membrane, a feature which has been proposed is not fully understood why the erythrocytes drift into the
to help reduce the overall viscosity of the blood (Fischer, center flow stream in small vessels, although it has been
1978). This mechanism may not occur in avian erythro- shown that flexible particles like red blood cells show this
cytes if their cell membranes are significantly stiffer than behavior but rigid particles do not.
those of mammalian cells. The viscosity phenomena described above depend

on the ability of the erythrocytes to deform at high
2. Flow Velocity flow velocities (shear thinning) and their stability of

orientation in the axial flow stream in small vessels (Fah-As the velocity of blood flow increases in mammals,
reus effect). Mammalian erythrocytes deform readily,apparent viscosity decreases. This is called ‘‘shear thin-
and two of the most important prerequisites promotingning,’’ the term ‘‘shear’’ referring to the shearing of flow
this phenomenon are the absence of a nucleus and otherlaminae past each other in laminar flow. At low flow
organelles and a large surface-area-to-volume ratio.rates, erythrocytes tend to aggregate, effectively form-
While the latter factor is not significantly different froming large particles which elevate blood viscosity. As flow
that of duck erythrocytes (Gaehtgens et al., 1981a), itrates increase these aggregates break up, thus decreas-

ing apparent viscosity. Another flow-related factor re- might be predicted that the large, nucleated ovoid avian
sponsible for a decrease in viscosity, particularly when erythrocytes would not deform as readily as mammalian
hematocrit is high, is the capability for deformation of erythrocytes. Turkey red cells actually show a lower
erythrocytes. At low to medium flow rates erythrocytes tendency to aggregate in whole blood than do mamma-
assume a biconvex shape, but at higher flow rates the lian erythrocytes, although increased concentrations of
cells deform in the direction of flow and assume a flat- fibrinogen and globulin can increase viscosity by increas-
tened, ellipsoidal morphology (Cohen, 1978). This effect ing the tendency to aggregate. Aggregation, however,
diminishes apparent viscosity. This deformation is im- becomes less important at high shear rates. The viscosity
portant in the capillaries: the diameter of mammalian of suspensions of turkey red blood cells in Ringer’s
erythrocytes is around 8 em, yet cells deformed in the solution decreases as shear rates increase, but the sus-
flow stream can pass through a 3 em lumen. pension still shows higher relative viscosity values than

even suspensions of nucleated erythrocytes of other
3. Vessel Radius nonmammalian species. This disparity becomes even

more apparent at both high hematocrit and high flowIf the viscosity of mammalian blood is measured as
rates, as shown in Figure 31 (Chien et al., 1971). As flowit flows through small glass tubes, two interesting phe-

nomena are noted. First, hematocrit of flowing blood rate increases, erythrocyte cell diameter decreases and
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FIGURE 31 Plots of the relative viscosity of turkey red blood cell (rbc) suspensions compared to
those of the rbcs of other nonmammalian vertebrates and humans. Left panel: rbcs suspended in
Ringer’s solution; right panel: rbcs suspended in plasma. Vertical axis, relative viscosity (logarithmic
scale), horizontal axis, cell percentage by volume. All nucleated rbc suspensions show higher viscosity
than the suspensions of nonnucleated human cells, but turkey cell suspensions exhibit high viscosity
compared to those of other nucleated rbcs. (Reprinted from Biorheology 8, S. Chien, S. Usami, R. J.
Dellenbeck, and C. A. Bryant, Comparative hemorheology—Hematological implications of species
differences in blood viscosity, pp. 35–57, Copyright (1971), with permission from Elsevier Science.)

cell length increases, so that a similar type of defor- hematocrit and therefore in apparent viscosity of capil-
lary blood by the mechanism described above. The Fah-mation occurs in both human and duck erythrocytes;

however, human cells are about twice as deformable reus effect is thus probably important in reducing resis-
tance and consequently the pressure required to drive(Gaehtgens et al., 1981a). Therefore the contribution of

erythrocyte deformation to shear thinning is probably flow in bird microvessels. Indeed, there is evidence that
this may be the most important mechanism in determin-less significant in birds than in mammals.

Human red cells orient themselves in a stable fashion ing viscosity-related resistance to flow in small capillar-
ies (Gaehtgens et al., 1981b). However, under the samein the center of the axial flow stream in narrow capillar-

ies, but duck erythrocytes often tumble in the flow conditions of hematocrit and tube diameter, the relative
viscosity of suspensions of duck erythrocytes is 4–6stream and may orient themselves with their long axis

at an angle to the tube axis (Gaehtgens et al., 1981a). times greater than that of human cell suspensions, as
illustrated in Figure 32 (Gaehtgens et al., 1981b). ThisThis is because their relatively low deformability re-

duces their ability to ‘‘go with the flow’’ and yield to difference is probably due to the larger hydrodynamic
disturbance produced by a less stable orientation oflocal shear forces. Tumbling and the tendency to travel

at an angle to the tube axis both act to reduce the width nucleated erythrocytes in the capillary flow stream. The
smaller the viscosity of a flowing suspension, the lessof the undisturbed plasma layer traveling next to the

capillary wall, suggesting that in bird capillaries there the particles will perturb the shearing laminae of flow.
Perhaps in compensation for the relatively high vis-may be a smaller Fahreus effect. The velocity of bird

red cells in small glass capillary tubes is significantly cous resistance in birds, there is a threefold increase in
muscle capillary density compared to cat muscle, andfaster than that of the suspending solution (Gaehtgens

et al., 1981b). This results in an effective reduction in brain capillaries occupy about double the volume of
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concentration in the blood. However, bar-headed geese,
which are strong high-altitude fliers, show no changes
in hematocrit under similar experimental conditions
(Black and Tenney, 1980). In wild quail hematocrit and
the concentration of hemoglobin increase with altitude
as they migrate to higher altitudes (Prats et al., 1996).
These increases were accomplished by the appearance
of larger erythrocytes containing more hemoglobin,
without an increase in red cell number.

Polycythemia, occurring in response to altitude,
seems to be a chronic rather than an acute adaptation
in birds, as in mammals. Pigeons acutely exposed to
high altitude do not show increases in hematocrit or
hemoglobin concentration, although both responses ar-
eshown by altitude (7 km)-acclimated pigeons (Wein-
stein et al., 1985). The variability of the polycythemic
response and its interaction with the O2 affinity of the
blood are shown by sharp increases in hematocrit after

FIGURE 32 Effect of capillary tube diameter and hematocrit on the a week at 3800 m in house finches (native to low alti-
relative viscosity of duck (filled symbols, heavy lines) and human tudes) and parallel changes in rosy finches (native to
(open symbols, light lines) red blood cell (rbc) suspensions flowing high altitudes), although these changes occur over a
through glass capillaries. Hematocrit is represented as a fraction of

markedly lower range of hematocrits in the latter speciesunity (e.g., 0.3 5 30%). The vertical dashed line represents the smallest
(Clemens, 1990). The blood O2 affinity (of which P50 iscapillary diameter that can be traversed by rbcs without alteration of

their surface area/volume relationship by deformation. Note that the an index) of rosy finches (P50: 31 Torr) is higher than
relative viscosity of the duck rbcs is higher at all hematocrits, probably that of house finches (P50: 37 Torr), suggesting that the
reflecting their less stable orientation in the flow stream. (After Gaeht- adaptation of the high-altitude species to the require-
gens et al. (1981b), with permission.)

ments for O2 transport at altitude favored increased O2

affinity over polycythemia, given the attendant increases
in blood viscosity associated with the latter response.those in mammals (see Section IV,B). The different red

cell morphology in birds may therefore have resulted In pigeons, which are not native to high altitudes, resi-
dence at a simulated altitude of 7 km for 6 weeks re-in compensatory differences in the architecture of the

microvasculature compared to that of mammals. sulted in both a small reduction in P50 (29.0 to 26.5 Torr)
and an increase in hematocrit (by 38%; Maginnis et al.,
1997). It is clear that the balance of the adaptationalC. Effects of Altitude
changes to altitude between polycythemia (with atten-
dant changes in blood viscosity) and changes in hemo-A common vertebrate response to the hypoxia pro-

duced by exposure to high altitude is to produce more globin oxygen affinity varies in birds depending on spe-
cies and the circumstances of altitude exposure.red cells (polycythemia), increasing hematocrit and

therefore the amount of circulating hemoglobin. This
will in turn improve oxygen conductance by increasing D. Temperature Effects
the oxygen carrying capacity of the blood. As we can
deduce from the above discussion, development of poly- If a liquid is cooled, its apparent viscosity increases;

as a consequence of this, a ‘‘thinner’’ oil is used in ancythemia will significantly increase blood viscosity, lead-
ing to increased resistance to blood flow through the automobile engine during colder weather to decrease

the work that moving parts must perform against inter-capillaries. Ultimately this trend will increase the power
output needed from the heart, which is already high in nal viscous forces. Blood of Little and Adelie penguins

has been shown to have a lower viscosity than chickenthe flying bird. In some circumstances, for example,
sedentary residence at high altitude, the advantages for blood over a range of temperatures from 0 to 408C,

suggesting that low viscosity may play a similar role inoxygen transport might outweigh the disadvantages to
cardiac energy output, but in flight at high altitude the aiding blood flow in small vessels of the flippers when

they are immersed in cold water, or come into contactbalance might be tipped in the other direction. The
hematocrit of Pekin ducks increases from 45.4% at sea with ice (Clarke and Nicol, 1993). Under these condi-

tions countercurrent heat exchangers conserve bodylevel to 55.9% after 4 weeks of high-altitude residence
(5640 m) with a corresponding increase in hemoglobin heat, but as a consequence tissue temperature in the
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extremities approaches ambient temperature, increas- ducing changes in cardiac and vascular function directed
toward correcting these disturbances on a time scaleing the viscosity of the contained blood. Penguins main-

tain relatively low blood viscosity despite having very which may extend over long periods. An example of
this is in birds undertaking extended migratory flightslarge erythrocytes (1.7 times the volume of chicken eryth-

rocytes) and have significantly higher levels of plasma at high altitudes where inspired oxygen levels, and
therefore blood oxygen levels, are much lower than atproteins than chickens. However, penguin red cell count

is the lowest recorded in birds (with the exception of the sea level. Circulating hormones can also affect both the
peripheral circulation and the heart, and levels of manyostrich; Nicol et al., 1988). This may be a trade-off to keep

blood viscosity low, but could ultimately limit the scope of these hormones in the blood may change depending
on the activity state of the animal or on the time ofof aerobic capacity in these animals.
year, as during molting or mating.

VI. CONTROL OF THE B. Control of Peripheral Blood Flow
CARDIOVASCULAR SYSTEM

Contraction of smooth muscle in the walls of arteries
provides the means for varying vessel caliber, and theA. Control Systems
most effective location for altering blood flow by this
means will be where the ratio of wall cross-sectionalBoth the output of the heart and the resistance to

blood flow in the vascular beds are subject to wide area to lumen area is maximal. The smallest arteries
and the arterioles possess the highest wall-to-lumen ra-variations, depending on the type of activity in which

animals are engaged and the intensity of that activity. tio, and it is here that the contraction of individual
muscle fibers, coordinated over the whole cross-sectionAs discussed above, cardiac output varies in proportion

to total body metabolic requirements while vascular of the wall, will give the greatest change in resistance.
The largest component of vascular resistance in theresistance varies on a regional basis according to the

blood flow requirements of different parts of the body. circulation is therefore set by the tone of the muscles
in the walls of these vessels. Arterial smooth muscleCardiac output and resistance are both under the control

of autoregulatory, humoral, hormonal, and neural in- tone is subject to modulation by several mechanisms:
(1) intraluminal pressure changes, leading to mechanicalfluences. Arterial blood pressure is the product of car-

diac output and total peripheral resistance and it is this autoregulation of blood flow; (2) humoral factors includ-
ing oxygen tension, levels of local metabolites, extracel-pressure which produces the driving force to ensure

adequate blood flow to the vascular beds. Blood pres- lular ion concentrations, locally released vasoactive
agents, and circulating hormones and vasoactive agents;sure varies but over a proportionally narrower range

than either cardiac output or peripheral resistance. In- as well as (3) transmitters released from autonomic
nerve terminals. Smooth muscle fibers in the walls ofvestigations of the regulation of cardiovascular function

have been driven by the broad assumption that blood veins are also influenced by these factors, providing
mechanisms for adjusting compliance of the venouspressure is maintained within sensible limits to ensure

adequate tissue perfusion in the face of the variations walls and thus some control of the rate of return to the
heart of blood in the central venous pool. The influencesin cardiac output and peripheral resistance imposed by

changes in the external environment or in activity levels. of these regulatory factors on vascular function in birds
are discussed in the following sections.The cardiovascular system is controlled by several

integrated mechanisms operating over time scales rang-
ing from less than a second to months or longer. The

1. Autoregulation
most rapid adjustments in cardiac output and peripheral
resistance, which may occur within the span of a few Vascular tone within a region of the circulation can

be defined as the average level of contraction of smoothheartbeats, are reflexogenic and primarily function to
maintain short-term homeostasis and to effect rapid car- muscle fibers in the blood vessel walls within that region.

At a steady intraluminal pressure and in the absence ofdiovascular responses to changes in the internal or exter-
nal environments. Autoregulatory mechanisms acting extrinsic influences, spontaneous contractions of indi-

vidual smooth muscles occur at an intrinsic rate. In resis-within vascular beds to modify blood flow as a result of
local changes in metabolites or other influences may tance vessels the smooth muscle cells are arranged at a

right angle to, or on a shallow helix around, the axis ofoperate on a time scale of seconds to minutes. Changes
in humoral factors, such as levels of oxygen and carbon flow, and the time-averaged tension generated by their

contraction, in balance with the intraluminal pressure,dioxide, pH, and metabolic products, can affect cardio-
vascular receptors or circulatory elements directly, pro- will set vessel caliber and thus blood flow. An increase
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in arterial pressure will distend the vessel wall, increas- further enhanced if local PO2 falls or the concentrations
of extracellular ions such as K1 increases. The resultinging the caliber of the vessel and therefore reducing resis-

tance to flow. As a result, blood flow through the vessel increase in blood flow is called functional hyperemia
and serves to accelerate oxygen delivery to the musclewill increase. This wall distension also increases the fre-

quency of contraction of the smooth muscles, and this and to increase the clearance rate of tissue metabolites.
During exercise, central arterial pressure may also riseincreased vasomotion will then act to reduce the caliber

of the vessel, increasing its resistance and restoring (Butler, 1991; Saunders and Fedde, 1994) and local myo-
genic autoregulation would, as outlined in Sectionblood flow toward its original level. Conversely, a reduc-

tion in pressure will reduce wall tension, resulting in VI,B,1, attempt to limit the rise in blood flow; however
in tissue operating at a high metabolic rate, this mecha-a decrease in the rate of smooth muscle spontaneous

activity. This leads to vasodilation and an increase in nism is to a large extent overridden by local chemical
vasodilatory influences. Vasodilation due to tissue hyp-blood flow to offset the effects of reduced perfusion

pressure. These myogenic changes in vascular caliber oxia and buildup of metabolites also occurs during peri-
ods of ischemia, for example, when blood flow to athus provide a mechanism to autoregulate blood flow

around a preferred level in the face of variations in vascular bed is occluded as shown in Figure 33. Upon
release of the occlusion blood flow rises transiently totissue perfusion pressure. In most vascular beds, auto-

regulatory mechanisms are probably limited to the mod- several times the preocclusion rate, with the increase in
flow proportional to the duration of the occlusion. Thisulation of local blood flow to ensure even blood distri-

bution, as, for example, in the kidney where this mecha- reactive hyperemia acts to restore tissue oxygen levels
and to remove metabolic products accumulating duringnism is important in maintaining glomerular flow rate

in the face of alterations in arterial blood pressure. the period of occlusion. Local hypoxia also reduces the
vasoconstrictor effects of norepinephrine applied exog-Throughout the body local pressure-induced autoregu-

lation will interact with locally released vasoactive enously or released from sympathetic nerve terminals
in avian arteries in vitro (Gooden, 1980; and see Sectionagents and with neurogenically mediated vasomotion

resulting from activation of autonomic reflexes to pro- VI,B,2,b below), and might therefore be expected to
reduce the in vivo effectiveness of vasoconstriction me-vide balanced adjustments in regional peripheral

blood flow. diated neurogenically or by circulating catecholamines
in support of the hyperemic response. Local hypercap-
nia also produces vasodilation and, in the hind limb

2. Humoral Factors
vascular bed of the duck, has an even stronger effect
than hypoxia in inhibiting neurogenic or catecholamine-Three broad classes of humoral factors affect blood

flow in the peripheral vasculature. One class includes induced vasoconstriction (Lacombe and Jones, 1990).
chemical factors such as PO2, PCO2, lactic acid and

b. Locally Released Vasoactive Agentsother metabolic byproducts, electrolyte concentrations,
and pH; these factors can act directly on myocytes. The Endothelium-derived relaxing factor, now recog-

nized as nitric oxide (NO), is a small, rapidly diffusiblesecond class of factors consists of vasoactive agents re-
leased from the local vascular endothelial cells. This molecule released by enzymatic cleavage of l-arginine

from vascular endothelial cells of mammals (see Umansgroup includes nitric oxide and possibly endothelin;
these factors are believed to act on smooth muscle cells and Levi, 1995 for review) and birds (Hasegawa et al.,

1993). In both of these vertebrate classes this moleculeby receptor-mediated mechanisms. The third class in-
cludes circulating vasoactive agents, also acting via exerts a powerful vasodilatory effect by relaxing precon-

tracted vascular smooth muscle. The release of NO as areceptor-coupled mechanisms to modify smooth mus-
cle contraction. result of acetylcholine (ACh) stimulation of endothelial

cells thus provides part of the explanation for the vasodi-
a. Chemical Factors latory effects of ACh in the circulation, as originally

proposed by Furchgott and Zawadzki (1980). In the inIf the metabolic rate of a tissue increases, as, for
example, in skeletal muscle during exercise, regional vitro aorta of the fowl, ACh acting at muscarinic recep-

tors on endothelial cells provokes release of NO whichblood flow will increase due partly to local vasodilation
of resistance vessels and precapillary sphincters induced then produces local vasodilation (Hasegawa and Nishi-

mura, 1991). Another factor provoking release of NOby an increase in the concentration of lactic acid and
CO2 and a fall in pH. Vasodilation under these circum- from avian vascular endothelial cells is angiotensin II

(AII); the vasodilation produced by NO release hasstances is apparently produced by direct chemical effects
on the contractile apparatus of the vascular myocytes been proposed to cause the transient depressor effects

on arterial blood pressure observed in some birds imme-(Mellander and Johansson, 1968). Vasodilation may be
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FIGURE 33 Change in pulsatile (SF) and mean (mean SF) blood flow in the sciatic artery of a duck in
response to arterial occlusion. The period of occlusion is marked by zero flow. BP, arterial blood pressure.
Note the hyperemia after the period of occlusion and the subsequent rapid return to the preocclusion flow
rate with minimal change in pressure. (After Jones and Johansen (1972), with permission.)

diately after systemic injection of AII (Stallone et al., circulation by activation of the sympathetic nervous sys-
tem (discussed in Section VI,B,3 below). A number of1990; Hasegawa et al., 1993; Takei and Hasegawa, 1990).

Mechanical stimuli such as flow-induced shear stress peptides which have vasoactive effects on mammalian
vasculature are also present in avian plasma, but the(see Section V,B) may also elicit release of NO from

endothelial cells in the vasculature of birds. This effect specific actions of most of these peptides on the avian
vasculature have not been investigated in detail. Ofhas been reported for mammalian vasculature (Umans

and Levi, 1995) and, given that blood flow rates in birds these peptides, the most extensively studied in birds with
respect to vasomotion are AII and avian antidiureticare generally higher than those in mammals of compara-

ble body size, such a mechanism could provide addi- hormone (ADH).
Circulating NE levels in conscious ducks and fowl attional local adjustment of the degree of vasodilation

within a vascular bed to match the immediate flow re- rest are in the range of 3–5 nM (Lacombe and Jones,
1990; Kamimura et al., 1995), while the resting plasmaquirements of that bed.

It is likely that other locally released vasoactive level of EPI is about half the value for NE (Lacombe and
Jones, 1990), as illustrated in Figure 34A. EPI appears toagents, such as the peptide endothelin, may also be

important in adjusting regional blood flow in birds as in be released solely from the adrenal glands since removal
of these glands eliminates EPI from the plasma (La-mammals. Endothelin is the most potent vasoconstrictor

known in mammals (Inagami et al., 1995), but its vascu- combe and Jones, 1990). The loss of adrenal glands
does not, however, markedly affect the resting level oflar effects have not been evaluated in birds, nor has

the existence of intravascular endothelin receptors been circulating NE which must therefore be due to spillover
into the plasma of NE released from sympathetic nerveconfirmed in this group of vertebrates. Receptors for

this peptide have, however, been demonstrated on avian terminals by autonomic efferent activity. Circulating
cardiac myocytes and their activation causes an increase levels of both EPI and NE vary under different physio-
in contractile force (Kohmoto et al., 1993). logical conditions. For example, plasma catecholamines

can increase by factors ranging from 2 to greater than
c. Circulating Agents 1000 in ducks during involuntary submersion, with end-

dive levels being proportional to dive length as shownCirculating catecholamines have powerful effects on
in Figure 34B (Huang et al., 1974; Hudson and Jones,all elements of the circulation in birds. The catechola-
1982; Lacombe and Jones, 1990).mines epinephrine (EPI) and norepinephrine (NE) are

Both NE and EPI produce vasomotion in avian vas-released into the circulation from adrenal chromaffin
cular smooth muscle, acting via a- and b-adrenergiccells and have direct effects on vascular smooth muscle.

Significant amounts of NE are also released into the receptors (Bolton and Bowman, 1969). NE, injected
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FIGURE 34 Plasma levels of norepinephrine (NE) and epinephrine (EPI) in intact (open
bars), sham-operated (filled bars), and adrenalectomized (cross-hatched bars) ducks (A)
before and (B) at the 3-min point during forced submergence. The open circles indicate
significant differences from intact ducks; closed circles, differences from sham-operated
animals; asterisks, differences from adrenalectomized animals; plus signs, differences from
predive value. Adrenalectomy eliminated EPI but not NE from the plasma. Note ordinate
scale change in B (after Lacombe and Jones, 1990; used by permission).

intravenously into conscious ducks, produces vasocon- vasoconstrictive effect for the same receptor density
than does NE.striction throughout the body. This vasoconstriction

causes an increase in blood pressure produced by the Avian AII is similar to the corresponding mammalian
peptide in its structure and in the biochemical pathwaycollective effect of increases in resistance to flow in

individual vascular beds in the body, illustrated in Figure of its production (see reviews by Wilson, 1989; Hender-
son and Deacon 1993). Renin, released from the juxtag-35, by increased resistance in the hind limb vascular

bed. These vascular responses to NE are primarily medi- lomerular cells lining glomerular afferent arterioles in
the kidney, produces the peptide angiotensin I by hydro-ated by a-adrenergic receptors (Butler et al., 1986; Wil-

son and West, 1986; Bolton and Bowman, 1969). Activa- lysis of angiotensinogen, a plasma a-globulin. Angioten-
sin-converting enzyme, which has been identified in cir-tion of a-adrenoceptors on vascular smooth muscle acts

through second-messenger systems to mobilize internal culating plasma and fixed in the walls of blood vessels
in birds (Henderson and Deacon, 1993), then cleavescalcium stores and to open membrane calcium channels,

thus increasing intracellular calcium concentration and angiotensin I to produce AII. A number of stimuli such
as systemic hypotension, hypovolemia, decreasedactivating the actin–myosin contractile apparatus (see

Hirst and Edwards, 1989 for review). NE can also have a plasma or distal tubule ion concentrations (particularly
Na1), or the activation of juxtaglomerular b-receptorsvasodilatory effect on the vasculature of birds, mediated

through b-adrenergic receptors; however, this effect causes renin to be secreted into the plasma. This pro-
motes an increase in circulating angiotensin I, makingis only apparent systemically after pharmacological

blockade of a-adrenoceptors (Butler et al., 1986). b- it available for conversion to AII. AII affects circulatory
function at several levels, evoking responses in both theadrenergic vasodilation in the avian vasculature also

works by activating intracellular second messengers, central nervous system and the peripheral vasculature.
These responses are aimed at the conservation of waterconverting the actin–myosin complex to an inactive

form to promote relaxation. Combined a- and b- and electrolytes in order to counter the original renin-
secreting stimulus.adrenergic blockade appears to eliminate all direct ef-

fects of NE on bird vascular smooth muscle. The overall Within the central nervous system, AII acts on recep-
tors of some hypothalamic neurons to promote drinkingeffects of NE on peripheral resistance therefore depend

on the relative abundance of a- and b-receptors in indi- behavior (Evered and Fitzsimmons, 1981). In the pe-
riphery exogenous or endogenous AII produces eithervidual vascular beds. EPI also acts on adrenoceptors of

vascular smooth muscle but binds to a-receptors with a an increase in systemic arterial blood pressure or a bi-
phasic hypotensive–hypertensive response, dependinghigher affinity than to the b subtype, so exerts a stronger
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FIGURE 35 Responses of mean arterial blood pressure (Pa) and resistance to blood flow
in the ischiatic artery (Ri) of an adult duck to a bolus intravenous injection of norepinephrine
(NE, at arrow). The Ri values for each data point were calculated from the corresponding
Pa and ischiatic blood flow values (modified from Wilson and West, 1986; used by permission).

on species. In ducks (Wilson and West, 1986; Butler et osmotic or hypovolemic challenge, is the avian homolog
of the mammalian antidiuretic hormone arginine vaso-al., 1986) and pigeons (Evered and Fitzsimmons, 1981)

systemic injections of AII produced dose-dependent in- pressin. However, the effects on avian vasculature of
increased endogenous AVT levels after salt loading orcreases in arterial blood pressure. Butler et al. (1986)

and Wilson and West (1986) proposed that this response hemorrhage are not well understood, nor are the vaso-
motor effects of systemic AVT injections. In mammalswas due to vasoconstriction resulting from AII-

mediated release of NE from sympathetic nerve termi- arginine vasopressin produces vasoconstriction in sys-
temic arterioles and in glomerular afferent arterioles,nals and enhanced EPI and NE release from the adrenal

glands; in their experiments a- and b-adrenergic block- both serving to facilitate antidiuresis. In birds AVT also
induces vasoconstriction of afferent glomerular arteri-ade eliminated the pressor effects of AII injection. In-

deed, Moore et al. (1981) maintained that AII has no oles (see Braun, 1982 for review) but its effects on the
rest of the circulation are controversial. Several studiesdirect vasoconstrictor effects on arterial smooth muscle

in the fowl and Wilson (1989), in a review of the renin– have reported no cardiovascular consequences of AVT
injection, maintaining that the avian vasculature is notangiotensin system in birds, ascribes AII-induced vaso-

constriction entirely to the effects of elevated catechola- sensitive to this peptide even at doses many times
greater than ‘‘physiological’’ levels (Simon-Oppermannmine secretion.

In fowl and quail systemic AII injections produce a et al., 1988; Robinzon et al., 1988). In contrast, Wilson
and West (1986) in ducks and chickens and Brummer-rapid, transient hypotension followed by a prolonged

rise in arterial blood pressure (Nakamura et al., 1982; mann and Simon (1990) in ducks found that systemic
injections of AVT produced hypotension accompaniedTakei and Hasegawa, 1990). The hypertensive phase of

this response is mediated by adrenergic mechanisms, as by tachycardia. The latter authors proposed that AVT
directly relaxes vascular smooth muscle, producing ain the duck and pigeon, but the transient hypotensive

phase appears to be an indirect AII effect on vascular fall in arterial blood pressure which then evokes a
baroreflex-mediated tachycardia. However, Robinzonendothelial cells, working via the local release of NO

from these cells as described in Section VI,B,2,b above. et al. (1993) found in fowl that the direction of AVT-
mediated vascular responses depended on the dose andArginine vasotocin (AVT), released from the poste-

rior pituitary into the circulation under conditions of method of application. Low doses given slowly by intra-
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venous infusion produced hypertension similar to the blood vessels and nerves have an important conse-
quence for experimental investigations of neurogenicmammalian response to arginine vasopressin, while bo-

lus intravenous doses produced the hypotensive re- vasomotion. In assessing the effectiveness of neural con-
trol of vascular resistance in particular beds, electricalsponses reported in other avian studies. Robinzon et

al. (1993) therefore proposed that AVT acts primarily stimulation of autonomic nerves is commonly employed.
However, some neural pathways to these beds may bevia modulation of vascular caliber but that the degree

and direction of vasomotion was not uniform in beds interrupted if supply vessels to the beds are manipulated
or sectioned (for example, to insert a blood flow probe)throughout the body. While there appears to be consen-

sus that AVT does have direct vascular effects in birds, between the stimulus site and the expected site of vaso-
motion.the understanding of its specific actions must await fur-

ther studies on isolated vascular beds in situ and on
a. Systemic Arterial Innervationblood vessels in vitro.

The aorta from its origin to the junction with the
celiac artery, the proximal brachiocephalic trunks, and

3. Neural Control
the most proximal parts of the common carotid arteries
are elastic vessels (see Section IV,A,2), having relativelyAll parts of the systemic and pulmonary vascular

trees, except capillary beds, are innervated by the auto- little smooth muscle and thus a correspondingly sparse
vasomotor innervation (Bennett and Malmfors, 1970;nomic nervous system. This innervation constitutes the

final common pathway for rapid and flexible control by Bennett, 1971). The aorta, especially close to its root
and adjacent to the root of the pulmonary trunk, hasthe central nervous system of regional distribution of

cardiac output. Autonomic outflow to the vasculature numerous small cells in the adventitia which contain
catecholamines (Bennett, 1971). These cells occur singlyis governed by a variety of reflexogenic inputs from

visceral or somatic receptors relayed through brainstem or in clusters, appear to be similar to amine-containing
cells of the carotid body, and are innervated by branchesand spinal cord pathways, and is also subject to influ-

ences originating at suprabulbar levels of the central of the vagus nerve. While these cells may be a source
of locally released catecholamines, it has also been sug-nervous system. However, the degree of vasomotion

produced in any region of the vasculature for a given gested that these cells may constitute chemoreceptive
‘‘aortic bodies’’ (Bennett, 1971; Tcheng and Fu, 1962)intensity of autonomic drive will depend on the densities

of effector terminals and postjunctional receptors in similar to those found at the homologous site in mam-
mals. In addition the adventitia of the aortic arch isthat region.

The location of autonomic terminals within the vas- innervated by afferent vagal fibers with nerve terminals
transducing wall stretch and thus signaling an index ofcular wall is different in arteries and veins. Nerve fibers

and terminals in the walls of arteries are, with some central arterial blood pressure; these constitute the only
systemic arterial baroreceptors in birds ( Jones, 1973).exceptions, limited to the tunica adventitia, extending

as far as the outer elastic lamina marking the border The transition from elastic to muscular wall structure
occurs in the arterial tree distal to the branching pointsbetween the adventitia and the tunica media (Bennett

and Malmfors, 1970). In this respect the innervation of major distribution arteries from the great vessels.
This transition also marks an increase in the density ofpattern of avian arteries is similar to that in mammals

(see Hirst and Edwards, 1989 for a review of mammalian innervation of the arterial wall, as shown in the photo-
graph of a branch of the posterior mesenteric artery ofarterial innervation). In contrast to the arterial innerva-

tion pattern, nerve fibers and terminals in avian systemic the fowl in Figure 36. In some arteries such as the ischia-
tic, varicose fibers can be seen in the media as well as atveins are commonly apposed to smooth muscle in the

tunica media, as well as being located in the adventitia the medial–adventitial border (Bennett and Malmfors,
1970). Of the large muscular arteries, the common carot-(Bennet and Malmfors, 1970) and in this regard also

birds are similar to mammals (see Shepherd and Van- ids appear to be the most heavily innervated (Bennett
and Malmfors, 1970). Given that these arteries conveyhoutte, 1975 for a review of the innervation of mamma-

lian veins). the majority of blood flow to the avian brain, this density
of innervation possibly reflects a requirement for greaterIn addition to intramural nerve fibers and terminals,

large and small nerves course over the outer surfaces of autonomic control of cephalic blood flow than in other
beds. Vasomotor innervation of the smaller branchesboth arteries and veins, and some vessels are completely

surrounded by plexi of nerve fibers. Furthermore, of arteries within individual vascular beds supplied by
the large arteries has not been systematically describedthroughout the body nerves generally accompany blood

vessels, running parallel with the vessels to form neuro- but in all beds muscular arterioles, which constitute the
resistance vessels responsible for 70 to 80% of totalvascular bundles. These close associations between
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FIGURE 36 Adrenergic innervation patterns of a distal branch of the posterior mesenteric artery (PMA)
and the coccygeomesenteric vein (CMV) of the chicken. The vessels run side by side with their long axes
aligned from left to right in the photograph. Aldehyde fluorescence histochemistry shows that adrenergic nerve
fibers and terminals are present in both vessels; in the artery they run parallel to the vessel axis and are more
dense than in the vein. The horizontal bar represents 100 em (modified from Bennett and Malmfors, 1970;
used by permission).

peripheral resistance, are densely innervated (Folkow the prestimulus resistance value at a stimulation fre-
quency of 30 Hz. In contrast, stimulus frequencies ofet al., 1966, Bennett and Malmfors, 1970).

The density of innervation of different regions of the less than 10 Hz are required to produce a maximal
increase in resistance in the cat hind limb (Folkow,arterial tree is variable among bird species and this

variation has important consequences for differences in 1952). The hind limb vascular bed in the duck thus
requires a greater degree of sympathetic drive than thatregional neurogenic control of blood flow among spe-

cies. Large arteries supplying hindlimb muscles in ducks, of the cat to achieve the same order of increase in
resistance to flow. This may reflect differences in thefor instance, are more densely innervated than those in

turkeys, and this difference is correlated functionally distribution of sympathetic terminals to the arteries in
this bed in the two species. In support of this, Bennettwith an enhanced capability in the duck to generate and

maintain neurogenically mediated intense peripheral and Malmfors (1970) noted that the pattern of adrener-
gic innervation of small intramuscular arteries in birdsvasoconstriction (Folkow et al., 1966). These authors

proposed that this was a general physiological adapta- was not markedly different from that in mammals, but
observed a higher terminal density in larger arteries oftion in diving birds, enabling the redistribution of blood

flow away from those peripheral vascular beds able to avians relative to mammals.
Some regions of the avian arterial vasculature havewithstand periods of ischemia and toward the central

circulation, thus conserving blood oxygen for ischemia- specialized wall structures and unusual innervation pat-
terns, possibly reflecting enhanced capabilities for re-sensitive heart and brain tissue.

Electrical stimulation of the sympathetic innervation gional control of blood flow. The anterior mesenteric
artery in several species of birds has, in addition to theof a vascular bed evokes increases in vascular resistance

in that bed, mimicking the effect of elevated vasocon- normal circular smooth muscle in the media, an outer
layer of longitudinal smooth muscle in the adventitiastrictor outflow from the central nervous system. As

illustrated in Figure 37, graded increases in stimulation (Bolton, 1969; Bennett and Malmfors, 1970; Bell, 1969;
Ball et al., 1963; see Section IV,A,2). Adrenergic fibersfrequency evoke proportionally larger increases in pe-

ripheral resistance in the hind limb vascular bed of the and varicose terminals are found at the adventitial–
medial border in this as in other arteries, but theseduck, producing a maximal increase of up to 7 times
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FIGURE 37 Relationship between frequency of electrical stimulation of the sympa-
thetic innervation of the hind limb and the vascular resistance of this bed (HLVR) in
a duck. HLVR for each data point was calculated from the corresponding arterial
pressure and flow in the ischiatic artery. Increases in HLVR are expressed in percentages
relative to the prestimulus value (F. Smith, unpublished).

elements also extend into the longitudinal muscle itself, adrenergic nerve fibers and terminals are found at the
adventitiomedial border, as in other arteries (Bennettaligned in the direction of the muscle fibers. Longitudi-
and Malmfors, 1970). There are no reports of cholinergicnal muscle of this vessel also receives cholinergic inner-
innervation of the coronary arteries of birds. Cerebralvation (Bolton, 1967; Bell, 1969; Bennett and Malmfors,
arteries are, however, dually innervated by adrenergic1970), although this does not extend to the inner circular
and cholinergic fibers (Tagawa et al., 1979). Adrenergicmuscle (Bell, 1969). Adrenergic nerve stimulation pro-
varicosities are located in the adventitia near the borderduces contraction of the circular muscle which is mim-
with the media throughout the cerebral circulation, inicked and blocked by a-adrenergic agonists and antago-
common with most other arteries of the body. Choliner-nists respectively (Bolton, 1969; Bell, 1969; Gooden,
gic fibers as well are located in the tunica adventitia but1980). The longitudinal muscle is, however, relaxed by
occur less frequently than adrenergic terminals (Tagawaadrenergic nerve stimulation, acting through b-
et al., 1979). It is presumed that, since cerebral arteriesadrenergic receptors (Bolton, 1969; Bell, 1969). Stimula-
have no smooth muscle in the adventitia, neurotransmit-tion of cholinergic nerve fibers in an in vitro preparation
ters released from both types of terminals diffuse intoof a segment of the vessel caused the longitudinal muscle
the media to act on muscle fibers there. Tagawa et al.to contract, shortening the whole segment. This did not,
(1979) also reported that, as in mammals, some of thehowever, markedly affect resistance to flow through the
cholinergic innervation of avian cerebral arteries ap-vessel but in the shortened state adrenergic vasocon-
pears to originate from central neurons, especially instrictor responses of the circular muscle were found to
the diencephalon, as well as from peripheral neurons.be exaggerated (Bell, 1969). The cholinergic innervation
Studies in mammals have shown that the functionalof longitudinal muscle has thus been proposed to potent-
significance of reflexogenic vasomotion in overall con-iate adrenergically mediated control of blood flow, pos-
trol of cerebral blood flow is relatively minor comparedsibly as an adaptation for rapid adjustment of intestinal
with neurogenic control of blood flow in other vascularblood flow during stress (Bell, 1969). The fact that in-
beds in the body; intracerebral blood distribution is in-creased sympathetic drive to this vessel has a relaxing
fluenced mainly by local and possibly circulating hu-effect on the longitudinal muscle as well as a constricting
moral factors (Kontos, 1981). This is likely to be trueeffect on the circular muscle would facilitate the effects
also in birds; Stephenson et al. (1994) estimated thatof cholinergic input in shortening the vessel segment.
neurogenic contributions to changes in cerebral bloodCholinergic input may also help adjust blood flow more
flow in ducks during diving were minor.precisely when the length of the anterior mesenteric

artery changes during gross intestinal movements asso-
b. Systemic Venous Innervationciated with digestion.

Coronary arteries also possess an outer coat of longi- Large veins in birds are more densely innervated
tudinal muscle but adrenergic innervation of this muscle than those in mammals. The density of noradrenergic

innervation of the chicken caudal vena cava is graded,layer is very sparse. In these arteries the majority of
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increasing in portions of the vessel more distal to the adrenergic and cholinergic nerve fibers (Akester and
Mann, 1969; Bennett and Malmfors, 1970) with recipro-heart (Bennett, 1974; Bennett et al., 1974). The caudal

vena cava has an outer coat of longitudinal muscle as cal effects on the smooth muscle of the valve. Adrener-
gic nerve stimulation and sympathomimetic agents in-well as an inner circular layer and both layers receive

adrenergic innervation, with the orientation of the ter- duce relaxation, mediated by b-adrenergic receptors,
while cholinergic nerve stimulation and cholinomimeticminals and fibers following the direction of the muscle

fibers in each layer (Bennett, 1974). There is also a agents produce contraction via muscarinic receptors
(Bennett and Malmfors, 1975a; Sturkie et al., 1978). Thesparse cholinergic innervation of this vessel. The supe-

rior venae cavae also have two muscle layers, with a importance of this valve in the control of venous blood
distribution in the renal portal system has been thesimilar adrenergic innervation pattern to the caudal

vena cava (Bennett and Malmfors, 1970). The walls of subject of some debate (Akester, 1967; Section IV,C,4).
Recent functional studies of the avian kidney in situ bythe pectoral, subclavian, celiac, and jugular veins contain

both circular and longitudinal smooth muscle, and the Glahn et al. (1993) have shown that the status of the
renal portal valve affects total renal blood flow by alter-innervation of these vessels is through a plexus of vari-

cose fibers and terminals located primarily between the ing the amount of flow in the renal portal system. In
conditions of lowered arterial blood pressure in whichinner and outer muscle layers. Other veins, such as the

coccygeomesenteric vein, have primarily circular mus- renal arterial perfusion is below the range of autoregula-
tion of glomerular blood flow, closure of the renal portalcle, innervated in the pattern illustrated in Figure 36.

Functionally, adrenergic vasomotion appears to be valve raises renal portal blood flow to compensate total
renal blood flow (Glahn et al., 1993). Neural control ofpreeminent in veins. Vasomotion of the caudal vena

cava and other major veins is mediated primarily by a- the renal portal valve may thus form a component of
the suite of reflexogenic responses to hypotension oradrenergic receptors producing vasoconstriction when

activated; no functional b-adrenergic receptors are pres- hypovolemia.
ent (Bennett and Malmfors, 1974). Responses of venous

c. Pulmonary Vessel Innervationsmooth muscle to cholinergic nerve stimulation are
weak and variable and probably do not contribute di- Adrenergic innervation of the pulmonary artery in

the fowl consists mostly of fibers with few varicose nerverectly to neurogenic control of wall compliance; how-
ever, ACh released from cholinergic nerve terminals terminals. Fibers and nerve terminals form a plexus at

the adventitiomedial border of the artery, with somecan modulate the release of NE from local adrenergic
nerve terminals and thus may provide fine adjustments projections into the circular smooth muscle of the media.

There is also smooth muscle oriented longitudinally inof adrenergically generated venomotor tone.
Sympathetically mediated contraction of smooth the adventitia, but innervation of this is very sparse

(Bennett and Malmfors, 1970; Bennett, 1971). Somemuscle in the major veins serves to decrease wall compli-
ance and vessel diameter, thus providing a reflexogenic intrapulmonary arterial branches have dense adrenergic

plexi occurring in short segments along their lengthmechanism for reducing the volume of the central ve-
nous pool and increasing return of blood to the heart, (Bennett and Malmfors, 1970), which may help to redis-

tribute blood flow to selected gas exchange areas withinas discussed in Section IV,C,2. Langille (1983) proposed
that reflexogenic venoconstriction was responsible for the lung to optimize local ventilation–perfusion ratios

(Hebb, 1969).the increased central venous pressure observed in ducks
during involuntary submersion. This response may func- The pulmonary veins proximal to the left atrium are

very densely innervated with adrenergic nerve fibers andtion to aid venous return to the heart to help maintain
stroke volume in the face of a reduction in cardiac con- terminals, the density of this innervation being markedly

greater than in the pulmonary arteries (Bennett, 1971).tractility which may develop during diving (Djojosugito
et al., 1969; Langille, 1983). Abundant terminal varicosities and nerve fibers are lo-

cated in a plexus at the adventitiomedial border, withThe renal portal valves, located bilaterally where the
external iliac veins join the junction of the caudal vena some penetration into the media (Bennett, 1971; Ben-

nett and Malmfors, 1970). There is also longitudinalcava with the caudal renal veins, are unique to birds.
These valves (Figure 28) are in the form of sphincters smooth muscle present in the adventitia, with adrenergic

terminals between the muscle fibers (Bennett, 1971;of smooth muscle which can close off the direct route
for blood flow from the external iliac veins to the caudal Bennett and Malmfors, 1970). The density of innerva-

tion of the longitudinal smooth muscle is reduced closevena cava. Closure increases renal portal blood flow,
venous blood from the external iliac vein being then to the left atrium, increasing distally along the vessel

until the bifurcation to the lungs. At this junction therepartially redirected into the renal capillaries and thence
to the caudal vena cava, as discussed in Section IV,C,4. is an abrupt decrease in density of innervation of the

entire vessel wall, and within the lungs the majorThe renal portal valve is heavily innervated by both
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branches of the pulmonary veins are very sparsely inner- nal nerve roots and the sympathetic ganglia in the neck
(Bennett, 1974; Akester, 1979; Pick, 1970). Althoughvated. Smaller branches of these vessels appear to have

no innervation (Bennett, 1971). no detailed analysis has been done of the segmental
locations of spinal preganglionic neurons projecting to

d. Autonomic Pathways postganglionic vasoconstrictor neurons innervating the
thoracic, abdominal, pelvic, and limb regions, it is likelyThe cell bodies of adrenergic postganglionic vasocon-

strictor neurons innervating the vasculature are located that the locations of these neurons follows the mamma-
lian plan. That is, axons of preganglionic neurons in ain paired paravertebral ganglion chains, in prevertebral

ganglia and, in some cases, in small ganglia scattered particular spinal segment emerge from the cord in the
ventral root of that segment to innervate postganglionicthroughout the viscera. Cells in the superior cervical

ganglion (representing a fusion of the two most cranial neurons in ganglia at that level or within one or two
segments rostral or caudal to the exit site (see Gabella,cervical ganglia) innervate blood vessels of the head,

including those of the salt and salivary glands, via ce- 1976 for review).
Parasympathetic postganglionic neurons innervatingphalic extensions anastomosing with several cranial

nerves (Bennett, 1974). In birds pairs of sympathetic the vascular smooth muscle of such organs as salt glands
and salivary glands in the head of birds are located inganglia are associated with the cervical vertebrae, and

cells in these ganglia innervate blood vessels of the neck. autonomic ganglia near or embedded in the organs (Ash
et al., 1969). Cell bodies of preganglionic neurons inner-The presence of cervical paravertebral ganglia in birds

constitutes a major difference in the organization of vating parasympathetic postganglionic vasodilator neu-
rons associated with structures in the head are locatedthe sympathetic nervous system between this vertebrate

group and mammals. In the caudal part of the neck, in in the oculomotor, facial, glossopharyngeal, and vagal
nuclei in the brainstem and course to peripheral gangliathe thorax, and in the wings of birds the vasculature

is innervated by neurons in the thoracic paravertebral via the respective cranial nerves associated with these
nuclei (Akester, 1979). Postganglionic cholinergic nerveganglion chain. Sympathetic fibers reach wing vessels

primarily through the brachial plexus. Some thoracic fibers innervating arteries and veins of the body origi-
nate from the somata of neurons located in plexusespostganglionic neurons also contribute sympathetic fi-

bers to the greater splanchnic nerves innervating ante- associated with blood vessels themselves or, for vessels
of the abdominal viscera, in prevertebral ganglia con-rior abdominal viscera via the celiac plexus (Bennet,

1971). taining a mixture of adrenergic and cholinergic postgan-
glionic neurons (Bennett and Malmfors, 1970; Bennett,Vertebrae of the lumbar, sacral, and coccygeal spine

are fused to form the synsacrum in birds. The paraverte- 1974). The location of cells of origin of preganglionic
axons innervating the postganglionic neurons producingbral ganglion chains from each side in this region are

fused in the midline at about the level of the sixth coc- vasodilation in the viscera and skeletal muscle have not
been determined in detail. However, in birds the para-cygeal segment in avian species so far examined, and
sympathetic outflow is organized in cranial and sacralthis combined sympathetic trunk continues caudally to
tracts as it is in mammals. It would therefore be expectedthe pygostyle (Pick, 1970; Akester, 1979; Benzo, 1986).
that preganglionic neuronal somata responsible for va-Axons from postganglionic neurons in this part of the
sodilation in thoracic and anterior abdominal viscerasympathetic nervous system innervate abdominal and
and skeletal muscle in the upper part of the body arepelvic viscera via the lesser splanchnic nerves and aortic
located in medullary vagal motor nuclei, with their ax-plexus, the hypogastric plexus, the pelvic plexus, and the
ons running to postganglionic neurons via the vaguscloacal plexus. Some sympathetic postganglionic somata
nerves. Similarly, vasodilation of posterior abdominalare also located in prevertebral ganglia within these
and pelvic viscera and skeletal muscle of the lower partplexi. In addition, lumbosacral sympathetic neurons
of the body is likely to be mediated by preganglioniccontribute vasoconstrictor axons to the hind limbs via
neurons with their somata located at sacral levels of thethe lumbosacral plexus (Benzo, 1986; Bennett, 1974).
spinal cord and their axons innervating postganglionicSympathetic preganglionic cell bodies synapsing on
neurons via the abdominal and pelvic autonomic nerves.the postganglionic vasoconstrictor neurons are located

in and near a bilateral column of neurons, the column
of Terni, in the gray matter near the central canal of C. Control of the Heart
the spinal cord (see Section VI,C,2 below). All pregan-

1. Catecholamine Effects on the Heartglionic axons innervating postganglionic neurons in the
cervical sympathetic chain exit the spinal cord through Both NE and EPI are present in circulating plasma
ventral nerve roots of cranial thoracic segments; there of birds (see Section VI,B,2,c for discussion), and these

amines have cardiac effects which include an increaseare apparently no connections between the cervical spi-
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in the rate of pacemaker depolarization (DeSantis et pathways synthesizing neurotransmitters; specifically,
antibodies directed against dopamine b-hydroxylaseal., 1975; Bolton and Bowman, 1969) and augmented

force of myocardial contraction (DeSantis et al., 1975; and tyrosine hydroxylase (NE synthesis) and choline
acetyltransferase (ACh synthesis) are commerciallyBennett and Malmfors, 1974; Bolton, 1967; Bolton and

Bowman, 1969). In isolated heart preparations and in available. These techniques, however, have yet to be
applied to the avian heart.myocardial strips in vitro, NE has been found to be as

effective as, or more potent than, equimolar EPI in Interpretation of the results of studies using transmit-
ter-specific histological techniques to determine pat-producing inotropic and chronotropic augmentation.

This is in marked contrast to the condition in the mam- terns of autonomic innervation of the cardiovascular
system rests on two major assumptions: (1) that themalian heart, in which EPI is the more potent stimulant

(Gilman et al., 1990). In whole-animal experiments on primary neurotransmitter released by the terminals of
sympathetic postganglionic neurons is NE, and (2) thatbirds, intravenously injected boluses of NE and EPI

augment cardiac output by transiently increasing both released by parasympathetic terminals is ACh. Func-
tional studies in bird hearts largely support this assump-rate and force of contraction, contributing along with

peripheral vasoconstriction to catecholamine-mediated tion. However, recent work on peripheral autonomic
anatomy and function in a wide range of vertebrateshypertension (Wilson and Butler, 1983; Wilson and

West, 1986; Bolton and Bowman, 1969; Butler et al., has emphasized the diversity of autonomic neurotrans-
mitters and neuromodulators in addition to the classic1986). In the avian as in the mammalian heart, catechol-

amines appear to act primarily via b-adrenergic recep- transmitters utilized by this system (see Nilsson and
Holmgren, 1994; Armour and Ardell, 1994; and Furnesstors on myocardial and pacemaker cells (Bolton and

Bowman, 1969; Butler et al., 1986; Bolton, 1967). and Costa, 1987 for reviews), so some caution must be
exercised in this area. In the following discussion of the
innervation of the avian heart, results from studies using

2. Neural Control
neurotransmitter-specific techniques are emphasized.

The anatomical organization of the innervation of
a. Sympathetic Innervationthe heart in birds has been studied for more than 100

years, first by gross dissection and then with a variety i. Anatomy Postganglionic sympathetic nerve fibers
arising from neuronal somata extrinsic to the heart formof nerve-specific stains (see for example Ábrahám, 1969;

Hirsch, 1970; Pick, 1970), but these techniques have part of an intracardiac nerve plexus distributed through-
out all four cardiac chambers. The adrenergic innerva-not allowed the patterns of cardiac sympathetic and

parasympathetic innervation to be anatomicallly differ- tion of the proximal part of the venae cavae appears to
be continuous with the intracardiac plexus associatedentiated. This is a factor of major importance in deter-

mining the mechanisms involved in neural control of with the right atrium (Bennett and Malmfors, 1970).
Sympathetic nerve fibers form a network over the epi-the heart. It is only recently, with the advent of histo-

chemical techniques specific for adrenergic and cholin- cardial surface of the right atrium, with some fibers
penetrating into the thin atrial wall to lie adjacent toergic neurotransmitters or enzymes in the catabolic and

anabolic pathways of these transmitters, that the pat- bundles of myocardial cells and others passing through
the wall to the subendocardium (Smith, 1971a). Theterns of dual, function-specific cardiac innervation have

begun to be explored. The most well-established histo- overall appearance of the plexus is that of a three-
dimensional latticework of fibers extending from thechemical method for determining the peripheral distri-

bution of adrenergic nerves is that developed by Falck epicardium through the wall to the subendocardium,
with varying concentrations of smooth (nonvaricose)(1962) to render catecholamines brightly fluorescent un-

der ultraviolet illumination in the light microscope. This and varicose nerve fibers and nerve endings in different
regions of the atrial myocardium.sensitive technique shows cell bodies, axons, and nerve

terminal varicosities, and most of the descriptions of Bennett and Malmfors (1970) reported that the most
densely innervated region of the heart was the externaladrenergic innervation of the heart are based on the

use of this technique in whole-mounts or sections of wall of the right atrium; furthermore, within this area
the region adjacent to the confluence of the venae cavaeatrial and ventricular tissue. Histochemical assays for

the presence of acetylcholinesterase (AChE), based on with the wall contained the highest density of fibers and
terminals. These authors referred to this area as thethose developed by Koelle and others (reviewed by

Koelle, 1963), have been used to determine the distribu- ‘‘sinu-atrial node,’’ presumably by analogy with the cor-
responding sharply defined sinoatrial node of the mam-tion of parasympathetic innervation of the heart. There

are also more recent immunohistochemical techniques malian heart. There is, however, some evidence that the
cells in the primary pacemaker site in the right atriumavailable for identifying enzymes in the biochemical
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of the bird heart may have a functional organization and Malmfors (1970) have shown that this valve is inner-
vated by adrenergic nerve fibers with few terminals,different from that in the mammalian heart, in the area

of the junction of the sinus venosus with the sinoatrial arranged in a loose plexus in the leaves of the valve.
These observations suggest the existence of some degreevalves (Moore, 1965; and see Section II,C,3). These

valves are present in birds but are only represented by of neural control of this valve, possibly by both sympa-
thetic and parasympathetic limbs of the autonomic ner-a vestigial flap in mammals. A large number of the

nerve fibers in this area of the avian heart were varicose, vous system.
Adrenergic innervation in the left atrium is lessrunning among the myocardial cells and aligned with

the longitudinal axes of these cells. Another area with dense than in the right atrium, but more dense than in
the ventricles. Adrenergic fibers and terminals of thea high density of adrenergic terminals was in the right

atrial wall near the atrioventricular border, an area cor- left atrial cardiac plexus, while distributed in a three-
dimensional pattern similar to that in the right atrium,responding to the atrioventricular node (Bennett and

Malmfors, 1970; Section II,C,3). Many nerve varicosities appear to be more evenly spread throughout the left
atrial wall with little variation in density. In addition,were also associated with blood vessels in the right

atrial wall. the interatrial septum also receives adrenergic innerva-
tion as an extension of the epicardial plexus (Akester,Bogusch (1974, osmium stain) reported in the fowl

that the specialized cells of the pacemaker areas and 1971; Akester et al., 1969). The distal portion of the left
atrioventricular valve has a fibroelastic structure, whileconducting system in the right atrium are well inner-

vated by nerve fibers with frequent varicosities and some more proximally cardiac muscle is associated with the
fibrous skeleton (Section II,A,4). Smith (1971a) has de-bare nerve endings. In contrast, Yousuf (1965, silver

stain) found no investment of nerve fibers into the sino- scribed a fine network of nerve fibers, continuous with
the left atrial subendocardial plexus, investing the fi-atrial node region and few in the atrioventricular node

in the sparrow heart. This disparity could be due to a broelastic portion of this valve; no mention of an inner-
vation of the muscular portion of the valve was madespecies difference or to a relative lack of sensitivity of

the silver stain; in any case, neither technique is neuro- in this study. The staining technique used was again not
transmitter specific, so the left atrioventricular valvetransmitter specific nor as sensitive as the amine fluo-

rescence technique. Full details of the sympathetic in- may be under sympathetic or parasympathetic influence,
or both, or the innervation observed may be afferent.nervation of the conducting tissues of the right atrium

are still not clear. A combination of immunohistochemi- However, regarding the latter possibility, Smith (1971a)
states that no simple or specialized nerve endings typicalcal localization of dopamine hydroxylase or tyrosine

hydroxylase in nerve terminals and standard histological of sensory receptors were observed in or near the left
atrioventricular valve.processing for visualizing pacemaker cells and atrial

Purkinje fibers would address this problem. The avian ventricles are relatively sparsely inner-
vated compared with the atria, but even so are moreA small number of strongly fluorescent cell bodies

are present in the right atrium and in the walls of some densely innervated than are the ventricles of the hearts
of mammals (Smith, 1971b). Akester et al. (1969) andparts of the vasculature after processing for amine-

related fluorescence. These cells are, however, not asso- Akester (1971) reported adrenergic innervation of the
interventricular septum, and Bennett and Malmforsciated with intracardiac ganglia (Bennett and Malmfors,

1970) and probably represent ‘‘small, intensely fluores- (1970) observed that innervation of this region was more
dense than that in the rest of the ventricle walls. Whilecent’’ cells (SIF cells) or so-called ‘‘paraganglion cells’’

(Eranko and Eranko, 1977) of as yet uncertain function. these authors did not determine the intraseptal targets
of innervation, it is possible that some of these axonsThere are, however, some fluorescent nerve endings

around the cell bodies of nonfluorescent ganglion cells may innervate intraseptal Purkinje cells since bare nerve
endings have been observed close to these cells (Akes-(Bennett and Malmfors, 1970), suggesting some form

of sympathetic modulation of the activity of intrinsic ter, 1971). Regarding the innervation of the pulmonary
and aortic valves, Smith (1971a) reported that they werecardiac neurons.

The right atrioventricular valve has a central layer of sparsely innervated in comparison with the left atrioven-
tricular valve. Fibers in the pulmonary and aortic valvesconnective tissue between two layers of cardiac muscle

(Section II,A,4), and nerve bundles have been observed comprise a plexus arranged to form a widely spaced
lattice in the basal parts of the valve leaflets.in association with this connective tissue (Smith, 1971a).

In this study several general nerve stains as well as a In birds the sympathetic cardiac nerves arise from
the most rostral ganglia of the thorax and the mostcholinesterase-specific stain were used, but unfortu-

nately no details are given regarding the specificity of caudal cervical ganglia, but there is some variation in
detail among different accounts (see Cabot and Cohen,staining of the valvular innervation. However, Bennett
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1980 for summary). Macdonald and Cohen (1970) and draw conclusions about the homology of this pathway
with the sympathetic innervation of the mammalianCabot and Cohen (1980) describe the right sympathetic

cardiac nerve in the pigeon as a single trunk formed by heart. Mammals have no cervical paravertebral ganglion
chain, and postganglionic neurons efferent to the heartthe anastomosis of postganglionic nerves arising from

the three most caudal cervical ganglia. These ganglia in this vertebrate class are located in the middle cervical
ganglion and the stellate ganglion, the latter beingare associated with spinal nerves contributing to the

brachial plexus; the most caudal ganglion of this group formed by the condensation of the caudal cervical and
first thoracic ganglia. This arrangement has no parallelis thus associated with the last spinal segment contribut-

ing to the brachial plexus. This description closely fol- in birds.
Regardless of the number of ganglia contributing tolows that of Malinovsky (1962) in the pigeon. In the

chicken, however, the origin of the right cardiac sympa- the right cardiac sympathetic nerve, the course of this
nerve to the heart appears to follow the same generalthetic nerve is limited to the first thoracic paravertebral

ganglion (as defined by its location caudal to the head pattern in all avian species so far examined. The nerve
courses toward the heart in conjunction with a smallof the first rib; Pick, 1970; Tummons and Sturkie, 1969;

see Figure 38). vertebral vein arising from the lateral aspect of the ver-
tebral column between the last cervical and first thoracicThere has been some controversy over the nomencla-

ture of avian sympathetic ganglia. Birds have a sympa- spinal segments. The vessel and nerve merge with the
apical pleura of the lung and run together between thethetic ganglion associated with each cervical spinal seg-

ment (Gabella, 1976; Pick, 1970) and this observation, pleural fascia. At the ventral surface of the pleura close
to the junction of the vertebral vein with the superioras well as variations in opinion on numeration of the

ribs in the bird, has made it difficult to be precise about vena cava, the nerve turns caudally along the vena cava
toward the heart, there forming two rami. The medialthe terminology for the most caudal ganglion contribut-

ing to the cardiac nerve. Malinovsky (1962) holds that ramus divides further and its fascicles enter the cardiac
plexus to distribute within the right atrial wall. Thethis is the first thoracic ganglion, since it lies between

the heads of the first and second ribs. However, Macdon- lateral ramus joins the right vagus nerve in the vicinity
of the right pulmonary artery (Pick, 1970; Cabot andald and Cohen (1970) have sided with earlier authors

in noting that the first rib should not be considered to Cohen, 1980; Tummons and Sturkie, 1969; Cabot and
Cohen, 1977a; Macdonald and Cohen, 1970; Malinov-mark the first thoracic segment since this rib is reduced

in size and does not form part of the ribcage proper. sky, 1962). The ganglionic origin of the left sympathetic
cardiac nerve is similar to that of the right, arising inAs Cabot and Cohen (1980) have pointed out, the issue

of terminology is not critical when considering func- the chicken from paravertebral ganglion 14 (first tho-
racic) and in the pigeon by anastomosis of postgangli-tional aspects of cardiac sympathetic outflow to the bird

heart, but may become important when attempting to onic branches from ganglia 12, 13, and 14 (Cabot and
Cohen, 1980). In the pigeon, the largest branch contrib-
uting to the left sympathetic cardiac nerve arises from
ganglion 14, as on the right side. In its path to the heart,
the left cardiac nerve in the pigeon divides into two or
more fascicles which run in parallel for a short distance
then recombine before reaching the superior vena cava.
This nerve ramifies again as it runs caudally along the
vena cava toward the heart, and the individual rami
merge with the cardiac plexus of the left atrium.

The general locations of the cells of origin of the
sympathetic postganglionic axons to the avian heart,
and the intraspinal locations of the cardiac sympathetic
preganglionic neurons have been worked out in greatest
detail in the pigeon, by Cabot and Cohen and their co-
workers. These workers used a combination of degener-
ation, neuroanatomical tracing, and electrophysiologi-
cal stimulation and recording techniques. Macdonald

FIGURE 38 Schematic representation of the sympathetic innerva- and Cohen (1970) undertook a series of neuronal degen-
tion of the chicken heart on the right side. In this species the cardiac

eration studies in order to determine the ganglionicsympathetic nerve originates from the first thoracic paravertebral
distribution of the somata of postganglionic neuronsganglion. (Modified from Tummons and Sturkie (1969), Am. J. Phys-

iol. with permission.) supplying axons to the heart. After section of the right or
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left cardiac sympathetic nerve in the thorax, the greatest The protocol used by Cabot and Cohen (1977a) did
not label cardiac preganglionic neurons specifically. Innumber of degenerating neurons was found in ganglion
a more recent study of the intraspinal circuitry involved14, with lesser numbers in ganglia 12 and 13; no degener-
in sympathetic control of the heart, the region of theating neurons were observed in ganglia rostral or caudal
spinal cord containing cardiac preganglionic motor neu-to this level. Postganglionic cells of origin of fibers in
rons has been more precisely mapped by Cabot et al.the cardiac sympathetic nerves were thus located bilat-
(1991b). In this study, preganglionic neurons associatederally in the same sympathetic ganglia which give rise
with ganglion 14 in the pigeon were labeled using frag-to the postganglionic nerves constituting the cardiac
ment C of tetanus toxin (a nontoxic moiety which isnerve. In experiments in which the ganglia themselves or
retrogradely transported by axons), injected into sympa-the interganglionic sympathetic trunks were stimulated
thetic ganglion 14. These experiments confirmed theelectrically, Macdonald and Cohen (1970) obtained pos-
location of preganglionic neurons in the column of Terniitive cardiac chronotropic responses of short latency
and also demonstrated labeling of neurons lateral to thisfrom ganglia 12 to 16, occasional longer-latency re-
nucleus (Figure 39) in an area which, in the mammaliansponses from ganglia 17 and 18, and none from ganglia
spinal cord, is occupied by sympathetic preganglioniccaudal to 18. Experiments in which stimulation of gan-
neurons of the nucleus intercalatus spinalis (Petras andglia was combined with sections of the sympathetic
Cummings, 1972), a term that Cabot et al. (1991b) havetrunk above and below the stimulation site confirmed
applied to the corresponding area in the pigeon spinalthese results. These data were interpreted to mean that
cord. Their results show that cardiac neurons in thepreganglionic axons originating in the spinal cord as
spinal cord are not confined to the column of Terni. Nocaudally as the 16th segment converged on postgangli-
studies have yet been done to label cardiac postgangli-onic cardiac neurons in ganglia 12 to 14. The longer-
onic sympathetic neurons in the bird which innervatelatency cardiac responses to stimulation of ganglia 17
specific regions of the heart, but this will be a necessaryand 18 were attributed to sympathetic activation of the
further step in order to determine the intraspinal loca-adrenal glands and consequent release of catechola-
tions of groups of neurons controlling cardiac functionsmines into the bloodstream; nerves arising from ganglia
such as rate and contractility. A potentially useful ap-17 and 18 were observed to join the splanchnic nerves,

branches of which innervate the adrenal medulla.
Avian sympathetic preganglionic neurons innervat-

ing the heart are located in the same area of the spinal
gray matter as those innervating the blood vessels, near
the midline dorsal and lateral to the central canal, and
extending rostrocaudally throughout segments 14 to 21.
Most of the preganglionic neurons are confined to a
distinct cell column in the midline, the column of Terni,
a nucleus peculiar to the avian spinal cord (Huber, 1936;
Cabot and Cohen, 1980). This cell column is the proba-
ble homolog of the mammalian intermediolateral cell
column. Leonard and Cohen (1975), in a study of the
cytoarchitecture of the pigeon spinal gray, reported that
the rostral and caudal extents of this nucleus were indis-

FIGURE 39 Mediolateral distribution of cell bodies of spinal pregan-tinct due to small clusters of cells which extended into
glionic neurons labeled in the first thoracic segment (T1) of the spinalthe regions between segments 13 and 14 and caudal to cord by an injection of a retrograde neurotracer (fragment C of tetanus

segment 21. Neurotracer studies using retrograde trans- toxin) into the right paravertebral ganglion 14 of the pigeon. The
port of horseradish peroxidase have shown that spinal largest root of the cardiac sympathetic nerve in the pigeon arises from

this ganglion. The diagram shows labeled neurons concentrated inpreganglionic neurons efferent to the postganglionic
the column of Terni [cT, large cluster of dots closest to the centralcells in ganglion 14 of the pigeon are present from the
canal (cc)], along with a lesser concentration of cells located morecaudal portion of segment 14 to the rostral part of seg- laterally in the nucleus intercalatus spinalis (IC). Although pregangli-

ment 17 (Cabot and Cohen, 1977a). This finding pro- onic neurons innervating the heart were not labeled specifically in
vides strong anatomical support for the earlier conclu- this experiment, their cell bodies will be among the labeled population.

Abbreviations: DH, dorsal horn; VH, ventral horn. Horizontal scalesion of Macdonald and Cohen (1970), reached on the
bar represents 50 em. (Reprinted from Neuroscience 40, J. B. Cabot,basis of functional and degeneration studies, that spinal
A. Mennone, N. Bogan, J. Carroll, C. Evinger, and J. T. Erichsen,preganglionic inputs to cardiac postganglionic neurons Retrograde, trans-synaptic and transneuronal transport of fragment

originate from segments 14 to 16, with some inputs pos- C of tetanus toxin by sympathetic preganglionic neurons, pp. 805–823,
Copyright (1991), with permission from Elsevier Science.)sibly coming from segment 17.
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proach to this problem would be localized injections of discharge, with both effects mediated by b-adrenergic
a retrograde neuroanatomical tracer such as fragment receptors (Pappano and Loffelholz, 1974).
C of tetanus toxin or pseudorabies virus into specific In the isolated chicken heart perfused in vitro by
regions of the heart. This tracer would then be trans- Langendorff ’s method, stimulation of the attached right
ported retrogradely and transsynaptically so that both cardiac sympathetic nerve produces positive chrono-
cardiac postganglionic neurons and the spinal pregangli- tropic effects (heart rate increased from 186 to 292 beats
onic neurons afferent to them could be visualized. This per min; Sturkie and Poorvin, 1973). The basal heart rate
approach has proven advantageous in studies of cardiac of this isolated preparation, supplied with (presumably)
autonomic pathways in mammals (Strack et al., 1988). adequate oxygen in the perfusate at 408C, might be

The descending projections from higher centers in the expected to be similar to that of the in situ chicken
central nervous system to sympathetic preganglionic heart after bilateral section of the vagus and cardiac
neurons controlling the heart have not in general been sympathetic nerves (‘‘decentralized’’ state), but this was
delineated in birds. However Cabot et al. (1982), in a se- not the case. The mean rate of in situ decentralized
ries of anatomical studies in the pigeon, determined that hearts was in the range of 235–285 beats per min (Tum-
the overall pattern of projections to spinal preganglionic mons and Sturkie, 1968; 1969). Under these conditions
neurons is very similar to that found in mammals, and this stimulation of the peripheral stump of the right cardiac
anatomical data corroborates the results of earlier brain sympathetic nerve increased heart rate to 345 beats per
stimulation studies in the bird. In particular, Cabot et al. min, an increase of 48%. By comparison, stimulation of
(1982) have shown anatomically that avian preganglionic the right cardiac nerve stump attached to isolated hearts
neurons receive direct projections from diencephalic and in vitro produced a mean heart rate of 292 beats per
medullary areas which, when electrically stimulated, pro- min. That is, maximal sympathetic stimulation in this
voke cardioaugmentation (Macdonald and Cohen, 1973; preparation could only raise heart rate to a level equiva-
Folkow and Rubenstein, 1965; Kotilainen and Putkonen, lent to the basal rate of the decentralized heart in situ.
1974; Feigl and Folkow, 1963). However, even though basal heart rate was different in

these preparations, the proportional increase in rate
during sympathetic stimulation was the same in bothii. Sympathetic Control Electrical activation of in-
cases. Thus sympathetically mediated chronotropic ef-tramural adrenergic nerves in the avian heart produces
fects in the isolated heart may, in relative terms, reflectaugmented force of contraction and cardioacceleration.
the capabilities of this control system in the in vivo heart.Bolton and Raper (1966) and Bolton (1967) first demon-

In a beating heart in vivo, stimulation of the cardiacstrated sympathetically mediated augmentation of force
sympathetic nerves produces cardioacceleration. Tum-of contraction of electrically paced strips of in vitro left
mons and Sturkie (1968), in the unanesthetized chicken,ventricle from the fowl heart. In these studies, field
showed that either cardiac sympathetic nerve could pro-stimulation excited both cholinergic and adrenergic
duce this effect when stimulated: activation of the rightnerves, and sympathetically mediated augmentatory ef-
nerve increased heart rate by 48% above the prestimula-fects were then pharmacologically isolated by the appli-
tion value, while activation of the nerve on the left sidecation of atropine to eliminate parasympathetic inhibi-
increased heart rate by 32%. In the pigeon, however,tory effects. After muscarinic blockade, the increased
Macdonald and Cohen (1970) found that only the rightcontractile force produced by field stimulation was at-
cardiac nerve mediated cardioacceleration when stimu-tributed to activation of adrenergic nerves since this
lated (Figure 40, top panel) while stimulation of the lefteffect could then be blocked by b-adrenergic antago-
cardiac nerve altered the appearance of the T wavenists. These data provided the first evidence in birds
of the electrocardiogram without a chronotropic effectthat the sympathetic nervous system can have a positive
(bottom panel, Figure 40). Such functional asymmetryinotropic effect directly on ventricular myocardial cells.
in cardiac control has also been reported for the mam-Similar field stimulation experiments on left and right
malian heart (Randall, 1994).atria in vitro have shown that activation of intramural

In the right atrium the role of the dense adrenergicsympathetic nerves has powerful effects on these cham-
innervation of the sinoatrial area (see Section VI,C,2,a)bers. In the left atrium of the fowl heart, increased force
in control of heart rate is obvious and a number ofof contraction of myocytes resulted from sympathetic
studies have shown that adjustments of heart rate innerve activation. These positive inotropic effects were
vivo are made by the sympathetic nervous system underblocked by b-adrenergic antagonists (Koch-Weser,
a variety of physiological conditions. Furthermore, the1971; Bennett and Malmfors, 1974; Bennett and Malm-
anatomical evidence for widespread cardiac innervationfors, 1975b). The right atrium in vitro responds to field
and the data cited above for sympathetic influences onstimulation of intramural sympathetic nerves with an

increase in force of contraction and rate of pacemaker myocardial contractility in the atria and ventricles im-
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FIGURE 40 Electrocardiograms showing heart rate responses in the pigeon to electrical stimulation of the
right (top) and left (bottom) cardiac sympathetic nerves. The duration of the stimulus train delivered to each
nerve is indicated by the length of the solid bars under the traces. (After Cells of origin of sympathetic pre-
and postganglionic cardioacceleratory fibers in the pigeon, R. L. Macdonald and D. H. Cohen, J. Comp. Neurol.,
Copyright q 1970 Wiley-Liss, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley &
Sons, Inc.)

plies that the sympathetic nervous system can also pro- EPI (Komori et al., 1979). In the isolated chicken heart,
De Santis et al. (1975) proposed that both EPI and NEduce both global and regional enhancement of contrac-

tility. Two important functional consequence of this may act as sympathetic neurotransmitters, on the basis
of two main lines of evidence. First, sympathetic nervearrangement are that (1) different patterns of sympa-

thetic outflow from the central nervous system to indi- stimulation, infusion of tyramine (a compound pro-
voking the release of endogenous amines from sympa-vidual chambers of the heart provide the means for

augmenting regional contractility differentially to match thetic nerve terminals) or depolarization of intracardiac
nerve terminals with a potassium-enriched perfusate allthe chambers’ pumping actions to the hydraulic imped-

ances into which they are working; and (2) the output produced elevated NE and EPI efflux from the heart.
Second, exogenously applied NE and EPI were equipo-of each chamber can be controlled independently of

pumping rate. However, to understand the function of tent in augmenting cardiac rate and strength of con-
traction. These authors also treated hearts with 6-this control system more thoroughly it is necessary to

establish whether different populations of pre- and post- hydroxydopamine to destroy sympathetic nerve endings
and found that this reduced the intracardiac concentra-ganglionic sympathetic neurons do in fact innervate dif-

ferent cardiac regions and whether such subpopulations tions of both EPI and NE to very low levels. But De
Santis et al. (1975) did not perform the critical experi-may be differentially activated through reflexes driven

by receptors in specific cardiac or vascular reflexogenic ment of determining the effect of chemical sympathec-
tomy on release of catecholamines during cardiac nervezones. Such an analysis is complicated by the location,

remote from the heart, of cells of origin of the postgan- stimulation. Sturkie and Poorvin (1973), on the other
hand, concluded that even though they and other work-glionic sympathetic axons innervating the cardiac cham-

bers, in contrast to the intracardiac locations of the ers had identified stores of both EPI and NE in the
heart, only NE appeared to be released during sympa-postganglionic parasympathetic neurons.

Most studies of sympathetic control of cardiac func- thetic nerve stimulation. These authors concluded that
EPI was sequestered in nonneuronal stores and wouldtion have affirmed the role of NE as the transmitter

released by avian postganglionic terminals on the myo- not, therefore, be involved in neurogenic control of the
myocardium. Currently the most widely accepted viewcardium. However, the bird heart contains EPI as well

as NE (Sturkie and Poorvin, 1973; De Santis et al., 1975; is that NE is the primary sympathetic neurotransmitter
in the avian heart, as in the mammalian heart.and data summarized in Holzbauer and Sharman, 1972).

It has been suggested that, in other organs such as the Autonomic tone is usually taken to mean the level of
spontaneous and ongoing activity in autonomic nerves torectum of the fowl, adrenergic terminals may release
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the heart under ‘‘basal’’ or ‘‘resting’’ conditions (that is, found evidence for significant sympathetic tone to the
heart. On the central side, they showed that clonidine-when the animal is not actively moving or engaged in ma-

jor physiological responses to its environment). Since mediated depression of vasopressor areas in the me-
dulla, including the sympathetic cardiomotor area, ledmonitoring spontaneous nerve activity is technically dif-

ficult in any preparation other than the acutely anesthe- to a reduction in heart rate. On the peripheral side,
depletion of NE from peripheral sympathetic terminalstized animal instrumented for nerve recording, the level

of basal heart rate is usually taken as the major indicator with reserpine, or prevention of NE release from these
terminals, also significantly reduced cardiac rate. Noneof cardiac autonomic tone as rate is easily measured un-

der a variety of conditions in the whole animal. An added of these experiments was done with accompanying vagal
blockade. In contrast to the results of Kobinger andcomplication in analyzing tonic autonomic drive to the

heart is that both autonomic limbs can strongly affect Oda (1969), Folkow et al. (1967) found no significant
change in heart rate after b-adrenergic blockade in therate. Since rate is driven in opposite directions by para-

sympathetic and sympathetic inputs, the chronotropic ef- same species. However, a complicating factor in the
latter study was that the agent used (an experimentalfects of tonic activity in one limb can only be accurately

assessed in the absence of influences from the other limb. b-blocker then under development) was acknowledged
by the authors to have a partial b-agonist effect whichAutonomic inputs to the heart can be selectively ablated

by a variety of means including surgical section of the may have offset any effects of b-blockade on basal heart
rate. Butler and Jones (1968; 1971) reported no signifi-vagus or cardiac sympathetic nerves, chemical sympa-

thectomy (by pretreatment with agents which destroy ad- cant change in heart rate in unanesthetized ducks after
b-blockade with propranolol, an agent free of intrinsicrenergic nerve terminals or by adrenergic blockade),

blockade of cardiac vagal effects with atropine, or a com- b-agonist effects. In awake chickens, Butler (1967)
found that b-blockade with the vagi intact produced abination of these methods.

The level of sympathetic tone to the heart can be significant fall in heart rate to 75% of the control rate.
b-blockade after vagotomy produced less of an effect,quantified by determining the change from basal heart

rate produced by any of the above methods for func- reducing heart rate to 82% of the level in animals with
intact vagi. These results show that significant sympa-tional sympathectomy after vagal influences on the heart

are removed; see Sturkie (1986b) for the development thetic tone is present in the chicken, reinforcing the
contention that the level of this tone can only be accu-of an equation expressing this concept. Widely varying

levels of sympathetic tone have been reported among rately assessed in the absence of parasympathetic input
to the heart. However, the results of Butler (1967) con-bird species and even among different studies of the

same species. A portion of this variability is likely due trast with those of Tummons and Sturkie (1970), who
found that sympathetic nerve section produced a fall ofto the use of anesthetics. Baseline heart rate itself will

change as a consequence of general anesthesia, and an- about 16% in heart rate from the level before nerve
section, while vagotomy produced a rise of about theesthetics will also have a blunting effect on autonomic

control of the heart (Vatner and Braunwald, 1975; Brill same proportion. Combined vagotomy and sympathetic
nerve section resulted in a heart rate not significantly dif-and Jones, 1981; Lumb and Jones, 1984). Therefore the

most accurate assessment of cardiac sympathetic tone ferent from that in intact animals. The authors therefore
concluded that, in resting intact animals, the balance be-would be made in awake, spontaneously breathing ani-

mals in a quiescent state after vagal influences on the tween tonic sympathetic and parasympathetic inputs to
the heart maintained rate at the same level as the intrinsicheart have been eliminated.

Johansen and Reite (1964) investigated the level of rate in animals after cardiac decentralization. It is clear
from the foregoing discussion that further studies of tonicautonomic tone to the heart in both awake ducks and

those under general anesthesia; the authors did not dif- sympathetic drive to the heart must be rigorous in taking
both the state of anesthesia and the level of concomitantferentiate between these states in reporting their data,

claiming that this made no difference to the outcome parasympathetic drive into account.
An electrophysiological analysis of the compound ac-of the experiments. In vagotomized ducks in this study,

b-adrenergic blockade produced a large fall in heart tion potential of the right cardiac nerve in the pigeon has
shown that axons in this nerve can be categorized intorate, implying the existence of strong resting sympa-

thetic tone. Tummons and Sturkie (1969) reported that, two groups separable by conduction velocity, as shown in
Figure 41 (Cabot and Cohen, 1977a). Fibers of the morein awake chickens at 6 days after recovery from surgical

division of the cardiac sympathetic nerves, heart rate slowly conducting group (range 0.4–2 m sec21) were
shown to mediate sympathetic cardioacceleration. Thewas about 16% less than that in intact animals. In anaes-

thetized ducks Kobinger and Oda (1969), using pharma- range of conduction velocities of these axons lies within
that of unmyelinated sympathetic postganglionic fiberscological agents to inhibit sympathetic function at cen-

tral and peripheral levels of the nervous system, also known to innervate the viscera (Gabella, 1976), and mor-
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FIGURE 41 Correlation between components of the compound action potentials evoked by graded electrical
stimulation of the right cardiac sympathetic nerve and chronotropic responses of the heart in the pigeon. The
traces on the left represent the compound action potential at three intensities of stimulation increasing from
A to C (round dots associated with each trace indicate the start of the stimulation, which consisted of a 200-
ms train of 50 Hz pulses). For these traces the vertical calibration bar represents 100 eV and the horizontal
bar represents 5 msec. The traces on the right represent beat-by-beat ratemeter recordings showing heart rate
responses produced by the same stimuli (filled squares under each trace) which evoke the nerve responses on
the left. The calibration bars to the right of each trace indicate heart rate in beats min21. For these traces the
horizontal bar represents 1 sec. The onset of the component of the compound action potential indicating
conduction of cardioaccelerator fibers is indicated by the arrow in trace B; this component strengthens with
increased stimulus intensity in trace C, as does the degree of cardioacceleration. (Reprinted from Brain Res.
131, J. B. Cabot and D. H. Cohen, Avian sympathetic cardiac fibers and cells of origin: Anatomical and
electrophysiological characteristics, pp. 73–87, Copyright (1977a), with permission from Elsevier Science.)

phological analysis of the pigeon right cardiac nerve con- their myocardial terminals; this neurotransmitter acts to
firms that 67% of axons in this nerve are unmyelinated modify myocardial function through postjunctional mus-
(Macdonald and Cohen, 1970). The faster-conducting carinic receptors. Indeed, most of the anatomical studies
group of fibers in this nerve (range 2–5.6 m sec21) are of parasympathetic innervation of the heart have used a
likely to be myelinated axons. These make up the remain- histochemical reaction indicating the presence of AChE
ing 33% of the total number of axons and probably repre- as a marker to determine the distribution of cholinergic
sent so-called ‘‘sympathetic afferent’’ fibers (Malliani et fibers and terminals of the cardiac plexus, as well as the
al., 1979) with receptor endings in the heart, great vessels locations of intracardiac neurons. Cabot and Cohen
or lungs. Afferent fibers in cardiac nerves have been (1980) have extensively reviewed the cholinergic inner-
shown to participate in cardiopressor reflexes in the pi- vation of the heart, so a brief synopsis of that review and
geon (Cabot and Cohen, 1977b). the contributions of later workers are combined below.

In all avian species so far examined, all four cardiac
b. Parasympathetic Innervation chambers receive AChE-positive innervation (Hirsch,

1963; Yousuf, 1965; Smith, 1971a,b; Akester and Akes-i. Anatomy Efferent neurons with their cell bodies
in the heart form the final common pathway for parasym- ter, 1971; Mathur and Mathur, 1974; Rickenbacher and

Müller, 1979; Kirby et al., 1987). Smith (1971a,b), inpathetic control of cardiac function. These postgangli-
onic neurons receive synaptic inputs from terminals of studies of the innervation pattern in the chicken heart,

determined that cholinergic nerves, nerve fibers, andpreganglionic neurons with their somata in the brainstem
and their axons coursing to the heart in the vagus nerves. terminals formed a subepicardial ground plexus

throughout the atria and ventricles, penetrating into theIt is generally accepted that parasympathetic efferent
neurons in the heart are cholinergic, releasing ACh at myocardium. Some fibers were observed to run all the
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way to the endocardial region where they contributed tendineae is controversial: Smith (1971b) reported no
nerve fibers present in chordae tendineae of the chickento a subendocardial plexus which was also distributed

throughout the atria and ventricles. In many avian spe- heart, while Mathur and Mathur (1974) found in the
pigeon heart that these structures were innervated. Thecies the overall intracardiac distribution of cholinergic

innervation parallels the distribution of adrenergic fi- function of such innervation is obscure since the chordae
tendineae contain no actively contracting tissue, servingbers and terminals (Bennett and Malmfors, 1970). The

right atrium has been a particular focus for anatomical only to anchor the papillary muscles to the aortic valve
leaflets. It is most likely that the nerve fibers observedstudies of cholinergic innervation in view of the location

of the primary pacemaker in this chamber and the va- in these structures are efferents en route to either the
valves or the papillary muscle, but some fibers maygally mediated inhibition of pacemaker node discharge

rate. Yousuf (1965) noted in the sparrow heart that the subserve an afferent function.
The adventitia of coronary arteries associated with allregion around the sinoatrial node was the first part of

the heart to receive extrinsic cholinergic innervation chambers of the bird heart is innervated by cholinergic
nerve fibers (Hirsch, 1963; Akester, 1971; Smith, 1971a)during embryological development and observed that

in later developmental stages this area and the right but the origin of this innervation is not known. Choliner-
gic fibers innervating coronary arteries may originateatrial wall near the atrioventricular node were heavily

innervated. However, no nerve fibers were observed to from postganglionic parasympathetic neurons within
the heart or may possibly be extrinsic ‘‘sympathetic cho-enter the sinoatrial node area proper, and only a few

fibers were present among the atrioventricular nodal linergic’’ fibers; in either case this innervation probably
functions to increase coronary blood flow by promot-cells. This pattern has also been observed in the pigeon

heart (Mathur and Mather, 1974). However Gossrau (as ing vasodilation.
In development of the chick heart, Rickenbacher andsummarized in Akester, 1971) reported that in pigeon,

chaffinch, and canary hearts the pacemaker region had Müller (1979) determined that cell bodies of intracar-
diac neurons, clustered into ganglia, first developed ina dense AChE-positive innervation, while in duck and

chicken this area was sparsely innervated. Differences the left ventricle, then a large group of ganglia became
evident around the coronary sulcus and the ventral sur-among these studies may be partly species dependent,

although the contrasting results of Mathur and Mathur face of the ventricles and, lastly, ganglia developed in
association with the dorsal atrial walls.(1974) and Gossrau in the pigeon heart may be due

to differences in the techniques used. Bogusch (1974) In the adult avian heart, ganglia are located primarily
in the subepicardial plexus, usually in association withobserved a dense cholinergic innervation pattern

around subepicardial Purkinje fibers of the fowl right plexus nerves and frequently near the branch points of
these nerves. The somata of intracardiac neurons haveatrium but noted that the density of this innervation

decreased as the conducting fibers approached the atrio- been characterized as multipolar (possessing more than
two processes; Smith, 1971b; Yousuf, 1965) but theseventricular border. In this study, multiple nerve termi-

nals were only loosely associated with Purkinje fibers, observations are limited to the hearts of only two species
(chicken and sparrow, respectively). No morphologicalleaving some doubt as to the nature of the neuroeffec-

tor–tissue relationship in cholinergic control of conduc- data exists on the variation of somatic dimensions or
on the length or specific projection targets of the pro-tion in the atrium. Sinoatrial valve remnants have also

been reported to be the targets of cholinergic innerva- cesses of intracardiac neurons in any avian species.
Histochemical reactions for AChE have been thetion in the bird heart (Akester, 1971; Mathur and Ma-

thur, 1974). primary tool used in analyzing the distribution of intra-
cardiac neurons in the bird heart, and there seems littleCholinergic innervation of the left atrium and the

ventricles has been less extensively studied than that of doubt that these techniques allow visualization of most
if not all of these neurons. Such anatomical data, alongthe right atrium, but the general pattern of subepicardial

and subendocardial plexi with individual nerve fibers with evidence from the functional studies cited below,
supports the contention that the phenotype of avianand terminals extending into the myocardium, as de-

scribed by Smith (1971b), appears to hold. Extensive intracardiac neurons is cholinergic. However, AChE has
been detected in some nonneuronal elements associatedcholinergic innervation has been described in the intera-

trial and interventricular septa (Akester, 1971), the right with the nervous system (see review by Fibiger, 1982)
and demonstration of the presence of this enzyme inatrioventricular valve leaflets (Akester, 1971; Mathur

and Mathur, 1974), and the left atrioventricular valve. neuronal somata in the heart, although necessary, may
not be a sufficient criterion for designating these cellsHere the AChE-positive nerve fibers enter the basal

half of the valve from the subendocardial plexus (Smith, cholinergic. In the central nervous system the most
widely accepted indicator of cholinergic function is the1971a). The cholinergic innervation of the avian chordae
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presence of choline acetyltransferase (ChAT), an en- terminals, and somata of cholinergic intracardiac neu-
rons, as well as in preganglionic terminals contactingzyme in the pathway for ACh synthesis (Fibiger, 1982).

Reliable antibodies directed against ChAT are now these neurons (Steele et al., 1994; 1996). Peptides consti-
tute an important class of neuromodulators in the pe-commercially available and have begun to be applied

to the mammalian peripheral autonomic nervous sys- ripheral autonomic nervous system, and their presence
in specific combinations in some peripheral neurons hastem. A similar application of ChAT immunohistochemi-

cal techniques to the avian heart would help verify the been proposed to chemically code subpopulations of
these neurons for specific functions such as vasomotionassumption that intracardiac neurons in this vertebrate

group are in fact of cholinergic phenotype. or control of muscle cell contractility. In the bird heart,
substance P and vasoactive intestinal peptide have beenIn their analysis of the distribution of the intracardiac

ganglia during development, Rickenbacher and Müller found in intracardiac neurons and their terminals, while
somatostatin is present in intracardiac terminals but not(1979) found that the right ventricle wall contained

about half of the total number of ganglia, the right in cell bodies (Corvetti et al., 1988). These neuropeptides
have been shown to exert powerful modulatory effectsatrium about one-fifth, the left ventricle about one-sixth,

and the left atrium possessed the fewest ganglia. In on mammalian intracardiac neuronal activity and cardi-
odynamics (Armour et al., 1993) and their presence inthe adult bird heart no quantitative studies of regional

neuron distribution have been done to date, so the abso- the bird heart indicates that they may play a prominent
role in modulation of ganglionic and neuroeffectorlute number of neurons associated with each chamber

is not known. However the general pattern of distribu- transmission in this vertebrate group. This constitutes
a promising but as yet unexplored area for the compara-tion of intracardiac neurons in the adult heart has been

established (see Cabot and Cohen, 1980 for review). tive study of mechanisms of neural control of the heart.
The course of the avian vagus nerve and its cardiacGanglia containing variable numbers of neurons are

present on both dorsal and ventral aspects of the left and branches has been described for a number of species
(see Pick, 1970; Jones and Johansen, 1972; Cabot andright atria and ventricles (Yousuf, 1965; Smith, 1971a,b;

Rickenbacher and Müller, 1979; Kirby et al., 1987; re- Cohen, 1980 for reviews). The latter review points out
that descriptions of the course and major branches ofviewed by Cabot and Cohen, 1980). Smith (1971b) has

reported that a larger proportion of the total number this nerve are consistent among species so a general
summary of the avian vagal cardiac innervation willof intracardiac ganglia is found in the ventricles of bird

hearts than is the case in mammalian ventricles. Ganglia be given here, based on the comprehensive reports of
Malinovsky (1962) and Cohen et al. (1970) in the pigeonhave been observed near but not within the sinoatrial

node region (Yousuf, 1965; Smith, 1971b). Yousuf and the reviews cited above. Inside the cranium the
peripheral trunks of the vagus and glossopharyngeal(1965) reported that some neurons in the sulcus termi-

nalis appeared to send projections in the direction of nerves originate bilaterally from large ganglia composed
of a fusion of the proximal ganglion of the glossopharyn-the nodal tissue. The atrioventricular nodal region was

also reported to be devoid of ganglia (Yousuf, 1965; geal nerve and the jugular ganglion of the vagus nerve.
The trunks of these nerves emerge together from theSmith, 1971b; Mathur and Mathur, 1974) but this region

and the atrioventricular bundle appeared to be inner- skull through the jugular foramen, and immediately out-
side the foramen an anastomosis (of Staderini) connectsvated by axons from ganglion neurons in the nearby

atrioventricular sulcus (Yousuf, 1975). Smith (1971b) the vagal trunk to the petrosal ganglion of the glossopha-
ryngeal nerve. The vagal trunk continues caudad in thedescribed high concentrations of ganglia within the dor-

sal right atrial wall near the ostia of the superior and neck along the dorsomedial aspect of the internal jugu-
lar vein, passing over the cervical spinal nerves on theirinferior venae cavae, near the roots of the pulmonary

veins on the dorsal aspect of the left atrium, within ventral sides. No major vagal branches arise from the
trunk along its cervical portion, although Malinovskythe dorsal portion of the atrioventricular groove, and

clustered around the roots of the pulmonary artery and (1962) described occasional small anastomoses with the
nearby cervical sympathetic trunk. At the level of theaorta. In the ventricles neurons are located in a scattered

pattern reaching from the atrioventricular groove to the thoracic inlet the nodose (alternatively termed distal
vagal) ganglia are present as spindle-shaped enlarge-apex on the ventral surface (Smith, 1971b; Rickenbacher

and Müller, 1979). There are also numerous ganglia ments of the vagal trunks, as shown in Figure 42. Several
afferent nerves carrying the axons of receptors impor-associated with nerves accompanying atrial and ventric-

ular coronary arteries (Mathur and Mathur, 1974; tant in the control of cardiovascular and respiratory
functions arise from each nodose ganglion. Along theSmith, 1971b).

Recent studies in the mammalian heart have shown length of this ganglion, branches arise which extend
medially to innervate the thyroid, parathyroid and ulti-that a number of neuropeptides are colocalized in axons,
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FIGURE 42 Schematic diagram depicting a ventral view of the pathway of the left vagus nerve in the area
of the upper thorax of the duck. Details of the vagal innervation of the carotid body, ultimobranchial, thyroid,
and parathyroid glands, and the aorta are illustrated. (After Jones and Johansen (1972), with permission.)

mobranchial glands, and the carotid body (Figure 42). nated ‘‘depressor’’ and ‘‘accessory depressor’’ nerves by
analogy with the mammalian condition. Nonidez (1935)The latter structure constitutes the primary locus for

peripheral chemoreceptors sensing arterial oxygen and reported no equivalent nerve on the left side, but in
other species nerves from the nodose ganglion coursingcarbon dioxide tensions and pH in the bird ( Jones and

Purves, 1970; see Section VI,D,1). Branches exiting from to the aortic root (designated aortic nerves) have been
reported to be present bilaterally ( Jones and Purves,the caudal portion of the nodose ganglion course to the

root of the aorta. On the right side, Nonidez (1935) 1970; Jones, 1973; Cohen et al., 1970; Jones et al., 1983;
Smith and Jones, 1990; 1992; summarized by Smith,reported two such branches in the chick, which he desig-
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1994; see Figure 42). These nerves ramify into a plexus reforming caudal to the pulmonary artery, passes ventral
to the ipsilateral bronchus and over the dorsal surfacein the aortic wall. Jones (1973) first demonstrated that

the aortic nerves carried arterial blood pressure infor- of the heart. From this portion of the trunk a variable
number of smaller branches arise and enter the cardiacmation centripetally and that aortic baroreceptors were

involved in regulating and maintaining arterial blood plexus. On the right side, these branches enter the heart
near the sinoatrial and atrioventricular nodes and at thepressure in the duck.

A few millimeters caudal to the nodose ganglion the caval ostia; on both the left and right sides of the heart
vagal branches also enter the cardiac plexus in the vicin-vagal trunk splits, as shown in Figure 43, to form several

major divisions as it approaches the pulmonary artery. ity of the atrioventricular groove. That the cardiac
nerves described here constitute the major efferent va-Two of these circumscribe the pulmonary artery, rejoin,

and continue as the main vagal trunk en route to the gal innervation of the heart has been confirmed by func-
tional studies in which electrical stimulation of the vagalabdominal cavity while a third forms the recurrent laryn-

geal nerve, coursing craniad along the trachea; no car- trunk was combined with surgical section of the trunk
and the various cardiac branches (Cohen et al., 1970).diac vagal branches arise from this nerve. Another major

vagal branch courses to the heart to enter the dorsal Caudal to the origin of the most inferior cardiac
branches, the left and right vagal trunks pass ventral tocardiac plexus ( Jones and Johansen, 1972; shown in

Figure 42). The remaining vagal branches form part of the pulmonary veins where both turn medially, coming
to lie in close approximation as they course to the ab-the pulmonary innervation, running to the lungs along

the pulmonary arteries. The main vagal trunk, after dominal viscera (Figure 43).

FIGURE 43 Schematic diagram to illustrate a dorsal view of the generalized vagal innerva-
tion of the avian heart. Note the pathways of the vagal branches as these nerves split close
to the pulmonary arteries. For clarity the right pulmonary and right recurrent laryngeal
branches are not shown and the right pulmonary vein, depicted next to the left, is not
labeled (r, right; l, left). (Modified from Cabot and Cohen (1980), with permission.)
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The location in the central nervous system of cells of elicitation of a specific component of the compound
action potential (B1 wave, Figure 45). This componentorigin of vagal cardioinhibitory fibers in birds has been

investigated by a variety of anatomical and physiological was generated by the activation of a group of vagal
axons conducting in the velocity range of 8 to 14 m sec21.techniques. The extent of the medullary regions contain-

ing vagal preganglionic motor neurons innervating pha- When the vagus nerve was stimulated with sufficient
intensity to evoke both the A and B1 components (traceryngeal structures and thoracic and abdominal viscera

was originally defined anatomically by determining the B of Figure 45) and a polarizing voltage was applied to
the nerve to block the A but not the B1 component,extent of retrograde degeneration of neuronal somata

after section of the cervical vagus nerve (Cohen et al., the cardioinhibitory response was maintained. This led
the authors to conclude that fibers in the vagus nerve1970) and more recently by retrograde labeling of vagal

neurons with neurotracers applied to the peripheral va- responsible for generating the B1 component of the
compound action potential were responsible for cardi-gus nerve (Katz and Karten, 1979; 1983a,b; 1985; Cabot

et al., 1991a). Cohen et al. (1970), working in the pigeon, oinhibition. This was confirmed in experiments in which
field potential and single-unit activity were mapped indescribed three major subdivisions of the dorsal motor

nucleusof thevagusnerve(DMV)basedoncytoarchitec- the DMV in correlation with synchronous compound
action potentials recorded from the vagus nerve duringtonic and morphological criteria. The principal medul-

lary location of neurons showing signs of degeneration stimulation of this nerve (Schwaber and Cohen, 1978b).
In these experiments, stimulus-evoked activation of theafter section of the cardiac vagal branches was in a region

extending from the obex to the rostral pole of the DMV, B1 component in the vagus nerve produced the shortest
latency, highest amplitude responses in the region ofwith the highest density of degenerating cells in an area

between 0.6and 0.8 mmrostral to theobex. Atthis rostro- the DMV, which had been shown in previous studies
to contain the somata of putative cardioinhibitory neu-caudal level, thesecellswere primarily located inthemost

ventral region of the DMV. The results of these experi- rons. In addition to the evidence from stimulus-evoked
potentials, recordings of spontaneously active singlements suggested that the central arrangement of vagal

cardioinhibitory neurons in birds was different than the units in the DMV rostral to the obex in awake, paralyzed
pigeons demonstrated rhythmic discharge patternsmammalian condition; in mammals the primary locus for

these neurons is the nucleus ambiguus, ventrolateral to phase-locked to mechanical events in the cardiac cycle
(Gold and Cohen, 1984). These authors also showedthe DMV (reviewed by Hopkins, 1987).

In the pigeon focal electrical stimulation of the re- that single-unit neuronal activity in this area was de-
creased or eliminated by external conditioning stimuligions of the DMV shown anatomically to contain cell

bodies of putative cardioinhibitory neurons produced (light flash, foot shock) which caused heart rate to in-
crease (see Section VI,E).short-latency decreases in heart rate; this response is

shown in Figure 44 (Cohen and Schnall, 1970). The The above anatomical and physiological evidence,
taken together, indicates that in the avian brain pregan-response was rapid, occurring within one or two cardiac

cycles after the start of stimulation, suggesting that glionic vagal cardioinhibitory neurons are located in the
ventrolateral region of the DMV rostral to the obex.cardioinhibitory preganglionic cell bodies were being

directly stimulated. If stimulation was continued, com- However a recent reexamination of the question of the
location of these neurons was undertaken by Cabot etplete atrioventricular blockade could be produced in

some animals; a depressor response invariably occurred al. (1991a), using a new and more sensitive method
for retrograde neuroanatomical tracing. These authorssecondary to all negative chronotropic responses (Fig-

ure 44). There was no lateral asymmetry in this response: injected small volumes of the binding fragment of teta-
nus toxin into selected regions of the pigeon heart. Thisstimulating in the DMV on either side produced similar

cardioinhibitory responses. The cardiac effects pro- neurotracer was taken up by local nerve fibers and ter-
minals at the injection site and transported retrogradelyduced by central stimulation could be mimicked by stim-

ulating the vagal trunks in the neck or at the thoracic to label the somata of vagal preganglionic cardiac neu-
rons in the medulla by two possible routes, both givinginlet (Cohen and Schnall, 1970). Field potential and

single-unit recordings made in the pigeon DMV during similar end results. The first of these was via direct
uptake of neurotracer by fibers or terminals of the pre-stimulation of the vagal trunk provided further confir-

mation that the cell bodies of a large number of cardioin- ganglionic neurons running through or close to the injec-
tion sites in the heart; in this case the tracer would behibitory neurons were located in the central zone of the

DMV rostral to the obex (Schwaber and Cohen, 1978b). transported directly back to the cell bodies. The second
route was via transsynaptic transport. Fibers and termi-Schwaber and Cohen (1978a), in an electrophysiolog-

ical study of the vagus nerves, found that when the nals of postganglionic intracardiac neurons took up the
neurotracer from the injection sites, and upon travelingcervical vagus was stimulated at progressively greater

intensities the onset of bradycardia coincided with the to the somata and other processes of these neurons, the
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FIGURE 44 Arterial blood pressure (BP) and cardiac chronotropic (ECG) re-
sponses to focal electrical stimulation in the area of the dorsal motor nucleus of the
vagus nerve in the pigeon. The duration of the stimulus train (50-Hz pulses) is shown
by the solid horizontal bar above the traces. (After Medullary cells of origin of vagal
cardioinhibitory fibers in the pigeon. II. Electrical stimulation of the dorsal motor
nucleus, D. H. Cohen and A. M. Schnall, J. Comp. Neurol., Copyright q 1970 Wiley-
Liss, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley &
Sons, Inc.)

tracer would then cross synaptic clefts to the pregangli- if there are functionally discrete subpopulations within
this group of neurons and, if so, whether there is anyonic terminals contacting the postganglionic cells. From

these terminals the tracer was transported to the somata correlation between the functional properties of neu-
rons and their potential roles in controlling specific as-of the preganglionic neurons. After intracardiac injec-

tion of the tracer, labeling of preganglionic vagal neu- pects of cardiodynamic function.
Little is known of the nature and origins of inputs torons was found in two locations in the medulla (Figure

46). The majority of label was found in neurons located medullary vagal cardiomotor neurons in birds. Berk and
Smith (1994) have shown in the pigeon that peptide-ventrolateral to the DMV, in a site homologous to the

nucleus ambiguus of the mammalian brainstem; these containing projections to these neurons arise from the
area of the nucleus of the tractus solitarius (NTS). Theneurons were clustered within 0.5 mm of the obex as

shown in the bottom panel of Figure 46. A smaller NTS is one target for afferent information from visceral
receptors carried in the vagus, glossopharyngeal, andnumber of labeled neurons were found in more rostral

sections in an area bordering the ventrolateral margin other cranial nerves, and such peptidergic projections
from the NTS to cardiomotor neurons may representof the DMV (top panel of Figure 46), in close proximity

to the region delineated in the degeneration studies of an important viscerovisceral reflex pathway, as has been
described in mammals (Loewy and Spyer, 1990). In ad-Cohen et al. (1970) and just ventral to the area described

in the functional studies of Schwaber and Cohen dition to inputs of peripheral origin, there is an extensive
pattern of projections to the DMV from structures lo-(1978a,b). The results of Cabot et al. (1991a) have forced

a reevaluation of the central organization of neurons cated more rostrally in the brain. Berk and Finkelstein
(1983) and Berk (1987) demonstrated projections fromcontrolling the avian heart, indicating that this organiza-

tion has much more in common with the mammalian the bed nucleus of the stria terminalis, the ventral pa-
leostriatum, and the medial and lateral hypothalamuscondition than was previously believed. However, these

new anatomical data have not been confirmed by physi- to the DMV. These forebrain inputs thus represent po-
tential pathways through which central nervous controlological studies. In addition, it still remains for the mem-

brane and firing properties of vagal cardioinhibitory of cardiac function may be exerted in the interests of
homeostasis, as well as providing pathways for neurallypreganglionic neurons to be investigated to determine



4219 / c9-205 / 08-04-99 14:48:22

Chapter 9. The Cardiovascular System 205

FIGURE 45 Compound action potentials evoked in the right vagus nerve by electrical
stimulation at the midcervical level in the pigeon. Responses to stimuli of two intensities are
shown. (A) stimulation at 1.8 times the intensity which just evokes a response (threshold
intensity, T) produces a short-latency component labeled the A wave, representing the fastest
conducting fibers in the vagus (start of stimulus is indicated by the dot at the left side of
trace). No change in heart rate is associated with the activation of this group of fibers. (B)
stimulation at 4.6 3 T evokes responses in an additional, more slowly conducting group of
fibers; this component of the compound action potential is labeled the B1 wave. The fibers
responsible for this component conduct in the range of 8–14 m sec21 and when activated
produce bradycardia. The vertical bar represents 250 eV; the horizontal bar represents 5
msec. (Reprinted from Brain Res. 147, J. S. Schwaber and D. H. Cohen, Electrophysiological
and electron microscopic analysis of the vagus nerve of the pigeon, with particular reference to
the cardiac innervation, pp. 65–78, Copyright (1978a), with permission from Elsevier Science.)

mediated alterations in cardiac function which may be flows from the isolated heart during vagal nerve stimula-
tion. Only a small fraction of the total amount of AChrequired during exercise, feeding or other behaviors, or

in response to changes in the external environment. recovered in these experiments is released from vagal
preganglionic terminals, as shown by a large reduction inIn addition, Cohen and coworkers have explored the

central anatomical pathways mediating conditioned re- vagally evoked ACh release after treatment of the isolated
heart preparation to prevent release of the neurotransmit-sponses which target medullary cardiomotor neurons in

birds (see Section VI,E). These cardiomotor neurons ter from postganglionic terminals (Loffelholz et al., 1984).
ACh has different effects on the cell membrane con-therefore integrate information from visceral and other

receptors and from higher levels of the central nervous ductances and thus on contractile properties of myo-
system to control cardiodynamics, but our knowledge of cytes in the avian atria and ventricles. Inoue et al. (1983),
the integrative mechanisms involved is scant at present. using intracellular electrode techniques in vitro, investi-

gated the effects of ACh on membrane ion conductances
of atrial and ventricular myocytes to determine howii. Parasympathetic Control Acetylcholine acts in
these might differ. They found that, in ventricular mus-the bird heart to depress atrial and ventricular myocyte
cle cells, ACh reduced the force of contraction, dimin-contractility, rate of discharge of pacemaker tissue, and
ishing both amplitude and time course of the actionrate of conduction through the specialized conductive tis-
potential, but did not change either resting membranesues. ACh, released from preganglionic terminals, acti-
potential or whole-cell resistance. On the other hand,vates excitatory nicotinic receptors on the membranes of
in atrial myocytes, ACh hyperpolarized the membranepostganglionic neurons in the heart and these neurons in
and reduced whole-cell resistance (implying an increaseturn release ACh from their effector terminals to inhibit
in steady-state ionic conductances) as well as causing acardiac functions. Intrinsic postganglionic parasympa-

thetic neurons release the majority of ACh which over- reduction in amplitude and time course of the action
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There are several subtypes of muscarinic receptor
present in the mammalian heart (see Deighton et al., 1990
for review) and some of these receptor subtypes are also
present in the avian heart. The majority of muscarinic
receptors on mammalian myocardial cells are of the M2

subtype (Deighton et al., 1990; Jeck et al., 1988), and this
subtype is believed to mediate complex intracellular
mechanisms leading to the inhibition of myocyte func-
tions whichare ultimatelyresponsible for the parasympa-
thetic control of the heart. In a comparison of muscarinic
receptor types in the chicken and guinea pig hearts, Jeck
et al. (1988) found that receptors of the M1 subtype pre-
dominated in the myocardium of the chicken while the
most prevalent type in the guinea pig heart was the M2

subtype, as found in other studies of the mammalian
heart. Detailed analyses of the muscarinic receptor sub-
types present in the hearts of other avian species have not
been conducted, but if the results of Jeck et al. (1988) in
the chicken represent the general avian situation, there
are likely to be major differences in receptor-mediated
intracellular mechanisms of mucarinic inhibition of myo-
cyte function between birds and mammals.

In avian atrial tissue in vitro, and in atria in whole
in situ or isolated hearts, it is widely accepted that ACh
has a strong negative inotropic effect (e.g., Jeck et al.,
1988 and review by Sturkie, 1986b), but studies of spe-
cific cholinergic effects on ventricular inotropy have
been few in the bird. Avian ventricular tissue has a

FIGURE 46 Outline drawings of transverse sections of the pigeon higher density of cholinergic innervation than does that
medulla in the region of the obex, depicting the location of vagal of mammals as outlined above, and a higher proportionpreganglionic neurons labeled by retrograde transport of tetanus toxin

of the total number of intracardiac neurons is associatedbinding fragment C injected into the heart (see text for explanation).
with the ventricles of the avian than the mammalianThe top panel shows a section cut 0.8 mm rostral to the obex, with

labeled neurons (filled circles) located just ventral to the dorsal motor heart (see above, and Smith, 1971b). On the basis of
nucleus of the vagus (nX) in the nucleus ventrolateralis (VL). The early anatomical evidence suggesting a high density of
bottom panel, representing a section taken at the level of the obex, cholinergic innervation of the ventricular myocytes inshows additional labeled neurons in an area of the medulla which

birds, Bolton and Raper (1966) compared responses ofmay be the avian homolog of the mammalian nucleus ambiguus (nA),
strips of the right ventricle of fowl and guinea pig heartsventrolateral to nX. Abbreviations: IO, inferior olivary nucleus; MLF,

medial longitudinal fasciculus; nTS, nucleus and tractus solitarius; in vitro to endogenously released and exogenously ap-
nTTD, nucleus and tractus trigemini descendens; NX, vagal nerve plied ACh. Field stimulation of electrically paced ven-
rootlet; pH, plexus of Horsley. (Reprinted from Brain Res. 544, J. B. tricular strips produced a strong decrease in force ofCabot, J. Carroll, and N. Bogan, Localization of cardiac parasympa-

contraction of fowl ventricular tissue, while guinea pigthetic preganglionic neurons in the medulla oblongata of pigeon, Col-
ventricular tissue responded with an increase in force.umba livia: A study using fragment C of tetanus toxin, pp. 162–168,

Copyright (1991), with permission from Elsevier Science.) Atropine, blocking muscarinic receptors, eliminated the
negative inotropic response of the fowl ventricle to stim-
ulation, and a strongly positive response was then ob-potential. ACh binds to muscarinic receptors on myo-
served; however, atropine had no effect on the responsecyte membranes, and the authors found that this induced
of the guinea pig ventricle to stimulation. The authorssimilar decreases in calcium-dependent sodium currents
proposed that the fowl heart has a capacity for effectivein the two types of cells. However, atrial myocytes exhib-
parasympathetic inhibition of ventricular inotropy, me-ited in addition a muscarinically mediated increase in
diated by intracardiac release of ACh. Furthermore,an outward potassium current which accounted for the
blockade of this response unmasked a stimulus-evokedhyperpolarization and reduction in resistance induced
increase in force of contraction which the authors deter-by ACh; this mechanism was not present in ventricular
mined was the result of release of NE from sympatheticmyocytes. These differences in response to ACh imply
nerve terminals. They concluded that, in contrast withthat the same neurotransmitter can differentially control

atrial and ventricular contractility. the mammalian condition, the fowl right ventricle was
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innervated by both the sympathetic and parasympathetic Chronotropic Effects The study of vagal control of
heart rate in birds has a long history going back to thelimbs of the autonomic nervous system. Subsequent in

vitro work has confirmed these observations (Bolton, recognition in the last century that activation of the
1967; Biegon et al., 1980; Biegon and Pappano, 1980). vagus nerves could produce large reductions in heart

The first experimental approach used to explore gen- rate and, in some cases, arrest the heart (see Cabot and
eral questions of parasympathetic efferent control of Cohen, 1980 for a summary of early work). As these
the avian heart, dating from the early part of this cen- reviewers have pointed out, the nature of vagally medi-
tury, was to examine the effects of exogenously applied ated bradycardia has been intensively reinvestigated us-
ACh on the activity of pacemaker cells in the right ing recently developed techniques in a variety of avian
atrium (reviewed by Jones and Johansen, 1972; and species ( Johansen and Reite, 1964; Bopelet, 1974; Pe-
Cabot and Cohen, 1980). More detailed characterization terson and Nightingale, 1976; Langille, 1983; Lindmar
of this system has resulted from recent investigations et al., 1983; Goldberg et al., 1983; Lang and Levy, 1989;
carried out by Loffelholz and co-workers, and others. Butler and Jones, 1968; Cohen and Schnall, 1970; Jones
In the in vitro right atrium, ACh release provoked by and Purves, 1970; and others). The negative chrono-
field stimulation and by stimulation of the attached right tropic effects of ACh in the pharmacological studies
vagus nerve produced a fall in pacemaker discharge rate cited above are paralleled by the effects of electrical
(Pappano and Loffelholz, 1974; Pappano, 1976; Brehm stimulation of the vagus nerves. Several preparations
et al., 1992). This chronotropic effect was blocked by have been used to assess the chronotropic consequences
atropine but not by the ganglionic blocker hexametho- of vagal stimulation. These include atrial tissue in vitro,
nium, so it must have been mediated by direct release isolated beating hearts with attached vagal stumps,
of ACh from postganglionic parasympathetic neurons open-thorax anesthetized preparations, and anesthe-
in the atrial wall (Pappano and Loffelholz, 1974). On the tized or awake animals in which only the vagi in the
other hand, hexamethonium in the absence of atropine cervical region were exposed. Vagal control of the heart
blocked all effects of electrical stimulation of the is apparently very robust in all of these preparations
attached vagal stump. Vagally mediated bradycardia and each type of preparation yields results which com-
therefore occurred as a result of the synaptic activation plement the findings obtained from the others.
of intracardiac postganglionic neurons by preganglionic Examples of stimulus-induced bradycardia obtained
terminals. As with cholinergic control of the inotropic in pigeon are shown in Figure 47. The peripheral cut
state of the atrial and ventricular myocardium discussed ends of the right (top panel) and left (bottom panel)
above, control of pacemaker rate operates via the synap- cervical vagus nerves were stimulated with trains of
tic relay of impulses from pre- to postganglionic neurons pulses at a frequency of 50 Hz. In each case the contralat-
within intracardiac ganglia. eral vagus nerve was intact. In these examples the inten-

sity of stimulation used was capable of arresting the
Dromotropic Effects There have been no studies of heart. A close parallel to the negative chronotropic ef-

the direct effects of ACh on the rate of impulse conduc- fect of peripheral vagal nerve stimulation can be pro-
tion through the specialized conducting cells of the avian

duced by focal electrical stimulation in the medulla (Co-heart and few studies of the overall parasympathetic
hen and Schnall, 1970) where anatomical studies (seecontrol of this function. There are technical difficulties
above) have shown that cardiac vagal preganglionic neu-in identifying the locations of conducting tissues in a
rons are located.viable in vitro preparation of cardiac tissue, so work

The effectiveness of the left and right vagi in control-on this intriguing problem in birds has largely been
ling heart rate has been shown by some workers to beconducted on hearts in situ. In the chicken, Goldberg
equivalent, while other workers have found strong bilat-et al. (1983) showed that atrioventricular conduction
eral asymmetry in this system. Bopelet (1974), Petersontime could be significantly prolonged by stimulation of
and Nightingale (1976), and Goldberg et al. (1983) re-either vagus nerve; there was no bilateral asymmetry in
ported no difference in the chronotropic response of thethis response. However, in order to unmask this dromo-
fowl heart to electrical stimulation of left and right vagustropic effect the heart was paced through electrodes
nerves. In thesame species, however, Sturkie(1986a) andattached to the sinoatrial node, both to control heart
Lang and Levy (1989) reported that the right vagus wasrate and to prevent shifts in pacemaker position during
more effective in altering heart rate than was the left. Jo-vagal nerve stimulation. Bogusch (1974), using anatomi-
hansen and Reite (1964), in ducks and seagulls, Jones andcal techniques, identified cholinergic fibers and termi-
Purves (1970) in ducks, and Cohen and Schnall (1970) innals in the region of conducting cells near the atrioven-
pigeons, all reported a similar asymmetrical response totricular border and proposed a functional role for this
electrical stimulation of the vagus nerves. Furthermore,innervation but the study of Goldberg et al. (1983) ap-
in a systematic study of vagal control of heart rate in thepears to be the only physiological confirmation of this

role in the bird (also see Section II,C,3). duck, Butler and Jones (1968) showed by means of cold
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FIGURE 47 Effects of stimulating the right (A) and left (B) vagus nerves on heart rate
(HR) and arterial blood pressure (BP) in two pigeons. The nerves were exposed in the neck
and stimulated with 50-Hz trains of pulses (stimulus duration indicated by the horizontal
bars above the BP traces). Horizontal bar below the bottom trace represents 1 sec. (After
Medullary cells of origin of vagal cardioinhibitory fibers in the pigeon. II. Electrical stimulation
of the dorsal motor nucleus, D. H. Cohen and A. M. Schnall, J. Comp. Neurol., Copyright
q 1970 Wiley-Liss, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John
Wiley & Sons, Inc.)

blockade of the vagi in the neck and by unilateral and the populations of intracardiac neurons innervated by
each vagus, then the sum of ACh released by unilateralbilateral section of these nerves that vagal dominance

could could change sides over time. However, the latter stimulation of each nerve should be the same as that
released by simultaneous bilateral nerve stimulation.authors did not stimulate the peripheral cut ends of the

vagi after nerve section so it is not known whether the However, Lindmar et al. (1983) found that the sum of
ACh released by separate nerve stimulation was signifi-origin of this bilateral asymmetry was within the central

nervous system or at the heart. cantly greater than that released by bilateral stimulation,
indicating that a large proportion of intracardiac neu-Lindmar et al. (1983) have quantified the amounts of

ACh released in the isolated chicken heart by stimula- rons must have been bilaterally innervated. In these
experiments it was not possible to separate the re-tion of the attached left and right vagal stumps in an

attempt to determine if there were bilateral differences sponses of postganglionic neurons innervating the pace-
maker tissue from the responses of neurons subservingin the intracardiac connections of these nerves. If fibers

from each vagus innervated approximately the same other functions, but if it is assumed that the overall
pattern of bilateral innervation found by Lindmar et al.number of postganglionic intracardiac neurons, the

amount of ACh released by stimulation of either nerve (1983) can be applied to the specific subpopulation of
neurons controlling heart rate, then this pool of neuronsalone would be expected to be similar, and this was in

fact found to be the case. If there were no overlap in may be controlled by preganglionic fibers running in
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either nerve. There would thus be little reason to expect
that side-to-side shifts in vagal dominance result from
factors acting to change the relative intracardiac influ-
ences of these nerves. This line of reasoning supports
the notion that changes in the pattern of activity of vagal
preganglionic neurons in the medulla may be responsi-
ble for spontaneous shifts in the dominant vagus nerve.
Such central nervous factors might be investigated using
the approach of Gold and Cohen (1984) to simultane-
ously record spontaneous activity from neurons in med-

FIGURE 48 Effect of stimulation of the right vagus nerve on theullary vagal complexes on both sides.
rate of change of left ventricular pressure (dP/dt) in the chicken heart.
Vagally induced changes in this variable represent an index of changes

Inotropic Effects Despite the evidence cited above in ventricular contractility. The trace depicts the electrically analyzed
first derivative of left ventricular chamber pressure; the amplitudefor strong negative inotropic effects of endogenously
of each peak thus represents the maximum rate of change of thereleased or exogenously applied ACh in the avian heart
corresponding ventricular pressure pulse. The trace was obtained atin vitro, the inotropic effects of vagal stimulation on in
two speeds; the segment on the left side was recorded at a high chart

situ hearts is controversial. Folkow and Yonce (1967) speed to show the rate of pressure change of individual pulses prior
unmasked a strong reduction in one index of left ventric- to vagal stimulation. Just before stimulation was started (at the arrow)

the chart speed was reduced to display the response to the first part ofular contractility, that of peak left ventricular chamber
an 80-sec stimulus train (frequency, 20 Hz); the 30-sec time bar overpressure, in the duck heart in response to vagal nerve
the trace applies to this segment. On the right the recorder was returnedstimulation when heart rate was kept constant by electri-
toahighspeed todisplay therateofchangeof individualpressurepulses

cal pacing. These authors also found that cardiac output once the response to vagal stimulation had reached a plateau. (After
declined with vagal stimulation during pacing. Since va- Lang and Levy (1989), Am. J. Physiol. with permission.)
gal stimulation was shown not to affect peripheral resis-
tance in this study, the fall in cardiac output must have
been caused by a decrease in stroke volume. While The controversy surrounding this issue likely hinges on
contractile force was not measured directly, the authors problems inherent in the methods used to evaluate ven-
attributed both the fall in left ventricular pressure and tricular contractility. Resolution of this issue will only
in cardiac output to a vagally mediated decrease in ven- be possible when more direct indices of contractility,
tricular contractility. That this effect was neurally medi- such as direct attachment of Walton-Brodie type force
ated was demonstrated by the elimination of the effects gauges to the ventricular walls, estimation of beat-by-
of vagal stimulation after atropine was administered beat ejection fraction, or the measurement of cardiac
intravenously. Furnival et al. (1973), using another index output in combination with ventricular and systemic
of ventricular contractility, that of maximum rate of pressures for calculating stroke work, are employed.
change of left ventricular pressure, reported results con-
trary to those of Folkow and Yonce (1967). In their Tonic Parasympathetic Activity Studies of tonic
comparative study of the responses of ventricular con- parasympathetic restraint of heart rate in several bird
tractility to vagal stimulation in the dog, duck, and toad, species have shown that this, like sympathetic tone, var-
Furnival et al. (1973) reported that only the amphibian ies over a wide range. The factors discussed in Section
heart displayed a significant reduction in contractility. VI,C,2,a, which affect the evaluation of sympathetic
These authors proposed that the ventricles of the ducks tone (state of anesthesia, presence or absence of tone
in the experiments of Folkow and Yonce (1967) had from the other autonomic limb), apply equally to the
been subject to very high end-diastolic pressures as a analysis of vagal tone, and the protocols used in studies
consequence of the experimental protocol, were proba- of the extent of vagal restraint will therefore influence
bly in failure as a result of this treatment, and thus the way in which the results of these studies are interpre-
responded abnormally to vagal stimulation. Yet Lang ted. In a study by Johansen and Reite (1964) in awake
and Levy (1989), using the same index of ventricular or anesthetized ducks with intact sympathetic cardiac
contractility in the chicken as that employed by Furnival innervation, section of one vagus nerve (right or left)
et al. (1973) in the duck concluded that vagal stimulation produced no change in heart rate; the chronotropic re-
could produce decreases of more than 50% in contractile sponse to subsequent section of the remaining vagus
force (Figure 48). Furthermore, the inotropic responses was an increase in heart rate up to 65% above that in
to vagal stimulation in the chicken heart reported by intact or unilaterally vagotomized animals. These results
Lang and Levy (1989) were considerably more powerful imply the presence of strong tonic vagal restraint of the

heart; however, the authors found that after bilateralthan those that could be obtained in mammalian hearts.
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vagotomy, b-blockade revealed a high degree of sympa- Intrinsic factors include atrial pacemaker cell activity
thetic tone to the heart. Since the authors did not per- and contractile properties of the cardiac muscle fibers.
form the converse experiment of b-blockade prior to Extrinsic factors affecting rate and stroke volume in-
bilateral vagotomy in this study, neither the balance clude autonomic nervous activity and levels of circulat-
between parasympathetic and sympathetic tone nor the ing cardiotropic hormones. Cardiac output over a given
actual degree of parasympathetic restraint on the heart time period will thus be determined by the complex
could be ascertained. In unanesthetized ducks Butler interplay of these intrinsic and extrinsic factors. Some
and Jones (1968), using a combination of cold block of these have been discussed in previous sections, and
and section of the cervical vagi, showed that mean rest- references will be made to them as necessary.
ing heart rate rose about 180% over the rate prior to
these manipulations. In another study by the same au- i. Role of Heart Rate in Control of Cardiac Output
thors, pharmacological blockade of the parasympathetic The basal level of heart rate in the absence of external
nervous system with atropine caused mean heart rate influences is primarily determined by the inherent mem-
to increase to about 150% over the control value in brane properties of the pacemaker cells of the sinoatrial
awake ducks (Butler and Jones, 1971). In both of these

node (Section II,C). The rate of depolarization, and
studies the sympathetic nervous system was functional

thus the rate of discharge of action potentials in theseduring evaluations of parasympathetic tone. In chickens
cells, is set by the rate of ion conductances through theirButler (1967) found that heart rate increased to 138%
membranes (particularly K1), but this process is itselfover the control value after bilateral vagal nerve section;
partly dependent on physical factors such as the concen-in contrast to this, Bopelet (1974) reported an increase
trations of extracellular ions and temperature. Underof only 8%, and Peterson and Nightingale (1974) found
most circumstances these physical factors are keptno change in rate in chickens after bilateral vagotomy.
within fairly narrow limits by homeostatic mechanismsSympathetic influence on the heart had not been elimi-
and should therefore not affect heart rate substantially.nated in any of these studies. Sturkie and co-workers

The interaction of the sympathetic and parasympa-(reviewed by Sturkie, 1986a) addressed the problem of
thetic branches of the autonomic nervous system con-evaluating parasympathetic tone to the heart by examin-
trols heart rate in a complex, nonlinear manner. Parting the effects of pharmacological or surgical vagotomy
of this complexity arises from the fact that the full chro-in the absence of sympathetic cardiac influences in the
notropic effects of vagal stimulation on heart rate occurchicken using the rationale discussed in section VI,C,2,a.
within a few heart beats whereas it may take up toThey found that the net restraining effect of tonic para-
30 sec for the full expression of the cardiac response tosympathetic activity on the chicken heart was the equiv-
sympathetic stimulation (Figure 49). Consequently, thealent of a 20% reduction in heart rate from the rate
most rapid changes in heart rate appear to be dominatedof the completely decentralized heart. This estimate of
by the parasympathetic system. The major reason forvagal tone is substantially lower than the estimates of
the nonlinearity is that the degree of parasympathetic–other workers in chickens (Butler 1967) or in ducks

( Johansen and Reite, 1964; Butler and Jones, 1968, sympathetic interaction at the heart may be changed by
1971) in which the sympathetic cardiac innervation was increasing output of one of these limbs.
functional. The degree of parasympathetic restraint on The relationship of heart rate to bilateral stimulation
the heart in the latter studies may have been exagger- of the distal cut ends of the vagus and cardiac sympa-
ated by the presence of ongoing sympathetic drive after thetic nerves of the duck A. platyrhynchos is illustrated
the lifting of vagal influence. in Figure 50 (Furilla and Jones, 1987b). In this figure,

100% represents the frequency of stimulation above
c. Control of Cardiac Output which no further changes in heart rate occurred. The

heart rate resulting from a given level of vagal andThe volume of blood pumped by either the left or
right ventricle per unit time is termed the cardiac output. sympathetic stimulation was plotted on ‘‘perspective’’

graph paper and the surface was drawn, by eye, to en-The total volume of blood pumped by the heart per
unit time is therefore twice the cardiac output, since compass all heart rates obtained in the stimulation ex-

periments. Area B represents complete cardiac denerva-the outputs of both sides of the heart must be exactly
matched over time. Cardiac output, usually expressed tion and area E maximal vagosympathetic stimulation.

The effects of varying the intensity of sympathetic stimu-in units of milliliters per minute, is the product of the
rate of contraction of the heart (beats per minute) and lation at minimal and maximal vagal activity are repre-

sented by the lines A–B and D–E, respectively. Simi-the volume pumped during each beat, or stroke volume
(milliliters). Rate and stroke volume are determined by larly, the effects of varying the intensity of vagal

stimulation at minimal and maximal sympathetic activ-factors which may be intrinsic or extrinsic to the heart.
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FIGURE 49 Comparison of time courses of changes in heart rate evoked by bilateral stimulation of cardiac
sympathetic nerves (top panels) and vagus nerves (bottom panels) in a duck (left-hand traces) and dog
(right-hand traces). In each panel the thick horizontal bar represents the duration of the stimulus. (Modified
from Furilla and Jones, 1987a, J. Exp. Biol., Company of Biologists, Ltd.)

ity are represented by the lines B–D and A–E, respec- play may overlie long-term changes in heart rate caused,
for instance, by changes in levels of circulating hormones.tively.

Increasing sympathetic activation at zero vagal activ- The normal homeostatic processes tend to reduce vari-
ability and maintain constancy of internal physiologicality causes heart rate to rise over 200 beats min21 (B to

A) while increasing sympathetic drive at maximal vagal functions, and short-term fluctuations in heart rate are
usually seen as perturbations away from the norm. If aactivation only increases heart rate by 50 beats min21 (D

to E). Similarly, increasing vagal activation causes heart series of cardiac intervals is recorded from an animal, the
duration of intervals within the series appears quite irreg-rate to fall by more than 200 beats min21 at zero sympa-

thetic activity (B to D) and by nearly 400 beats min21 at ular with apparently random fluctuations occurring all
the time. Whether these fluctuations are truly random ormaximal sympathetic activity (A to E). Obviously, the

greater the vagal drive, the more this input is able to oc- patterned, in the latter case providing evidence for cha-
otic control of heart rate (Denton et al., 1990; Goldbergerclude sympathetic effects on the heart, accounting for the

nonlinearity in the interplay between the two branches of et al., 1990), is a matter of some controversy. The strong-
est evidence for chaotic control of heart rate may lie inthe autonomic nervous system at the cardiac pacemaker.

This increased parasympathetic effectiveness in cardiac the morphology of the nerves innervating the heart. The
nerves divide repeatedly, like the branching of a treecontrol is termed accentuated antagonism and may be

mediated through two mechanisms. First, in response to which is an intrinsically fractal structure. Hence, if the
anatomy is fractal then why should the day to day work-sympathetic stimulation above a certain threshold, there

is a cholinergically mediated reduction in prejunctional ings of the system not be fractal as well? (Goldberger,
cited in Pool, 1989; Goldberger, 1991).release of NE. Second, the magnitude of the postjunc-

tional response to a given level of sympathetic stimula- In any event, it is clear that, rather than maintaining
a homeostatic steady state, heart rate fluctuates consid-tion is attenuated by ACh (Levy, 1971).

Short-term heart rate fluctuations are caused by the erably, even when recorded over short time periods
(Figure 51A). The interbeat intervals form a time seriescontinued tug-of-war between the two branches of the

autonomic nervous system at the pacemaker. This inter- which can be transformed into the frequency domain
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FIGURE 50 The relationship of heart rate to bilateral stimulation of the distal cut ends
of the vagus and cardiac sympathetic nerves of the Pekin duck. ‘‘One-hundred percent’’
represents the frequency of stimulation above which no further changes in heart rate occurred
with increases in stimulation frequency. The heart rate caused by a given level of vagal and
sympathetic stimulation was plotted on ‘‘perspective’’ graph paper and the surface was
drawn, by eye, to encompass all heart rates obtained in the stimulation experiments. See
the text for an explanation of points A–E. (After Furilla and Jones (1987a), J. Exp. Biol.,
Company of Biologists, Ltd.)

by Fourier analysis, revealing the presence of periodic combined with frequency analysis of cardiac function,
will open new doors for studying control of physiologicalcomponents within the series. The square of the absolute

value of the Fourier transform yields the power spec- processes in unrestrained, active birds.
trum of the heart rate variability (PS/HRV; Kamath
and Fallen, 1993). ii. Role of Stroke Volume in Control of Cardiac Out-

put Stroke volume, like heart rate, is dependent uponThe PS/HRV of an intact, resting, duck (Aythya af-
finis) is shown in Figure 51B(i). This plot reveals a single factors intrinsic and extrinsic to the heart. As all myo-

cytes within the heart contract during each beat, themajor peak at the respiratory frequency, which is the
manifestation of respiratory modulation of cardiac para- primary intrinsic factors which determine stroke volume

are the inherent contractile properties of each musclesympathetic activity (the response to sympathetic heart
stimulation is too slow to significantly affect heart rate at fiber and the resting lengths of all the fibers. The amount

of force developed during contraction by a cardiac mus-a high frequency). Blockade of the sympathetic nervous
system with a b-antagonist tends to increase heart rate cle fiber at a specified precontraction length is properly

termed ‘‘contractility,’’ but this term has also been usedvariability although the amplitude of the high-frequency
components are reduced [Figure 53B(ii)], while para- more loosely to describe the collective contractile prop-

erties of all of the muscle fibers associated with onesympathetic blockade with atropine gives a regular, un-
varying heart rate [Figure 53B(iii)]. This confirms that chamber of the heart. A major problem in quantifying

contractility is that the force developed by a single car-short-term heart rate control is dominated by the para-
sympathetic nervous system in Aythya affinis. diac muscle fiber is difficult to measure in working

hearts. Consequently a number of indirect indices haveThe PS/HRV is a quantifier of autonomic responsive-
ness (Saul, 1990) and allows evaluation of cardiovascular been developed to estimate this variable. These include

measuring cardiac outflow volume over time to calculateregulation in birds over long time courses and during
many types of activities. Also, the influence of other stroke volume; recording the ventricular peak systolic

pressure developed against a fixed afterload or into aperiodic functions such as arterial blood pressure and
vasomotor fluctuations on PS/HRV can be evaluated constant arterial pressure; and measuring the rate of

rise of ventricular pressure during systole. The majorusing this technique. Telemetric recording of heart rate,
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FIGURE 51 (A) 30-sec duration time series of interbeat intervals (R–R intervals) recorded by radiotelemetry
from a duck (Aythya affinis) while the animal was resting quietly on the water surface. (i) Control; (ii) after
blockade of the sympathetic nervous system with Nadolol (a b-adrenergic antagonist); and (iii) after blockade
of the parasympathetic nervous system with the muscarinic antagonist atropine. (B) Power spectra of heart
rate variability derived from the time series shown in (A). (i) Control; (ii) after Nadolol blockade; and (iii)
after atropine blockade. Since the time series were too short to adequately display extremely low frequency
components, these components were removed with a high-pass filter from the power spectra (L. McPhail,
R. A. Andrews, and D. R. Jones, unpublished).

assumption in all of these methods is that the measured by Otto Frank (summarized in Rushmer, 1976), who
showed that, within limits, the greater the preload onvariable reflects the contractility of all muscle fibers

integrated over the dimensions of the whole chamber. ventricular muscle in diastole, the more tension was
developed during the next systole. This length–tensionHowever, the variety of indices of contractility used by

investigators under different experimental conditions relationship was further investigated by Ernest Starling
and co-workers, who demonstrated that the amount ofhas made it difficult to compare estimates across studies.

The direct measurement of volume flow from the ventri- blood ejected by the left ventricle during systole was
proportional to the volume of blood in the ventricle atcle would appear to give the most reliable index of

cardiac contractility, being independent of the compli- the end of the diastolic filling phase of the cardiac cycle.
These concepts have been combined into the Frank–cating effects of changing arterial or ventricular pres-

sures. This measurement is also among the most difficult Starling relationship to describe the intrinsic responses
of ventricular stroke volume to changes in cardiac ve-to make, requiring highly invasive procedures to place

the appropriate instrumentation. nous return, expressed graphically in Figure 52. Ele-
vated contractility of each muscle fiber in the ventricleBy analogy with the contraction of skeletal muscle,

the amount of force developed by a contracting cardiac is evoked by increasing the preload on all of the fibers
by increasing the volume of blood filling the ventriclemuscle fiber depends upon its precontraction length

(‘‘preload’’). This principle was first applied to the heart before each beat; this is reflected in an overall increase
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FIGURE 52 Idealized graphical representation of the Frank–Starling relationship for
cardiac ventricular muscle. (A) Intrinsic ventricular function curve depicting the relation-
ship between end-diastolic volume (representing degree of stretch of muscle fibers) and
stroke volume (index of contractility) in the absence of extrinsic influences. The curve
peaks and begins to decline at high end-diastolic volumes because resting sarcomere length
is maximal here. (B and C) Factors extrinsic to the heart which alter inotropic function
of cardiac muscle reset the ventricular function curve to operate over different ranges of
stroke volume, independent of end-diastolic volume or initial fiber length. (B) Elevated
cardiac sympathetic drive or circulating catecholamines have positive inotropic effects,
resetting the curve toward higher stroke volumes. (C) Elevated vagal drive has negative
inotropic effects, resetting the curve toward lower stroke volumes. Points 1 through 5 are
the operating points assumed for the text discussion of the effects of extrinsic factors on
ventricular function.

in ventricular stroke volume. The curve designated A on the intrinsic autoregulatory factors governing stroke
volume and can shift the whole ventricular functionin Figure 52 is termed a ventricular function curve. The

relationship embodied in this curve demonstrates an curve (curve A in Figure 52) toward higher (curve B)
or lower (curve C) stroke volumes at the same restingautoregulatory feature of cardiac function known as

heterometric regulation: a change in the resting fiber muscle fiber length or degree of ventricular filling. This
type of regulation of stroke volume is referred to aslength (heterometry) results in a change in contractility

in the same direction. This regulatory mechanism is an homeometric regulation, to emphasize the fact that
changes in contractility can occur independent of restingintrinsic property of cardiac muscle. The consequence

of this mechanism for the overall function of the heart fiber length. An increase in sympathetic drive to the
heart or an increase in the level of circulating catechola-is that, if all other conditions remain constant, cardiac

output will be determined by venous return. An increase mines will increase ventricular inotropic function ho-
meometrically; thus a greater stroke volume will resultin venous return to the left ventricle via the left atrium

will result in greater end-diastolic stretch of the ventricle from the same degree of cardiac filling, as indicated in
Figure 52 by the arrow from point 1 on curve A to pointwalls and an increase in stroke volume at the next beat;

conversely, stroke volume will be reduced if cardiac 2 on curve B. Another way to consider this is that after
such a shift in the curve a much smaller end-diastolicreturn falls. In short, the heart ‘‘pumps what it gets’’ if

all other factors are unchanging. volume will give the same stroke volume (arrow from
point 1 to point 3). On the other hand, elevated vagalCardiac contractility is influenced by extrinsic factors

in addition to the intrinsic Frank–Starling mechanism. drive to the heart of birds can decrease the contractility
of ventricular muscle and will shift the ventricular func-Circulating hormones such as EPI and the autonomic

neurotransmitters NE and ACh (see Sections VI,C,1 tion curve toward a lower stroke volume (curve C in
Figure 52). At the new operating point, the same degreeand VI,C,2) directly affect the contractility of cardiac

muscle fibers. These extrinsic factors are superimposed of preload will result in a lower stroke volume (arrow
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from point 1 to point 4); alternatively, a much larger volume also varies. However in most of the species
examined so far, stroke volume returns to values closeend-diastolic volume will be required to maintain the

same stroke volume (arrow from point 1 to point 5). to those at rest after a short period of initial adjustment.
This indicates that intrinsic autoregulation of cardiacThe arterial pressure against which the ventricle

pumps (‘‘afterload’’) is a major extrinsic factor in deter- output has the potential to play an important role in
the maintenance of stroke volume in the face of large-mining the magnitude of stroke volume. The pressure

generated during the isometric phase of ventricular con- scale circulatory adjustments.
traction is a function of the contractility of the muscle
fibers, and when chamber pressure exceeds that in the

D. Reflexes Controlling the Circulationaorta the valves open and blood is ejected from the
ventricle during the isotonic phase. If the preload on 1. Chemoreflexes
the ventricle is increased by elevating the arterial blood

In birds, reflex adjustments of cardiac output andpressure without a change in contractility or end-
vascular caliber are generated by chemoreflexes in re-diastolic volume, stroke volume of subsequent beats will
sponse to changes in levels of oxygen, carbon dioxide,be reduced because more energy will be required to
and pH in the cerebrospinal fluid and in arterial blood.raise chamber pressure above the new level of arterial
Receptors sensitive to CO2 in cerebrospinal fluid arepressure. Initially, this will leave a larger fraction of the
present in the avian central nervous system ( Jones etprevious end-diastolic volume still in the chamber at
al., 1982) but no detailed studies of the location or trans-the end of systole, resulting in an increased level of
duction properties of these receptors have been doneresting tension on the muscle fibers during the next
in birds. However, if these receptors are similar to thosefilling phase. This increased tension, according to the
found in mammals, they may be located at or near theFrank–Starling mechanism, will quickly result in in-
surface of the ventrolateral medulla (reviewed bycreased contractility during subsequent beats, restoring
Schlaefke, 1981). Arterial chemoreceptors in birds arestroke volume by heterometric regulation in the face of
located primarily in the carotid bodies, bilateral struc-the increased arterial pressure.
tures lying caudal to the thyroid gland, and close to theIn many species of birds, cardiac output is adjusted
ultimobranchial gland and nodose ganglia of the vagusto match perfusion requirements of the tissues in a vari-
nerves (from which they are innervated) and the carotidety of conditions, such as during exercise, hypoxia, or
artery (from which they are supplied with blood) (Fig-submersion. These adjustments appear to be made pri-
ure 42; Adams, 1958; Jones and Purves, 1970). Putativemarily through alterations in heart rate with stroke vol-
chemoreceptors have also been reported in ‘‘aortic bod-ume remaining relatively unchanged. Changes in cardiac
ies’’ associated with the roots of the great vessels inoutput during exercise are driven by increased heart
several species of birds (Tcheng et al., 1963).rate in ducks (Bech and Nomoto, 1982; Kiley et al.,

The discharge characteristics of arterial chemorecep-1985), geese (Fedde et al., 1989), and turkeys (Boulianne
tors in response to changes in arterial PCO2 (PaCO2),et al., 1993a,b). However, in the emu (Grubb et al., 1983)
PO2 (PaO2) and arterial pH (pHa) have been studied inand the chicken (Barnas et al., 1985) stroke volume may
the duck and chicken. Receptor discharge rate increasesincrease by up to 100% during exercise, contributing
proportionally with PaCO2 and in inverse proportion tosignificantly to elevated cardiac output. In the duck,
PaO2 (Bouverot and Leitner, 1972; Bamford and Jones,Jones and Holeton (1972a) reported that variations in
1976; Nye and Powell, 1984; Hempleman et al., 1992).cardiac output during simulated high-altitude exposure
Discharge sensitivities to changes in PaCO2 and PaO2were reflections of changes in heart rate with no signifi-
have been quantified by Hempleman et al. (1992) forcant alteration in stroke volume. In diving ducks, Jones
carotid body chemoreceptors in the duck. When PaO2and Holeton (1972b), Lillo and Jones (1982), Jones et
was maintained at a normoxic level (near 100 mmHg)al. (1983), and Smith and Jones (1992) showed that
mean chemoreceptor sensitivity to step changes instroke volume was maintained during the large de-
PaCO2 (produced by changing the fraction of CO2 increases in cardiac output generated during submersion.
the air breathed by the bird) was 10.20 impulses sec21Reflex changes in cardiac output mediated by systemic
mmHg PaCO2

21. Hypoxia (PaO2 56 mmHg) potentiatedarterial baroreceptor input also appear to operate via
chemoreceptor discharge in response to altered PaCO2alterations in heart rate, leaving stroke volume relatively
(Figure 53). In this condition the same step changes inunchanged (Section VI,D,2). In summary, during exer-
PaCO2 as given in normoxia resulted in a sensitivity ofcise, hypoxia, or submersion, birds display significant
10.32 impulses sec21 mmHg PaCO2

21. In the absencechanges in heart rate, arterial blood pressure, and ve-
of CO2 in the inspired air, step changes in PaO2 fromnous return from the resting condition. In the transition

from the resting condition to these altered states, stroke the normoxic level to about half this level resulted in a
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tension rises, and carotid body chemoreceptors become
progressively more strongly stimulated; this input plays
a major role in initiating and maintaining an intense
bradycardia ( Jones and Purves, 1970; Butler and Taylor,
1973). However, if blood gases in spontaneously breath-
ing ducks are artificially adjusted to mimic the hypoxic
and hypercapnic levels achieved during apneic asphyxia,
chemoreflex drive acts to increase ventilation, leading
to elevated drive from pulmonary receptors. In this state
there is little or no change in heart rate (Butler and
Taylor, 1973; 1983). When the rise in ventilation (and
thus the elevation in pulmonary receptor input) is pre-
vented by controlling tidal volume and respiratory fre-
quency during hypoxic hypercapnia in paralyzed but
unanesthetized animals, heart rate falls to a level mid-
way between that in normoxic, normocapnic animalsFIGURE 53 Single-fiber arterial chemoreceptor response recorded

from vagal slip [bottom trace, electroneurogram (ENG)] to step and that obtained at end-dive (Butler and Taylor, 1973;
changes in inspired CO2 level [top trace, fraction of CO2 in inspired 1983). This effect is illustrated in Figure 54. Subsequent
gas (FICO2)] during hypoxia (10% O2 in inspired gas) in a duck. cessation of respiration by stopping the ventilator pump
Arterial pH [middle trace (pHa)] also changes in step with inspired

then results in the full expression of chemoreceptor-CO2. Chemoreceptor discharge is sensitive to the level of CO2 and
mediated bradycardia: heart rate falls to the same levelpHa and to rate of change of these variables. (Reprinted from Resp.

Physiol. 90, S. C. Hempleman, F. L. Powell, and G. K. Prisk, Avian as at end-dive (Butler and Taylor, 1973; 1983). These
arterial chemoreceptor responses to steps of CO2 and O2, pp. 325–340, experiments show that in ducks, as in mammals, the
Copyright (1992), with permission from Elsevier Science.) cardiovascular responses to strong arterial chemorecep-

tor stimulation during spontaneous breathing are
masked by elevated ventilatory drive. Butler and Taylor

mean sensitivity of about 20.10 impulses s21 mmHg (1983) have suggested that pulmonary receptors acti-
PaO2

21. Carotid body chemoreceptors are thus about vated by increased ventilation contribute to occlusion
twice as sensitive to changes in absolute levels of arterial of the cardiac chemoreflex. Chemoreflex-mediated
CO2 as to O2. Some of the chemoreceptors sampled in bradycardia contributes to the conservation of blood
this study were also sensitive to the rate of change of oxygen stores during submersion in diving birds, and
O2 and CO2 in the blood, indicating that proportional- input from arterial chemoreceptors is responsible for
and rate-related information on arterial blood gas status about half of the large increase in peripheral resistance
are both transmitted to the central nervous system.
However the maximum rate of change of discharge of
most rate-sensitive chemoreceptors was in the lower
frequency part of the range of physiologically occurring
blood gas oscillations. Therefore, only relatively low
frequencies of blood gas oscillation, such as those occur-
ring at rest or during low-intensity activities, will be
faithfully transduced. At higher oscillation frequencies,
such as those occurring during panting or high-intensity
exercise, chemoreceptor inputs to the central nervous
system probably represent ‘‘mean’’ blood gas levels av- FIGURE 54 Effect of systemic hypoxic hypercapnia on heart rate

and blood pressure in mallard duck. Animal was artificially ventilatederaged over several oscillatory cycles.
after spontaneous respiratory movements were suppressed with intra-Arterial chemoreceptors are spontaneously active at
venous pancuronium bromide. (Left panel, upper trace) Arterialnormoxic and normocapnic blood gas levels in birds and
blood pressure and heart rate during ventilation with air; systemic

these receptors have been proposed to play an impor- arterial blood gas values are shown at bottom. (Right panel) When
tant role in setting the level of eupneic ventilation under blood gas values were adjusted to match those at end of 1 min submer-

sion by altering CO2 and O2 levels in inspired gas, heart rate decreasedthese conditions (Bouverot and Leitner, 1972). How-
as a result of arterial chemoreflex activation. In both panels the ticksever, the role of arterial chemoreceptors in reflex control
on the bars under the pressure traces indicate 1-sec intervals. (Re-of the avian circulation is less clear. Analyses of the
printed from Resp. Physiol. 19, P. J. Butler and E. W. Taylor, The

circulatory effects of chemoreceptor activation are com- effect of hyperoxic hypoxia, accompanied by different levels of lung
plicated by parallel changes in ventilation. During ap- ventilation, on heart rate in the duck, pp. 176–187, Copyright (1973),

with permission from Elsevier Science.)neic asphyxia in ducks, blood oxygen tension falls, CO2
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during submergence in ducks ( Jones et al., 1982). How- stem via aortic nerves which arise from the nodose gan-
ever the cardiac chemoreflex and its suppression by glia of the vagus (Nonidez, 1935). In the few studies
ventilation appears to be a general avian phenomenon, of avian baroreceptor function done to date, discharge
since Butler and Taylor (1974) were able to evoke a characteristics in response to changes in blood pressure
chemoreflex-driven bradycardia in chickens and pigeons appear to be similar to those of mammalian high- thresh-
during apnea without submersion. old, slowly adapting baroreceptors ( Jones, 1969; 1973).

Input from peripheral arterial chemoreceptors can re- Spontaneous baroreceptor impulse generation is phase-
flexly alter peripheral vascular resistance but the general locked to mechanical events in systole of the cardiac
role of chemoreceptors in control of the vasculature has cycle, as shown in Figure 55. Baroreceptors are also
not been established. Indirect evidence for chemoreflex sensitive to the rate of rise of the pressure pulse. It thus
effects on the vasculature comes from a study by Bouv- appears that baroreceptors are capable of transmitting
erot et al. (1979), who showed a trend toward increased information on cardiac rate, peak systolic pressure, and
peripheral resistance in carotid body-intact ducks sub- the slope of the aortic pressure waveform (which may
jected to arterial hypoxia while breathing spontaneously. in turn reflect cardiac contractility) to the central ner-
The same stimulus in animals after denervation of the vous system.
carotid bodies led to a 40% fall in peripheral resistance, Mean arterial blood pressures of resting birds are
indicating a potential role for these chemoreceptors in higher than those recorded in mammals of equivalent
generating the vascular response to hypoxia. As with car- body weight at rest; indeed, mean resting pressures may
diac responses to carotid body stimulation, elevated ven- exceed 150 mmHg in some avian species (Altman and
tilation during hypoxia may mask the full extent of re- Dittmer, 1971). Avian baroreceptor discharge occurs at
flexogenic vasoconstriction. In the study of Bouverot et resting levels of blood pressure in birds ( Jones, 1969;
al. (1979) no attempt was made to evaluate this interac- 1973), so it is likely that the baroreflex is tonically active
tion by controlling ventilation. at these pressures. Changes in blood pressure sensed at

It is clear that the full role of arterial chemoreflexes the receptors are represented to the baroreflex circuitry
in circulatory control has yet to be defined in birds. in the central nervous system by changes in baroreceptor
Elevated carotid body input can result in both ventila- afferent discharge frequency, and the baroreflex acts to
tory and cardiac responses, and both of these responses adjust pressure in a direction opposite to that of the
are important in maintaining oxygen delivery to and initial pressure change. This reflex operates through
CO2 washout from working tissues. Further experiments both peripheral vascular and cardiac effectors to return
are necessary to establish the relative importance of blood pressure toward a set level after disturbances.
these limbs of the chemoreflex in matching ventilation

Pressure is thus maintained within fairly narrow limitswith perfusion to cope with changes in internal and
over time to ensure a constant head for tissue perfusion.external levels of these gases.
Little is known of the central nervous mechanisms in-
volved in blood pressure regulation in birds but it has

2. Baroreflexes been assumed that the basic organization of central com-
ponents of the baroreflex is similar to the arrangementArterial blood pressure provides the driving force
in mammals.for perfusion of the systemic vascular beds and must

The primary cardiovascular response to changes intherefore be maintained within limits that ensure opti-
blood pressure is a baroreflex-mediated change in car-mal tissue blood flow under a variety of physiological
diac output, seen in Figure 56A as a rapid fall in heartconditions. Blood pressure in birds is maintained by the
rate in response to a pharmacologically induced pres-baroreflex, a mechanism employing negative feedback
sure increase. Such reflex responses are completely abol-(see reviews by Bagshaw, 1985 and Smith, 1994). Adjust-
ished by bilateral section of the aortic nerves (Figurements in blood pressure produced by the baroreflex are
56B). The sensitivity of the blood pressure–heart ratedriven by afferent signals from arterial baroreceptors.
relationship ranges from 20.5 to 23.13 beats min21These are mechanoreceptors with their receptor endings
mmHg21, depending on species and method of evalua-embedded in connective tissue of the arterial wall,
tion (chickens, Bagshaw and Cox, 1986; ducks, Smithwhere they sense changes in arterial pressure as varia-
and Jones, 1990; 1992; and Millard, 1980; see Smith,tions in wall tension. An increase in intraarterial pres-
1994 for further discussion). The baroreflex-mediatedsure results in an increase in circumference of the vessel
effects of changing pressure at the receptors can bewall, which in turn stretches baroreceptor endings to
mimicked by electrical stimulation of the central cutincrease their frequency of discharge of action poten-
end of an aortic nerve in an animal in which both aortictials. Arterial baroreceptors in birds are located primar-
nerves are sectioned. This method was used by Smithily in the walls of the aorta close to the left ventricular

valves ( Jones, 1973). Their axons course to the brain- and Jones (1992) to explore the dynamic role of barore-
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FIGURE 55 Relationship between baroreceptor discharge [upper trace, electoneurogram
(ENG)], recorded from peripheral cut end of aortic nerve, and blood pressure [lower trace
(ABP)], recorded from a brachiocephalic artery in an anesthetized duck. Baroreceptor discharge
is synchronous with systolic peak pressure. ABP scale bar represents a pressure span from 100
to 200 mmHg. (After Jones (1973), with permission.)

ceptors in controlling the circulation. Stimulation of the eral vasomotion as well as cardiac responses: in barode-
nervated animals, stimulation of the aortic nerve withaortic nerve in barodenervated animals evokes a de-

crease in arterial blood pressure in proportion to the a current intensity several times the threshold level pro-
duced decreases in peripheral resistance as well as instimulus frequency when stimulus current is set just

above threshold for a response (Figure 57, closed cir- heart rate (Smith and Jones, 1992). These data suggest
that when relatively small disturbances in pressure occurcles). This response works primarily through a fall in

cardiac output, mediated by decreased heart rate with they will be compensated by adjusting cardiac output,
but larger changes in pressure will be corrected by ano change in stroke volume (Smith and Jones, 1992).

This response follows the same pattern as the combination of cardiac and peripheral vascular adjust-
ments.baroreflex-mediated response to pharmacologically in-

duced pressure changes in baroreceptor-intact birds; The effectiveness of baroreflex control of the circula-
tion can be modified by interaction with other reflexes,that is, in both intact and denervated animals baroreflex

activation was expressed primarily through changes in such as the chemoreflex, which may be concurrently
engaged. In an effort to determine the cause of an appar-heart rate. However, the baroreflex can engage periph-

FIGURE 56 Heart rate responses to increased arterial blood pressure (ABP) induced by bolus i.v. doses of
phenylephrine (Phe, injected at arrows) in the same duck (A) before and (B) after barodenervation by section
of aortic nerves. Baroreflex-mediated bradycardia was eliminated by denervation of baroreceptors. Note
increased preinjection blood pressure and heart rate in barodenervated animals, indicating a degree of
baroreflex-mediated restraint on cardiovascular system in baroreceptor intact animal (F. Smith, unpublished).
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FIGURE 57 Normalized responses of mean arterial blood pressure (MAP) to electrical
stimulation of aortic nerve in awake ducks spontaneously breathing air (PaO2 88 mmHg,
PaCO2 26 mmHg; closed circles) or a hypoxic hypercapnic gas mixture (PaO2 62 mmHg,
PaCO2 44 mmHg; triangle). Pressure response at each frequency of nerve stimulation is
expressed as a percentage change in MAP relative to MAP just prior to stimulation.
Loading the chemoreceptors attenuated the depressor effect of aortic nerve stimulation
at 15 Hz. Error bars represent 6 1 S.E.M. for five trials in normoxic conditions and three
trials during hypoxic hypercapnia in three animals. Stimulus pulse duration and amplitude
were constant within each trial. (F. Smith, unpublished).

ent reduction in baroreflex function observed during and Jones, 1987a). However, baroreceptors may play a
role in control of heart rate in dabbling ducks whichsubmersion in ducks ( Jones et al., 1983; Millard, 1980),
have been trained to dive voluntarily. Predive heart rateSmith and Jones (1992) stimulated the aortic nerve in
in dabblers ranged from 100 to about 500 beats min21barodenervated ducks before and during periods of ele-
but, regardless of the rate preceding any particular dive,vated chemoreceptor drive. Stimulation of chemorecep-
rate during the dive tended to a value of approximatelytors was accomplished by ventilating animals with a gas
250 beats min21 (Furilla and Jones, 1987b). This re-mixture which simulated the hypoxic and hypercapnic
sponse implies that heart rate was being regulated at ablood gas values observed at the end of 2 min of submer-
set value during voluntary dives. Removal of barorecep-sion; this significantly decreased the capability of aortic
tor input by bilateral section of the aortic nerves elimi-nerve stimulation to affect mean arterial pressure. This
nated the tendency of dive heart rate to approach theis shown in Figure 57 by a 50% decrease in the pressure
‘‘set point’’ value; after barodenervation dive heart rateresponse to aortic nerve stimulation at a frequency of
varied little from the prevailing predive rate (Furilla15 Hz during hypoxic hypercapnia (triangle), compared
and Jones, 1987b). Given that the baroreflex is normallywith the responses during air breathing (closed circles).
considered to regulate blood pressure by adjusting car-That this occlusive response was due to chemoreceptor
diac output and vascular resistance, the physiologicalactivation was further demonstrated by the attenuation
value of a baroreceptor-dependent ‘‘set point’’ for heartof baroreflex function during perfusion of one vascularly
rate is uncertain. The behavior of arterial blood pressureisolated carotid body with venous blood in otherwise
during voluntary diving in dabbling ducks has not beennormoxic, normocapnic animals which were spontane-
established. However there may be some inherent bene-ously breathing (Smith and Jones, 1992). It therefore
fit to regulating heart rate under these conditions. Ifappears that the chemoreceptor drive that develops
this is true, then strong phasic baroreceptor input to theafter the first minute of submersion ( Jones and Purves,
central nervous system during systole would represent1970) is at least partly responsible for the attenuation
the primary afferent feedback route for heart rate-

of baroreflex control of cardiovascular variables which related information.
occurs during this period.

Baroreceptor input has been shown to have no direct
3. Reflexes from Cardiac Receptorsrole in generating or maintaining heart rate responses

to voluntary submersion in diving ducks, since these Small nerve terminals in the shape of simple knobs,
animals display the same degree of bradycardia after plates or rings as well as straight or spirally wound nerve

endings have been observed in anatomical studies ofdenervation of arterial baroreceptors as before (Furilla
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avian atria and ventricles (Ábrahám, 1969; also see re- ventilation, providing sensory feedback on intracardiac
pressures and volumes. Such feedback may be modu-view by Jones and Milsom, 1982), but bird hearts do

not appear to have the complex and highly developed lated by changes in the levels of PaCO2 and pHa (Esta-
villo and Burger, 1973b; Estavillo et al., 1990). In thesensory receptor endings present in large numbers in

mammalian hearts. Few functional studies of avian car- latter study, bilateral section of the middle cardiac nerve
considerably blunted the increase in ventilation eliciteddiac receptors and their reflexogenic effects have been

done so far. Jones (1969) established in the duck that by systemic hypercapnia, in addition to promoting ele-
vated blood pressure.some afferent fibers in the cervical vagus had receptor

endings associated with the heart, responding to punc- Birds exhibit a Bezold–Jarisch reflex similar to that
in mammals, manifest in ducks as a fall in heart ratetate stimulation near the atrioventricular junction and

discharging spontaneously in patterns which were and arterial blood pressure when cardiac receptors are
stimulated (Blix et al., 1976; Jones et al., 1980). Blix etphase-locked to mechanical events in the cardiac cycle.

In the chicken, Estavillo and Burger (1973a,b) found al. (1976) proposed, on the basis of pharmacological
stimulation of cardiac receptors, that this reflex contrib-that a majority of cardiac receptors with their cell bodies

in the nodose ganglia had receptive fields located in the uted to the generation and maintenance of the cardiac
chronotropic response to submersion. In a reexamina-left ventricle near the aortic valves. Discharge patterns

of these receptors were either phase-locked to the car- tion of this issue, Jones et al. (1980) loaded and unloaded
the cardiac receptors by altering left ventricular pressurediac cycle or were irregular and apparently unrelated

to mechanical events in the cycle. The discharge of re- to provide more realistic physiological stimulation of
these receptors before and during submersion. The re-ceptors of both types could be modulated by varying

inspired CO2 and pHa independently or together. In sults of this study failed to confirm a link between car-
diac receptor activation and diving bradycardia.this study, the discharge rate of phasically firing cardiac

receptors was proportional to arterial blood pressure There is as yet insufficient evidence to determine the
overall function of reflexes driven by inputs from cardiacover a wide pressure range, and this relationship was

reset toward lower discharge rates at increased CO2 receptors. While these receptors can influence blood
pressure and ventilation, they do not appear to havelevels, as shown in Figure 58. Bilateral section of the

middle cardiac nerve, carrying the axons of cardiac re- a primary role in pressure or ventilatory regulation.
However, they may mediate some of the dynamic inter-ceptors in the chicken, produced an immediate rise in

arterial blood pressure (Estavillo, 1978; Estavillo et al., actions between respiratory and circulatory systems,
thus helping to correct ventilation–perfusion mis-1990) reminiscent of that produced in ducks after section

of the aortic nerve (Figure 56). matches which can develop during exercise or in adverse
environmental conditions.Avian cardiac receptors have been proposed to con-

tribute to blood pressure regulation and to the control of

4. Reflex Cardiovascular Effects from Skeletal
Muscle Afferents

Reflexly mediated changes in arterial blood pressure,
heart rate, and other cardiovascular variables accom-
pany exercise, hypoxia, and hypoxic hypercapnia in
birds. In several studies designed to deduce the respec-
tive roles of peripheral arterial chemoreceptors, chemo-
sensitive areas of the central nervous system and arterial
baroreceptors in these cardiovascular responses, it has
been suggested that inputs from these receptor groups
do not account for all of the changes observed. Thus
inputs from some other receptor type must also be in-
volved. In mammals there is a significant reflexogenicFIGURE 58 Modulatory effect of changes in inspired CO2 (FiCO2)
increase in mean arterial blood pressure induced byon the relationship between discharge rate of cardiac mechanorecep-

tors (impulses per heartbeat) and arterial blood pressure (systolic skeletal muscle activity; receptors for this response ap-
pressure) in chicken. Curves were obtained by plotting receptor dis- pear to be intramuscular terminals of group III afferent
charge rate at a given blood pressure over a range of pressures pro- fibers (small myelinated fibers) and group IV fibers (un-
duced by bolus i.v. injections of mecholylchloride or epinephrine.

myelinated or C-fibers) coursing in somatic nerves (seeProgressive increases in FiCO2 displaced the receptor discharge–
Coote, 1975 for review). Kiley et al. (1979) implicatedblood pressure relationship to progressively lower discharge rates.

(After Estavillo and Burger (1973b), Am. J. Physiol. with permission). muscle afferents in the cardiovascular responses to exer-
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cise in ducks, and Lillo and Jones (1983) proposed that be involved in initiating or intensifying cardiovascular
responses to muscle activity. Such a mechanism wouldsomatic muscle afferents in ducks were at least partly
serve to increase the perfusion of working muscle, butresponsible for those portions of the cardiac and vascu-
the full contribution of these reflexes remains to be de-lar responses in hypoxic hypercapnia and ischemia
termined.which were independent of chemoreceptor activation.

Furthermore, Solomon and Adamson (1997) demon-
strated that ducks express an ‘‘exercise pressor’’ reflex E. Integrative Neural Control
similar to that in mammals. This effect consists of an

As discussed in the previous sections, the major re-increase in mean arterial pressure (largely due to eleva-
flexes controlling cardiovascular function are the chem-tion of diastolic pressure) induced by and and sustained
oreflex, the baroreflex, and reflexes driven by receptorsduring static contraction of a large hind limb muscle,
within the heart and skeletal muscle. Under some condi-the gastrocnemius (Figure 59A). The authors concluded
tions these reflexes may interact, as in the case of chemo-that this was a reflex effect since section of the sciatic
reflex occlusion of the baroreflex detailed in Sectionnerve carrying afferent fibers from the muscle to the
VI,D,2 above. Furthermore, there are a number of otherspinal cord eliminated the pressor response to muscle
reflexes which can affect the circulation as part of morecontraction (Figure 59B). Whether the intramuscular
global homeostatic control systems, such as those regu-receptors involved in these responses were sensing me-
lating temperature and ventilation. All reflexes influ-chanical events related to muscle contraction or chemi-
encing the circulation do so through the final commoncal signals resulting from intramuscular metabolite
pathways of the autonomic nervous system innervatingbuildup as the primary physiological stimulus for this
the heart and vasculature, and several of these reflexesreflex was not clear from this study. The authors ac-
may be engaged at the same time during physiologicalknowledged that receptors sensing either modality, or
challenges to the animal. Integrative control of the circu-both, could be driving reflex changes in pressure. The
lation by the nervous system therefore operates throughstudies done to date on reflex effects of activating skele-
complex interactions among cardiovascular and othertal muscle afferents suggest that direct sensory feedback
reflexes, but the nature of these interactions is still in-from exercising or hypoxically stressed muscle to the
completely understood in any vertebrate group. Thisneural circuitry controlling the circulation could
large-scale integration makes investigation of the prop-
erties of any one reflex a considerable challenge, particu-
larly in unanesthetized animals. One approach to this
problem is to ensure that only afferents specific to the
reflex in question are stimulated, while activation of
afferents associated with other reflexes is prevented.
However even this may not be enough to prevent com-
plications in analysis since efferent activity associated
with one reflex, and the consequences of this activity,
can produce secondary activation of other reflexes. A
case in point is the activation of pulmonary reflexes
consequent to an increase in ventilation driven by pri-
mary stimulation of the arterial chemoreflex. The design
of further studies of avian cardiovascular reflexes em-
bedded in complex control systems must therefore take
into account the integrative nature of these systems.

A single neurally mediated response, such as a change
in heart rate, involving the stimulation of one or more
afferent or efferent pathways by a frequently induced
or naturally performed behavior, may be subject to ha-FIGURE 59 Pressor effect [upper traces in each panel, mean arterial
bituation or conditioning. Habitation refers to a decre-blood pressure (MAP)] of static contraction of gastrocnemius muscle

[lower traces in each panel (tension)] induced by electrical stimulation ment in the response (not due to sensory adaptation or
of sciatic nerve in anesthetized chicken. (A) MAP increases during motor fatigue) resulting from repeated presentations of
static muscle contraction when sciatic nerve–spinal cord connection a single triggering stimulus. In contrast, conditioning
is intact. (B) No change in MAP during static muscle contraction

involves the animal learning a relationship between twoafter section of sciatic nerve. Afferent limb of pressoreflex originates
different stimuli. In classical conditioning (Pavlov, 1927)within gastrocnemius muscle. (From Solomon and Adamson (1997),

Am. J. Physiol. with permission.) a conditioned and an unconditioned stimulus are pre-
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sented with little temporal dissociation between them. because blood gas levels are the same after 40 sec sub-
mergence, can be habituated. Habituation of the re-The animal learns the relation between these stimuli so

that after the initial trials the reflex response can then sponse occurs within the central nervous system, below
the thalamic level. Animals with their higher brain cen-be evoked by presenting the only the conditioned stimu-

lus. A reflex, once conditioned, will anticipate, augment, ters surgically removed can be trained as easily as intact
ducks (Gabbott and Jones, unpublished).and have similar effects as the unconditioned reflex.

Stimulation of nasal receptors in diving ducks and Cohen and his collaborators have developed a model
of conditioned learning in the pigeon for exploring cellu-chemoreceptors in dabbling ducks are the proximate

causes of the development of diving bradycardia (Furilla lar neurophysiological mechanisms of long-term asso-
ciative learning. In this model animals are trained toand Jones, 1986; 1987a,b). Repeatedly submerging the

head of a diving or dabbling duck in a laboratory situa- respond with a transient and quantifiable increase in
heart rate (the conditioned response, CR) to a condi-tion causes the bradycardic response to habituate after

100 to 200 dives (Figure 60; Gabbott and Jones, 1987). tioning stimulus (CS, a 6-sec whole-field retinal illumina-
tion) by pairing the CS with an unconditional stimulusIn dabbling ducks, however, extending the period of

submergence beyond 40 sec virtually eliminates any at- (US) consisting of a 0.5-sec foot shock. After an initial
training period of 30–50 paired-stimulus trials, furthertenuation of the cardiac response to submergence. Obvi-

ously, in dabbling ducks input from the carotid body CS without US reliably evokes conditioned responses.
The properties of this CR in the pigeon are very robust,chemoreceptors is too intense for habitation after 60 sec

submergence. Similarly, exposing habituated animals to remaining stable for long periods (up to weeks) without
habituating (Cohen, 1980; 1984). Such longevity facili-10 or 15% oxygen in air before submergence causes

prominent bradycardia although the very next trial, after tates electrophysiological investigations of changes in
properties of neurons involved in the development ofbreathing room air, evokes the habituated cardiac re-

sponse. Interestingly, the heart rate response to diving associative learning in this system. Using this model as
a platform, Cohen and co-workers have anatomicallyafter breathing air with low levels of oxygen is unaf-

fected by training. Consequently, chemoreceptor input, and physiologically characterized the central visual
pathways for the CS, the somatosensory pathways forwhich will be the same in naive and habituated ducks

FIGURE 60 Reduction in degree of bradycardia attained in 40-sec dives by a Pekin duck
during repeated trials, each consisting of a 40-sec dive immediately preceded by a 6-sec buzzer.
The graph is a plot of percentage of resting heart rate achieved at the end of a trial, against
the number of trials. Sample ECG traces are taken from the first trial of the series (bottom
trace), the ninetieth trial (middle trace), and the final dive (top trace). (After Gabbott et al.,
(1987), J. Exp. Biol., Company of Biologists, Ltd.)
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the US, and the descending tracts converging on the Furthermore, lesions of the avian amygdala or its hypo-
autonomic motor neurons of the final common pathway thalamic projection either produce deficits in condition-
efferent to the heart in the pigeon. Much of this group’s ing or can prevent development of the conditioned re-
work on the efferent components of this system has sponse (Cohen, 1980). The telencephalic projections
already been cited in the description of the neuronal conveying visual information to the avian amygdala
circuitry controlling cardiac function appearing earlier have, however, not as yet been established in detail.
in this chapter. Convergence of the CS and US has been demonstrated

The central and peripheral nervous pathways in- at each of the established stages in the central pathway
volved in the CR have been reviewed in detail by Cohen of this response. It thus appears that training-induced
(1980; 1984) and are briefly summarized here. Ganglion modification of the CS works through long-term hetero-
cells throughout the retina respond with a phasic burst synaptic facilitation in this pathway, and such facilitation
of APs at the start of a 6-sec period of whole-field constitutes an important element in the constellation of
retinal illumination. This phasic wave of excitation is neurophysiological mechanisms for associative learning.
transmitted synchronously along multistage pathways in The broad outlines of the central and peripheral neu-
the central nervous system to preganglionic sympathetic ral pathways involved in efferent control of the circula-
and parasympathetic motor neurons in the spinal cord tion in birds have been established but relatively little
and brainstem, respectively. These preganglionic neu- is known about details of specific afferent and intermedi-
rons in turn control pools of cardiac postganglionic auto- ary connections within the central pathways of any of
nomic neurons in a synergistic manner, acting to potenti- the cardiovascular reflexes in birds. The working as-
ate a transient sympathetic cardioacceleration and to sumption guiding studies of these reflexes is that their
facilitate concurrent withdrawal of parasympathetic pathways are similar to those in mammals, but given
cardioinhibition. the differences in cardiovascular reflexogenic zones be-

Studies of the development of conditioned responses tween birds and mammals, this is not necessarily a valid
after lesioning selected components of the central visual assumption. Birds have, for instance, only one major
pathways and electrophysiological studies during the arterial baroreceptor site while mammals have two. In
conditioning process in pharmacologically immobilized addition, most of the input from avian arterial chemore-
pigeons have shown that the CS is conveyed in parallel ceptors originates from the carotid bodies while in mam-
through multiple pathways to the visual area of the mals both aortic and carotid chemoreceptors contribute
telencephalon. These include (1) a thalamofugal path- to cardiovascular chemoreflexes. The organization of
way involving the principal optic nucleus (the avian the neural circuitry for cardiovascular control in birds
homolog of the mammalian lateral geniculate nucleus) has not been investigated in detail, so the similarity of
and (2) a tectofugal pathway projecting through the this circuitry to that of mammals remains an open
optic tectum and the nucleus rotundus (Cohen, 1980). question.
In addition there may be a third visual input pathway
implicated in the conditioned response, projecting
through the pretectal area and the thalamus. While reti- Acknowledgments
nal responses to repeated CS are not modified during
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to mammalian respiratory physiology, so the reader can with mammals. Mammals are the only other vertebrates
which achieve avian levels of oxygen demand duringconsult the extensive literature available for more de-
thermoregulation and activity.tails on fundamentals concepts. In addition, important

unanswered questions and topics ripe for future re-
search are highlighted in sections labeled ‘‘Frontiers.’’ B. Symbols and Units

Table 1 provides a list of abbreviations used in this
chapter, which are based on a few simple conventionsA. Oxygen Cascade
(Macklem, 1987). Primary variables are symbolized with

Figure 1 shows how these physiological transport a capital letter, and a dot over the variable indicates
steps function in series to transport oxygen from the the first derivative with respect to time. Modifiers are
environment to the cells. This is often referred to as the small capitals for the gas phase and lowercase letters
‘‘oxygen cascade’’ because the oxygen level (quantified for liquid or tissues. Finally, a specific gas species is
as partial pressure, or PO2

) decreases at each step in the indicated with a subscript. Respiratory gas volumes
model. Breathing movements bring fresh air into the (e.g., ventilation) are reported for physiological condi-
lungs, and the heart pumps oxygen-poor blood to the tions (BTPS, body temperature and pressure, saturated)
lungs. Oxygen diffuses from gas to blood in the lungs, unless otherwise noted. Amounts of oxygen (O2) or
and this oxygen-rich blood returns to the heart via the carbon dioxide (CO2) are expressed in millimoles (e.g.,

O2 concentration in mmol/liter 5 mM). Pressure is ex-pulmonary circulation. Arterialized blood is pumped to
pressed in Torr (7.5 Torr 5 1 kPa).the various organs and tissues of the body via the sys-

temic circulation. Finally, oxygen diffuses out of the
systemic capillaries to metabolizing tissues and ulti- II. ANATOMY OF THE AVIAN
mately to the mitochondria inside cells. Carbon dioxide RESPIRATORY SYSTEM
moves out of the cells to the environment through these
same steps in the opposite direction from oxygen. Each The structure of the avian respiratory system is
of these steps is covered in the sections below, with an unique among the vertebrates, with small lungs which
emphasis on respiratory structure–function relation- do not change volume during breathing and nine large
ships that are unique to birds, especially in comparison

TABLE 1 Symbols in Respiratory Physiology

Primary variables (and units)
C, Concentration or content (mM, mmmol/liter)
D, Diffusing capacity (mmolO2

/(min ? Torr)
P, Partial pressure or hydrostatic pressure (Torr or cm H2O)
V, Gas volume (liters or ml)
V
?

, Ventilation (liters/min)
Q
?

, Blood flow or perfusion (liters/min)
M
?

, gas flux (mmol/min)

Modifying symbols
d, Dead space gas
e, Expired gas
ē, Mixed expired gas
i, Inspired gas
t, Tidal gas
a, Arterial blood
c, Capillary blood
m, Membrane
t, Tissue
v, Venous blood
v̄, Mixed venous blood

Examples
PiO2

, Partial pressure of O2 in inspired gas
PaO2

, Partial pressure of O2 in arterial blood
Pv̄O2

, Partial pressure of O2 in mixed venous bloodFIGURE 1 General model of the oxygen transport in birds. (Re-
M
?

O2
, O2 consumption per unit timeprinted from Respir. Physiol. 44, C. R. Taylor and E. R. Weibel,

V
?

p, Ventilation of the parabronchi per unit timeDesign of the mammalian respiratory system. I. Problem and strategy,
pp. 1–10, Copyright (1981), with permission from Elsevier Science.)
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air sacs which act as bellows to ventilate the lung but inspiratory air flow. This rhythmic opening of the glottis
do not participate directly in gas exchange (Figure 2). is useful when attempting to intubate a bird. The trachea
The total volume of the respiratory system in a bird has complete cartilaginous rings in most avian species
(i.e., lungs and air sacs) is larger than that in a compara- and plentiful smooth muscle. Interesting exceptions in-
bly sized mammals (ca., 15 vs 7% of body volume), but clude the ‘‘double trachea’’ of penguins, with a medial
the avian lung itself is smaller (ca., 1 to 3% of body septum dividing the trachea into two tubes, and the slit-
volume). Apparently during evolution, birds segregated like opening on the ventral surface of the trachea in
the functions of gas exchange and ventilation as the respi- emus, which is responsible for their characteristic boom-
ratory organ was subdivided into smaller functional units ing call (McLelland, 1989a). The anatomy and physiol-
to increase gas exchange surface area. Such heteroge- ogy of the larynx and trachea have been reviewed in
neous partitioning of the respiratory organ contrasts with detail (McLelland, 1989a).
the homogenous partitioning in mammals (Duncker, Tracheal volume is an important determinant of
1978). Alveoli in mammalian lungs perform both respira- ‘‘dead space’’ ventilation and therefore gas exchange.
tory functions of ventilation and gas exchange. Hinds and Calder (1971) measured tracheal volume in

Also in contrast to mammals, the avian thoracic cav- 27 species of birds and found in situ volume (V in millili-
ity is essentially at atmospheric pressure (versus subat- ters) was related to body mass (MB in kilograms) as:
mospheric), and there is no diaphragm to functionally V 5 3.7 MB

1.09. This equation underestimates tracheal
separate it from the abdominal cavity (see Section II,B). volume in Pekin ducks (Bech et al., 1984; Hastings and
This section covers basic respiratory system anatomy Powell, 1986b) and pigeons (Powell, 1983b) and overes-
necessary to understand respiratory function, but the timates the value for male chickens (Kuhlmann and
reader is referred to several excellent monographs and Fedde, 1976), but the error is less than 25%. Tracheal
reviews for more details (Duncker, 1971; King and Mo- volume is 4.5 times larger in birds than in comparably
lony, 1971; McLelland, 1989b). Terminology according sized mammals (Hinds and Calder, 1971) and birds gen-
to the Nomina Anatomica Avium is used here (King, erally compensate for this increased dead space with
1979). The anatomy of the pulmonary circulation is cov- a deep and slow breathing pattern (Bouverot, 1978).
ered in a separate section (III,A). Several species of birds possess tracheal elongations,

which loop inside the neck, but their function is un-
known (McLelland, 1989a).A. Upper Airways

The trachea bifurcates into two primary bronchi at
Birds can breathe through the nares or mouth. Oro- the syrinx. In many species (e.g., chickens, ducks), but

nasal structures tend to heat and humidify inspired gas not all, this bifurcation occurs inside the thoracic cavity
and filter out large particles which could potentially where the trachea runs through the clavicular air sac.
damage the delicate respiratory surfaces. The oronasal The syrinx is responsible for vocalization in birds but
cavity is separated from the trachea by the larynx, which relatively little is known about the precise mechanisms.
opens into the trachea through the slit-like glottis. The Readers are referred to comprehensive reviews about
laryngeal muscles contract with breathing, to open the this structure for details (King, 1989). Similar to the
glottis during inspiration and decrease the resistance to avian trachea, the syrinx shows considerable variation

between species, and males in some species exhibit large
bullae with unknown functions.

B. Lungs

The avian lung is located dorsally in the thoracoab-
dominal cavity of birds (Figure 2), with invaginations
from spinal processes typically on the dorsal surface
of the lung. Figure 3 shows the pulmonary bronchial
branching pattern in a representative species.

1. Conducting Airways

In most cases, the extrapulmonary primary bronchi,
between the syrinx and the lungs, are relatively short.
The intrapulmonary primary bronchus travels through
the entire length of the lung, entering on the medioven-FIGURE 2 Respiratory system of a pigeon consisting of the para-

bronchial lung and air sacs. tral aspect and exiting at the caudal border of the lung
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bronchi (Figure 3). Most of the parabronchi are orga-
nized as a parallel series of several hundred tubes con-
necting the medioventral and mediodorsal secondary
bronchi (Figure 3). Such parabronchi are called paleo-
pulmonic parabronchi and together with the primary
and cranial and caudal groups of secondary bronchi they
compose the simplest scheme of bronchial branching in
the avian lung (Duncker, 1972, 1974).

In all birds except some penguins there are additional
parabronchi called neopulmonic parabronchi (Duncker,
1972, 1974). These parabronchi are not organized as
regular parallel stacks of tubes, but may exhibit irregular
branching patterns. Neopulmonic parabronchi may con-
nect another set of caudal laterodorsal secondary bron-

FIGURE 3 Bronchial arrangement in the left lung of the mute swan chi to caudal air sacs (see Section I,C) or other parabron-
(Cygnus olor). (After Duncker, 1971). chi. Neopulmonic parabronchi never compose more

than 25% of the parabronchi, and there are large species
variations. However, it has not been possible to demon-into the ostium of the abdominal air sac (see Section
strate any phylogenetic or evolutionary significance toI,C). The secondary bronchi can be considered in two
neopulmonic versus paleopulmonic parabronchi, de-functional groups based on their origin from the primary
spite the implication of the terms (Maina, 1989). Thebronchus. The cranial group consists of 4 or 5 medioven-
functional significance of these different kinds of para-tral secondary bronchi, originating from the medioven-
bronchi is considered below (see Section III,C,2.).tral intrapulmonary primary bronchus. These cranial

Figure 4 shows the detailed structure of a parabron-secondary bronchi branch further to form a fan covering
chus. These gas-exchanging tubes can be several milli-the medioventral surface of the lung. The caudal group
meters long and 0.5 to 2.0 mm in diameter, dependingconsists of 6 to 10 mediodorsal secondary bronchi, which
on the size of the bird (Duncker, 1971; Maina, 1989).also branch to form a fan over the mediodorsal surface
The parabronchi are separated from each other alongof the lung.
their length by a boundary of connective tissue andA third group of secondary bronchi includes a vari-
larger pulmonary blood vessels. The parabronchial lu-able number of lateroventral bronchi in most species,
men is lined by a meshwork of smooth muscle, whichwhich also branch off caudal parts of the primary bron-
outlines the entrances to atria radiating from the para-chus. The first or second laterobronchus forms a short
bronchial lumen. The atria lead to infundibula and, ulti-connection to the posterior thoracic air sac (see below).
mately, the air capillaries, which are 2 to 10 em inOther lateroventral bronchi may penetrate lateroven-
diameter and as long as about one-quarter of the totaltral parts of the lung to variable degrees in different
parabronchial diameter (Figure 4). The air capillariesspecies, but they do not form a regular branching fan
intertwine with a similar network of pulmonary bloodlike the other secondary bronchi.
capillaries in the parabronchial mantle, where the air–The primary and secondary bronchi are conducting
blood capillary interface is the site of gas exchange.airways because they do not participate in gas exchange.
Details about the air–blood capillary interface are con-Cartilaginous semirings and smooth muscle support the
sidered later (see Section V,C.).primary bronchi, but the walls of the secondary bronchi

are flaccid and require on adhesion to the surrounding
lung or pleura to remain open. The respiratory epithe- C. Air Sacs
lium is ciliated with variable amounts of goblet cells in

The air sacs are thin membranous structures con-different species in the trachea and primary and second-
nected to the primary or secondary bronchi via ostiaary bronchi (Duncker, 1974).
and they comprise most of the volume of the respiratory
system (Figure 2). Air sacs are poorly vascularized by

2. Parabronchi
the systemic circulation and do not directly participate
in significant gas exchange but act as a bellows to venti-Parabronchi are the functional unit of gas exchange

in the avian lung. They are also called ‘‘tertiary bronchi’’ late the lungs. In most species, there are nine air sacs
which can be considered in cranial and caudal functionalbecause they can originate from the secondary bronchi,

but parabronchus is the preferred terminology because groups (Maina, 1989). Air sac diverticulae may also
penetrate the skeleton, but there are large species differ-they also originate from further branches of secondary
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FIGURE 4 Parabronchus. (Left) Pathway for gas diffusion from the lumen through the atria (A) and infun-
dibula (l) to the air capillaries. (Right) Pathway for blood flow from interparabronchial arteries (a) and
intraparabronchial arterioles to the blood capillaries. Blood is collected in venules at the base of the atria and
carried back to interparabronchial veins (v) which drain into large pulmonary vein. (Reprinted from Respir.
Physiol. 22, H. R. Duncker, Structure of the avian respiratory tract, pp. 1–19, Copyright (1974), with permission
from Elsevier Science.)
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ences and the functional significance of such connections mammalian lung. Unlike mammalian alveoli, which
change volume during ventilation, the air sacs are notfor respiration has not been established (Maina, 1989).

The cranial group consists of the paired cervical air important sites of gas exchange. There is tremendous
variation in the volumes of air sacs reported in thesacs, the unpaired clavicular air sac, and the paired cra-

nial thoracic air sacs. The cervical sacs directly connect literature, because the value is very sensitive to the
method of measurement. For example, the volume ofto the first medioventral secondary bronchus. The cla-

vicular air sac directly connects to the third medioven- plastic casting material that can be instilled under a
pressure head into the air sacs of a dead bird may betral secondary bronchus and may also have indirect con-

nections via parabronchi to other cranial (medioventral) much greater than the gas volume in live birds with
muscle tone in the thorax and abdominal wall. Also, airsecondary bronchi in some species (e.g., chickens). The

cranial thoracic air sacs generally connect to the third sac volume in vivo can vary with posture and digestive
and reproductive states as different structures in themedioventral secondary bronchi and also to parabron-

chi originating from other cranial secondary bronchi in body (e.g., eggs) displace volume. Casting under con-
trolled pressure conditions (Duncker, 1971) and gas di-some species.

The caudal group consists of the paired caudal tho- lution in vivo (Scheid et al., 1974) are probably the
most accurate methods available for determining airracic air sacs and paired abdominal air sacs. The caudal

thoracic air sac is directly connected to the lateroventral sac volume.
secondary bronchus and may have indirect connections
to other lateroventral or even cranial (medioventral)
secondary bronchi in species with large amounts of neo- III. VENTILATION AND
pulmonic parabronchi (e.g., chickens). The abdominal RESPIRATORY MECHANICS
air sacs connect to the caudal end of the intrapulmonary
primary bronchus and may have more indirect connec-

Respiratory muscles generate the forces (pressures)
tions to parabronchi from laterodorsal secondary bron-

to move air in and out of the air sacs and through the
chi and the last mediodorsal secondary bronchi. Air sac

parabronchial lung. The air sacs follow changes in body
connections with parabronchi are frequently grouped

volume with respiratory muscle activity and act as a
into a funnellike structure called the saccobronchus.

bellows to ventilate the parabronchial lung which is
essentially constant in volume (Jones et al., 1985; Mack-
lem et al., 1979). In contrast to mammals, the avian lungD. Respiratory System Volumes
volume is maintained by attachments to the body wall

The upper airways and bronchial branches proximal
and not by a subatmospheric pressure in an intrapleural

to the parabronchi compose anatomical dead space as
space surrounding it. Also in contrast to mammals, birds

described above (see Section I,A.). Such conducting
have no diaphragm separating the body cavity into sepa-

airways are called ‘‘dead space’’ because they do not
rate thoracic and abdominal compartments. Hence,participate directly in gas exchange. The intrapulmonary
pressures are relatively uniform in the avian thoracoab-conducting airways make a relatively small contribution
dominal cavity, which behaves mechanically as a singleto total dead space, but total dead space volume is gener-
compartment (Scheid and Piiper, 1989).ally larger than most mammals, consistent with the gen-

Ventilation (V? ) is the product of the volume pererally long neck of birds. Physiological measures of dead
breath, or tidal volume (VT) and the respiratory fre-space are considered below (see Section III,C).
quency ( fR), so V? can be increased by breathing fasterThe actual volume of air in the avian lung involved
or deeper. The distribution of gas flow in the avianin gas exchange at any moment is in the air capillaries.
respiratory system depends upon the magnitude andThis is considerably less than the volume in gas exchang-
pattern of respiratory muscle activity, as well as theing portions of alveolar lungs from comparably sized
mechanical properties of the body wall, lungs, and airmammals (Powell and Mazzone, 1983). However, the
sacs as described below.unique pattern of air flow in the open-ended parabron-

chi renews this gas exchanging volume more frequently
than does tidal ventilation in alveolar lungs (see Section A. Respiratory Muscles
II,C,2). Therefore, birds do not need as large of a func-

Figure 5 shows the changes in thoracic skeleton be-tional residual capacity (FRC) in the lungs as mammals
tween normal inspiration and expiration in a bird (Kingto smooth out variations in gas exchange and O2 and
and Molony, 1971; Zimmer, 1935). During inspiration,CO2 levels that could occur during the breathing cycle.
the sternum rocks cranially and ventrally with the cora-Most of the respiratory system volume in birds is in

the air sacs, and there is no comparable volume in the coids and furcula rotating at the shoulder. Simultane-
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are not effective at changing lung volume (Fedde et
al., 1964a).

B. Mechanical Properties

1. Compliance

Compliance (C) defines the effectiveness of small
pressure changes (DP) at inducing volume changes
(DV):

C 5 DV/DP.

Because the pressure changes with breathing are essen-FIGURE 5 Changes in the position of the thoracic skeleton during
tially uniform throughout the coelom in birds, they canbreathing in a standing bird. Solid lines show thoracic position at the
be measured as the difference between pressure in anend of expiration and dotted lines show the end of inspiration. (After

Zimmer, 1935.) air sac (PAS) and atmospheric pressure outside the bird.
Changes in respiratory system volume (VRS) can be
measured with a plethysomograph, which measuresously, the vertebral ribs move cranially to expand the
changes in whole body volume during breathing, or asternal ribs and thoracoabdominal cavity laterally.
pneumotachograph, which quantifies the amount of airIn small birds (e.g., starlings) during flight, the furcula
inhaled or exhaled at the mouth or trachea. Compliance,(wishbone) and sternum are mechanically coupled such
measured as the slope of the steepest part of a graphthat the wing beat assists ventilation (Jenkins et al.,
plotting VRS versus PAS in an artificially ventilated bird,1988). During rest, both inspiration and expiration re-
ranges from 10 ml/cm H2O in chickens (Scheid andquire active contraction of the respiratory muscles as
Piiper, 1969) to 30 ml/cm H2O in ducks (Gillespie etlisted in Table 2. The innervation for these muscles is
al., 1982b). These values are similar to compliance insummarized in deWet et al. (1967). Increases in ventila-
mammals when correcting for body size.tory volumes are achieved by recruiting more motor

Different results are obtained when compliance isunits in active muscles and additional respiratory mus-
measured by applying small oscillations in volume oncles and during expiration the opposite occurs (Fedde
spontaneously breathing birds. Compliance measuredet al., 1964b; Fedde et al., 1963, 1969; Kadono and
with this forced oscillation technique is only 7.7 ml/cmOkada, 1962; Kadono et al., 1963). Therefore, the re-
H2O in ducks (Gillespie et al., 1982b), or much less thanlaxed resting volume of the avian respiratory system is
in mammals. In contrast, compliance measured with thismidway between inspiratory and expiratory volumes
technique in pigeons (2.8 ml/cm H2O, Kampe and Craw-(Seifert, 1896) in contrast to mammals, which relax to
ford, 1973), is 3.7 times greater than the value predictedfunctional residual capacity (FRC) at end-expiratory
for a similar-sized mammal (Powell, 1983b). The reasonsvolume. The costoseptal muscles control the tension of
for these differences are not clear but they suggest thatthe horizontal septum covering the ventral surface of
compliance is exquisitely sensitivity to posture and mus-the lung, but unlike the mammalian diaphragm, these
cular tone. Compliance primarily depends on the visco-
elastic properties of the body wall and air sacs in birds, in

TABLE 2 Respiratory Muscles of the Chicken contrast to the elastic properties of the lung in mammals
(Macklem et al., 1979). Therefore, compliance in birdsInspiratory Expiratory
is high when the volume changes occur by ‘‘unfolding’’
air sacs and stretching the abdominal wall, but it is lowM. scalenus Mm. intercostales externi of

fifth and sixth spaces when volume changes are opposed by muscle tone in
Mm. intercostales externi (except Mm. intercostales interni of the body wall.

in fifth and sixth spaces) third to sixth spaces
intercostalis interni in second M. costosternalis pars minor

space 2. Resistance
M. costosternalis pars major M. obliquus externus abdominis
Mm. levatores costarum M. obliquus internus abdominis Ohm’s law defines the relationship between pressure,
M. serratus profundus M. transversus abdominis flow, and resistance (R) for the respiratory system as:

M. rectus abdominis
serratus superficialis, pars R 5 DP/V? ,

cranialis and caudalis
M. costoseptalis where DP is the pressure gradient between the atmo-

sphere and air sacs driving ventilatory air flow (V? ).
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Expiration decreases air sac volume and creates a small terstitial pressure between the air and blood capillaries,
which increases capillary filtration and can lead to thick-positive pressure which drives air flow out of the sac

across small airway resistances; the opposite occurs dur- ening of the blood–gas barrier by edema (see Section
III,D). However, the air capillaries are lined by a surfac-ing inspiration. Air sac pressure changes during breath-

ing are small and similar in all of the air sacs (61 cm tant, which lowers surface tension and counteracts these
potentially deleterious effects (McLelland, 1989b). La-H2O), so resistance can be measured by measuring pres-

sure and volume changes during artificial or spontane- mellated osmophilic bodies in the parabronchial atria
presumably secrete the surfactant, which spreads as aous breathing as described above for compliance mea-

surements (Scheid and Piiper, 1989). Airway resistance trilaminar substance over the air capillary surface (King
and Molony, 1971; Pattle, 1978). This trilaminar sub-ranges from 4.8 cm H2O/(L/sec) in ducks (Gillespie et al.,

1982a) to 41 cm H2O/(L/sec) in pigeons at the resonant stance is unique to birds (McLelland, 1989b). The law
of LaPlace predicts that the tendency for a bubble tofrequency of their respiratory system (Kampe and

Crawford, 1973). collapse is inversely proportional to its radius. Hence,
surfactant should be even more important for maintain-Airway geometry is an important determinant of re-

sistance. Poiseuille’s law predicts resistance to laminar ing the patency and proper fluid balance in birds than
in mammals, because the air capillary radius (ca. 3 em)air flow is directly proportional to the length of an air-

way, and inversely proportional to the fourth power of is so much smaller than alveolar radius (ca. 300 em).
Although compliance of the avian lung is relatively low,the airway radius. Therefore, resistance can vary be-

tween the different anatomical pathways possible for the parabronchi are not perfectly rigid and trilaminar
substance may be important for preventing air capillaryair flow in the avian respiratory system (see Section

II,C,2). Different pathways presumably explain why air- collapse with compression of the parabronchi (Macklem
et al., 1979).way resistance is generally greater during inspiration

than during expiration in birds (Brackenbury, 1971,
1972; Cohn and Shannon, 1968). However, measure-

C. Ventilatory Flow Patternsments using the forced oscillation technique on awake
ducks find similar resistance during inspiration and expi- 1. Air Sac Ventilation
ration (Gillespie et al., 1982a). Resistance measured with

The air sacs are ventilated roughly in proportion tothis technique does not include any contributions from
their volume, such that the cranial group (clavicularthe body wall (Scheid and Piiper, 1989), so some differ-
and cranial thoracic air sacs) and caudal group (caudalences between inspiratory and expiratory resistance
thoracic and abdominal air sacs) each receive aboutmay reflect muscle tone.
50% of the inspired volume (Scheid et al., 1974). ThePhysiological factors also affect airway resistance.
ventilation/volume ratio affects the O2 and CO2 levelsDecreased lung PCO2

increases resistance by a local ef-
in the air sacs (see Section II,C,3). Hence, the increasefect on the openings of the mediodorsal secondary bron-
in air sac volume with changes in body wall musclechi into the primary bronchus (Molony et al., 1976).
tone that may accompany anesthesia can alter air sacHowever, PCO2

does not affect smooth muscle contrac-
composition (Scheid and Piiper, 1969). There is no evi-tion in the parabronchi (Barnas and Mather, 1978). Tur-
dence for air flow between the sacs during normalbulent flow, which may occur in large airways at high
breathing (Scheid and Piiper, 1989), although this hasventilation rates or at bronchial bifurcations, can in-
been postulated as a mechanism to enhance pulmonarycrease resistance (Brackenbury, 1972; Molony et al.,
gas exchange during breath-hold diving in birds (Boggs1976). Finally, resistance can change with breathing fre-
et al., 1996).quency. The pathway for airflow may be different with

ventilation at high frequencies and small volumes (Ban-
zett and Lehr, 1982; Hastings and Powell, 1987) and

2. Pulmonary Ventilation
therefore affect resistance as described above. Also, the
respiratory system has a resonant frequency at which Figure 6 shows the general pattern of ventilatory air

flow during inspiration and expiration in the avian lung.the overall impedance to breathing is minimized (e.g.,
9.4 breaths/sec in pigeons, Kampe and Crawford, 1973). The unidirectional flow in a caudal-to-cranial direction

through the paleopulmonic parabronchi during both
phases of ventilation has been established by a variety

3. Air Capillary Surface Forces
of methods (Scheid and Piiper, 1989). Early researchers
noted that soot deposited primarily in the caudal regionsSurface tension at the gas–liquid interface of the re-

spiratory exchange surface will tend to collapse the air of the lungs of pigeons collected in train stations, sug-
gesting that inspired gas entered the lungs from a caudalcapillaries. This tendency to collapse also decreases in-
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FIGURE 6 Pathway of airflow in the avian respiratory system during inspiration and expiration. Flow in
paleopulmonic parabronchi is always caudal-to-cranial during both phases of breathing (large solid arrows)
but neopulmonic flow is bidirectional. Open arrows show possible ventilatory shunts.

direction (Dotterweich, 1930). More recently, research- ing inspiration (reviewed by Scheid and Piiper, 1989).
In contrast to the paleopulmonic parabronchi, flow isers have confirmed this pattern with direct measure-

ments of air flow (Brackenbury, 1971; Bretz and bidirectional in the neopulmonic parabronchi, which
are functionally in series with the caudal air sacs (Fig-Schmidt-Nielsen, 1971; Scheid et al., 1972) and respira-

tory gases (Powell et al., 1981) in different parts of ure 6). Inspiratory airflow is cranial-to-caudal through
neopulmonic parabronchi and into caudal air sacs, andthe lung.

Upon inspiration, about half of the tidal volume goes in the caudal-to-cranial direction during expiration
(Scheid and Piiper, 1989). The implications of these flowinto the caudal air sacs and half goes into the cranial

air sacs. Figure 6 (filled arrows) shows how inspiratory patterns for gas exchange are discussed in later (see
Section V,D,4).flow bypasses the cranial secondary bronchial openings

in the primary bronchus and flows directly into the cau-
dal air sacs and caudal secondary bronchi. When gas

3. Air Sac Po2
and Pco2enters the caudal secondary bronchi, it continues

through the paleopulmonic parabronchi in a caudal-to- This pattern of air flow is an important determinant
cranial direction and enters the cranial air sacs via the of PO2

and PCO2
in the air sacs (Table 3). Cranial air

cranial secondary bronchi. If tidal volume is large sacs only receive gas from the parabronchi, so their
enough, some of the inspired gas may reach the cranial PO2

and PCO2
levels are very near end-expired values.

air sacs via the paleopulmonic parabronchi during the However, caudal air sacs contain a mixture of reinhaled
same breath. dead space gas (also end-expired PO2

and PCO2
levels)

Upon expiration, the air sacs expel gas which eventu- and fresh air, which raises their PO2
and lowers their

ally leaves the bird via the primary bronchi and trachea. PCO2
. Other factors which decrease PO2

and increase
Figure 6 (filled arrows) shows how expiratory flow from PCO2

in the air sacs include ‘‘stratification,’’ gas exchange
the cranial air sacs leaves the lung via the cranial second- across the air sac wall, and gas exchange in neopulmonic
ary bronchi emptying into the primary bronchi. Expi- parabronchi in series with the air sacs (Geiser et al.,
ratory flow from the caudal air sacs is routed through 1984).
the paleopulmonic parabronchi in a caudal-to-cranial Gas exchange across the air sac walls is less than 5%
direction via caudal secondary bronchi. If the expired of the total respiratory gas exchange and a minor factor
volume is large enough, gas from the caudal air sacs in determining air sac PO2

and PCO2
(Magnussen et al.,

will also leave the lung through the cranial secondary 1976). Stratification (i.e., incomplete mixing of freshly
bronchi and mix with the gas emptying from the cranial inspired gas and resident gas in the air sacs) has been
air sacs. observed in ducks (Torre-Bueno et al., 1980), but its

Hence, airflow in the paleopulmonic parabronchi is effect on air sac gas concentrations is not clear (Powell
in a caudal-to-cranial direction during both inspiration and Hempleman, 1985). Gas exchange in neopulmonic
and expiration. ‘‘Aerodynamic valving’’ (see Section parabronchi in series with caudal air sacs seems to be the
II,C,6.) is responsible for rectifying air flow in the paleo- most important factor causing differences in measured
pulmonic parabronchi and determining the distribution PO2

and PCO2
values and those predicted from reinhaled

of ventilation in the avian lung. There is no evidence dead space (Piiper, 1978). Bidirectional flow may also
for anatomical valves, for example, closing the primary occur in a small fraction of parabronchi in the purely

paleopulmonic lungs of penguins and affect PO2
andbronchial openings of the cranial secondary bronchi dur-
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TABLE 3 Partial Pressure of O2 and CO2 in Air Sacs and in End-Expiratory Gas of Awake Birds

Goosea Gooseb Chickenc Duckd Pigeone

Clavicular
PCO2

(Torr) 35 39 44.0 39.2 32
PO2

(Torr) 100 92 83.9 99.4 109
Cranial thoracic

PCO2
(Torr) 35 38 41.6 35.7 34

PO2
(Torr) 100 95 99.1 104.3 105

Caudal thoracic
PCO2

(Torr) 28 20 24.2 18.9 29
PO2

(Torr) 115 124 120.3 123.9 111
Abdominal

PCO2
(Torr) 28 18 14.7 17.5 27

PO2
(Torr) 115 128 130.0 126.7 110

End expiratory
PCO2

(Torr) 35 39 36.7 35.7 —
PO2

(Torr) 100 100 94.3 100.1 —

a Cohn and Shannon (1968), Figure 6.
b Scheid et al. (1991).
c Piiper et al. (1970).
d Vos (1934), calculated assuming 700 Torr dry pressure.
e Scharnke (1938), calculated assuming 700 Torr dry pressure.

PCO2
in the caudal lungs of these birds too (Powell and Other experiments indicate that the relative proportion

of expiratory flow in a mesobronchial shunt may varyHempleman, 1985).
from 100 to 75% at the beginning of expiration, to 0%
near the midpoint of expiration (Hastings and Powell,

4. Effective Parabronchial Ventilation 1986a). The magnitude of expiratory mesobronchial
shunting changes with tidal volume, the pattern of expi-A quantitative description of gas exchange requires
ratory volume changes (Hastings and Powell, 1986a) anda measure of the effective ventilation of the lung (see
with physiological changes such as thermal pantingSection V,A). By analogy with alveolar ventilation in
(Bretz and Schmidt-Nielsen, 1971).mammals, this is defined as parabronchial ventilation

(V? P) birds and it differs from inspired ventilation (V? l)
because of dead space ventilation (V? D). V? D in birds

5. Artificial Ventilation
includes not only anatomic dead space in the upper
airways, but it may result from ventilatory shunts in The flow-through design of the rigid parabronchial

lung allows a unique form of artificial ventilation calledwhich airflow bypasses the parabronchi. Figure 6 (open
arrows) shows how gas might bypass the parabronchi unidirectional ventilation (Burger and Lorenz, 1960).

Fresh humidified gas can be insufflated through a can-during inspiration by directly entering the cranial sec-
ondary bronchi and air sacs or during expiration by nula in the trachea or an air sac, so it flows through the

parabronchi before leaving the body through anotherflowing back out the primary bronchus (Powell, 1988).
PCO2

measurements in the cranial secondary bronchi cannula. This technique can be used clinically to support
gas exchange during surgery which opens one of the airshow that an ‘‘inspiratory shunt,’’ with inspired gas di-

rectly entering cranial air sacs from the primary bronchi sacs (preventing effective spontaneous ventilation), to
administer anesthetic gas or nebulized drugs (Fedde,does not occur (Powell et al., 1981). Some inspiratory

flow may enter the fourth medioventral (cranial second- 1978; Whittow et al., 1970), or for experimental studies
(e.g., Burger et al., 1979; Fedde et al., 1974a). Artificialary) bronchus, however, and flow in a cranial-to-caudal

direction through some paleopulmonic parabronchi ventilation can also be performed manually by alter-
nately compressing and lifting the sternum, for example,(Powell and Hempleman, 1985), but this would not be

a ‘‘shunt.’’ In contrast, PCO2
measurements indicate that in a bird that may be anesthetized too deeply. It is

also important to note that the sternum should not bean ‘‘expiratory shunt’’ with 10 to 25% of expired gas
from the caudal air sacs gas flowing out through the compressed when holding a bird because this may lead

to suffocation.primary bronchus (Powell, 1988; Powell et al., 1981).
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6. Frontiers: Aerodynamic Valving A. Anatomy of the Pulmonary Circulation

‘‘Aerodynamic valving’’ refers to fluid mechanical The functional anatomy of the pulmonary circulation
properties of gas flow in the avian lung that determine has been studied in detail for the domestic fowl (Abdalla
the distribution of ventilation. Differences in resistances and King, 1975). Interparabronchial arteries arise from
between various groups of secondary bronchi or para- main rami of the pulmonary arteries and run between
bronchi could influence the flow pattern (Scheid and the parabronchi and may perfuse more than one para-
Piiper, 1989). However, local pressure measurements bronchus. These vessels give rise to intraparabronchial
show that branch points, such as the openings of the arteries which perfuse the parabronchial mantle at sev-
cranial secondary bronchi into the primary bronchi,

eral points along a parabronchus. The intraparabron-are critical sites for determining flow (Kuethe, 1988;
chial arteries branch into the pulmonary blood capillar-Molony et al., 1976). As early as 1943, fluid dynamic
ies near the outside edge of the parabronchial mantlemodels of the avian lung were used to show that these
which form a meshwork with air capillaries as describedbranches were critical for unidirectional caudal-to-
above (Section I,B,2). Pulmonary capillary blood is col-cranial air flow in the parabronchi (Hazelhoff, 1951).
lected in intraparabronchial veins near the parabron-More recently, a theory of aerodynamic valving has
chial lumen. These veins deliver blood flow to interpara-been used to predict decreased effectiveness of valving
bronchial veins located near the outside edges of thewith decreased gas density and velocity, and experi-
parabronchus. The interparabronchial veins run be-ments show valve failure and inspiratory shunts with
tween the parabronchi and collect blood from severalreduced gas density (Banzett et al., 1987, 1991; Butler
points along a parabronchus and from several parabron-and Turner, 1988; Wang et al., 1988; Want et al., 1992).
chi. There are no anastomoses between the arteriolesV? P changes with barometric pressure in some experi-

ments on resting ducks (Shams et al., 1990) but not and veins in the lung (Abdalla, 1989).
others (Shams and Scheid, 1993), so shunting may occur This anatomy has two important consequences for
at altitude with decreased gas density. The physiological respiratory gas exchange. First, all of the parabronchi
significance of these findings, for example, during flight are perfused along their entire length by oxygen-poor
at altitude, when gas velocities are high but gas density mixed venous blood, and the oxygenated blood return-
is low, remain to be determined. In contrast, expiratory ing to the heart in the pulmonary vein (i.e., systemic
aerodynamic valving is not sensitive to gas density and arterial blood) is a mixture of blood draining the entire
future experiments are necessary to determine its mech- length of all the parabronchi. This allows cross-current
anism (Brown et al., 1995). gas exchange to occur, which is more efficient than alve-

olar gas exchange as described below (Section V,B,1).
Second, it means that blood flow within the parabron-IV. PULMONARY CIRCULATION
chial mantle is directed from the periphery toward the

Chapter 5 covers the basic physiology of the pulmo- lumen, which also affects the efficiency of gas exchange
nary circulation, but this section highlights some details in the air capillaries (see Section IV,C,1).
necessary to understand pulmonary gas exchange. The
pulmonary circulation is unique because the lung is the

B. Pulmonary Capillary Volumeonly organ to receive the entire cardiac output. The
‘‘in series’’ arrangement of the systemic and pulmonary Pulmonary capillary blood volume in the parabron-
circulations in birds and mammals means that the lungs

chial lungs of birds is essentially constant under all con-
receive the same amount of blood flow as the whole

ditions. This contrasts with the alveolar lungs of mam-rest of the body. However, the resistance to blood flow
mals, which can increase pulmonary capillary volumein the lungs is lower, and this allows lower perfusion
by recruitment and distention, when perfusion pressurepressure than in the systemic circulation, with the com-
increases. This is important, for example during exer-plete separation of the left and right ventricles. If pres-
cise, because it increases the capillary surface area forsures are too high, then pulmonary capillaries can suffer
diffusion and the capillary transit time, which allows‘‘stress failure,’’ which can allow blood to leak into air
more time for oxygen to diffuse into blood (see Sectionspaces of the lung and impair gas exchange (West and
V,C). However, recruitment or distention of blood capil-Mathieu-Costello, 1992). This section describes some
lary volume in the parabronchial lung would collapsestructural and functional factors which determine pres-
the adjacent air capillaries and reduce gas exchangesures and volumes and flows in the pulmonary capillar-

ies, which are important determinants of gas exchange. efficiency by causing a shunt (see Section V,D,2).
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Chapter 7). Although capillary pressures are similar inC. Pulmonary Vascular Resistance and the
birds and mammals, plasma colloid osmotic pressureDistribution of Blood Flow
in birds can be less than half the value in mammals.

1. Pulmonary Vascular Resistance (PVR) Consequently, the effect of volume loading on the accu-
mulation of extravascular water in the lung interstitiumBy analogy with Ohm’s law:
is greater in birds than in mammals (Weidner et al.,

PVR 5 DP/Q? , 1993). This suggests that birds should have a particularly
where Q? is cardiac output and DP is the difference be- well-developed lymphatic system to protect the constant
tween mean pulmonary artery and left atrial pressure. volume parabronchial lung from interstitial and air cap-
Pulmonary vascular pressures, cardiac output, and illary edema. However, the normal pathway and rates
therefore PVR are similar in resting birds and mammals. pulmonary lymph drainage are still unknown, so this
However, PVR increases more with increases in cardiac remains speculation.
output in birds compared to mammals. Recruitment
and distention in alveolar lungs increases vascular cross-

1. Frontiers: Pulmonary Circulation and Ascitessectional area and decreases PVR, but this cannot occur
in the constant-volume parabronchial lung. For exam- The pulmonary circulation is also involved in an im-
ple, doubling the blood flow through one lung of a do- portant clinical problem involving systemic fluid bal-
mestic duck almost doubles mean pulmonary artery ance, namely ascites in fast-growing chickens bred for
pressure but causes no change in the resistance calcu- meat production (Julian, 1993). Ascites (i.e., fluid accu-
lated for that lung and no change in the capillary dimen- mulation in the peritoneum) also occurs frequently in
sions (Powell et al., 1985). A similar mechanism may chickens raised at high altitude, so researchers hypothe-
also explain the increase in pulmonary artery pressure sized that abnormal oxygen sensitivity may explain asci-
with hypoxia observed in birds (Black and Tenney, tes in fast-growing chickens at sea level (Peacock et al.,
1980a; Burton et al., 1968). Hypoxic stimulation of car- 1990). However, now it appears that ascites in both
diac output (see Chapter 5) will cause pulmonary hyper- cases are the result of increased cardiac output, which
tension if vascular resistance is constant (Powell, 1983a). increases pulmonary artery pressure as described above
The direct effects of hypoxic pulmonary vasoconstric- (Section III,C,1) and ultimately leads to right heart fail-
tion (see Section III,C,2) on PVR are uncertain.

ure. This increases venous and capillary pressures, which
cause fluid loss from the vascular system. At high alti-

2. Distribution of Blood Flow tude, hypoxia stimulates cardiac output (Bouverot,
Local and regional changes in vascular resistance are 1985). In fast-growing birds at sea level, the increased

more important than overall PVR for respiratory gas growth rate requires increased O2 consumption, which
exchange. For example, regional control of blood flow stimulates cardiac output, presumably by the same
between parabronchi has important effects on the effi- mechanism that operates during exercise (Julian, 1993).
ciency of gas exchange (see Section V,D,4). Hypoxia The chronic increase in cardiac output of fast-grow-
has been shown to decrease local parabronchial blood ing birds causes pulmonary hypertension and ascites
flow, and gradients in PO2

can explain differences in because the vascular capacity of the lungs has not in-
perfusion along parabronchi (Holle et al., 1978; Parry creased in proportion to the metabolic demands of the
and Yates, 1979). The physiological mechanism of this rest of the body. The pulmonary capillary volume of
response is not known. It may be similar to hypoxic normal chickens is significantly smaller than that pre-
pulmonary vasoconstriction in mammals, which is a di- dicted for a bird of comparable size (Maina, 1989), prob-
rect effect of alveolar hypoxia on small vessels, although ably because domestic chickens have been bred for
increases in O2 or CO2 do not affect pulmonary blood other traits for thousands of years. Understanding the
flow in birds like they do in mammals (Parry and Yates, genetics of respiratory traits such as lung or capillary
1979). Smooth muscle capable of controlling local blood volume could greatly enhance the commercial potential
flow has been described for interparabronchial arteries of breeding programs for fast growth.
and veins in chickens, and this could be responsible for
control of blood flow between and along the lengths of
parabronchi (Abdalla, 1989). V. GAS TRANSPORT BY BLOOD

D. Fluid Balance Equilibrium curves, also called dissociation curves,
quantify the amount of O2 and CO2 in blood as functionsFluid balance in the lungs, as in all organs, depends on
of partial pressure. It is necessary to consider both par-the balance of hydrostatic and colloid osmotic pressures

across the capillaries and capillary permeability (see tial pressure and concentration because partial pressure
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gradients drive diffusive gas transport in lungs and tis-
sues, but concentration differences determine convec-
tive gas transport rates in lungs and the circulation (see
Section V,A). The concentration of a physically dis-
solved gas in a liquid is directly and linearly proportional
to its partial pressure according to Henry’s law: C 5
aP, where a 5 solubility in millimolar per Torr. This
means that inert gases such as nitrogen, and even anes-
thetic gases, increase in blood in direct proportion to
their partial pressure. However, O2 and CO2 also enter
into chemical reactions with blood. These reactions re-
sult in more complex relationships between concentra-
tion and partial pressure, but they serve to (1) increase
O2 and CO2 concentrations in blood, (2) allow physio-
logical modulation of O2 and CO2 transport in blood,
and (3) make respiratory CO2 exchange an important
mechanism of acid–base balance in the body.

FIGURE 7 O2–blood equilibrium curves for duck. The Bohr effect
is demonstrated by shifts of the curve as pH changes. (Reprinted fromA. Oxygen
Respir. Physiol. 24, G. Scheipers, T. Kawashiro, and P. Scheid, Oxygen

Oxygen concentration in normal arterial blood and carbon dioxide dissociation of duck blood, pp. 1–13, Copyright
(1975), with permission from Elsevier Science.)(CaO2

) of, for example, a pigeon is about 8.3 mM. How-
ever, the physical solubility of O2 in blood (aO2

) is only
0.00124 mM/Torr at 418C, so only 0.117 mM of arterial

bin concentration in blood. In contrast, O2–hemoglobinO2 content is dissolved gas with a normal arterial PO2 equilibrium curves plotting concentration versus PO2of 95 Torr in pigeons (Powell, 1983b). Most of the O2 quantify the absolute amount of O2 in blood at a givenin blood is chemically bound to hemoglobin.
PO2

, and the maximum O2 concentration depends on
the amount of hemoglobin available. O2 capacity defines

1. Hemoglobin the maximum O2 concentration in blood when hemoglo-
bin is 100% saturated with O2. Total O2 concentrationHemoglobin is a large molecule consisting of four
in blood (CO2

), including chemically bound and dis-individual polypeptide chains, each with a heme (iron-
solved O2, can be calculated as:containing) protein that can bind O2 when iron is in the

ferrous (Fe11) form. Methemoglobin occurs when the CO2
5 (O2 capacity [SO2

/ 100]) 1 (aO2
PO2

)
iron is in the ferric form (Fe111), and it cannot bind O2.
Small amounts of methemoglobin, which occur under The sigmoidal (or ‘‘S’’) shape of the blood–O2 equi-

librium curve results from cooperative, allosteric inter-normal conditions, slightly reduce the amount of O2

that can be bound to hemoglobin. One gram of pure actions between the four subunits of hemoglobin, which
determine the three dimensional shape of the molecule.mammalian hemoglobin can bind 0.060 mmol of O2

when fully saturated, and this value appears similar in O2 equilibrium curves for individual hemoglobin sub-
units are not sigmoidal, but simple convex curves likebirds (Powell, 1983b). Hemoglobin is concentrated in-

side red blood cells, or erythrocytes. This cellular pack- the O2 equilibrium curve for myoglobin (see Section
VI). The shape of the blood–O2 hemoglobin equilib-aging is important for the biophysics of the microcircula-

tion, and it provides physiological control of O2 binding rium curve facilitates O2 loading on blood in the lungs
and O2 unloading from blood in the tissues.through cellular changes in the hemoglobin microenvi-

ronment (see Section IV,A,3). The cooperativity between functional subunits of he-
moglobin is quantified with Hill’s coefficient, n (Powell
and Scheid, 1989). High values of n, exceeding the theo-

2. O2–Blood Equilibrium Curves
retical limit of 4, have been observed in bird blood and
may reflect increased cooperativity between aggregatesFigure 7 shows the O2 equilibrium curve for duck

blood as saturation (SO2
) versus PO2

, where SO2
is defined of multiple hemoglobin molecules or interactions be-

tween different isoforms of hemoglobin within a bloodas the percentage of the total hemoglobin sites available
for binding O2 which are occupied by O2. Therefore, sample (Black and Tenney, 1980b; Lapennas and

Reeves, 1983).the maximum SO2
is 100% and independent of hemoglo-
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3. Factors Affecting O2–Hemoglobin Affinity which is known as the Bohr effect. Increases in pH cause
decreases in P50 (i.e., increase O2–hemoglobin affinity)

P50, defined as the PO2
at 50% saturation, is used to and vice versa. Hydrogen ion binds to histidine residues

quantify changes in the affinity of hemoglobin for O2. in hemoglobin, which changes the molecular conforma-
For example, a decrease in P50, or a ‘‘left shift,’’ indicates tion and ability to heme sites to bind O2. The physiologi-
an increase in O2 affinity because SO2

is greater for a cal advantage of the Bohr effect is that it facilitates O2given PO2
. The most important physiological factors that loading in the lungs, where CO2 is low and pH is high

affect the P50 in a given species are (1) organic phosphate (see Section IV,D). In muscles, the opposite occurs and
levels, (2) pH, and (3) temperature. Evolutionary differ- decreased pH facilitates O2 unloading to the tissues.
ences in the amino acid sequence of the four hemoglobin The Bohr effect is independent of saturation in most
subunits explain the differences in P50 between species birds (Lapennas and Reeves, 1983; Maginniss, 1985;
and during development. Meyer et al., 1978) and similar to values reported for

Myinositol 1,3,4,5,6-pentophosphate (IPP) is the pri- mammals (Table 4).
mary organic phosphate affecting P50 in birds (Weber In most birds, and in contrast to mammals, there is
and Wells, 1989). The effect of IPP binding with hemo- no independent effect of CO2 on P50 (Meyer et al., 1978).
globin inside erythrocytes is considerable; for example, Carbon dioxide forms carbamino compounds with he-
increasing P50 from less than 3 Torr in stripped hemoglo- moglobin in mammals, and these cause small increases
bin from chickens to over 40 Torr under in vivo condi- in P50. In some birds, such as sparrows and burrowing
tions (Weingarten et al., 1978). Physiological changes in owls, the Bohr effect is greater when pH is changed with
organic phosphates have not been studied extensively CO2 compared to fixed acid (Maginniss, 1985; Maginniss
in birds (Maginniss and Kilgore, 1989; Weber and Wells, and Kilgore, 1989). Therefore, carbamino formation
1989). In mammals, acclimatization to conditions such as does occur and can decrease O2 affinity in stripped avian
altitude can modulate P50 by altering organic phosphates hemoglobin. However, strong binding of IPP to hemo-
(2,3 diphosphoglycerate, or 2,3-DPG). However, it is globin in most birds prevents an independent CO2 Bohr
important to note that differences in P50 between birds effect (Lapennas and Reeves, 1983; Weingarten et al.,
adapted over generations to low or high altitude cannot 1978).
be explained by different organic phosphate concentra- The in vivo physiological O2 dissociation curve is
tions. Erythrocyte inorganic phosphate levels are similar steeper than the individual in vitro curves in Figure 7
in the greylag and Canada goose, natives to low altitude because PCO2

increases and pH decreases between arte-
(with P50 5 39 and 42 Torr, respectively), and the bar- rial and venous blood. This is an advantage for gas
headed goose, which is native to high altitude (with exchange because it increases the change in O2 concen-
P50 5 29 Torr) (Petschow et al., 1977). Differences in tration for a given change in PO2

, thereby increasing O2

the binding of IPP to hemoglobin from different species uptake or delivery. The slope of the physiological O2–
explains such differences in P50 (Rollema and Bauer, blood equilibrium curve, in terms of O2 concentration,
1979). is called bbO2

(mM/Torr) and is used for quantitative
descriptions of gas exchange (see Section V,A).Figure 7 shows the effect of pH on the O2 affinity,

TABLE 4 Respiratory Parameters in Avian Whole Blooda

Muscovy duck
Burrowing owl Female domestic fowl Pekin duck (Cairina moschata)

Referenceb (Athene cunicularia) (15) Pigeon (12) (2–4, 6–10, 14) (1, 5) (8, 11, 13)

Hematocrit (%) 33.7 6 2.1 48.7 26 to 30 45.4 37.3 6 1.3
Hemoglobin (g%) 10.7 6 0.4 14.3 8.6 to 9.3 15.5 —
O2 capacity (mmol 121 P50 Torr) — 8.6 8.6 to 12.3 $8.9 7.3 6 0.51

42.3 6 0.8 40.8 6 1.4 47.7 6 4.2 42.7 6 45.0 40.1 6 3.7
Hill’s n (2) 2.60 to 3.42 2.75 3.4 6 0.1 4.3 2.9
Bohr coefficient (D log P50/DpH) 0.42 to 0.46 0.42 to 0.53 0.50 6 0.08 0.40 to 0.44 0.44 to 0.53
Temperature coefficient (D log — 0.015 to 0.026 0.014 to 0.015 — —

P50/DT)
Haldane effect (DCCO2

/DCO2
) — — 0.42 — 0.30

a Where three or more measurements are available; SD is given; for less than three; the range is indicated.
b References: (1) Andersen and Lovo (1967); (2) Bartels et al. (1966); (3) Bauer et al. (1978); (4) Baumann and Baumann (1977); (5) Black

and Tenney (1980b); (6) Henning et al. (1971); (7) Hirsowitz et al. (1977); (8) Holle et al. (1977); (9) Lapennas and Reeves (1983); (10) Meyer
et al. (1978); (11) Morgan and Chichester (1935); (12) Powell (1983); (13) Scheipers et al. (1975); (14) Wells (1976); (15) Maginnis and Kilgore (1989).
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Because the combination of O2 with hemoglobin is hormone erythropoietin (EPO). EPO is released from
cells in the kidneys in response to decreases in arteriala chemical reaction which releases heat, increased tem-

perature reduces the affinity of hemoglobin for O2. This O2 levels (Sturkie, 1986). Significant gender differences
in [Hb], for example, chickens are explained by thefacilitates O2 off-loading at exercising muscle with rela-

tively high temperatures. It has also been hypothesized effects of sex hormones on hematocrit (Sturkie, 1986).
to facilitate O2 on-loading in the lungs of birds flying
at high altitude, when high rates of ventilation with

5. Frontiers: Hemoglobin Molecular Engineeringextremely cold air might cool the respiratory exchange
surfaces (Faraci, 1991, 1986). However, experiments to Hemoglobin–O2 affinity is generally greater in birds
date have not been able to demonstrate decreased tem- native to high altitude compared to those living at low
perature of blood in the lungs. The effect of temperature altitudes (Black and Tenney, 1980b; Jessen et al., 1991;
on P50 in birds is similar to the effect in mammals (Ta- Petschow et al., 1977). For example, P50 in the bar-
ble 4). headed goose, which lives at high altitude in Tibet and

In general, P50 in avian blood is greater than in mam- migrates across the Himalayas to India, is 10 Torr less
malian blood. Table 4 shows P50 values for several com- than P50 in the closely related greylag goose, which lives
mon avian species in the 40-Torr range, while P50 in on the Indian planes year round (Petschow et al., 1977).
comparably sized mammals are nearer 30 Torr. Some Low P50 should enhance O2 loading in the lungs in
studies have used erythrocyte suspensions (Lutz, 1980), extreme hypoxia (Bencowitz et al., 1982). Amino acid
and this might explain the low P50 values they have sequences from the bar-headed goose and greylag goose
found. However, determinations of P50 in avian hemo- revealed a single substitution on one of the four hemo-
globin solutions agree well with other published values globin subunits, where two a- and two b-chains compose
for whole blood; for example, in pigeons (Powell, a hemoglobin molecule (Allen, 1983). This led molecu-
1983b). Because the efficiency of O2 uptake in the avian lar biologists to hypothesize that the substitution creates
lung is greater than mammals, birds may have evolved a two-carbon gap at the contact point between a1- and
blood with low O2 affinity to maximize O2 delivery in b1-chains and increases O2-affinity by relaxing tension
tissue. in the hemoglobin molecule in its deoxygenated state.

Developmental changes in hemoglobin–O2 affinity To test this idea, the researchers introduced the
are explained by differences in the type of hemoglobin amino acid substitution into human globin synthesized
expressed in an individual. For example, the dramatic in the bacteria Escherichia coli and studied the reconsti-
decrease of P50 in chickens, from 75 Torr at 8 days to tuted hemoglobins. The engineered hemoglobins com-
35 Torr at 14 to 16 days of development, is explained

bined in the normal cooperative fashion with O2, but
by the replacement fetal hemoglobin with adult hemo-

their P50 differed even more than the difference found
globin expressed in the erythrocytes (Baumann and

between bar-headed and greylag geese. Structural stud-
Baumann, 1978).

ies of the crystallized hemoglobins confirmed the gap
between the individual chains predicted from the amino

4. Factors Affecting O2 Capacity acid sequence data. Such discoveries raise interesting
possibilities for improving respiratory function throughChanges in hemoglobin concentration [Hb] in blood
genetic engineering.will change the O2 capacity and therefore the O2 concen-

tration at any PO2
as described above. Hemoglobin con-

centration depends on both the mean corpuscular hemo- B. Carbon Dioxide
globin concentration (MCHC) and the hematocrit.

Carbon dioxide–blood equilibrium (or dissociation)Typical hematocrit and [Hb] values are given in Table
curves are nonlinear, but they have a different shape4; [Hb] is expressed as g/100 ml of blood instead of mM
and position than O2–blood equilibrium curves (Figurebecause the molecular weight was not known for all
8). Carbon dioxide is carried in three forms by blood, sohemoglobins when they were originally measured. Typi-
CO2 concentrations in blood are generally much highercal values for MCHC in birds are 30 to 40 g Hb/100 ml
than O2 concentrations. This results in a smaller rangeof erythrocytes (Palomeque et al., 1979), similar to the
of PCO2

values in the body, compared to the rangeMCHC in mammals.
PO2

values, although the differences between arterialIf [Hb] decreases (for example, with decreased hema-
and venous concentrations are similar for CO2 and O2.tocrit in anemia) then O2 capacity and concentration
The resulting physiological CO2 dissociation curve be-decreases at any given PO2

. The O2 capacity increases
tween the arterial and venous points is much more linearwhen [Hb] increases, for example, by the stimulation

of red blood cell production in bone marrow by the than the physiological O2 dissociation curve (Figure 8).
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O2 equilibrium curve (see Section IV,A,3). Hydrogen
ions and O2 can be thought of as competing for hemoglo-
bin binding, so increasing O2 decreases the affinity of
hemoglobin for H1 (Haldane effect), and increased [H1]
decreases the affinity of hemoglobin for O2 (Bohr
effect).

The physiological advantages of the Haldane effect
are to promote unloading of CO2 in the lungs when
blood is oxygenated, and CO2 loading in the blood when
O2 is released to tissues. The Haldane effect also results
in a steeper physiological CO2–blood equilibrium curve
(Figure 8), which has the physiological advantage of
increasing CO2 concentration differences for a given

FIGURE 8 CO2–blood equilibrium curves from the duck. Upper PCO2
difference. Finally, the Haldane effect can cause

(deoxygenated blood) and lower (oxygenated blood) curves are de-
apparent negative blood-gas CO2 gradients when it isrived from in vitro equilibration of blood samples. Heavy line is the
amplified by cross-current gas exchange in avian lungsphysiological or in vivo dissociation curve from unanesthetized undis-

turbed birds. It illustrates the changes in CO2 content (CCO2
) in blood (see Section V,B,2).

as it changes from arterial blood to venous blood in the tissue capillar-
ies. (Reprinted from Respir. Physiol. 24, G. Scheipers, T. Kawashiro,

C. Acid–Baseand P. Scheid, Oxygen and carbon dioxide dissociation of duck blood,
Copyright (1975), with permission from Elsevier Science.)

The chemical equilibrium between CO2 and H1/
HCO3

2 ions has tremendous implications for acid–base
1. Forms of CO2 in Blood physiology. Every mole of metabolic CO2 produced re-

sults in one mole of acid, and over 95% of this acid isCarbon dioxide solubility in water or plasma is 0.0278
excreted by the lungs (Skadhauge, 1983). The ability tomM/Torr, or about 20 times more soluble than O2. Still,
change blood PCO2

levels rapidly by changing ventilationdissolved CO2 only contributes about 5% of total CO2
has a powerful effect on blood pH, so acid–base balanceconcentration in arterial blood. Carbon dioxide can also
depends on the integrated function of respiratory andcombine with terminal amine groups in hemoglobin to
renal systems.form carbamino compounds (see Section IV,A,3). Bi-

carbonate ion (HCO3
2) is the most important form of

CO2 carriage in blood. Carbon dioxide combines with 1. Henderson-Hasselbalch Equation
water to form carbonic acid and this dissociates to

This equation describes the relationship betweenHCO3
2 and H1:

PCO2
, pH, and [HCO3

2] in blood as:
CO2 1 H2O ↔ H2CO3 ↔ HCO3

2 1 H1

pH 5 pKa 1 log([HCO3
2]/aPCO2

)
Carbonic anhydrase is the enzyme that catalyzes this

reaction and it occurs mainly in red blood cells (Maren, where pKa is -log10 of Ka, the dissociation constant for
1967). The reaction is almost instantaneous with car- carbonic acid; [HCO3

2] is bicarbonate concentration in
bonic anhydrase, but the uncatalyzed reaction will occur mEq/liter or mM; and a is the physical solubility for
much more slowly in any aqueous medium (requiring CO2 in water. A normal value for arterial pH (pHa) in
over 4 min for equilibrium). The rapid conversion of chickens is 7.52 (Table 5), which can be calculated from
CO2 to bicarbonate results in about 90% of the CO2 pKa 5 6.09 and aCO2

5 0.03 mM/Torr in chicken plasma
in arterial blood being carried in that form. The H1

at 418C (Helbacka et al., 1963), arterial PCO2
5 33 Torr

produced from CO2 reacts with hemoglobin and affects (Table 5), and arterial [HCO3
2] 5 27.2 mM. The buffer

both the O2 dissociation curve (Bohr effect) and CO2 value for plasma in ducks is similar to the value for
dissociation curve as described next. humans (Scheipers et al., 1975) if corrections are made

for differences in [Hb]. At pH 5 7.5, the [H1] is only
2. Factors Affecting Blood–CO2 Equilibrium Curves 30 nM, or significantly less than many other important

ions in the body, such as Na1, Cl3
2, HCO3

2, which occurHemoglobin–O2 Saturation is the major factor affect-
in the millimolar range. Small changes in pH, corres-ing the position of the CO2 equilibrium curve. The Hal-
ponding to very small changes in [H1] (see Chapter 7),dane effect increases CO2 concentration when blood is
can lead to dramatic changes in physiological function.deoxygenated, or decreases CO2 concentration when

The Henderson-Hasselbalch equation shows how theblood is oxygenated, at any given PCO2
(Figure 8). The

physiological control of pH depends on the ratio ofHaldane effect is actually another view of the same
molecular mechanism causing the Bohr effect on the [HCO3

2] to [aPCO2
]. Notice that a normal pH can occur
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TABLE 5 Gas Exchange Variables in Awake Resting Birdsa

Female domestic Muscovy duck
Reference Pigeon (1) fowl (2) Pekin duck (3) (4) (Cairina moschata) (4)

Mb 0.38 1.6 2.37 2.4 2.16
M
?

o2 (mmol/min) 0.35 1.09 1.67 — —
fr (min21) 27.3 23 15.6 8.2 10.5
Vt (ml) 7.5 33 58.5 98 69
V
?

e (L/min) 0.204 0.760 0.910 0.807 0.700
Q
?

(L/min) 0.127 0.430 0.423 0.973 0.844
PeO2

(Torr) — 101.8 — 100.1 96.6
PaO2

(Torr) 95 87 100 93.1 96.1
Pv̄O2

(Torr) 50 40.8 69.6 63.3 55.9
PeCO2

(Torr) — 33.0 — 34.2 34.2
PaCO2

(Torr) 34 29.2 33.8 36.3 35.9
Pv̄CO2

(Torr) — 39.3 — 37.3 42.6

a Data collected from birds in body plethysmographs except references (2) and (4), which used endotracheal tubes in lightly restrained upright
birds. M

?
o2 not given for reference (4) because mixed-expired gases were not measured.

b References: (1) Bouverot et al. (1976); (2) Piiper et al. (1970); (3) Bouverot et al. (1979); (4) Jones and Holeton (1972).

with a variety of [HCO3
2] and PCO2

values; so, for exam- librium curve is relatively flat and small O2 content
changes cause large changes in PO2

(Scheid and Kawa-ple, pH 5 7.52 in a chicken does not necessarily indicate
normal acid–base status. The primary cause of a chronic shiro, 1975). Sampling delays may also explain reports

of 0 Torr PO2
values in mixed venous blood from pigeonsacid–base disturbance cannot be determined from

PCO2
, pH, and [HCO3

2] data alone. Other details of the at simulated high altitude (Weinstein et al., 1985).
In addition to sampling delays, care must be takendisease history, pulmonary function, or blood chemistry

must be obtained for a proper diagnosis. to perform the analysis at body temperature, which is
usually greater than the human value of 378C, or toThe respiratory system controls pH primarily by

changing arterial PCO2
(PaCO2

). PaCO2
is determined by apply temperature correction values established for

avian blood (Kiley et al., 1979). Also, a blood gas correc-parabronchial ventilation at any given metabolic rate
(see Section V,B). Increasing ventilation will decrease tion factor needs to be established with a tonometer to

account for differences in PO2
measured in the liquidPaCO2

and increase pHa, while decreasing ventilation
will have the opposite effects. Therefore, ventilation is phase after calibrating electrodes with a gas phase

(Nightingale et al., 1968). These, and other factors whichan extremely effective mechanism for changing pHa
quickly, and ventilatory reflex responses to pH are the may affect O2–hemoglobin saturation measurements,

have been discussed in other reviews (e.g., Powell andmost important physiological mechanisms for rapid con-
trol of pH. The kidneys can also control pH by changing Scheid, 1989).

Finally, the most important determinant of arterial[HCO3
2] independent of CO2 changes, as described in

Chapter 7, but renal changes in pH generally take longer blood gas values is the physiological state of the bird.
Tables 5 and 6 present arterial blood gases for severalthan respiratory changes in pH.
species breathing room air, but these may not be ‘‘nor-
mal’’ if the bird was excited by the sampling procedure.D. Blood Gas Measurements
Remote-controlled sampling devices have been used for

Avian blood presents special challenges to the accu- resting ducks (Scheid and Slama, 1975), and this technol-
rate measurement of PO2

, PCO2
, and pH with traditional ogy could presumably be extended to other interesting

equipment designed for humans. In contrast to mam- conditions such as diving birds, which have been studied
mals, avian erythrocytes are nucleated (as are most while carrying instruments to measure the depth of a
other vertebrates) and this may be the reason for high dive and heart rate (Kooyman, 1989).
rates of O2 consumption compared to mammals. There-
fore, care must be taken to analyze arterial blood gases
in birds as soon as possible after the sample is drawn, VI. PULMONARY GAS EXCHANGE
and to correct for any decreases in PO2

with time if
necessary. Storing the samples in ice water may help if The unique anatomy of the avian respiratory system

results, theoretically, in a model of gas exchange whichimmediate analysis is not possible, but the analyzed
value can still differ from the in vivo value if any delay is more efficient than the mammalian model (Piiper and

Scheid, 1975). For a given level of ventilation to the gasoccurs, especially in normoxia where the blood–O2 equi-
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exchange surfaces (V? p), cardiac output (Q? ), and lung 2. Diffusion
diffusing capacity (DlO2

), arterial O2 loading and CO2 O2 movement over the very short distances across the
elimination are predicted to be better in a parabronchial

blood–gas barrier occurs effectively by the ‘‘passive’’
lung, compared to an alveolar lung with the same in-

mechanism of diffusion; active transport of O2 does not
spired gases and metabolic demands (Powell and Scheid,

occur in the body. Fick’s law of diffusion describes O21989). This section describes the structural and func-
transport from the air capillaries to the blood capillar-

tional basis for this model and how it actually behaves
ies as:

in nature under physiological conditions.
M? O2

5 DPO2
? DlO2

,

where DPO2
is the average PO2

gradient between the airA. Basic Principles of Oxygen Transport
capillary and blood in the pulmonary capillary and

1. Convection DlO2
is the diffusing capacity of the lung for O2. The

equation shows that a larger DlO2
can transport moreConvection, or bulk flow of gas, is used to transport

O2 for a given PO2
gradient. Determinants of DlO2

areoxygen into the lungs by ventilation and to the tissues
described in the section on lung diffusing capacity belowby blood flow. The Fick principle, which is simply con-
(see Section V,C).servation of mass applied to respiratory gas transport,

can be used to quantify O2 uptake as:
B. Cross-Current Gas ExchangeM? O2

5 V? bgO2
(PiO2

2 Pē
O2

),
1. O2 Exchange

where M? O2
is O2 uptake, V? is ventilation, bgO2

is Figure 9 shows how air flow and blood flow in the
the capacitance coefficient for O2 in the gas phase parabronchus can be viewed as occurring perpendicular
(0.512 mM/Torr at 418C), and (PiO2

2 PēO2
) is the dif- to one another, and this is the basis for describing avian

ference between inspired and mixed-expired PO2
(Piiper gas exchange with a ‘‘cross-current’’ model (Piiper and

et al., 1971; Powell and Scheid, 1989). Inspired and ex- Scheid, 1975, 1972). In this idealized model of cross-
pired ventilation are assumed equal in this formulation current exchange, air flow is assumed continuous
of the Fick principle, so the amount O2 consumed is the through the parabronchus which is uniformly perfused
difference between the amount of O2 inspired and the along its length by mixed venous blood. At the inspira-
amount expired. Mixed-expired PO2

is used when total tory end of the parabronchus, there is a large PO2
gradi-

ventilation is measured; end-expired PO2
is used if para- ent driving diffusion of O2 into the capillary blood,

bronchial ventilation (V? p) is available (see Section
V,D,1). The same principles described for O2, also apply
to CO2 exchange.

The Fick principle can be written for the cardiovascu-
lar transport of O2 out of the lungs and to the tissues also:

M? O2
5 Q? bbO2

(PaO2
2 Pv̄O2

),

where Q? is cardiac output and bbO2
is the physiological

slope of the blood–O2 equilibrium curve (see Section
IV,A,3). Hence, the amount of O2 taken up by blood
in the lungs is the difference between the amount of O2

leaving the lungs in arterial blood and the amount that
entered the lungs in mixed venous blood. In a steady
state, MO2

is equal at each step of the O2 cascade, so
the Fick principle can be rearranged to calculate M? O2

,
Q? , V? , or PO2

from measurements of other variables in
the equation. Table 5 lists the important variables for
quantifying gas exchange in several birds under resting

FIGURE 9 Cross-current model of gas exchange in the parabronchusconditions. Changes in these variables under different
as described in the text. (Bottom) How PaO2

results from a mixturephysiological conditions such as exercise, hypoxia, and
of blood from capillaries all along the parabronchus, where PO2

rangesthermal stress have been summarized in several excel- from Pi to Pe. Overlap of PO2
in gas (open arrows) and blood (filled

lent reviews (Brackenbury, 1984; Butler, 1991; Faraci, arrows) shows how PaO2
can exceed PeO2

in birds. (From Scheid, 1990,
with permission).1991; Powell and Scheid, 1989).
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which raises capillary PO2
and drops parabronchial 5). This is because of differences in the O2 and CO2

blood equilibrium curves, and the fact that CO2 is lessPO2
. As air flows along the parabronchus, the PO2

gradi-
ent driving O2 diffusion decreases with parabronchial sensitive than O2 to some of the factors limiting the

efficacy of cross-current gas exchange (Powell andPO2
, while Pv̄O2

is constant. At the expiratory end of
the parabronchus, PO2

has decreased to end-expired Scheid, 1989).
levels, and PO2

in the capillary blood leaving this part
of the parabronchus is correspondingly low. However, C. Lung Diffusing Capacity
notice that arterialized blood returning to the heart is
a mixture of capillary blood draining the entire length The diffusing capacity of the lung for O2 (DlO2

) is a
complex variable that depends on several physiologicalof the parabronchus. Therefore, arterial PO2

is greater
than end-expired PO2

in ideal cross-current gas ex- processes (Powell, 1982; Powell and Scheid, 1989).
These include gas-phase diffusion in the air capillaries,change.

A negative-expired arterial PO2
difference, shown in diffusion across the blood–gas barrier, and the chemical

reaction between O2 and hemoglobin.Figure 9 as the overlap of PO2
arrows, is not possible in

alveolar gas exchange. The best situation that can be
achieved in ideal alveolar gas lungs is equilibrium be-

1. Air Capillary Diffusion
tween expired and arterial PO2

, so (PeO2
2 PaO2

) 5 0.
However, negative-expired arterial PO2

differences are Ventilatory flow in the parabronchi prevents signifi-
cant PO2

gradients from developing in the lumen of thenot always observed in birds either (Table 5), because
of limitations to gas exchange as discussed below (see parabronchus. However, PO2

must decrease along the
length of the air capillaries, and this PO2

gradient drivesSection V,D).
Notice that the efficiency of cross-current exchange diffusion of O2 into the air capillaries (Figure 9). This

gradient is predicted to be extremely small and doesshould not depend on the direction of ventilatory flow
in the parabronchus. This is supported by experiments not present a significant limitation to gas exchange un-

der any physiological conditions (Burger et al., 1979;which reversed the direction of parabronchial flow in
ducks and chickens and found no difference in the ex- Crank and Gallagher, 1978; Scheid, 1978). In contrast

to diffusion in tissue, gas phase diffusion is an extremelypired arterial PO2
differences for O2 or CO2 (Powell,

1982; Scheid and Piiper, 1972). It is physiologically sig- effective transport mechanism over distances as long
as the air capillaries. Furthermore, air–blood capillarynificant because air flow is presumably bidirectional in

neopulmonic parabronchi (see Section II,C). exchange is enhanced by an arrangement similar to
countercurrent exchange (Scheid, 1978). Oxygen dif-
fuses from the lumen toward the periphery in air capil-

2. Cross-Current CO2 Exchange
laries, which is opposite to the direction of flow in the
blood capillaries (Figures 4 and 9). Therefore, blood atFigure 9 shows how expired PCO2

can exceed arterial
PCO2

in a parabronchus, which is also impossible in alve- the end of a capillary is equilibrating with the relatively
high PO2

levels in air capillaries near the parabron-olar gas exchange. This occurs similar to the ‘‘overlap’’
of arterial and expired PO2

as explained above. How- chial lumen.
ever, experimental observations of expired PCO2

exceed-
ing mixed venous PCO2

in birds can only be explained
2. Blood–Gas Barrier Diffusion

by an interesting interaction of O2 and CO2 exchange
in the parabronchus. Because of the shape of the O2 The effect of the blood–gas barrier on diffusion in

the lung can be evaluated by the membrane diffusingand CO2 blood equilibrium curves, the ratio of CO2

elimination to O2 uptake (R 5 respiratory exchange capacity (DmO2
), which can be estimated from morpho-

metric measurements of the lung (Maina, 1989; Powellratio) decreases near the expiratory ends of the para-
bronchus (Meyer et al., 1976). As originally postulated and Scheid, 1989). The membrane diffusing capacity is

directly proportional to the surface area and inverselyby Zeuthen (1942), this can lead to oxygenation of
mixed venous blood in expiratory ends of the parabron- proportional to the thickness of the blood–gas barrier.

These variables have been measured in several specieschi and increased PCO2
in capillaries by the Haldane

effect. Because PCO2
of oxygenated mixed venous blood of birds now, using perfusion fixation and rapid freezing

to preserve tissue for electron microscopy and stereolog-is greater than Pv̄CO2
(Figure 8), PCO2

in gas equilibrating
with such blood at the expiratory end of the parabron- ical analysis (Dubach, 1981; Maina et al., 1982, 1989;

Powell and Mazzone, 1983). The values depend on bodychus (i.e., PeCO2
) can exceed true Pv̄CO2

.
Overlap between arterial and expired PCO2

is more size (which determines metabolic levels; see Chapter 9),
but in general they show that DmO2

is larger in birdscommonly observed than overlap for O2 in birds (Table
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than in comparably sized terrestrial mammals (Maina, times in the pulmonary capillaries allowing less time for
diffusion equilibrium. Recruitment and distension are1989). For example, DmO2

in canada geese is 1.7 times
greater than a comparably sized mammal (Powell and not expected in avian lungs (see Section III,B), so mech-

anisms of increasing DlO2
in birds during exercise areMazzone, 1983). However, blood–gas barrier surface

area and thickness are similar in birds and bats of the not known.
same body size, indicating the importance of favorable
diffusion for high O2 consumption levels during flight D. Heterogeneity in the Lung
(Maina, 1989).

The avian lung is a complex structure consisting of
hundreds of parabronchi. Mismatching of ventilation,

3. O2–Hemoglobin Reaction Rates blood flow, or diffusing capacity between these func-
tional units can reduce the efficacy of gas exchange.Finite reaction rates between O2 and hemoglobin
Temporal variations in flow rates and inspired gas com-behave as an additional resistance to O2 uptake across
position can also impair gas exchange. Under normalthe blood–gas barrier. Consequently, DlO2

increases if
resting conditions at sea level, such heterogeneity inthere is more hemoglobin available with increased capil-
lung function is the most important factor reducing gaslary volume. Pulmonary capillary blood volume is simi-
exchange efficacy from ideal levels in birds and inlar in birds and terrestrial mammals of similar body
mammals.sizes, except for chickens which have a relatively low

capillary volume (Maina, 1989). Also, estimates of the
1. Physiological Dead Spacereaction rates between O2 and avian hemoglobin in birds

and mammals are similar (Phu et al., 1986). Therefore, Physiological dead space is defined as the difference
O2–hemoglobin reaction rates probably contribute a between total inspired or expired ventilation (V? e or V? i)
similar amount to diffusion resistances in avian and and effective parabronchial ventilation (VP):
mammalian lungs. In mammals, this is estimated to com-

V? dphys 5 V? i 2 V? p.prise about half of the diffusive resistance to O2 dif-
fusion. V? dphys includes anatomic dead space ventilation plus

any heterogeneity such as inspiratory or expiratory
mesobronchial shunts (see Section III,A) or ventilation4. Physiological Estimates of DLO2
to regions of the lung with high V? /Q? ratios (see Section

The diffusing capacity of the lung for O2 can be esti- V,D,3). Therefore, V? dphys considers ventilation ‘‘as if’’
mated from experimental measurements on birds if cer- total ventilation was partitioned between a single ideal
tain conditions are met to satisfy the assumptions neces- parabronchus with V? p and anatomic dead space (Scheid
sary for an ideal cross-current analysis of the data. For and Piiper, 1989).
example, measurements should be made in hypoxia, Many of the techniques used to estimate V? dphys in
where the O2–blood equilibrium curve is linear, to sat- alveolar lungs are not applicable to birds (Powell, 1988).
isfy the assumption of constant bbO2

. Physiological mea- However, with a computer model of O2 and CO2 dissoci-
surements of DlO2

which satisfy these assumptions have ation curves and cross-current gas exchange, V? p can
been made in ducks and chickens (Burger et al., 1979; be calculated from measured ventilation, mixed venous
Scheid and Piiper, 1970), and they generally agree with blood, and mixed expired gas (Hastings and Powell,
morphometric estimates (Maina and King, 1982). Physi- 1986b). V? dphys in artificially ventilated ducks was al-
ological DlO2

in ducks ranges from 38 to 68 emol/(min most 10 ml greater than anatomic plus instrument dead
Torr kg) (Hempleman and Powell, 1986). Other meth- space and two-thirds of the 15 ml anatomic dead space
ods for estimating potential diffusion limitations indi- (Hastings and Powell, 1986b). This large amount of
cate complete diffusion equilibrium for O2 in resting physiological dead space is consistent with relatively
birds (Powell and Scheid, 1989). large amounts of total ventilation going to high V? /Q?

Exercise and pharmacological stimulation of meta- regions of the lung (see Section V,D,3) and indicates
bolic rate increase DlO2

in ducks (Geiser et al., 1984; that ventilatory heterogeneity within the lung has a sig-
Hempleman and Powell, 1986; Kiley et al., 1985), and nificant impact on V? p and gas exchange.
the change is correlated closely with increased cardiac
output (Hempleman and Powell, 1986). In alveolar

2. Shunt
lungs, DlO2

increases with cardiac output by recruitment
and distension of the pulmonary capillaries, which in- Shunting of pulmonary blood flow past effective gas

exchange areas is very small in birds. As described abovecreases surface area and capillary volume. However,
these enhancements can be offset by shorter transit (see Section III,A), there are no arteriovenous anasto-
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moses in the pulmonary circulation. Shunt ranges from of ventilation go to high V? /Q? regions of the lung in some
cases (Powell and Wagner, 1982), and this contributesless than 1 to 2.7% of cardiac output in anesthetized

artificially ventilated geese and ducks, respectively, us- to physiological dead space. Heterogeneity in V? /Q? ratios
near the overall parabronchial V? /Q? ratio has a largeing inert gas methods to quantify true intrapulmonary

shunt (Burger et al., 1979; Powell and Wagner, 1982). impact on O2 exchange in birds. Compared to mammals,
V? /Q? heterogeneity is slightly greater (Powell andOxygen can be used to quantify intrapulmonary plus

extrapulmonary shunts, such as drainage of systemic Wagner, 1982) and cross-current gas exchange is more
sensitive to V? /Q? mismatching than alveolar gas ex-venous blood from bronchial or Thebesian veins into

pulmonary venous blood. Oxygen shunts average 6.3 to change (Powell and Hempleman, 1988; Powell and
Scheid, 1989). In normoxic artificially ventilated geese,8% of cardiac output in ducks, which is much greater

than would be predicted given the magnitude of Thebe- PaO2
is 25 Torr less than the ideal level predicted for

homogeneous cross-current gas exchange, and 15 Torrsian and bronchial circulations in mammals (Bickler et
al., 1986). One possible explanation for this large shunt of this difference can be explained by V? /Q? heterogeneity

(Powell, 1993). The remaining 10 Torr difference be-is the connections between the vertebral venous and
pulmonary circulations described for chickens (Burger tween measured and ideal PaO2

is hypothesized to be
caused by postpulmonary shunt. Pulmonary shunt isand Estavillo, 1977), which also occur in ducks (Bickler

et al., 1986). The sensitivity of shunts to various physio- small (Bickler et al., 1986; Powell and Wagner, 1982)
and there is no evidence for a diffusion limitation inlogical conditions have not been measured.
normoxia at rest (Powell and Scheid, 1989).

There is no difference between V? /Q? distributions
3. V? /Q? Mismatching

measured in anesthetized ducks ventilated with hypoxic
or normoxic gas mixtures (Powell and Hastings, 1983).Differences in the ventilation/perfusion ratio (V? /Q? )

between individual parabronchi is the main factor re- However, the difference between measured and pre-
dicted PaO2

is only a few Torr in hypoxia (Powell, 1993).ducing arterial PO2
from ideal cross-current levels in

birds under resting conditions at sea level (Powell and V? /Q? heterogeneity only decreases PaO2
1 Torr from

ideal cross-current levels in hypoxia because exchangeScheid, 1989). Ventilation and blood flow can differ
between parabronchi depending on small differences in occurs on the steep linear portion of the O2–blood equi-

librium curve (Powell and Scheid, 1989). The remainingresistance or pressure gradients that can occur along
the multiple parallel pathways through the lung. Physio- difference between ideal and measured PaO2

can be
explained by a small diffusion limitation that may occurlogical mechanisms, such as smooth muscle tone in the

bronchi and parabronchi (see Section II,C) or interpara- in hypoxia, and postpulmonary shunts must not be oc-
curring in hypoxia (Powell, 1993).bronchial arteries (see Section III,A), may act to reduce

such heterogeneity, but matching is never perfect. In addition to parallel V? /Q? mismatching between
parabronchi, serial V? /Q? mismatch can occur along aIt is important to point out that the effect of such

spatial V? /Q? heterogeneity on gas exchange is different single parabronchus if the longitudinal distribution of
blood flow is not even. Several studies have shown thatthan the effect of changes in the overall V? /Q? ratio. The

overall V? /Q? ratio can affect PaO2
, so, for example, de- blood flow is greater at the inspiratory ends of the para-

bronchi (Holle et al., 1978; Jones, 1982; Parry and Yates,creases in ventilation at constant cardiac output cause
decreases in PaO2

. Also, the overall V? /Q? ) ratio affects 1979). However, such serial heterogeneity does not af-
fect gas exchange unless there is a diffusion limitationthe magnitude of the arterial-expired PO2

difference in
a perfectly homogeneous cross-current gas exchanger (Holle et al., 1978; Powell and Scheid, 1989), and this

does not occur under most conditions (see Section(Powell and Scheid, 1989). However, spatial mismatch-
ing of V? /Q? ratios between parabronchi will decrease V,C,4).
PaO2

further and make the arterial-expired PO2
differ-

ence more positive than predicted for a homogeneous
4. Temporal Heterogeneity

cross-current exchanger with the same overall V? /Q? ratio;
this is analogous to increasing the ideal alveolar– Changes in instantaneous ventilation of the para-

bronchi during normal breathing could result in tempo-arterial PO2
difference in mammals.

Several techniques have been used to measure distri- ral variations in the V? /Q? ratio. In theory, this could
significantly decrease PaO2

relative to the ideal levelbutions of V? /Q? ratios in the avian lung, but they are
relatively complicated and have not been applied yet predicted for continuous ventilation (Powell, 1988; Pow-

ell and Scheid, 1989). For example, a ventilatory pauseto awake birds under many physiological conditions
(Burger et al., 1979; Hempleman and Powell, 1986; Pow- could act like a breath-hold and rapidly decrease PO2

in the small gas volume of the avian lung (Powell andell, 1988; Powell and Wagner, 1982). Significant amounts
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Scheid, 1989). However, experiments indicate that this at extreme altitudes have been reviewed elsewhere
does not occur during normal breathing because the (Faraci, 1991; Fedde, 1990).
effective parabronchial gas volume is increased by mix-
ing with larger bronchi (Scheid et al., 1977). Temporal

F. Summary of O2 and CO2 Exchange inchanges in PO2
entering the parabronchi during breath-

ing could also impact PaO2
, but the effects are predicted Avian Lungs

to be relatively small (Powell, 1988). A time-averaged
PaO2

is relatively low in birds compared to mammalsPiO2
can be calculated for the parabronchi, and it is

in resting conditions at sea level, primarily because ofsimilar to caudal air sac PO2
(Scheid et al., 1978).

heterogeneity. Diffusion limitations are not predicted
for birds or mammals under these conditions. However,
spatial V? /Q? mismatching between functional units ofE. Frontiers: Gas Exchange during
gas exchange is larger in avian lungs than in mammalianHigh-Altitude Flight
lungs. Although, cross-current gas exchange in para-

The question of how birds manage to sustain ade- bronchial lungs is more efficient than alveolar gas ex-
quate levels of O2 consumption for flight in extreme change, V? /Q? mismatching impairs cross-current ex-
hypoxia at very high altitudes has stimulated the minds change more. Postpulmonary shunts also decrease
of countless respiratory physiologists. However, a PaO2

in anesthetized birds, but the role of such shunts
smaller number of scientists have actually researched remains to be investigated under more physiological
the problem. The only study of respiratory physiology conditions. Hypoxic conditions ‘‘unmask’’ the inherent
in a bird actually flying under conditions simulating alti- efficiency of cross-current gas exchange and the para-
tude is on hummingbirds hovering in a hypobaric cham- bronchial lung may provide an advantage for birds exer-
ber (Berger, 1974). M? O2

during hovering at sea level, cising at altitude, compared to mammals.
which is less than the maximal M? O2 for a hummingbird CO2 exchange can be affected by the same factors,
(Wells, 1993), was 32 mmol/(kg min). This is greater but PaCO2

is most sensitive to changes in (V? dphys) and
than the maximal M? O2

for a comparably sized mammal. effective V? p. If O2 is not diffusion limited, then CO2Furthermore, the hummingbird was able to maintain should not be diffusion limited either because O2 and
this high level of M? O2

at 6000 m simulated altitude, while CO2 require similar times for diffusion equilibrium
maximal M? O2

is reduced to half the sea level value in (Wagner, 1977). V? /Q? mismatch and shunt increases
mammals that have been studied at this altitude (cf.

PaCO2
less than they decrease PaO2

because of differ-
Powell, 1993).

ences between the O2– and CO2–blood equilibrium
Experiments to explain the physiological basis for

curves (Powell and Scheid, 1989).such avian–mammalian differences have been limited
to studies on larger birds exercising at low levels; for
example, ducks running on a treadmill (Kiley et al.,
1985) or resting in hypoxia (Black and Tenney, 1980b). VII. TISSUE GAS EXCHANGE
Some experiments on resting birds indicate that high
levels of ventilation at extreme altitude would eliminate Oxygen moves out of systemic capillaries to the mito-
the advantage of cross-current gas exchange in compari- chondria in cells by diffusion. Therefore, O2 transport
son with alveolar exchange (Shams and Scheid, 1989). in tissues is described by Fick’s first law of diffusion,
However, these conclusions are extremely sensitive to similar to diffusion across the blood–gas barrier in
cardiac output, which varies greatly in the same species the lung:
studied during hypoxic rest in different laboratories

M? O2
5 DPO2

? DtO2
,(Black and Tenney, 1980b; Shams and Scheid, 1989).

Depending on the cardiac output, the advantage of
where DPO2

is the average PO2
gradient between capil-cross-current compared to alveolar gas exchange could

lary blood and the mitochondria, and DtO2
is a tissueincrease PaO2

a couple of Torr in birds at 11 km altitude.
diffusing capacity for O2, analogous to the lung diffusingThis is significant when the maximum PO2

gradient be-
capacity (see Section V,A,2). The main difference be-tween inspired gas and mixed venous blood is only 20
tween O2 diffusion in tissue and in the lung is thatTorr (Powell, 1993). Experiments measuring all of the
diffusion pathways are much greater in tissue. Tissuevariables necessary for a quantitative analysis of gas
capillaries may be 50 em apart, so the distance from aexchange during hard exercise in hypoxia will be re-
capillary surface to mitochondria can be 50 times longerquired to define the advantage of the avian lung at

altitude. Other factors which may allow birds to exercise than the thickness of the blood–gas barrier (,0.5 em).
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O2. For example, the P50 for hummingbirds myoglobin isA. Microcirculation
2.5 Torr (Johansen et al., 1987), so myoglobin can readily

1. Skeletal Muscle accept O2 from capillary blood. Consequently, myoglo-
bin is thought to be important for facilitating O2 diffu-Long diffusion distances can lead to significant PO2
sion in muscle, by shuttling O2 to sites far away fromgradients in muscle. Also, the PO2

gradient varies along
capillaries or toward the venous end of capillaries. Highthe length of a capillary as O2 leaves the blood and
levels of myoglobin are present in the heart and skeletalcapillary PO2

decreases from arterial to venous levels.
muscles of the diving birds (Giardina et al., 1985; WeberHowever, birds have some unique structural features in
et al., 1974), birds native to high altitudes (Fedde, 1990),the skeletal muscle microcirculation to minimize diffu-
and in hummingbirds with extremely high metabolismsion distances and enhance tissue gas exchange. For
(Johansen et al., 1987). Increases in myoglobin withexample, the number of capillaries per cross-sectional
physical training in birds provides further evidence forarea of flight muscle fiber in hummingbirds is six times
the physiological significance of myoglobin in tissue gasgreater than the value for rat soleus muscle, and the
exchange (Butler and Turner, 1988).value in pigeon flight muscle is 3 times greater (Mathieu-

Costello, 1993). This clearly decreases radial diffusion
distances for O2 leaving capillaries in birds.

C. Effects of Hypoxia and ExerciseIn addition, skeletal muscle capillaries in birds are
very tortuous and have extensive manifolds connect- Generally, decreases in O2 supply (e.g., hypoxia) or
ing capillaries running along adjacent muscle fibers increases in O2 demand (e.g., exercise) are satisfied at
(Mathieu-Costello, 1991; Mathieu-Costello et al., 1992). the tissue level by increased O2 extraction from blood
This geometry increases the exchange surface area so or increasing blood flow. This is illustrated by the Fick
the muscle fibers is functionally surrounded by ‘‘sheet’’ equation (see Section V,A,1) applied to the cardiovascu-
of capillary blood. This provides better tissue oxygen- lar system:
ation than the traditional mammalian model of straight
capillaries running along a muscle fiber (i.e., the Krogh M? O2

5 Q? (CaO2
2 Cv̄O2

).
cylinder); Krogh’s model predicts that PO2

at the venous
Increased O2 extraction from the blood decreasesend of the capillary may be zero when O2 supply de-
Cv̄O2

, but Pv̄O2
does not decrease much because thecreases or demand increases (Mathieu-Costello, 1991).

slope of the blood–O2 equilibrium curve is steep aroundChronic hypoxia further increases the capillary–fiber
the venous point (Figure 7). High Pv̄O2

levels are advan-surface area contact for aerobic flight muscles in pigeons
tageous by keeping average capillary PO2

levels high to(Mathieu-Costello and Agey, 1997).
drive O2 diffusion into tissue. Oxygen consumption isThe effects of hypoxia and exercise on skeletal mus-
maintained in duck skeletal muscle during hypoxia with-cle tissue gas exchange are considered in a separate
out any change in blood flow (Grubb, 1981). Duringsection below (see Section VI,C).
severe hypoxia in resting ducks and bar-headed geese,
CvO2

can be less than 0.5 mM (Black and Tenney,2. Cerebral Circulation
1980b). This suggests nearly complete O2 extraction,

Most evidence indicates cerebral blood flow increases although such low venous O2 values could also result
with hypoxia, but does not change with CO2 in birds from measurement error (see Section IV,E). Oxygen
(Faraci, 1991). This results in significant improvements extraction in the cerebral and coronary circulations is
in tissue O2 delivery during hypoxia (Faraci et al., 1984; not known for birds.
Grubb et al., 1977). In mammals, hypoxia also increases In exercising birds, extraction and blood flow increase
cerebral blood flow, but this is partially offset by a vaso- to satisfy metabolic demands (Faraci, 1986; Faraci et al.,
constrictor effect of the decrease in PaCO2

that accompa- 1984; Fedde, 1990). Increasing blood flow helps main-
nies the reflex increase in ventilation during hypoxia

tain high average capillary PO2
because it raises mixed

(see Section VII,C,2). This difference in cerebral vascu-
venous O2 concentration for any given arterial concen-lar control may help explain how some birds are able
tration and O2 consumption (see equation above). In-to tolerate severe hypoxia better than some mammals
creases in blood flow are also observed in the ventilatory(Faraci, 1986).
muscles of resting birds during hypoxia, which presum-
ably reflects increased work in these muscles during

B. Myoglobin increased breathing (Faraci, 1986). Under some ex-
treme conditions of hypoxic exercise, muscle blood flowMyoglobin is an O2-binding protein, similar to a sin-
or tissue O2 diffusion may actually limit maximal M? O2

gle polypeptide chain of the hemoglobin molecule (see
Section IV,A,1), which has an extremely high affinity for in birds (Fedde et al., 1989).
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VIII. CONTROL OF BREATHING nervous system (CNS), and (3) a motor or efferent com-
ponent.

This topic bridges respiratory physiology and neuro-Breathing originates as rhythmic motor output from
science, but the emphasis here is on respiratory aspectsthe central nervous system. This basic respiratory
and ventilatory reflex responses to changes in bloodrhythm is modulated by several reflexes, in response to
gases, often called the ‘‘chemical control of ventilation.’’changes in activity and the environment. These reflexes
Several excellent reviews cover more details about theare examples of negative feedback control and tend to
neuroscience of ventilatory control and control ofmaintain normal arterial blood gases and pH (Table 6).
breathing under different physiologic conditions (Bouv-For example, if dead space increases, then PaCO2

will
erot, 1978; Davey and Seller, 1987; Gleeson and Molony,increase if ventilation is constant. However, increased
1989; Jones and Milsom, 1982; Powell, 1983b; ScheidPaCO2

stimulates an increase in tidal volume, which com-
and Piiper, 1986).pensates for the increased dead space and returns

PaCO2
toward the control value. Like all reflexes, the

A. Respiratory Rhythm Generationventilatory reflexes include (1) a sensory or afferent
component, (2) an integrating component in the central The basic respiratory rhythm is generated by a ‘‘cen-

tral pattern generator,’’ composed of networks of neu-
rons in the brainstem of the (CNS). Respiratory rhythm

TABLE 6 Arterial Blood Gases and pH in Unanesthetized can be measured in neural outputs from isolated hind-
Birds Breathing Air brain of chicks (Fortin et al., 1994), and transecting the

brainstem between the XIth and XIIth cranial nerveBird Po2
(Torr) Pco2

(Torr) pH
roots results in apnea and eventual death in pigeons

Female Black Bantam chickena — 29.9 7.48 (von Saalfeld, 1936). Reciprocal inhibition between
Female White Leghorn 82 33.0 7.52 medullary inspiratory and expiratory neurons are a com-

chickend

mon feature in birds (Peek et al., 1975), but recent evi-Male White Rock chickena — 29.2 7.53
dence in mammals indicates that respiratory rhythmMallard duckf 81 30.8 7.46
generation can occur without inhibitory synaptic inter-Muscovy duckd 82 38.0 7.49

Muscovy ducke 96.1 35.9 7.46 actions and pacemaker cells may be involved (Smith et
Pekin duckc 93.5 28.0 7.46 al., 1991). Other CNS structures important for sending
Pekin duckg 100 33.8 7.48 motor outputs to ventilatory muscles in birds (Table 2)
Emul 99.7 33.5 7.45 have been identified with stimulation experiments toBar-headed goosec 92.5 31.6 7.47

study vocalization (e.g., Peek et al., 1975) and pantingDomestic gooseb 97 32 7.52
(e.g., Richards, 1971) in chickens or pigeons (Davey andHerring gulla — 27.2 7.56

Red-tailed hawkk 108 27.0 7.49 Seller, 1987).
Burrowing owlm 97.6 32.6 7.46
White pelicana — 28.5 7.50 B. Sensory InputsAdelie penguini 83.8 36.9 7.51
Chinstrap penguini 89.1 37.1 7.52 1. Central Chemoreceptors
Gentoo penguini 77.1 40.9 7.49
Pigeonn 95 30 7.503 In mammals, relatively discrete regions on the ven-
Roadrunnera — 24.5 7.58 trolateral surface of the medulla in mammals show che-
Abdim storkj — 27.9 7.56 mosensitivity to changes in PaCO2

and local pH. These
Mute swanh 91.3 27.1 7.50 so-called central chemoreceptors can explain most ofTurkey vulturea — 27.5 7.51

the reflex increase in ventilation when PaCO2
increases

in mammals (Bouverot, 1978). Central chemoreceptorsa Calder and Schmidt-Nielsen (1968).
have not been identified by neurophysiological or ana-b Scheid et al. (1991).
tomic methods in birds. However, conscious ducks in-c Black and Tenney (1980).

d Kawashiro and Scheid (1975). crease ventilation when PaCO2
is increased in blood per-

e Jones and Holeton (1972). fusing only the head, indicating an important
f Butler and Taylor (1983). physiological role for central chemoreceptors in birds
g Bouverot et al. (1979). (Milsom et al., 1981; Sèbert, 1979).h Bech and Johansen (1980).
i Murrish (1982).

2. Arterial Chemoreceptorsj Marder and Arad (1975).
k Kollias and McLeish (1978).

Arterial chemoreceptors are sensitive to changes inl Jones et al. (1983).
PaO2

, PaCO2
, and pH, and they explain all of the ventila-m Kilgore, D. L., F. M. Faraci, and M. R. Fedde (unpublished data).

n Powell (1983). tory response to hypoxia in birds and mammals (Bouv-



4219 / c10-257 / 08-04-99 14:49:46

Chapter 10. Respiration 257

erot, 1978). They are also important for the ventilatory The cell types and ultrastructure of the avian and mam-
response to CO2 and pH. The carotid bodies are very malian carotid bodies are similar (reviewed by Gleeson
small (,1-mm diameter) organs located bilaterally in and Molony, 1989), and similar chemoreceptor mecha-
the thorax between the carotid artery and the nodose nisms on glomus cells in the carotid body probably ex-
ganglion of the vagus nerve (Adamson, 1958). They are plain PO2

and PCO2
/H1 sensitivity in both classes. How-

richly perfused by a branch of the carotid artery, and ever, cellular mechanism of arterial chemosensitivity are
they are innervated by a branch of the vagus. Carotid not completely understood (Gonzales et al., 1995).
bodies are near the parathyroid and ultimobranchial
glands in birds and are enveloped within the parathyroid 3. Intrapulmonary Chemoreceptors (IPC)
gland in some species (Kobayashi, 1969; Yamatsu and
Komeda 1995); the physiological significance of this asso- In contrast to mammals, the lungs of birds (and rep-
ciation is unknown. Arterial chemoreceptors have also tiles) contain intrapulmonary chemoreceptors (IPC)
been identified in other regions of the neck, along the which respond to physiological changes in PCO2

(Burger
carotid artery and aorta by anatomical and physiological et al., 1974; Fedde et al., 1974a; Peterson and Fedde,
methods (reviewed by Gleeson and Molony, 1989). 1968). The sensory endings of IPC have not been identi-

Figure 10 shows the response of carotid body arterial fied (reviewed by Gleeson and Molony, 1989), but physi-
chemoreceptors to changes in PaO2

and PaCO2
in a duck. ological evidence indicates that these vagal afferents

Afferent information about hypoxia or hypercapnia is have multiple endings in the parabronchial mantle at
transmitted to the CNS via the vagus nerve as increased several points along the length of one or more parabron-
frequency of action potentials from the carotid body. chi (Hempleman and Burger, 1984). IPC can also re-
The pattern of action potential firing can differ in single spond to changes in CO2 delivery to the lung by the
chemoreceptors depending on the stimulus modality pulmonary arteries (Banzett and Burger, 1977). Figure
(O2 versus CO2) but the physiological significance of 11 shows how IPC are stimulated by decreases in
this is not known (Nye and Powell, 1984; Powell and PCO2

, in contrast to arterial chemoreceptors, which are
Hempleman, 1990). Avian arterial chemoreceptors can inhibited by hypocapnia. However, increases in IPC ac-
also respond to oscillations in PaO2

, PaCO2
, and pH which tivity cause ventilation to decrease, so the reflex re-

can occur during breathing (Hempleman et al., 1992). sponse to CO2 is similar in direction for central, arterial,
and intrapulmonary chemoreceptor reflexes (see Sec-
tion VII, C). The mechanism of chemoreception in IPC
is unknown, but it may involve intracellular pH changes
(Scheid et al., 1978). IPC respond to changes in extracel-
lular pH in the blood (Powell et al., 1978b).

IPC are extremely sensitive to changes in PCO2
, and

show large overshoots or undershoots in action potential

FIGURE 11 Average frequency of action potentials for IPC (n 5

54) exposed to CO2 levels ranging from 7 to 82 Torr. (Reprinted
from Respir. Physiol. 33, P. C. G. Nye and R. E. Burger, ChickenFIGURE 10 Average frequency of action potentials (6 SEM) for

arterial chemoreceptors (n 5 314) in domestic ducks exposed to intrapulmonary chemoreceptors: Discharge at static levels of intrapul-
monary carbon dioxide and their location, pp. 299–322, Copyrightdifferent combinations of PaO2

and PaCO2
. (S. C. Hempelman and

F. L. Powell, unpublished.) (1978), with permission from Elsevier Science.)
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frequency with the kinds of periodic changes in PCO2
altitude, are influenced by CO2, so it is important to
understand the response to CO2. Figure 12 shows howthat occur in the lung during normal breathing (Fedde
ventilation increases with increasing inspired CO2 inet al., 1976; Scheid et al., 1978). This makes IPC well
conscious ducks. Most species show increased tidalsuited for fine tuning the pattern of ventilation, similar
volume but the frequency response can vary (Bouverot,to the role of vagal pulmonary stretch receptors in mam-
1978). At low levels of inspired CO2, ventilation in-mals (see Section VII,C). However, in contrast to mam-
creases sufficiently to maintain PaCO2

at normal levelsmalian pulmonary stretch receptors, which are sensitive
(Osborne and Mitchell, 1978). Decreases in PaCO2

orto mechanical stimuli and PCO2
, avian IPC are not sensi-

intrapulmonary PCO2
can decrease ventilation also.tive mechanical stretching of the lung (Bouverot, 1978;

Hence, when ventilation is increased by another stimu-Fedde et al., 1974b).
lus, such as hypoxia or hyperthermia, the decrease in
PaCO2

will act to inhibit ventilatory drive, and ventilation
4. Other Receptors Affecting Breathing will be the net result of stimulation and inhibition.

Central chemoreceptors contribute to the ventilatoryVentilation also respond to changes in activity from
response to PaCO2

as described above (see Sectionair sac mechanoreceptors, thermal receptors in the spi-
VII,B,1). Arterial chemoreceptors play an importantnal cord, proprioceptors in the skin and maybe skeletal
role in the response to dynamic changes in PaCO2

(Feddemuscle, upper airway receptors sensitive to irritants,
et al., 1982; Jones and Purves, 1970; Seifert, 1986), suchcold and water, and, perhaps, arterial baroreceptors (re-
as PaCO2

oscillations which may occur during breathingviewed by Gleeson and Molony, 1989).
and perhaps also in the response to static changes in
PaCO2

(Gleeson and Molony, 1989). IPC may also con-
C. Ventilatory Reflexes tribute to the ventilatory response to changes in PaCO2

,
although their role in this response is controversial1. CO2 Response
(Bouverot, 1978; Gleeson and Molony, 1989). Experi-

Most birds are not normally exposed to increases in mental evidence seems to favor a role for IPC in deter-
ambient CO2 levels, except perhaps in specialized nests mining the pattern of breathing, but not the overall level
or burrows. However, ventilatory responses to common of ventilation in conditions where PaCO2

increases (re-
viewed by Gleeson and Molony, 1989). IPC are wellstimuli, such as exercise, hot or cold temperatures, and

FIGURE 12 Ventilatory response to inhaled CO2 in awake muscovy ducks (Cairina moschata).
V
?

e, expired ventilation; V
?

t, tidal volume; fresp, frequency. (Reprinted from Respir. Physiol.
35, F. L. Powell, M. R. Fedde, R. K. Gratz, and P. Scheid, Ventilatory responses to CO2 in
birds. I. Measurements in the unanesthetized duck, pp. 349–359, Copyright (1978), with permis-
sion from Elsevier Science.)
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suited to sense breath-by-breath changes in ventilation may stimulate respiratory centers directly. For example,
neural signals to locomotor muscles may also stimulateas PCO2

changes in the rigid avian lung. Therefore, IPC
may play a similar role in the control of breathing to ventilatory muscles and could contribute to some of the

phase locking between wing beats and respiration (Funkpulmonary stretch receptors in the alveolar lungs, which
also sense instantaneous changes in ventilation as et al., 1992a,b). Feedback from chemoreceptors prevents

ventilation from increasing too much. PaCO2
usually de-changes in lung volume.

creases in exercising birds (Kiley et al., 1979), and this
hypocapnia would be even worse if ventilatory chemore-

2. Hypoxic Ventilatory Response
flexes did not inhibit ventilation. Other ventilatory stim-
uli such as body temperature and hypoxia at altitudeThe ventilatory response to acute decreases in

PaO2
is absent without intact arterial chemoreceptors can modify the response to exercise (reviewed by Glee-

son and Molony, 1989).PaCO2
(Jones and Purves, 1970; Seifert, 1896). The hyp-

oxic ventilatory response (ventilation versus PaO2
) is

similar in birds and mammals (Black and Tenney, 1980b; References
Bouverot, 1978), and the response curve has a similar
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and D. M. McDonald, eds.), pp. 247–253. Springer-Verlag, New Sèbert, P. (1979). Mise en evidence de l’action centrale du stimulus
CO2[H1] de la ventilation chez le Canard Pekin. J. Physiol. ParisYork.

Powell, F. L., Hastings, R. H., and Mazzone, R. W. (1985). Pulmonary 75, 901–909.
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I. A Review of Reviews 265 Dantzler (1989), Gerstberger and Gray (1993), Skad-
hauge (1993), Elbrønd et al. (1993), and Brown et al.II. Introduction 265

III. Intake of Water and Solutes 266 (1993). These reviews are often referenced in the pres-
ent chapter for the sake of conciseness; the reviewsA. Drinking 266

B. Solute Intake 267 themselves should be consulted for additional refer-
IV. The Kidneys 267 ences to the primary literature.

A. Anatomy 267
B. Physiology 270

II. INTRODUCTIONV. Extrarenal Organs of
Osmoregulation: Introduction 282

Avian osmoregulation—regulation of the balance ofVI. The Lower Intestine 283
water and electrolytes—involves the interacting contri-A. Introduction 283
butions of a number of organs and organ systems, in-B. Transport Properties of Coprodeum, Colon,
cluding the kidneys, intestinal tract, salt glands (whenand Cecum 283
present), and skin and respiratory tracts (as routes ofC. Postrenal Modification of Ureteral

Urine 287 evaporative water loss). Among these, the kidneys are
VII. Salt Glands 288 usually considered the primary organs of regulation.

A. Anatomy 288 However, the kidneys empty their output into the lower
B. Function 289 intestine, after which the urine may reside in and be
C. Contribution of the Salt Glands modified by the coprodeum, colon, and ceca; function

to Osmoregulation 290 of the kidney must therefore be integrated with these
VIII.Evaporative Water Loss 291 latter organs. Furthermore, under some circumstances

References 291 (and in some species) the salt glands subsume a primary
osmoregulatory role, and the majority of total water loss
may in fact be evaporative, not excretory. The present
chapter will focus most heavily on anatomical and func-

I. A REVIEW OF REVIEWS tional organization of the kidneys and cloaca, but will
also examine the physiology of these other organs of

Recent reviews of topics in avian osmoregulation osmoregulation.
can be found in Skadhauge (1981), Wideman (1988), Before discussing the physiological mechanisms of

regulation, it is worth considering the normal physio-Hughes and Chadwick (1989), Braun and Duke (1989),

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.265



4219 / c11-266 / 08-06-99 14:16:27

David L. Goldstein and Erik Skadhauge266

loss of cellular water induced by a rise in extracellularTABLE 1 Typical Normal Values of Some
fluid osmolality) are localized in periventricular regionsRegulated Osmoregulatory Variablesa

of the hypothalamus (Thornton, 1986a; Kanosue et al.,
Total body water 60–70 ml/100 g body mass 1990). Their response may be specific to the Na1 concen-
Extracellular fluid 20–25 ml/100 g body mass tration in the cerebrospinal fluid, rather than to the

volume
total osmolarity (Thornton, 1986b; Kanosue et al.,Plasma volume 3.5–6.5 ml/100 g body mass
1990).Plasma osmolality 320–370 mosmol/kg water

Plasma Na1 150–170 meq/liter The stimulation of drinking by extracellular dehydra-
Plasma K1 2–5 meq/liter tion (loss of extracellular fluid volume) can be demon-
Plasma uric acid 0.1–1 mmol/liter

strated through the effects of hemorrhage or injection
into various fluid compartments of a nonabsorbed, os-aValues are typical for adult birds. Data are
motically active compound such as polyethylene glycol.taken primarily from Skadhauge (1981), which

should be consulted for references to original litera- Both of these manipulations elicit responses consistent
ture; the ranges presented encompass most of the with the interpretation that the receptors (presumably
variability among data compiled in that review. mechanoreceptors sensitive to stretch or tension) are in

the extravascular (interstitial), rather than the vascular,
compartment of the extracellular fluid (Kaufman and

logic state—what is it that is protected by the osmoregu- Peters, 1980; Takei et al., 1989). The diposgenic effects
latory systems. Table 1 provides normal values for sev- of extracellular volume depletion may be mediated by
eral of these variables. angiotensin II (Takei et al., 1989).

Angiotensin II, administered either centrally (into
the cerebrospinal fluid) or peripherally, elicits drinking

III. INTAKE OF WATER AND SOLUTES in a wide variety of birds (Takei et al., 1989). The pri-
mary sites of action of this hormone appear to be the pre-

A. Drinking optic area and subfornical organ (Takei, 1977; Gerst-
berger et al., 1987, Simon et al. 1992). The angiotensinMany birds (especially carnivores and frugivores)
II reaching these circumventricular regions may crossroutinely acquire all of the water they require through
their incomplete blood–brain barrier or may arise fromtheir food; a few species, particularly small, xerophilic
a local, independent brain renin–angiotensin system.birds, can survive on the metabolic water produced

In addition to angiotensin II, other compounds withinfrom a dry diet even in the absence of drinking water
the brain may be involved within the brain in eliciting(Bartholomew, 1972). For most birds, though, drinking
drinking. At least some pathways between dipsogenicremains an important route of water intake.
centers in the brain (e.g., connecting preoptic area andThe rate of drinking by birds in the laboratory follows
subfornical organ) appear to use adrenergic nerve fibersa regular relation with body mass: birds weighing 100 g
(Takei et al., 1989, Denbow and Sheppard 1993). Aor more drink approximately 5% of body mass per
variety of peptides can either stimulate or inhibit drink-day, but at progressively smaller body masses drinking
ing in birds (Takei et al., 1989), though the physiologicalrate rises, to about 50% per day for birds 10–20 g (Bar-
significance of these compounds is not clear.tholomew and Cade, 1963; Skadhauge, 1981, Chapter

When birds are dehydrated, all of the stimuli for2). Birds with salt glands, drinking saline water, may
drinking (intracellular and extracellular dehydrationdrink substantially more than those without salt glands,
and angiotensin II) are elicited simultaneously. Whenusing some of the water to excrete (via the salt glands)
dehydrated birds regain access to water, they may drinkthe ingested salt and thereby retaining a volume of pure
substantially more water than required to restore theirwater (Hughes et al., 1989). Except for those species
cellular and extracellular water deficits (Takei et al.,which are able to survive without any drinking water
1988; Goldstein, 1995). However, much of this water is(see Krag and Skadhauge, 1972; Skadhauge and Brad-
excreted in a dilute urine (Goldstein, 1995) or is ab-shaw, 1974), minimum water requirements are typically
sorbed slowly from the intestinal tract, and so aspectsone-third to one-half of the ad libitum drinking rate
of fluid balance may remain in deficit despite the copious(Skadhauge, 1981).
intake. In these circumstances, restoration of cellularThe physiological stimuli which initiate drinking are
fluid balance (osmolality) and distension of the intesti-threefold: cellular dehydration, extracellular dehydra-
nal tract with water appear to terminate drinking, evention, and angiotensin II. The osmoreceptor cells which

respond to cellular dehydration (i.e., to an osmotic while blood volume remains depressed and angiotensin
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II levels remain elevated (Takei et al., 1988). With ure 1) is defined as a medullary cone and the region of
drinking as with release of antidiuretic hormone (see cortex that it drains. The number of kidney lobules, both
below), the osmolarity of the extracellular fluid is a absolutely and per gram of kidney, varies substantially
more potent stimulus (is more closely regulated) than among species ( Johnson and Mugaas, 1970; Goldstein
its volume. and Braun, 1989).

B. Solute Intake 2. Nephron Types and Numbers

At least one bird, the pigeon (Columba livia), ex- The structure of avian nephrons is highly heteroge-
presses a salt appetite in response to sodium depletion neous. The smallest nephrons are located toward the
(Epstein and Massi, 1987). This response appears to surface of the lobule (Figure 1) and have simple glomer-
depend on a synergistic action of angiotensin II and uli (Figure 2a). Because they resemble nephrons of
aldosterone (Massi and Epstein, 1990). In a variety of reptilian kidneys, particularly in that they lack loops of
other birds, drinking rates may increase with increasing Henle, these nephrons have been termed reptilian-type
salinity of the drinking water, with maximal drinking (RT) nephrons (Huber, 1917). Nephron size increases
rates typically at 0.15–0.3 M NaCl (see review in Skad- progressively with depth from the kidney surface. Those
hauge, 1981, Chapter 2). The maximum saline concen- located most deeply have larger, more complex glomer-
tration that is drunk voluntarily is likely set by the bird’s uli (Figure 2b) and do include a loop of Henle, leading
ability to extract free water, which results from the bal- to the name mammalian-type (MT) nephron. Between
ance between renal concentrating ability and other definitive RT and MT nephrons is a continuous grada-
routes of water gain and loss. tion of nephrons (Goldstein and Braun, 1989; Roush and

Spotts, 1988), including those with elongated, looping
intermediate segments that are not bound into the med-
ullary cones (Boykin and Braun, 1993). Braun has pro-IV. THE KIDNEYS
posed abandoning the RT/MT terminology and replac-
ing it with the terms loopless (LLN), transitional (TN),A. Anatomy
and looped (LN) nephrons (Braun, 1993; Boykin and

1. Gross Anatomy Braun 1993).
Both nephrons without loops of Henle and those withThe avian urinary organs consist of a pair of kidneys

loops empty in a highly regular pattern into commonand the ureters, which transport urine to the urodeum
collecting ducts (Boykin and Braun, 1993). Collectingof the cloaca. There is no urinary bladder, though the
ducts conjoin as they descend through the medullarycloaca may serve as its functional equivalent in some
cone, and the terminus of the medullary cone is a singlespecies and circumstances (see below).
large collecting duct that empties directly into the ureter.The avian kidney lies within a cavity formed by the
The avian kidney has no renal pelvis.ventral surface of the synsacrum. The mass of the two

Of the total nephron population, between 10 andkidneys is proportional to (body mass)0.9 and repre-
30% possess loops of Henle (i.e., are of the MT variety)sents approximately 0.8% of body mass in birds without
(Goldstein and Braun, 1989). Several studies suggestsalt glands, 1.4% in birds with salt glands (Hughes,
habitat-related patterns in kidney structure, such as1970a).
smaller kidneys, larger volume of medulla, or smallerThe external appearance of the avian kidney is elon-
volume of cortex in desert species (Thomas and Robin,gate and trilobed, with anterior, middle, and posterior
1977; Warui, 1989; Casotti and Richardson, 1992); it isdivisions ( Johnson, 1968). Within each division, the kid-
not yet clear how these variations relate to the differentney is divided into numerous subunits. In the cortex,
proportions of RT and MT nephrons.nephrons are arranged around branches (central veins)

of the efferent venous system. These cortical units
(sometimes called cortical lobules) contribute nephron

3. Blood Flowelements (collecting ducts and loops of Henle) to several
medullary subunits; conversely, each medullary subunit The avian kidney receives both arterial and afferent
receives nephron elements from several cortical units venous (portal) blood supplies and is drained by efferent
( Johnson et al., 1972). The medullary elements are venous flow (Figure 3). The overall pattern of flow is
wrapped in a sheath of connective tissue to form struc- complex; the reader is referred to Wideman (1988) for

a detailed review.tures known as medullary cones. A kidney lobule (Fig-
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FIGURE 1 A typical kidney lobule from the domestic fowl. The lobule consists of a
medullary cone and all cortical tissue that feeds into it. Abbreviations (in alphabetical
order) are: a, afferent arteriole; ar, arteriole rectae (descending vasa recta); ARV, afferent
renal (portal) vein; C, connecting tubule; CCD, cortical collecting duct; CV, central (intralo-
bular renal) vein; D, distal tubule; DTL, descending thin limb of Henle’s loop; e, efferent
arteriole; i, intermediate segment; IA, intralobar artery; IAA, intralobular artery; IRV,
interlobular renal vein; M, mammalian-type (MT) glomerulus; MCD, medullary collecting
duct; P, proximal tubule; R, reptilian type (RT) glomerulus; TAL, thick ascending limb of
Henle’s loop; UB, ureteral branch; vr, venule rectae (ascending vasa recta). (Figure is from
R. F. Wideman, Jr., Avian kidney anatomy and physiology, CRC Critical Reviews in Poultry
Biology, 1988, pp. 133–176. Reprinted by permission of CRC Press, Boca Raton, Florida.)

a. Arterial Supply like network of vessels, the vasa recta (Figure 4).
Whether the outflow from the vasa recta enters peritu-Each division of the kidney is supplied by a separate
bular sinuses surrounding cortical components of theartery (Figure 3). The arteries branch upon entering the
MT nephrons or, instead, whether it enters directly intokidney to form intralobar and then numerous intralobu-
the intralobular veins is as yet unclear.lar arteries, from which branch the short afferent arteri-

oles supplying the glomeruli.
b. Renal Portal SystemEfferent arterioles from glomeruli of RT nephrons

The second afferent blood supply to the kidney, theempty into sinuses surrounding the cortical tubular ele-
renal portal supply, receives blood flow both from thements, thereby forming the peritubular blood supply.
ischiadic and the external iliac veins. A valve, the renalIn contrast, the efferent arterioles leaving glomeruli of
portal valve, is located between the renal portal veinMT nephrons enter the medullary cones to form a mesh-



4219 / c11-269 / 08-06-99 14:16:28

Chapter 11. Regulation of Body Fluid Composition 269

FIGURE 2 (a) Glomerulus from a reptilian-type nephron. Note the simple looping pattern
and lackofcross-branching in thesecapillaries. (b)Glomerulus fromamammalian-typenephron
with a longer, more complex capillary network. Photographs courtesy of G. Casotti and
E. J. Braun.
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presumably because of varying states of regulation of
vascular resistances and of valve status. The functional
significance of the portal system and its valve may relate
in part to regulating systemic hemodynamics, particu-
larly during times of leg muscle activity (see Wideman,
1988), and in part to regulating renal hemodynamics,
particularly when arterial blood pressure or flow is re-
duced (Wideman, 1991; see below).

Since Sperber’s (1948) convincing demonstration of
portal circulation to the renal cortex, many investigators
have used the so-called ‘‘Sperber technique’’ in studies
of avian kidney function. In this approach, a compound
is infused into one leg vein (and hence into the renal
portal circulation), and function of the ipsilateral kidney
is compared with that of the contralateral kidney that
does not receive the portal infusate. The Sperber tech-
nique has been used the evaluate both the mechanisms
and regulation of transport of organic and inorganic
compounds by cortical tubular elements; portal blood
does not perfuse the glomeruli or the renal medulla.

c. Venous Drainage

Blood from the peritubular sinuses drains into central
(intralobular) veins, which coalesce into interlobar
veins. These join to form the efferent renal vein, which
empties into the posterior vena cava.

B. Physiology

1. Overview
FIGURE 3 Major blood vessels in the avian kidney. The kidneys
are drawn as though transparent, and in the left kidney only the major The primary function of the kidneys is eliminative—
venous trunks are shown to permit an indication of finer levels of vessel that is, they rid the body of wastes and excess water
branching. The internal vertebral venous sinus has been displaced and solutes. However, they accomplish this largely into one side so that it can be seen. Reproduced from King (1975)

reverse. The kidneys receive a large fraction of the car-with permission.
diac output, and from this the entire body fluid volume
is filtered through the glomeruli several times each day.

and the common iliac vein (leading to the posterior vena Most of this volume and its solutes are then reclaimed
cava) (Figure 3). This smooth muscle sphincter receives from the urine back to the blood, a process known
both adrenergic (stimulatory, causing valve closure) and as tubular reabsorption. Some substances, though, may
cholinergic (inhibitory, allowing valve opening) inner- additionally be added to the urine by the renal epithelia
vation (Burrows et al., 1983). Blood from the external in the process of secretion. Finally, the end product of
iliac vein may flow directly into the vena cava when the filtration, reabsorption, and secretion enters the ureters
renal portal valve is open or, in contrast, be forced into as urine.
the renal portal vein when the valve is closed.

Once in the renal portal vein, blood may enter the
2. Renal Blood Flow

low-pressure peritubular sinuses formed from the effer-
ent arterioles; the mixed portal and postglomerular For any substance, renal clearance is defined as the

volume of blood from which that substance is removedblood then flows out of the kidney through efferent
veins. Alternatively, blood may flow out of the kidney (cleared) in the kidneys per unit time. Hence, if a sub-

stance is completely removed from the plasma (by fil-into vertebral sinuses or, via the caudal mesenteric vein,
to the liver. The pattern of flow through these various tration and secretion) during a single pass through the

renal vasculature, renal clearance and renal plasma flowpathways may be highly variable both among animals
and within an individual animal over time (Akester, are the same. (Renal plasma flow can be corrected to

renal blood flow by dividing by [1 2 the hematocrit].)1967; Odlind, 1978; Oelofsen, 1973; Wideman, 1988),
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FIGURE 4 The vasa recta of Gambel’s quail. Note the mesh-like (rather than simple ascend-
ing and descending) appearance of the vessel network. Photograph courtesy of E. J. Braun.

The clearance (C, ml/min) of any substance, X, is calcu- blood in the kidneys. Recent measurements in a reduced
avian kidney model (with a single arterial supply and ac-lated from the formula: C 5 UXV/PX, where UX and PX

are the urine and plasma concentrations of the substance cessible renal vein) indicated PAH extraction efficiency
between 50 and 75% (Wideman and Gregg, 1988), sug-and V is the urine flow rate (ml/min). In mammals,

renal plasma flow has typically been measured as the gesting that PAH clearance is likely to underestimate the
true renal plasma flow. Nevertheless, the values of RPFclearance of paraamino hippuric acid (PAH), which is

cleared with an efficiency of approximately 90%. This measured by Wideman (and corrected for PAH extrac-
tion) are on the lower end of values measured in othersubstance has been used in several studies of birds as

well. However, the complexity and inaccessibility of the studies, which average approximately 40 ml/kg body
mass/min (e.g., Nechay and Nechay, 1959; Sperber, 1960;avian renal vasculature has made it difficult to determine

the extent to which PAH is actually removed from the Holmes et al., 1968; Wideman, 1988; Roberts, 1992).
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Measurement of RPF as CPAH includes both arterial 3. Glomerular Filtration
and portal contributions to RPF. Alternatively, RPF

Filtration of plasma through the glomerular capillar-
has been measured from the distribution of radioactive

ies is the primary step in formation of avian urine. The
microspheres infused into the heart, thereby providing a

whole kidney glomerular filtration rate (GFR) is the
measure of renal arterial blood flow (without the portal

sum of the single nephron glomerular filtration rates
contribution). Results from these studies suggest that

(SNGFR). SNGFR is determined by the difference be-
avian kidneys receive 10–15% of cardiac output.

tween net hydrostatic pressure favoring filtration and
Along with mathematical models of avian renal blood

oncotic pressure opposing it, by the hydraulic conductiv-
flow (Shideman et al., 1981), these studies collectively

ity (permeability to water) of the glomerular filtration
suggest that approximately 50% of avian renal blood

barrier, and by the surface area for filtration. Primarily
flow might derive from the renal portal system, the re-

because of the simplicity of avian (as compared with
mainder from arterial flow. However, as described ear-

mammalian) glomeruli, and hence their small surface
lier, renal portal flow patterns can be highly variable.

area, SNGFR in birds is low. However, because birds
In the domestic fowl, renal blood flow can be autore-

have more glomeruli per kidney, whole kidney GFRs
gulated (maintained constant) over a range of arterial

are similar in birds and mammals (Yokota et al., 1985).
pressures from 100 to below 40 mm Hg (Wideman and

GFR (whole-kidney or single-nephron) is measured
Gregg, 1988). An important contributor to this autoreg-

as a special case of clearance. If a substance is freely
ulation is the renal portal flow; as arterial pressure falls

filtered and is neither secreted nor reabsorbed by the
to the lower end of the autoregulatory range, arterial

renal tubules, then the amounts filtered from the plasma
flow diminishes, but portal flow increases complemen-

and excreted in the urine are the same. The clearance
tarily (Wideman, 1991). The mechanism for this coor-

of such a substance provides a measure of the GFR.
dination is unknown, but it presumably functions to

Avian GFR has been measured as the clearance of inu-
maintain perfusion of the cortical tubule elements dur-

lin, polyethylene glycol, sodium ferrocyanide, iothala-
ing times of reduced glomerular (and postglomerular)

mate, and others.
blood flow (see below).

SNGFR during mannitol diuresis has been measured
Despite the ability to autoregulate, avian renal blood

in the kidneys of two species, Gambel’s quail (Callipepla
flow varies substantially in some circumstances. For ex-

gambelii) and the European starling (Sturnus vulgaris),
ample, in feral chickens salt loading increased renal

using the ferrocyanide precipitation technique (Braun
blood flow by more than 100% (Roberts, 1992). The and Dantzler, 1972; Braun, 1978), which permits simul-
mechanism of such changes, including the relative con- taneous evaluation of filtration rates in both superficial
tribution of changing portal flow, is undescribed. and deep nephrons. SNGFR on average was 6–7 nl/min

in RT nephrons of both species, about 11 nl/min in
‘‘short-looped’’ MT (transitional) nephrons of the quail,
and about 15 nl/min in ‘‘long-looped’’ MT nephrons.
SNGFR has also been measured in the most superficial,
and hence smallest, RT nephrons by micropuncture, in
which filtered ferrocyanide is sampled directly from the
renal tubules using a fine glass micropipette (Laverty
and Dantzler, 1982; Roberts and Dantzler, 1990). The
micropuncture technique yielded much lower values of
SNGFR, from 0.25 to 0.5 nl/min. It is likely that neph-
rons exist with a continuum of filtration rates ranging
from these very low values to the highest MT values.

Whole-kidney GFR (ml/hr) in normally hydrated
birds varies with body mass (M, in grams) as GFR 5
1.24 3 M0.69 (Yokota et al., 1985). This equation predicts
a GFR of 6 ml/hr for a 10-g bird, 30 ml/hr for a 100-g

FIGURE 5 The number of filtering glomeruli (evaluated by infusion bird, and 145 ml/hr for a 1000-g bird. Within this general
of the stain Alcian blue, which binds to the negatively charged filtration relationship exists substantial variability both among
barrier as it is filtered) in Leach’s storm petrels (Oceanodroma leucor- and within species. For example, the GFRs of Gambel’shoa) whose GFR varies over a wide range in response to intravenous

quail and coturnix quail (Coturnix coturnix), both ap-infusion of NaCl. Experimental conditions are described in Gol-
dstein (1993). proximately 150 g, are about 15 and 36 ml/hr, respec-
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tively (Braun and Dantzler, 1972; Clark and Sasayama, hemorrhage) may also stimulate AVT release, but with
less sensitivity than the response to osmolarity (Simon-1981); female Pekin ducks (Anas platyrhynchos) have

higher GFR than males (Hughes et al., 1989), perhaps Oppermann et al., 1984; Stallone and Braun, 1986). Con-
centrations of AVT in dehydrated birds are typicallyassociated with different kidney sizes (Hughes et al.,

1992). It is tempting to speculate on adaptive variation 30–60 pg/ml (e.g., Stallone and Braun, 1986; Gray et al.,
1988; Gray and Erasmus, 1988), though some higherin filtration rates; the low GFR of Gambel’s quail, for

example, would presumably promote a lesser urine flow values have been reported (Goldstein and Braun, 1988;
Hughes et al., 1993).in this desert bird. However, the data are yet insufficient

to generate any robust generalizations about habitat-
b. Regulation of GFRor diet-related variation in GFR.

Like renal plasma flow, GFR of birds is autoregulated Reduction in GFR is a consistent component of the
avian response to dehydration (Table 2) and to infusionover a broad range of blood pressures (from 110 down

to 60 mm Hg in the domestic fowl; Wideman and Gregg, of AVT (e.g., Ames et al., 1971, Gerstberger et al., 1985;
Figure 6). This could reduce urine flow both directly1988). This autoregulation was not affected by dietary

sodium intake, as might be expected if tubuloglomerular (by a reduced throughput of water) and indirectly (by
allowing enhanced tubular reabsorption and urine con-feedback (changing renal vascular constriction in re-

sponse to varying NaCl delivery to the distal tubule) centration). The diminished GFR may be brought about
by an AVT-induced constriction of afferent arterioleswere the responsible mechanism (Vena et al., 1990);

these authors therefore concluded that a myogenic (Braun and Dantzler, 1974), leading to a reduction or
complete cessation (intermittency) of filtration in somemechanism, in which renal arteriolar smooth muscle

responds directly to stretch (pressure), is a likely mecha- or all nephrons (Figure 5). The RT nephrons appear
most sensitive to AVT, and AVT therefore reduces thenism of autoregulation.

Also like renal plasma flow, despite the potential for contribution of RT nephrons (which lack loops of Henle
and the ability to produce a concentrated urine) toautoregulation, GFR in birds is variable and changes as

part of the renal mechanism for varying urinary output urine production.
Birds are also able to increase GFR in response toof water and sodium (see below).

extracellular fluid expansion induced by oral or intrave-
nous water loading (Korr, 1939; Krag and Skadhauge,

4. Regulation of Water Excretion
1972; Roberts, 1992). The mechanism of this increase
is not known.The avian kidney filters a large volume of fluid (ap-

proximately 11 times the entire body water each day
c. Tubular Water Reabsorption and the Urinaryfor a 100-g bird) and then reclaims most filtered water
Concentrating Mechanismby tubular reabsorption. In normally hydrated birds the

percentage of filtered water that is reabsorbed is typi- Tubular reabsorption of water in birds can range
from less than 70% to more than 99% of the filteredcally greater than 95%. Variation from this ‘‘normal’’

situation can be achieved through regulation of either volume. As a result, the final concentration of avian
urine can vary from dilute (approximately 40 mmol/kg)the rate of filtration or the rate of reabsorption, both

of which may be influenced by the avian antidiuretic to hyperosmotic (2–3 times the plasma osmolality).
Both micropuncture studies of superficial (RT) proxi-hormone arginine vasotocin (AVT).

mal tubules (Laverty and Dantzler, 1982) and studies
a. Arginine Vasotocin of isolated, perfused proximal tubules from deeper

(transitional) nephrons (Brokl et al., 1994) suggest that,AVT is a small (8-amino-acid) peptide hormone re-
leased from the neurohypophysis. Circulating concen- as in mammals, the avian proximal tubule absorbs about

70% of the filtered volume of water. The reabsorptiontrations of AVT are about 10 pg/ml in normally hydrated
birds (e.g., Möhring et al., 1980; Rice et al., 1985; Stallone depends on active sodium reabsorption but not on the

presence or reabsorption of bicarbonate (Brokl et al.,and Braun, 1985; Gray and Erasmus, 1988; Gray et al.,
1988). The primary stimulus for additional AVT release 1994).

Regulation of water reabsorption occurs not in theis a rise in extracellular fluid osmolality. In several spe-
cies, the circulating concentration of AVT increases by proximal tubule, though, but in more distal nephron

segments. As noted above, birds, like mammals, are0.25–2 pg/ml for each millimole per kilogram rise in
plasma osmolality (Möhring et al., 1980; Arad et al., able to produce a urine more concentrated than the

plasma. The fundamental mechanism driving this ability1986; Stallone and Braun, 1986; Gray et al., 1988). A
decrease in extracellular fluid volume (experimental is thought to be the same in birds and mammals—that
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TABLE 2 Representative Responses of Avian GFR to Osmoregulatory Challengea

Species Condition GFR (% of control) Reference

House sparrow
(Passer domesticus) 30 hr dehydration 46 1

Starling
(Sturnus vulgaris) 1 day dehydration 42 2

Stubble quail 21–120 days dehydration 66 2
(Coturnix pectoralis)

Emu
(Dromaius novaehollandiae) 7 days dehydration 70 2

Mallard duck
(Anas platyrhynchos)b Saline acclimation 100 3

Glaucous-winged gull
(Larus glaucescens)b Saline acclimation 210 3

Canada goose
(Branta canadensis)b Saline acclimation 183 3

Starling
(Sturnus vulgaris) 24 meg/kg NaCl infusion 200 4

Gambel’s quail
(Callipepla gambellii)c 20 meq/kg NaCl infusion 90 3

Chicken (Gallus domesticus)
Domesticc 15 meq/kg NaCl infusion 100 3
Feral 12 meq/kg NaCl infusion 160 5

Leach’s storm petrel
(Oceanodroma leucorhoa)b 24 meq/kg NaCl infusion 15 7

Pekin duck
(Anas platyrhynchos)b 20 meq/kg NaCl infusion 100 6

aReferences: (1) Goldstein and Braun (1988); (2) From summary table in Roberts and Dantzler
(1989); (3) From summary table in Roberts et al. (1985); (4) Laverty and Wideman (1989); (5) Roberts
(1992); (6) Gerstberger et al. (1985); (7) Goldstein (1993).

bSpecies with salt glands.
cAt higher salt loads (35–50 meq/kg NaCl infusion) GFR decreased to approximately 40% of control.

is, a countercurrent multiplier system producing an os- ties, and (3) countercurrent flow. The last of these re-
quirements is presumed from the anatomy. Thus, recentmolarity gradient in the renal medulla.

Earlier studies of the avian renal medulla revealed studies have focused on evaluating the transport and
permeability properties of the nephron.a number of the basic features associated with a counter-

current multiplier mechanism of urine concentration.
The MT nephrons possess loops of Henle that extend i. Descending Thin Limb (DTL) The transition

from pars recta (straight descending limb of the proxi-into the renal medulla in parallel with collecting ducts.
22Na autoradiography suggested active Na1 reabsorp- mal tubule) to DTL occurs with an abrupt transition in

cell morphology near the base of the medullary conetion within the medullary cone (Emery et al., 1972), and
this was consistent with an osmotic gradient composed (Braun and Reimer, 1988). The physiological properties

of avian DTL have been studied for just the upperprimarily of NaCl along the length of the medulla (Skad-
hauge and Schmidt-Nielsen, 1967b; Emery et al., 1972). segment of a single species (Coturnix coturnix; Nishi-

mura et al., 1989). Coturnix DTL segments fail to gener-However, for the avian descending and ascending limbs
of Henle to act as single-effect countercurrent multipli- ate an electrical potential both when bathed in isosmotic

media and when exposed to a transepithelial ion gradi-ers (i.e., countercurrent multipliers whose energy source
is a single active transport process, as proposed for the ent; these results derive from an absence of electrogenic

ion transport, combined with high but nearly equal per-mammalian kidney (see e.g., Jamison and Kriz, 1982)),
they must possess three characteristics: (1) ability to meabilities to Na1 and Cl2 (Nishimura et al., 1989). In

contrast to the high ion permeabilities, Coturnix DTLgenerate energy sufficient to develop a transverse differ-
ence in osmotic pressure, (2) differences in permeabili- has a low permeability to water (Nishimura et al., 1989).
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FIGURE 6 The effect of arginine vasotocin (AVT, the avian antidiuretic hormone) on free water clearance
(FWC) and glomerular filtration rate (GFR). Note that FWC decreases markedly in response to low concentrations
of AVT while GFR is essentially unchanged. (Data taken from Stallone and Braun (1985), Am. J. Physiol.
with permission.)

ii. Thick Ascending Limb (TAL) The avian loop of by AVT. For example, infusion of AVT into the renal
portal system increased urine osmolarity (though theHenle always makes the transition from DTL to TAL

before the hairpin turn (Figures 1 and 7). In cellular portal flow should not have perfused medullary nephron
elements and urine osmolarity never rose above plasmamorphology the avian TAL resembles other vertebrate-

diluting segments (Nishimura, 1993; Braun and Reimer, levels; Skadhauge 1964). Moreover, infusion of AVT
into the systemic circulation, at least at low doses, may1988). Functional properties of this segment include a

lumen-positive voltage that requires Na1 and Cl2 and increase urine osmolarity and reduce urine flow with
little or no change in GFR (Ames et al., 1971; Stalloneis inhibited by the loop diuretics bumetanide and furose-

mide, the ability to transport NaCl against transepithe- and Braun, 1985; Figure 6).
Despite these findings, direct assessment AVT’s ac-lial electrochemical gradients, and a low permeability

to water and net water transport (Miwa and Nishimura, tions on isolated, perfused avian collecting ducts has
failed to reveal a significant effect of the hormone (Nis-1986; Nishimura et al., 1986). Ion reabsorption by the

TAL is sensitive to solute delivery (enhanced either by himura, 1993). The Coturnix quail collecting duct had
a moderate baseline permeability to water even in theincreased flow or concentration; Osono and Nishimura,

1994), but is not affected by AVT (Miwa and Nishimura, absence of AVT. Although forskolin (1024 M), which
activates cyclic AMP production, induced a substantial1986), forskolin, or isoproterenol (Osono and Nishi-

mura, 1994). The combination of active salt reabsorp- increase in this permeability, AVT did so only slightly.
tion and low water permeability implies that the urine
is diluted as it passes through the TAL. iv. Urinary Concentrating Mechanism Nishimura

(Nishimura, 1993; Osono and Nishimura, 1994) has pro-
posed a model of the avian urinary concentrating mech-iii. Collecting Duct The avian collecting duct re-

ceives dilute urine from both the TAL and from RT anism that incorporates the evidence described above
(Figure 7). The single effect that drives urine concentra-nephrons, and so final concentration of the urine (ex-

traction of water into the hyperosmotic interstitium) tion is active ion reabsorption by the TAL. These reab-
sorbed ions enter the DTL by passive diffusion withoutrequires that this nephron segment is, or can become,

permeable to water. A variety of whole animal experi- accompanying water flux. The low water permeability
of the DTL maintains volume flow through the loop,ments suggest that, as in mammals, an increased perme-

ability of the distal nephron to water may be induced which should favor ion reabsorption by the flow-
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FIGURE 7 A proposed model for the avian urine concentrating mechanism. Tubule segments illus-
trated with heavy lines have low permeability to water. Possible sites of regulation include AVT-
induced reduction of the filtered load (shown), flow-sensitivity of the thick ascending limb, and cAMP-
mediated changes in water permeability of the collecting duct. To the right is pictured the hypothetical
cascade effect of the concentrating mechanism that results from the presence of loops of Henle of
varying length. (From H. Nishimura (1993) New Insights in Vertebrate Kidney Function, pp. 189–208,
q Cambridge University Press 1993. Reprinted with the permission of Cambridge University Press.)

sensitive TAL. The result is that urine is concentrated ple, in at least some groups of birds the descending and
as it descends through the DTL, then diluted as it as- ascending limbs of Henle are separated from each other
cends the TAL. Simultaneously, the interstitium sur- by a ring of collecting ducts throughout the depth
rounding the loop accumulates ions and becomes con- of the medullary cone (Cassoti and Richardson, 1993).
centrated. The sensitivity of the TAL to solute delivery Lastly, it is notable that NaCl may account for just a
means that the tip of the loop (at the start of the TAL small proportion of total urine osmolality (Skadhauge,
epithelium) should be the site of greatest ion reabsorp- 1977; Hughes et al., 1992; Goldstein 1993b); the roles
tion, and this should contribute to generating a concen- of ions other than NaCl in urine concentration de-
tration gradient in the medulla. These effects are ampli- serve examination.
fied by the countercurrent flow and may be further
enhanced by interaction among loops of Henle which

v. Net Effect: Avian Urinary Concentrating Abil-turn at different depths in the medullary cone (Layton,
ity The net effect of the medullary concentrating mech-1986). As the urine subsequently descends through the
anism is that birds are typically able to concentrate urinecollecting duct, it may equilibrate osmotically with the
to an osmolarity 2–3 times that of plasma. (An exceptioninterstitium via the baseline permeability to water of
to this is a report that salt-marsh savannah sparrows,this nephron segment. The exact role of AVT in this
Passerculus sandwichensis beldingi, when drinking sea-mechanism remains to be clarified. However, even if
water, excreted cloacal fluid with an osmolarity 4.5 timesAVT acts primarily by reducing fitration rates of RT
that of plasma (Poulson and Bartholomew, 1962).) Thenephrons, not by a tubular effect, then the decreased
urinary concentrating ability generally varies inverselyflow through the collecting ducts would permit greater
with body mass, so that small birds (10–25 g) typicallyequilibration of water between tubule and interstitial
concentrate to about 1000 mmol/kg, larger birds (.500–fluid. It also remains for the model to be harmonized
1000 g) mostly to about 600–700 mmol/kg (Goldsteinwith emerging details of avian renal anatomy. For exam-
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and Braun, 1989). This pattern may result from the al., 1985; Hughes et al., 1993) or reduction in GFR
(Braun and Dantzler, 1972; Dantzler, 1966; Goldstein,dependence of urine concentration on metabolically ac-

tive processes (active ion reabsorption), along with the 1993b). In birds with salt glands, the lack of change in
GFR in response to saline drinking or infusion maydecreasing rate of cellular metabolism that accompanies

increasing body mass (Greenwald, 1989). It remains un- result from the ability of the salt glands to excrete the
NaCl and thereby preserve pure water. Among otherclear the extent to which other features of kidney anat-

omy, such as the proportions or RT and MT nephrons, species, the different responses may relate to different
strategies of osmoregulation—whether to preserve ex-the lengths of medullary cones, or the proportions of

kidney mass composed of medullary tissue, relate to tracellular volume at the expense of a rising osmolarity
(i.e., to retain the infused sodium, but thereby retainurinary concentrating ability independent of the body

mass effect ( Johnson, 1974; Goldstein and Braun, 1989; water) or to preserve osmolarity at the expense of re-
duced volume (i.e., to excrete the solute load, but loseWarui, 1989). At least within closely related species,

urine concentration does seem to be related to the pro- water along with it).
portion of medullary tissue in the kidneys (Skad-

b. Mechanisms of Regulationhauge, 1981).
A number of hormones may be involved in producing

the varied patterns of sodium excretion.5. Regulation of Sodium Excretion

a. Patterns of Response i. Arginine Vasotocin A rising extracellular osmo-
larity would be expected to stimulate release of AVTOne of the important functions of the avian kidney

is the regulation of sodium excretion; sodium is the and, indeed, saline infusion can result in elevated AVT
concentrations (Koike et al., 1979; Arad et al., 1986).primary extracellular cation, and its content in the extra-

cellular fluid largely determines the extracellular fluid Conversely, saline infusion may induce an expansion of
the extracellular fluid, and the consequent decrease involume and hence contributes to blood pressure regula-

tion. Regulation of sodium excretion by the avian kidney circulating AVT levels may allow GFR to rise. Yet other
studies have measured stable or substantially increasedhas been examined under two general circumstances.

In the first, dietary sodium intake is varied; typically GFR even while AVT was increased (Roberts, 1992;
Hughes et al., 1993). This may relate to counteractingthese animals are able to regulate the plasma sodium

concentration within the normal range. In the second, influences of expanded extracellular fluid volume, per-
haps mediated by atrial natriuretic peptide (see below).birds are infused with saline, typically at a high concen-

tration that challenges the regulatory abilities and ulti- The precise role of AVT in the response to saline infu-
sion remains uncertain.mately leads to a rise in plasma sodium concentration

and osmolarity.
Acclimation to increasing salt intake results, as ex- ii. Renin/Angiotensin The evidence for a complete

renin/angiotensin system in birds is now well accepted.pected, in an enhanced renal salt excretion. This may
involve an increase (Hughes, 1980), decrease (Hughes Avian nephrons have a juxtaglomerular apparatus

(Morild et al., 1985), and their plasma contains reninet al., 1989; Dawson et al., 1991), or no change (Holmes
et al., 1968; Hughes, 1980; Goldstein, 1990) in GFR activity, angiotensin I (ANGI), and angiotensin II

(ANGII) (reviewed by Wilson, 1989). In ducks (A.(Table 2). The renal response depends at least in part
on the level of NaCl intake. For example, chukars (Alec- platyrhynchos), circulating levels of angiotensin are ele-

vated during extracellular fluid volume contractiontoris chukar) responded to an increase from 0.25 to
2 meq Na1/d primarily by reducing intestinal sodium (Gray and Simon, 1985), as may occur at high saline

concentrations of drinking water (Zenteno-Savin, 1991).absorption, with little renal response, whereas a further
increase to 10 meq/d induced a reduction in tubular Seemingly in contrast with this, infusion of angiotensin

II into ducks (Gray et al., 1986) or into the renal portalsodium reabsorption (Goldstein, 1990). NaCl drink-
ing solutions at concentrations beyond the kidneys’ re- vein of chickens (Langford and Fallis, 1966; Stallone

and Nishimura, 1985) stimulates natriuresis and diuresisgulatory ability may induce dehydration and an accom-
panying reduction in GFR (Roberts and Hughes, 1983). without any change in GFR, suggesting that ANGII

inhibits sodium reabsorption through a direct tubularInfusion of hyperosmotic salt loads induces different
responses in different species (Table 2). Some birds action. It now seems that the physiological effects of

angiotensin vary with the osmoregulatory status of therespond with large increases in GFR and reduced frac-
tional Na1 reabsorption (Laverty and Wideman, 1989; animal. With salt and volume depletion, angiotensin

stimulates reduction in GFR, urine flow, and sodiumRoberts, 1992). In others, the response is no change
(Skadhauge and Schmidt-Nielsen 1967a; Gerstberger et excretion (Gray and Erasmus, 1989); salt and volume
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loading, on the other hand, changes the response so hormone, which is known to activate cellular cyclic
AMP production (e.g., Dousa, 1974; Pines et al., 1983),that angiotensin becomes natriuretic and diuretic. The

mediator of this change has not been determined, could promote this reabsorption via actions either on
the apical permeability or the basolateral mechanismthough Gray and Erasmus (1989) suggest that prosta-

glandins are likely candidates. of reabsorption.

b. Phosphateiii. Aldosterone Circulating concentrations of aldo-
sterone may or may not be elevated by a diet low in In normal chickens, approximately 60% of the filtered
NaCl or during dehydration (Skadhauge et al., 1983; load of phosphate is excreted in the urine. This balance
Klingbeil, 1985; Arnason et al., 1986; Goldstein, 1993a). results from the simultaneous operation of a reabsorp-
The hormone is presumed to have an action on the tive pathway, which reclaims about half of the filtered
avian kidney similar to that seen in mammals—that is, phosphate, and a low level of secretion (Wideman 1987).
promoting sodium conservation. PTH both inhibits phosphate reabsorption (Cole, 1985;

in Clark and Wideman, 1989) and stimulates its secre-
iv. Atrial Natriuretic Peptide Birds, like other ver- tion (Wideman and Braun, 1981). As a consequence, in

tebrates, secrete a peptide hormone (29 amino acids in the absence of PTH (i.e., following parathyroidectomy)
the chicken) from the heart atria (Toshimori et al., 1990). urinary phosphate excretion falls to near zero (Clark
Infusion of chicken ANP increases renal sodium and and Wideman, 1977). In contrast, administration of PTH
water excretion both in the domestic duck (Gray et to intact birds can result in renal excretion of more
al., 1991; Schütz et al., 1992) and chicken (Gray, 1993). than twice the filtered load of phosphate (Wideman and
Although receptors for ANP have been localized on Braun, 1981). The single clearance study of the effects
both the glomeruli and the renal tubules (Schütz et al., of calcitonin failed to demonstrate any significant effect
1992), the mechanism of action of the hormone, includ- on renal phosphate excretion (Clark and Wideman,
ing the relative contributions of glomerular versus tubu- 1980).
lar effects, remains unresolved. In starlings, individual proximal tubules of superficial

RT nephrons may exhibit either net secretion or net
reabsorption of phosphate (Laverty and Dantzler,6. Regulation of Calcium and Phosphate Excretion
1982), and this may be the site of regulation of phos-

a. Calcium phate transport. The cellular mechanism of phosphate
reabsorption involves a saturable, sodium-dependentNormally the avian kidney reabsorbs more than 98%

of filtered calcium (Wideman, 1987) by a pathway that transporter located in the apical membrane (Grahn and
Butterworth, 1982; Renfro and Clark, 1984). Inhibitionis apparently saturable and normally operates near its

maximum capacity. Procedures that increase the filtered of this transport is mediated by cyclic AMP (Cole, 1985).
The mechanism of activation of phosphate secretionload of calcium, such as intravenous infusion of calcium

or injection of exogenous parathyroid hormone (PTH, remains unknown. Phosphate infused only into blood
supplying the renal tubules (via the renal portal vascula-which increases GFR and plasma calcium levels), result

in enhanced renal calcium excretion (Clark et al., 1976). ture) accounted for only a small fraction of net phos-
phate transport into the tubule lumen during times ofOn the other hand, in most birds (but not all; Clark and

Mok, 1986) the normal pattern of reabsorption depends net secretion (Wideman and Braun, 1981). The secreted
phosphate may derive primarily from a pool that isof parathyroid hormone (PTH); calcium excretion is

markedly increased by parathyroidectomy and is re- sequestered within the tubule cell (Wideman, 1984).
In addition to its effects on calcium and phosphatestored to control levels by PTH administration (Clark

and Wideman, 1977; Clark and Sasayama, 1981). The transport, PTH may have other actions on the kidney,
including most consistently increases in GFR, sodiumsingle clearance study of the effects of calcitonin failed

to demonstrate any significant effect on renal calcium excretion, and urine flow (Clark and Wideman, 1989).
excretion (Clark and Wideman, 1980).

A cellular mechanism of calcium reabsorption and
7. Nitrogen Excretion

stimulation by PTH, which may occur in the thick as-
cending limb (Braun and Dantzler, 1987), has been pro- The end products of nitrogen metabolism excreted

in the urine of birds include urates, ammonia, urea,posed by Clark and Wideman (1989). Calcium likely
moves across the apical cell membrane down an electro- creatinine, amino acids, and others (Table 3). Of these,

urates are the predominant compounds under all cir-chemical gradient. Reabsorption across the basolateral
membrane would then be accomplished by active trans- cumstances, though ammonia may account for as much

as 25% of total nitrogen. The present discussion willport, perhaps involving a calcium ATPase. Parathyroid
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TABLE 3 Patterns of Nitrogen Excretion in Avian Urinea

Species Condition Total N (g/liter) Urate (% of total) NH4 (% of total) Urea (% of total)

Domestic fowl Fed 4.4 84.1 6.8 5.2
(Gallus domesticus) Fasted 2.4 57.8 23.0 2.9

Low protein 11 54.7 17.3 7.7
High protein 13 72.1 10.8 9.7

Turkey vulture Fed 61 87 9 4
(Cathartes aurea) Fasted 13 76 17 7

aData extracted from summary table in Skadhauge (1981). Other nitrogenous components of the urine, including creatinine, amino acids,
and purines, always accounted for ,10% of total nitrogen.

focus on the excretion of urates; urinary ammonia will Once secreted, the chemistry of urates in urinary
be discussed in the following section, as it relates to solutions is complex. The acid form of urate (uric acid)
acid/base regulation. has a low aqueous solubility (0.38 mmol/liter), but with

Urate in avian plasma is thought to be all or mostly a pK of 5.6 and a typical urinary pH of 6–7, most mole-
unbound to proteins and hence filterable through the cules will exist as monobasic urate. The urate could
glomeruli (see discussion in Dantzler, 1978). Neverthe- form salts with a variety of cations in the urine, but
less, with a plasma urate concentration of 0.1–0.7 mM, sodium and potassium urate are most likely because of
glomerular filtration can only account for 10–20% of the abundance of these ions. The solubilities of sodium
the total urate excreted by the kidneys. Shannon (1938) and potassium urate (6.8 and 12.1 mmol/liter, respec-
was the first to demonstrate conclusively that the clear- tively) substantially exceed those of uric acid; neverthe-
ance of urate exceeds that of inulin and hence that less, the high concentrations of urates in the liquid frac-
tubular secretion provides a significant fraction of uri- tion of the urine exceed values accounted for by these
nary urates. It is now accepted that most ($90%) urinary solubilities (McNabb et al., 1973; McNabb, 1974).
urate derives from tubular secretion. The source of the Urates are apparently able to exist in solution at
secreted urates is primarily the liver, though renal syn- supersaturated concentrations because they form stable
thesis may account for 3–20% of the total (Martindale, colloidal suspensions. However, the concentrations of
1976; Chin and Quebbemann, 1978). urates in avian urine exceed even the stability of these

Slices from avian renal cortex (Platts and Mudge, colloids, and this stability is increased through the inter-
1961; Dantzler, 1969), but not of medullary cones action of the urate colloid with mucoid materials in
(Dantzler, 1969), accumulate urate in vitro, suggesting urine (Porter, 1963). These mucopolysaccharides and
that urate secretion occurs in cortical nephron elements. glycoproteins are most abundant in distal nephron seg-
Micropuncture studies of superficial proximal tubules ments where the urine concentration is likely to be high-
of reptilian-type nephrons, as well as studies of urate est (McNabb et al., 1973; Nicholson, 1982). The concen-
transport by isolated proximal tubules from deeper

trated aqueous colloids probably minimize formation(transitional) nephrons, have confirmed that these
of urate crystals and thereby facilitate passage of uratesnephron segments secrete urate (Laverty and Dantzler,
through the nephron.1983; Brokl et al., 1994). However, direct evidence for

Nevertheless, urates do also exist in precipitated formthe roles of more distal segments or of mammalian-type
in avian urine. This is not in the form of crystallinenephrons is lacking. Recent studies of isolated proximal
masses, but rather as spheres a few microns in diametertubules (Brokl et al., 1994) indicate that urate secretion
(Figure 8; Folk, 1969; Lonsdale and Sutor, 1971). Theinvolves transport across the basolateral membrane
spheres may form as alternating layers of urate andagainst an electrochemical gradient; this transport can
mucoid materials with associated water (Minnich, 1976).be inhibited by PAH and probenecid, though it is not

The trapped water and mucopolysaccharides in turnclear that PAH and urate necessarily share a trans-
may sequester cations within the urate spheres, perhapsporter. The flux from cell to tubule lumen is down an
because of the charge configurations existing betweenelectrochemical gradient. Net urate transport in proxi-
urate layers (McNabb and McNabb, 1975). Variousmal tubules is always secretory, but perfused tubules
studies have measured that anywhere from less than 5%show a substantial simultaneous reabsorptive flux that
to more than 75% of urinary Na1 and K1 are associatedapparently occurs through a paracellular route. In vivo,
with the precipitated urate rather than existing in freethough, there is no evidence for such a reabsorptive

pathway (Nechay and Nechay, 1959). solution (Hughes, 1972; McNabb et al., 1973; Braun,
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FIGURE 8 Scanning electron micrograph of urate spheres from the urine of Gambel’s quail (Callipepla
gambelii). The scale bar represents 1 em. Photograph courtesy of G. Casotti and E. J. Braun.

1978; Long and Skadhauge, 1980; Long and Skadhauge, acids (e.g., H2SO4 and H3PO4) are also a threat to acid/
base homeostasis, and the kidneys must excrete the pro-1983b; Laverty and Wideman, 1989; Dawson et al.,
tons equivalent to these metabolic end-products. Thus,1991). The trapped ions would not contribute to urinary
though avian urine pH may range under experimentalosmolarity and may present a means of enhancing ion
conditions from less than 5 to about 8 (Sykes, 1971;excretion despite the limited concentrating ability of the
Long and Skadhauge, 1983a), avian urine is typicallyavian kidney.
acidic, with a pH in the range of 5.5–7.5. The renal
defense of arterial alkaline pH is thus presumed to con-8. Renal Contribution to Acid/Base Regulation
sist of two components, conservation of base (bicarbon-

Birds maintain an alkaline arterial pH of approxi- ate) and excretion of acid (H1, largely buffered).
mately 7.5, despite a constant metabolic production of Avian renal conservation of bicarbonate is thought
acid. Most of this acid, resulting from hydration of CO2, to be accomplished by mechanisms similar to those ex-

isting in the mammalian kidney. That is, secreted H1is excreted as respiratory CO2. However, nonvolatile
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combines in the tubule lumen with filtered HCO3
2 to mediated transport and countercurrent multiplication

of NH4
1, occur more distally (Knepper, 1991; Good,form CO2 that diffuses back into the tubule cells. There,

catalyzed by carbonic anhydrase, it rehydrates and re- 1994). It is not known whether such mechanisms operate
in the avian nephron.dissociates into H1 and HCO3

2. The HCO3
2 is then

reabsorbed into the blood by carrier-mediated transport The phosphate buffer system (HPO4/H2PO4), with a
pK of 6.8, also plays an important role in urinary buffer-across the basolateral membrane. Overall, birds are in-

deed as efficient at conserving bicarbonate as are mam- ing. H2PO4 may account for approximately 20–30% of
total acid excretion at typical urine pH, but may increasemals, with virtual complete reabsorption of filtered bi-

carbonate during periods of acidosis (Anderson, 1967). substantially when phosphate is infused during times of
production of acidic urine (Wolbach, 1955; Sykes, 1971).It is likely that bicarbonate reabsorption in the avian

kidney occurs in the distal nephron, where carbonic The contribution of phosphate to acid excretion declines
as urinary pH rises, perhaps because of a preferentialanhydrase activity is most prominent (see Laverty,

1989). Consistent with this, micropuncture studies of reabsorption of the basic form of the buffer (HPO4),
which would be more abundant at the higher pH (Longstarling proximal tubules found no evidence for prefer-

ential reabsorption of bicarbonate in this nephron seg- and Skadhauge, 1983a).
The final major contributor to buffering of avianment (Laverty and Alberici, 1987).

The lack of acidification of proximal tubule fluid, urine is urate/uric acid (pK 5.8). The contribution of
this system to acid excretion is undoubtedly substantialeven in acidotic birds, suggests that H1 secretion, too,

may take place in distal nephron segments (Laverty (Wolbach, 1955) but is difficult to quantify accurately
because of uncertainty about the chemical form of theand Alberici, 1987). The mechanism of avian renal H1

secretion is little studied, though it is likely to be accom- colloidal precipitate. The proportions of urate and uric
acid in the supernatant fraction of the urine can beplished at least in part by Na1/H1 exchange (Laverty,

1989). The minimum urinary pH achievable by the avian calculated using the Henderson-Hasselbalch equation,
but this can not be done for the precipitate. Calculationsnephron is 4.5–5, and so adequate acid excretion re-

quires that most urinary hydrogen ions be excreted in based on the assumptions either that all precipitated U/
UA exists as UA (Lonsdale and Sutor, 1971) or thatbuffered form. Three compounds—ammonia, phos-

phate, and urate—serve as the primary urinary buffers the precipitated U/UA is in equilibrium with the super-
natant, suggest that U/UA constitutes 25–50% of netin birds.

As noted above, ammonia may constitute up to one- acid excretion (Long and Skadhauge, 1980; 1983a).
quarter of the total nitrogen excreted in avian urine.
The urinary excretion of ammonia is inversely related

9. The Final Urine—Composition and Flow
to the pH of the urine (Wolbach, 1955; Long and Skad-
hauge, 1983a). This ammonia is presumed to derive from An analysis of kidney function usually involves an

examination of the urine and its response to changingcellular metabolism (deamination reactions) and secre-
tion in the distal nephron. The production of ammonia circumstance. However, collection of urine from con-

scious birds is difficult. Urine flows from the ureterscan be enhanced by infusion of the amino acids d,l-
alanine, l-leucine, and glycine (Wolbach, 1955), and into the coprodeum, colon, and ceca, where it may be

modified. A variety of approaches have been used tochronic metabolic acidosis in the chicken leads to in-
creased activity of glutaminase in the kidney (Craan et circumvent these difficulties. In some studies, the possi-

bility of urine flow into the hindgut is removed, eitheral., 1982). The standard mechanism for urinary buffering
by ammonia has been nonionic diffusion. The un- by colostomy (in which the lower intestine is exterior-

ized and the ureters empty into a blind cloacal pouch;charged, lipid-soluble NH3 is synthesized in the tubule
cell and diffuses through cell membranes to equilibrate Hart and Essex, 1942; Holmes et al., 1982; Karasawa

and Maeda, 1992; Belay et al., 1993) or by exteriorizingin the various fluid compartments (including the tubule
lumen). The abundance of ammonium, NH4

1, in the the ureters (Hart and Essex, 1942; Dicker and Haslam,
1972). Besides the problems associated with generalvarious compartments then depends on their H1 concen-

trations. Because the pK for ammonium is 9, this ion is maintenance and recovery after surgery, these tech-
niques suffer from the possibility that urine flow is in-more abundant in the more acidic urine than in the cells

or plasma. With its positive charge, NH4
1 permeates cell fluenced by the very fact that the urine can no longer

interact with the lower intestine (and that normal os-membranes more slowly than NH3 and so is effectively
trapped in the urine, from where it may be excreted. In motic regulation is therefore disrupted). Alternatively,

urine can be collected directly from the cloaca. Thisthe mammalian nephron this mechanism may operate
in the proximal tubule, where most ammonia is initially may be done over an extended time via collecting de-

vices sewn over the ureteral openings (Anderson andsecreted, but other processes, including carrier-
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Braun, 1985), though this again may disrupt normal 10. Function of the Ureters
osmotic regulation. Alternatively, a filtration marker

The ureters of birds are surrounded by smooth mus-
can be infused at a constant rate (such as by an im-

cle which normally possesses tone and is capable of
planted micropump); the ‘‘instantaneous’’ urine flow

peristalsis (Gibbs, 1929). The ureters act to ‘‘milk’’ the
rate can then be calculated from a brief urine collection

urine from the kidneys, but they also offer significant
made by inserting a cannula over the ureteral openings

resistance to the flow of urine. Because the ureters are
(Goldstein and Braun 1988, Goldstein and Rothschild,

direct extensions of the collecting ducts, the ureteral
1993). This approach has the benefit of minimally dis-

resistance may influence the rate of fluid flow through
turbing normal function, but suffers the drawback of

the nephron. Consistent with this, Hughes (1987) found
being unable to provide flow rates integrated over a

that severing the ureter just caudal to the kidney in-
longer time span.

creased urine flow and reduced urine osmolarity, sug-
In unanesthetized birds with free access to water,

gesting that a more rapid transit through the nephron
urine flow rate is in the range of 0.5–3 ml/kg.7hr (Gold-

impaired ion and/or water reabsorption. The state of
stein, 1990; using the same body mass scaling factor,

ureteral tone and extent of peristalsis may be under the
kg0.7, as pertains to GFR) and urine osmolality is typi-

influence of the sympathetic nervous system (Gibbs
cally close to isosmotic with plasma. During dehydra-

1929).
tion, urine flow diminishes and osmotic concentration
increases to two to three times that of plasma. The
composition of this urine has been analyzed in detail in

V. EXTRARENAL ORGANS OFonly a small number of studies. In chickens eating grain
OSMOREGULATION: INTRODUCTION(30 meq Na1/kg), Na1 and Cl2 together accounted for

just over 10% of the total osmolarity of 582 mM/kg
Despite their limited urine concentrating ability,(Skadhauge, 1977). The most abundant solutes were

birds are as effective as mammals at water conservation.NH4
1, phosphate, and K1, with small concentrations of

other measured solutes (Table 4). In this study, 41% of In both groups, small, desert-dwelling representatives
are able to survive on seed diets without drinking waterthe osmotic space could not be accounted for by mea-

sured solutes. In chickens eating a diet with three times (Krag and Skadhauge, 1972; Skadhauge and Bradshaw,
1974). The means by which birds accomplish this, includ-the sodium content of the grain, Na1 and Cl2 in the urine

rose about threefold, whereas NH4
1 was substantially ing the specific features of desert birds which differ

from their nondesert counterparts, are not well defined.diminished; other measured solutes changed by just
small amounts (Table 4; Skadhauge, 1977). These find- Water conservation in birds does result at least in part

from renal mechanisms, including the ability of the avianings—relatively high concentrations of NH4
1, phos-

phate, and K1, with Na1 and Cl2 together accounting kidney to reduce GFR in addition to increasing tubular
reabsorption of water. Uricotelism, too, provides afor less than 50% of the osmotic space—are representa-

tive of other studies as well. However, with salt loading means of excreting nitrogenous waste with a minimum
of water loss (because of the insolubility of the urates(in petrels, with salt glands; and partridges, without)

Na1 concentrations can rise to as much as 30–50% of and hence their lack of contribution to the urinary os-
motic concentration) (Smith, 1953). Beyond this, avianthe total osmotic space (Goldstein, 1990, 1993b).

TABLE 4 Composition of Supernatant of Avian Urinea

Species Condition Nab Cl K Mg Ca NH4 PO4 Osmc

Domestic fowl Wheat and barley 41 36 73 13 7 120 130 582
(Gallus domesticus) Commercial food 141 121 62 11 11 50 132 594

Galah
(Cacatua roseicapilla) Dehydrated 78 51 30 — — 124 118 618

Ostrich
(Struthio camelus) Control 85 158 266 — 1 50 3 —

aData extracted from summary table in Skadhauge (1981).
bAll ion concentrations in mmol/liter.
cOsmolality in mosmol/kg water.
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osmoregulation depends additionally on several other This section is largely based on studies on the domes-
organs that regulate salt and water losses. tic fowl, as surveyed by Skadhauge (1973, 1981, 1993),

Goldstein (1989), and Elbrønd et al. (1993), but it should
be emphasized that the mechanisms observed in theVI. THE LOWER INTESTINE
fowl are generally observed in other avian species as
different as the galah (Cacatua roseicapilla) and the emuA. Introduction
(Dromaius novaehollandiae).

In most birds ureteral urine flows backward by retro-
a. Transport of NaCl and Watergrade peristalsis from the urodeum into both copro-

deum and colon (rectum) (Figure 9). This orally directed Both coprodeum and colon have electrolyte trans-
flow brings the absorbing epithelia of the lower gut into port parameters which are heavily influenced by the
contact with a mixture of urine and chymus coming from NaCl intake (Figure 10). Particularly, the rate of Na1

the ileum. Both coprodeum and colon have a single layer absorption is activated by NaCl depletion and sup-
of columnar epithelial cells which permit absorption/ pressed by NaCl loading. The transport patterns must
secretion of dissolved particles (mainly ions) and water. therefore be described and characterized in relation to
No urine (or feces) is stored in urodeum or proctodeum, the NaCl content of the diet.
which have nontransporting, multilayered squamous ep- Coprodeum is, as observed in vitro, a ‘‘medium-tight’’
ithelia. Some urine/chymus may enter the paired caeca, epithelium (3–500 ohm 3 cm2). On a low-NaCl diet
which are present in a majority of birds. Not only ions coprodeum absorbs Na1 at a very high rate, 10-20 eeq/
and water, but nutrients, particularly short-chain fatty

cm2 hour in vitro under short-circuit conditions (Figureacids (SCFA), the products of fermentation, are ab-
10), and about 100 eeq/kg bodyweight 3 hr in vivo.sorbed here. Overall, urinary refluxing may serve a vari-
Under open-circuit conditions a transepithelial lumen-ety of functions, including possibly reclamation of water,
negative electrical potential difference (PD) of 40–electrolytes, nitrogen, or energy that would otherwise
60 mV develops in vitro, and similar differences frombe lost.
lumen to plasma can be measured in vivo. The PD
drives passive Cl2 transport in vivo, so the net result isB. Transport Properties of Coprodeum,
absorption of near-neutral NaCl, whereas there is no

Colon, and Cecum net Cl2 transport under short-circuit conditions in vitro.
The Na1 transport is completely suppressed by NaCl1. Basic Transport Mechanisms in Coprodeum
loading; the PD may be reversed due to a small, persist-and Colon
ing K1 and H1 secretion. The cellular mechanism behindAlthough coprodeum and colon, in most birds, form a
the huge change in sodium absorption is a large increasecommon storage chamber for ureteral urine and chyme,
in the Na1permeability of the apical membrane of thetheir transport properties differ markedly.
enterocytes (Bindslev, 1979; Clauss et al., 1987). The
Na1 permeability is characterized by a single channel
conductance of 4 pico-Siemens (Christensen and Bind-
slev, 1982). The Na1 transport occurs through a uniform
layer of cells with near-identical transport pattern
(Holtug et al., 1991). There seems to be little adaptation
of the Na-pump located at the basolateral membrane,
as the concentration of ouabain-inhibitable Na/K-
stimulated ATPase or the K-paranitrophenylphospha-
tase (Mayhew et al., 1992) did not increase after NaCl
depletion. Neither did the histochemical location of the
latter differ (Mayhew et al., 1992). In coprodeum no
transport of nutrients (glucose/amino acids) is measur-
able and neither can a solute-linked water flow be de-
tected in vivo (Rice and Skadhauge, 1982a) or in vitro
(Bindslev, 1981).

Colon from birds (domestic fowl and galah) on a
FIGURE 9 Lower intestine of the domestic fowl. Arrows indicate low-NaCl diet has a Na-absorbing capacity and other
the retrograde flow of urine from urodeum to coprodeum, colon, and

transport characteristics just like coprodeum, particu-ceca, as well as possible directions for net fluxes of water and NaCl
larly no stimulation of Na transport induced by hexosesin coprodeum and colon. (Modified from Choshniak et al. (1977),

with permission.) or amino acids. The colonic epithelium is more ‘‘leaky’’
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FIGURE 10 Effect of dietary NaCl on transport properties of coprodeum and colon in domestic
fowl. Illustrated are Na1 transport rates in the absence of luminal organic substrates (open bars),
in the presence of luminal leucine and lysine (light stippling), and in the presence of the sodium
channel blocker amiloride (dark stippling).

(80–100 ohm 3 cm2) than coprodeum and consequently amiloride, which totally suppresses Na1 absorption in
both coprodeum and colon from NaCl-depleted birds.has a transmural PD of only 15–20 mV in vitro and

in vivo. Concomitant with this, a solute-linked water NaCl-loading thus induces in the avian colon a switch-
over from a Na1 channel to Na1/nutrient cotransport.absorption can be measured of 150 el H2O/kg body-

weight 3 hr in vivo (Rice and Skadhauge, 1982a) and The latter is half-saturated by glucose and amino acid
(lysine or leucine) concentrations less than 2 mM; the16 el/cm2 hr in vitro (Bindslev, 1981).

On a high-NaCl intake the colonic transport parame- Na1 absorption will therefore be activated whenever
there is chyme in the colon.ters are remarkably different from those of coprodeum

(Figure 9): rather than being suppressed, Na1 absorp-
b. Transport of Other Ionstion continues at 5–10 microeq/cm2 hr, but only when

glucose and amino acids are present on the luminal K1 is secreted into coprodeum and colon, as observed
side (Lind et al., 1980a; Clauss et al., 1991; Rice and in the domestic fowl and the emu in vivo and in the
Skadhauge, 1982b). These nonelectrolytes are now co- domestic fowl in vitro (see Skadhauge, 1981). Only at
transported with Na1 (Lind et al., 1980b). This Na1 trans- high intraluminal concentrations of K1 will this ion be

absorbed. At concentrations of K1 typically found inport is not affected by the blocker of apical Na1channels
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ureteral urine the net secretion of K1 from coprodeum Studies following the temporal development of Na1

depletion have shown Na1 transport and aldosteroneand colon is around 10 emol/kg body weight 3 hr (Skad-
hauge and Thomas, 1979). As measured in the Ussing levels to go up to a new steady state over a week

(Thomas and Skadhauge, 1982; Árnason et al., 1986).chamber (see survey by Skadhauge, 1993, pp.73–74), the
net secretion of K1 in coprodeum and colon is usually Following acute resalination (NaCl loading) plasma al-

dosterone is suppressed in 8 hr, and net Na1 absorptionaround 0.5 mmol/cm2 hr, less than 5% of the concomitant
Na1 absorption. in 24 hr (Skadhauge et al., 1983; Árnason et al., 1986).

The immediate conclusion from these findings is thatBoth ammonium and phosphate ions are absorbed
from the coprodeum and colon in vivo in the domestic absence of aldosterone brings about rapid closure of

the functional apical Na1 channels.fowl (Skadhauge and Thomas, 1979) and in the emu
(Dawson et al., 1985). In both species higher absorption Studies with external aldosterone injections reveal,

however, that the hormonal (and dietary) regulation ofrates were observed at higher luminal concentrations.
H1 is secreted, presumably by an apical H1/Na1 ex- coprodeal Na1 transport is more complicated. Supra-

maximal injections of aldosterone over 24 hr, the timechanger (see Skadhauge, 1993). This secretion leads to
an acid microclimate on the mucosal surface (Holtug et normally needed to cause a full switch-over of an epithe-

lium to maximal Na1 transport rate, only induced 10–al., 1992), though this is also influenced by products of
enterocyte metabolism (Laverty et al., 1994). The acid 30% of the net Na1 transport of that caused by full

adaptation to a low-NaCl diet (Clauss et al., 1984, 1987).microclimate aids in colonic absorption of SCFAs, par-
ticularly propionate (Holtug et al., 1992). If, however, the aldosterone was injected during the first

24 hr of acute resalination, the sodium absorption was
c. Quantitative Role of Coprodeum versus Colon maintained at the high rate characteristic of low-NaCl

adapted birds. This effect declined over 3–5 days, whenWhen the absorptive areas and the local transport
rates of the two organs are compared, the colon has in the 24-hr aldosterone injection was postponed later and

later, to the moderate level of Na1 transport inducedall species examined a much higher total capacity. The
colon therefore functions as the ‘‘workhorse’’ (Thomas, by aldosterone in birds on a chronic high-NaCl intake

(Clauss et al., 1984). The reason for this apparent change1982) for recovery of salt and water from ureteral urine
and chyme, whereas coprodeum functions as a final in sensitivity to aldosterone is a structural change in-

duced by the hormone: increase in number of both en-‘‘tuner’’ of total excretion.
terocytes and apical microvilli on the individual cell (see
next section). This enlarges the apical area by 400%.

2. Dietary and Hormonal Regulation of Coprodeal
The apparent change in aldosterone sensitivity was not

and Colonic Transport
caused by recruitment of aldosterone receptors (Sandor
et al., 1989).Both the amount of NaCl in the diet, which turns on

the low/high switch-over of Na1 transport, and the time The colon of the domestic fowl does not exhibit these
delayed transport changes (Clauss et al., 1984, 1991),sequences of the change-over have been elucidated in

the domestic fowl. No other dietary components have but this organ does not change apical microvilli with
diet. On the other hand, the difference in histologicbeen identified which have a measurable influence on

NaCl transport. appearance of colon from salt-marsh versus upland sa-
vannah sparrows (Goldstein et al., 1990) is indeed simi-Árnason and Skadhauge (1991) exposed domestic

fowls to six levels of NaCl intake ranging from 0.25 to lar to that of coprodeum from high- versus low-salt
chickens.25 mmol/kg bodyweight day, and observed the plasma

levels of aldosterone, corticosterone, prolactin, and argi-
nine vasotocin, and the sodium absorption and induced

3. Ultrastructural Adaptation and
chloride secretion of colon and coprodeum. The low

Molecular Induction
levels of NaCl intake resulted in increasing levels of
plasma aldosterone, and colon and coprodeum absorbed Continued NaCl depletion induces in white Plymouth

Rock chickens a very late effect: a structural change ofsodium by an amiloride-suppressible mechanism. The
highest levels of NaCl intake increased the concentra- the individual epithelial cells (Figure 11) as well as of

the entire organ. This was investigated by tandem mea-tion of prolactin and arginine vasotocin in plasma. The
intake range of 3–6 mmol NaCl/kg body mass/day pre- surements of coprodeal ultrastructure and sodium trans-

port (amiloride-suppressible short-circuit current) insented the least osmoregulatory stress (i.e., being sensed
neither as NaCl depletion nor as a NaCl load). The vivo (Mayhew et al., 1990). The high aldosterone/low

NaCl diet involves modulations of the level of mRNAstudy points clearly to aldosterone as the main inducer
of the high rate of Na1 transport in coprodeum. that codes either for the Na-channel or a posttranscrip-
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FIGURE 11 Tranmission electron micrographs of the apical region of coprodeal epithelial
cells from chickens eating either (a) a high-NaCl diet or (b) a low-NaCl diet. Note the
differences in height and density of apical microvilli, providing the low-NaCl birds with a
substantially enhanced absorptive surface area. Photograph courtesy of Dr. Vibeke Elbrønd.

tional regulator of the channel, since the mRNA from identical sodium transport capacity, as demonstrated
by uniform histochemical localization of Na/K ATPaselow-NaCl but not high-NaCl diet coprodeum expresses

an amiloride-suppressible Na1 uptake after injection activity (Mayhew et al., 1992), by immunochemical local-
ization of the amiloride-sensitive Na1 channel (Smith etinto Xenopus oocytes (Asher et al., 1992). The microvil-

lous surface area increased in birds chronically exposed al., 1993) and by measurements of the local Na1 trans-
port rates by the vibrating microprobe technique (Hol-to the low-NaCl diet, from 32 to 49 em2/cell without

changing cell size (Figure 11), and the total cell number tug et al., 1991). The basolateral membrane area did not
change significantly per individual cell following chronicper organ increased from 270 to 420 million. The total

effect was a 135% rise in apical area (Elbrønd et al., NaCl depletion (Mayhew et al., 1992).
1991; Mayhew et al., 1992). Supramaximal doses of aldo-
sterone injected over 2–6 days also induced a substantial

4. Salt and Water Transport in the Caeca
increase of the microvillous surface area (Elbrønd et al.,
1993). This enlargement of apical area occurred more The paired caeca are of variable size; large caeca

are typically associated with herbivory and granivoryrapidly than the rate of cell turnover and hence involved
remodeling of the existing cell population (Elbrønd et (McLelland, 1989). In vivo perfusion studies in the do-

mestic fowl demonstrate substantial absorption of NaClal., 1993). The late effect of aldosterone to increase
cell number then leads to synthesis of cells with near- and water and secretion of K1. The Na1 absorption is
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stimulated by acetate; NaCl absorption is enhanced by ity because of a counteracting higher rate of solute-
linked water flow and lower osmotic permeability coef-luminal glucose and stimulated by aldosterone (Rice

and Skadhauge, 1982c; Thomas and Skadhauge, 1989a). ficient (Skadhauge, 1981). The house sparrow (Gold-
stein and Braun, 1988) and the budgerigar (Krag andAnatomically the caecum in the chicken has a large

end (the bulbus) and a more narrow neck region (see Skadhauge, 1972) seem to have a similar interaction
of cloacal recovery of NaCl and water, though in theDantzer, 1989). The bulbus had higher transport rates

of both Na1 and amino acids than the neck region house sparrow the transport properties of the colon
more closely parallel those of hen coprodeum (Gold-(Thomas and Skadhauge, 1989b).
stein, 1993a).

The relevance of the computer calculations has re-
C. Postrenal Modification of Ureteral Urine ceived independent support from two sources: (1) slow

perfusion experiments of coprodeum/colon in the do-1. Basic Patterns: Hydration/NaCl Loading
mestic fowl with fluids simulating ureteral urine in the

The interplay of kidney and cloaca depends on flow dehydrated state have demonstrated net water absorp-
rate and ionic and osmotic concentration of ureteral tion from liquids up to 200 mosm higher osmolality than
urine in relation to the transport capacities of the epithe- that of plasma, (2) the computer simulation (Skadhauge,
lia of the lower gut. The osmotic permeability coefficient 1973) resulted in near-identical absorption rates as cal-
and the sodium transport rate are most important, since culated from a detailed study with and without exterior-
these parameters determine the net rates of absorption/ ization of the ureters (Dicker and Haslam, 1972).
secretion in the parts of the lower gut in which urine is In only one study (Skadhauge and Thomas, 1979)
stored (or flows through). One would expect the frac- has the cloacal fractional absorption of K1, NH4

1, and
tional effect of cloacal storage to be limited if the flow PO4 been quantitatively assessed. In the domestic fowl
rate of ureteral urine is high. This would apply both to it was shown that the cloaca changes the ureteral output
water reabsorption in the hydrated state and for NaCl by an additional secretion of 20% of K1, and absorption
absorption during NaCl loading. In the domestic fowl of 8% of NH4

1 and 2% of PO4. Thus the cloaca seems
(see Skadhauge, 1973), consideration of all relevant pa- to assist significantly in secretion of K1, but the storage
rameters, including the resulting osmolality and Na1

affects NH4
1 and PO4 transport only little.

concentration of the contents of the lower gut, permits
calculation that only about 2% of ureterally excreted

3. Special Case: Birds with Salt Glandswater and NaCl will be reabsorbed in the hydrated and
salt-loaded state, respectively. Cloacal storage little Schmidt-Nielsen et al. (1963) suggested that birds
modifies the excretory function of the kidney in these with salt glands might maintain high rates of intestinal
functional states. In contrast, substantial modification salt and water reabsorption during times of substantial
of urine (particularly reabsorption of NaCl) occurred NaCl intake, routing the NaCl to the salt glands for
in the starling even during brisk urine flow induced excretion and thereby retrieving free water. Examina-
by mannitol diuresis (Laverty and Wideman 1989); the tions of this problem have focused on two species, the
transport properties of the lower intestine of this species domestic duck and the glaucous-winged gull. In both
are unstudied. species, Na1 uptake in the small intestine remained un-

diminished during saline acclimation (Hughes and Rob-
erts, 1988). In the hindguts of the two species, the colon

2. Basic Patterns: Dehydration/NaCl Depletion
carries the majority of NaCl absorption and solute-
linked water flow, with coprodeum being of minor sizeQuantitative studies of flow rate and composition of

ureteral urine of dehydrated birds, and the transport and with lower transport capacity per square centimeter
of serosal area. Even during salt loading, continuedparameters of coprodeum and colon, have been carried

out in three species of seed-eating land birds, the domes- urine flow is necessary to maintain nitrogen excretion,
and at least in ducks urine apparently continues to entertic fowl, the galah, and the house sparrow (Goldstein

and Braun, 1986, 1988). The values obtained on the the rectum and even the ceca in saline acclimated birds
(Hughes and Raveendran, 1994). Colons of both speciesfowl and the galah have been treated by a computer

simulation of the retrograde flow into the cloaca and the uphold high NaCl absorption rates in the salt-loaded
state (Skadhauge et al., 1984a; Goldstein et al., 1986);integrated effect on salt and water transport (Skadhauge

and Kristensen, 1972; Skadhauge, 1973). The result ob- any NaCl that is excreted by the kidney may therefore
be reabsorbed with water postrenally and finally se-tained is that 10–20% of ureterally excreted water and

70% of Na1 is absorbed in the cloaca of both species. creted by the salt gland, thereby leaving a volume of
‘‘free water.’’ This system operates in the duck to saveThis occurs in the galah despite its higher urine osmolal-
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approximately 0.5 ml water/kg body mass/hr (Skad- Skadhauge, 1981; Chapter 3). Quantitative studies of
caecal function surveyed by Skadhauge (1981) basedhauge et al., 1984a) but, because of the gull’s small lower

intestine and relativley low urinary NaCl concen- on inflow studies of unabsorbable water markers from
either ureteral urine or after oral ingestion suggest in-trations, its contribution is likely minor in this species

(Goldstein et al., 1986). flow rates about 20% from both sources. In the domestic
fowl the simple (serosal) surface area of the ceca is of
equal magnitude to that of coprodeum and colon, but

4. Special Case: The Ratites
the Na1 and water transport rates per unit body mass
are approximately threefold higher (Thomas and Skad-In the large, flightless ratite birds the weight of the

gut and its contents is not as critical as in flying species, hauge, 1989b). The transport capacity for NaCl and wa-
ter reabsorption from chymus and urine is thereforeand special adaptation of the lower gut to act as fermen-

tation chamber is possible. This is the case in the ostrich large, perhaps larger than colon plus coprodeum. The
quantitative rate of caecal water absorption has been(Skadhauge et al., 1984b) in which the more than 10

meter long colon of the adult male has SCFA concentra- estimated from 5 to 38% of body mass per day. Despite
this, ligation of the ceca may have little overall effecttions up to 120 mmol. To a minor extent this is parallel-

led by the Rhea americana (the nandu). As both ostrich on osmoregulation (Skadhauge, 1981, p. 38, and others
(see Braun and Duke 1989)), probably because of com-(Skadhauge et al., 1984b) and nandu (Skadhauge et al.,

1993) have renal concentrating ability of approximately pensation by other organs (Hughes et al., 1992). The
contribution of the ceca may become essential only dur-800 mmol/kg, the question of how far this ureteral urine

is passed retrograde into the coprodeum/colon is of im- ing the combined stress of poor feeding and salt and
water depletion (Thomas, 1982; Thomas and Skad-portance. The ostrich has a strong sphincter between

coprodeum and terminal colon, and no influx of urine hauge, 1989b).
into colon has been observed (Skadhauge, 1983). No
feces are stored in the coprodeum, which therefore func-
tions as a real bladder in this species. The transport VII. SALT GLANDS
properties of the coprodeal wall have not been mea-
sured in the ostrich. The dorsal diverticulum from the Although the presence of supraorbital glands in ma-

rine birds was known for many years, it was not untilproctodeum of the nandu does contain ureteral urine
and is lined by a single layer of cuboidal cells thus 1958 that their salt-secreting function was defined

(Schmidt-Nielsen et al., 1958). Functional salt glandspossibly having resorptive capacity (Skadhauge et al.,
1993). However, the small size of this diverticulum rele- exist in approximately 10 orders of birds, including all

those with marine representatives and at least two or-gates its possible functional role to minor importance.
In contrast to these species, the emu has a conven- ders of terrestrial birds (several falconiforms (Cade and

Greenwald, 1966) and the roadrunner (Geococcyx cali-tional, small coprodeum/colon where little fermentation
occurs. The dehydrated emu has a low urine-to-plasma fornianus, order Cuculiformes; Ohmart, 1972)). Reports

of salt gland function in two other terrestrial ordersratio of osmolality (1.4) and a fairly high urine flow rate.
To compensate, the absorption capacity of coprodeum/ have recently been disputed (Thomas et al., 1982; Brown

and Gray, 1994). Within related groups, glands arecolon is high, resulting from extensive mucosal folding
(Skadhauge et al., 1991). The cassowary (Casuarius casu- larger in species exposed to hypersaline food and water;

thus, marine species have larger glands than coastal orarius) has a macroscopic anatomy of coprodeum/colon
simlilar to that of the emu (Skadhauge et al., 1993). terrestrial birds (Staaland, 1967).

A. Anatomy5. Quantitative Role of the Caeca in Osmoregulation

The salt glands, which constitute from 0.1 to 2% ofThe main function of caeca in avian physiology is
nutritional, as these organs, when present and large, body mass, are located in depressions usually in or above

the orbits (e.g., Schmidt-Nielsen, 1959; Siegel-Causey,take part in the digestion of fine particulate matter, food
fiber, and the production of SCFA (see reviews in Braun 1990; Figure 12). They are distinct from lacrimal or

Harderian glands. The basic structural unit of the saltand Duke, 1989). Furthermore, saving of nitrogen by
bacterial breakdown of uric acid of ureteral origin is gland, the lobe, consists of blind-ended secretory acini

(tubules) which drain into central ducts (canals). To-possible (Braun, 1993). Large fractions of intestinal and
ureteral water and solutes move together with solids ward the blind end of the tubule are small, relatively

undifferentiated peripheral cells, whereas most of theof small particle size into the caeca by peristalsis and
antiperistalsis in the ileum and colon, respectively (see length of the secretory tubules is composed of principal
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The peripheral receptors, which are located in the
vicinity of the heart and large arteries nearby, communi-
cate with the central nervous system via the vagus nerve,
the severing of which eliminates salt gland responsive-
ness to systemic salt-loading (Hanwell et al., 1972).
These receptors act as osmoreceptors, as indicated by
the inability of isosmotic expansion of the extracellular
fluid (ECF) to initiate salt gland secretion, at least in
some experiments (see Hughes, 1989b). There are also
reports of salt gland secretion during dehydration (e.g.,
Stewart, 1972), when ECF volume would have been
reduced but osmolarity increased.

Numerous experiments also point to an important
role for systemic volume receptors. In some species
(mallard ducks, but not glaucous-winged gulls; Hughes,FIGURE 12 The supraorbital salt gland of the herring gull.
1989a) isosmotic ECF expansion is a sufficient stimulusBranching secretory tubules are arranged radially around the central
for salt gland secretion. Moreover, a rise in extracellularcanal. (From K. Schmidt-Nielsen, The salt-secreting gland of marine

birds, Circ. (1960), XXI, 962. Reproduced with permission. Circula- Na1 concentration without a rise in ECFV may be insuf-
tion. Copyright (1960) American Heart Association.) ficient to initiate secretion (Ruch and Hughes, 1975;

Hughes, 1989b); volume and osmolarity act in concert
to jointly achieve a threshold for secretion (Hammel,secretory cells (Ernst and Ellis, 1969). Capillary blood
1989). Some evidence suggests that the ECF receptorsflow runs counter to flow in the secretory tubules. Each
occur not in the vasculature, but in the interstitial fluidgland contains numerous lobes whose final common
(Hammel et al., 1980).ducts drain into the nasal cavity. Salt gland secretion

It is likely that variation in experimental results, in-either drips from or is shaken from the bird’s beak.
cluding differing importance of volume and osmolarityAcclimation of a bird to increasing salt intake induces
as stimuli for salt gland secretion, relates to variationgrowth of the salt gland, accompanied by an enhanced
among species. The most detailed experimental worksecretory capacity. Growth of the secretory tubules in-
in this field has been done using domestic ducks, descen-cludes cell hypertrophy and hyperplasia, increased mem-
dants of wild mallards. These birds are never exposedbrane folding and mitochondrial density, and enhanced
to seawater in their natural habitat and they are quiteactivity of several cellular enzymes, including Na/K AT-
intolerant of saline (Schmidt-Nielsen and Kim, 1964).Pase, the enzyme responsible for establishing the ion gra-
Studies of birds more highly adapted to saline may yielddients that drive secretion (Holmes and Phillips, 1985).
different results (Hughes, 1989b).The main innervation to the salt glands is from the

VIIth cranial nerve, a branch of which enters the secre-
tory nerve ganglion near the orbit (Ash et al., 1969).

2. Secretion Mechanism and Fluid CompositionPostganglionic parasympathetic fibers, which may re-
lease both acetylcholine and vasoactive intestinal pep- The fluid produced by avian salt glands is typically
tide (VIP), then ramify through the gland, with termi- nearly pure NaCl, with trace concentrations of K1,
nals on both secretory cells and blood vessels. The blood HCO3

2, Ca21, and Mg21 (though K1 concentrations up
vessels and tubules also receive adrenergic input from to 100 mM and Ca21 concentrations up to 50 mM may
neurons likely running both in the walls of arteries and occur in some situations; Hughes, 1970b; Cade and
through the secretory nerve ganglion (Peaker and Lin- Greenwald, 1966) . The concentration of NaCl in the
zell, 1975; Gerstberger, 1991). secretion varies among species from approximately 500

to 1000 mM (see Skadhauge, 1981; Chapter 7), being
more concentrated in species with higher salt intakesB. Function
(such as those which eat marine invertebrates).

1. Stimulus for Secretion The cellular mechanism of secretion by salt gland
principal cells is difficult to study in situ because of theSecretion by the salt glands may be initiated by stimu-
complex anatomy of the tubules and their encasementlation of either central or peripheral receptors. The cen-
in connective tissue. Knowledge of this process hastral receptors appear to be osmoreceptors in the region
therefore come from a variety of in vitro approaches,of the third cerebral ventricle, with a responsiveness to
including studies of tissue slices, isolated dispersed cellsthe Na1 (or other cation) concentration, not just to total

osmotic concentration (Gerstberger et al., 1984). (Shuttleworth and Thompson, 1989), and, more re-
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cently, cell culture (Lowy et al., 1989). These studies 1989, Gerstberger and Gray, 1993) suggest instead that
the hypertonicity is generated within the tubules them-collectively have suggested a model of secondary active

Cl2 transport. In this model (Figure 13), a basolateral selves. In various studies, the concentration of secreted
fluid either increases, decreases, or does not change withouabain-sensitive Na/K ATPase establishes an inwardly

directed Na1 gradient. This gradient provides the energy the rate of secretion, and so this relationship does little
to help clarify the concentrating mechanism.for furosemide-sensitive inward transport of Na1/K1/

2Cl2, also across the basolateral membrane. Chloride Adequate secretion by the salt glands requires ade-
quate blood flow, and this increases more than 10-foldions then pass down their electrochemical gradient

through (putative) apical Cl2 channels into the tubule during active secretion (Hanwell et al., 1971; Kaul et al.,
1983). Over a wide range of blood flow and secretionlumen. The resulting transtubule electrical potential (in-

wardly negative) provides the driving force for passive rates the salt glands extract a relatively constant fraction
(between 15 and 20% in the Pekin duck) of the NaClperitubular Na1 transport. Activation of secretion also
passing through the gland (Kaul et al., 1983).entails a brief intracellular acidification which is com-

pensated for by a HCO3
2-dependent alkalinization as

secretion is sustained (Shuttleworth and Wood, 1992). 3. Regulatory Mediators
Activation of secretion can be stimulated via either of

Stimulation of salt gland secretion is activated by thetwo intracellular second messenger systems, phosphati-
parasympathetic nervous system (Fänge et al., 1958)dyl inositol/Ca1 (linked to stimulation of muscarinic ace-
acting through muscarinic receptors for acetylcholinetylcholine receptors (Snider et al., 1986; Hildebrandt
and independent receptors for VIP (Gerstberger, 1988).and Shuttleworth, 1993)) or cyclic AMP (linked to b-
These mediators activate the principle cell secretoryadrenergic stimulation or vasoactive intestinal peptide
mechanism as well as vasodilation and enhanced blood(Lowy and Ernst, 1987; Lowy et al., 1987)).
flow (see Butler et al., 1989; Gerstberger, 1991). Secre-The concentration of the solution as elaborated by
tion is inhibited by anaesthesia or disturbance, at leastthe cells lining the secretory tubules is unknown, and a
in part via sympathetically mediated vasoconstriction.variety of mechanisms have been proposed for attaining

The only hormone that directly stimulates secretionthe final concentration of secreted fluid. Marshall et al.
is atrial natriuretic peptide, which activates the gland via(1985) proposed that tubular cells secrete an isotonic
high affinity receptors (Schütz and Gerstberger, 1990;fluid that is concentrated by the subsequent withdrawal
Gerstberger, 1991). A substantial literature did suggestof water along the ducts. With a final secretion rate as
a role for corticosterone. However, though adrenalec-high as 10% of gland blood flow rate, secretion of virtu-
tomy may reduce salt gland secretion, this apparentlyally the entire plasma would be initially required. Other
results from the cardiovascular effects of NaCl and wa-theories (see Holmes and Phillips, 1985; Butler et al.,
ter depletion. Maintenance of normal fluid balance
through saline drinking water and adequate feeding re-
stores salt gland function even in the absence of cortico-
sterone (Butler, 1987).

Similarly, angiotensin II has been thought to have a
direct influence on salt gland secretion, though in this
case inhibitory. More recently, Butler et al. (1989) have
demonstrated that the effect is not a peripheral one but
instead acts by stimulating centrally mediated vasocon-
striction of salt gland blood vessels, probably via sympa-
thetic release of norepinephrine. Consistent with this,
secretion is inhibited by low doses of angiotensin II
administered to the cerebrospinal fluid of the third ven-
tricle (Gerstberger et al., 1984). Peripherally produced
angiotensin may act by crossing the blood–brain barrier
and activating these central responses.

C. Contribution of the Salt Glands
to Osmoregulation

The quantitative contribution of the salt glands rela-FIGURE 13 Proposed mechanisms of secretion by principal secre-
tive to the kidneys has been evaluated in a few species,tory cells in the avian salt gland. (From Lowy et al. (1989), Am. J.

Physiol. with permission.) and Skadhauge (1981, Chapter 7) has summarized the
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major points that derive from these studies. First, during tus may influence regulation of cutaneous evaporation,
conditions that stimulate the salt glands (salt loading or since cutaneous resistance was decreased in hydrated
dehydration), typically $75% of excreted Na1 is lost but not in dehydrated heat-stressed pigeons (Arad et
via the salt glands. Second, the division of water loss al., 1987).
between salt glands and kidneys depends of the water Evaporation typically accounts for approximately
load; during a copious saline load the two organs may be 50% of total water losses in a variety of species given
equally responsible for water excretion, whereas during unlimited water in the laboratory (summarized in Skad-
dehydration the renal losses of water may be much more hauge, 1981; Chapter 4). During dehydration, birds
reduced. Last, despite the relatively low concentration greatly decrease excretory water loss, thus evaporation
of K1 in the salt gland fluid, the salt glands may eliminate constitutes a greater fraction (up to 80%) of total water
more than one-third of excreted K1 following a salt loss (Skadhauge, 1981).
load. It is worth noting that these generalizations derive
from relatively few studies conducted over short experi-
mental time spans; the relative roles of the organs under Acknowledgments
natural conditions undoubtedly reflect dietary intakes Thanks to Maryanne Hughes and Eldon Braun for reading and
of salts and water and must vary considerably over time. commenting on portions of this manuscript and to Eldon Braun and
For example, the spontaneous salt gland secretions of Vibeke Elbrond for providing unpublished photographs. E. Skad-

hauge’s contribution to this chapter was supported by the DesiréePekin ducks varied with, and nearly matched, the NaCl
and Niels Yde Foundation.concentration of their drinking water (Hughes et al.,
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and a pharyngeal isthmus; the combined oral and pha-
ryngeal cavities are referred to as the oropharynx. The
palate contains a longitudinal fissure, the choana, which
connects the oral and nasal cavities. Caudal to the
choana is the infundibular cleft, which is medially lo-
cated and is the common opening to the auditory tubes
(Figure 2). The palate generally also has ridges which
aid in opening the shell of seeds.

The tongue shows adaptations for collecting, manipu-
lating, and swallowing food (Harrison, 1964). In birds
where the tongue is used for collecting food, it can be
extended from the mouth during the collection process.
Such tongues typically have lateral barbs and may be
coated with mucous secreted by the mandibular salivary
gland. The tongue may act as either a brush, a spear,
or as a capillary tube, sometimes extending four times
the length of the beak.

Tongues used to manipulate food, such as in piscivo-
rous species, are nonprotruding and covered with stiff,
sharp, caudally directed papillae. In birds of prey, the
tongue is a rasp-like structure with the rostral portion
frequently being very hard and rough (McLelland,
1979). On the tongue of birds that typically strain food
particles (e.g. ducks), the rostral portion forms a scoop-
like structure with the lateral borders having a double
row of overlapping bristles. The bristles work in con-
junction with the lamellae of the bill to filter particles.

In birds where the tongue is utilized to aid in the
swallowing of food, caudally directed papillae tend to
be located near the root of the tongue. These papillae
function to propel food caudally. Tongues specialized
for swallowing are nonprotruding.

Salivary glands also show considerable species varia-
tion. While salivary glands are generally well developed
in granivorous species, they are less developed in birds
of prey, poorly developed in piscivores, and absent in
the Anhinga and Great Cormorant (Antony, 1920). As
a generalization, the maxillary, palatine, and spheno-FIGURE 1 Digestive tract of a 12-week-old turkey. 1, precrop esoph-
pterygoid glands are located in the roof of the mouth.agus; 2, crop; 3, postcrop esophagus; 4, proventriculus; 5, isthmus;

6, thin craniodorsal muscle; 7, thick cranioventral muscle; 8, thick The buccal gland is in the cheeks whereas the mandibu-
caudodorsal muscle; 9, thin caudoventral muscle (6–9, gizzard); 10, lar, lingual, and cricoarytenoid glands are in the floor
proximal duodenum; 11, pancreas; 12, distal duodenum; 13, liver; 14,

of the mouth. While the salivary glands of Gallus andgallbladder; 15, ileum; 16, Meckel’s diverticulum; 17, ileocecocolic
Meleagris are reported to secrete little amylase, thejunction; 18, ceca; 19, rectum; 20, bursa of Fabricius; 21, cloaca; 22,

vent. Scale is in centimeters. (Reprinted from Gary E. Duke, ‘‘Avian house sparrow secretes considerable amounts (Jerrett
Digestion,’’ in Duke’s Physiology of Domestic Animals, Tenth Edition, and Goodge, 1973).
edited by Melvin J. Swenson, p. 360. Copyright 1984 by Cornell Uni- Taste buds are variably located on the upper beakversity Press. Used by permission of Cornell University Press.)

epithelium, in the anterior mandible, and the mandibu-
lar epithelium posterior to the tongue. There are a small
number of taste buds also located ventrolaterally on theis hard (i.e., Anatidae or waterfowl). The culmen, the
anterior tongue. It is believed that chickens have asmedial dorsal area of the upper beak, has a pointed
many as 300 taste buds (Saito, 1966; Ganchrow andprotuberance in the embryo, the egg tooth, which drops
Ganchrow, 1985).off after hatching.

In some species of birds, the floor of the mouth con-Birds, unlike mammals, have no sharp distinction
between the pharynx and mouth. Birds lack a soft palate tains sac-like diverticuli called oral sacs. These can act
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TABLE 1 Dimensions of the Digestive Tract of Various Species of Birdsa

Esophagus Proventriculus and gizzard Small intestine Cecum Rectum Total

Body wt Length Length Length Length Length Length
Species (kg) (mm) Total % Wt (g) (mm) Total % Wt (g) (mm) Total % Wt (g) (mm) Wt (g) (mm) Total % Wt (g) (mm) Length/BW

Chicken
Leghorn 1.2 136 9.9 8.2 86 6.3 26.7 1082 78.9 29.5 127 5.2 68 5.0 2.3 1372 1.14
Broiler 3.0 140 6.4 16.8 101 4.7 43.5 1796 82.7 73.6 188 10.7 134 6.2 5.1 2171 0.72

Turkey 3.0 123 5.7 8.5 110 5.1 52.9 1853 85.7 85.3 278 20.1 75 3.5 4.4 2161 0.72
Japanese quailb NA 75 11.5 — 38 5.8 — 510 78.1 — 100 — 30 4.6 — 653 —
Domestic duckc 2.2 310 11.7 — 130 4.9 — 2110 79.9 — 140 — 90 3.4 — 2640 1.20
Emuc 53.0 790 12.1 — 260 4.0 — 5200 79.4 — 120 — 300 4.6 — 6550 0.12
Rhead 25.0 NA 310 — — 1400 — — 480 — 400 — — — —
Ostrichd 122.0 NA 480 — — 6400 — — 940 — 8000 — — — —
Cedar waxwinge NA 51 16.2 — 36 11.4 — 171 54.3 — 0 0 57 18.1 — 315 —

aThe length and weight of the gastrointestinal tract can change depending on the environment in which the birds are raised (see Deaton et al., 1985). NA, not available.
bFrom Fitzgerald (1969).
cFrom Herd (1985).
dFrom Fowler (1991).
eFrom Levey and Duke (1992).
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FIGURE 2 (Left) Roof of the mouth cavity and pharynx of the fowl. a, upper beak; b, b’, palate; c, lateral
palatine ridges; d, median swelling and e, papillae of the palate; g, palatine cleft (choanal cleft); h, orifice of
the gland. maxillaris; i, orifice of the glandd. palatinae latt.; k, orifice of the glandd. palatinae medd.; l, orifice
of the glandd. pterygoideae and glandd. tubariae; m, orbital folds; n, pharyngeal folds; o, infundibular cleft;
p, pharynx; q, rows of pharyngeal papillae; r, oesophagus. (Right) Floor of the mouth and pharyngeal cavities of
the fowl. a, lower beak; b, orifice of the glandd. mandibulares postt.; c, tongue; d, row of lingual papillae;
e, orifice of the glandd. linguales postt.; f, larynx (larynx cran.); g, laryngeal cleft; h, oesophagus; i, rows of
pharyngeal papillae. (Reprinted from R. Nickel, A. Schummer, E. Seiferle, W. G. Siller, and P. A. L. Wight,
‘‘Anatomy of the Domestic Birds’’ p. 43. Copyright 1977 by Springer-Verlag, New York. Used by permission
of the publisher.)

to either carry food or as a display apparatus during the gus of birds lacks both upper and lower esophageal
sphincters which are present in mammals (see Mule,breeding season.

Immediately behind the tongue is the laryngeal 1991).
In many, but not all (e.g., gulls, penguins, ostriches),mound. It contains a narrow slit-like opening into the

glottis of the larynx. The laryngeal mound generally species of birds the cervical esophagus is expanded to
form a crop. The crop functions to store food and maycontains rows of caudally directed cornified papillae

which aid in moving food toward the esophagus dur- be spindle-shaped, bilobed, or unilobed. In the chicken,
the crop is a ventral diverticulum of the esophagus anding swallowing.
contains longitudinal folds on the inner surface thus
making it distensible. Beyond the crop, the esophagus

B. Esophagus and Crop continues as the thoracic esophagus to connect with the
proventriculus.The esophagus is a thin-walled, distensible tube

A small number of species have a diverticulum orwhich transports food from the pharynx to the stomach
bilaterally symmetrical expansion of the cervical esoph-allowing birds to swallow their food whole. Thus, it
agus, the esophageal sac. In most species which havecontains a number of longitudinal folds which provide
such a structure, it occurs only in the male and functionsdistensibility. The avian esophageal wall consists of four
as a display during the breeding season and for thelayers: mucosal, submucosal, muscle tunic, and the sero-
production of mating calls.sal layer and generally contains only smooth muscle

The esophagus and crop are lined with incompletelycells, with a circular muscle layer predominating
keratinized stratified squamous epithelia into which(McLelland, 1979).
open numerous mucous glands. These glands are gener-Unlike mammals, the avian esophagus is divided into

a cervical and a thoracic region. In addition, the esopha- ally more numerous in the thoracic esophagus and may
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even be absent in the cervical region. Mucous glands
are located in the crop only near the junction with
the esophagus.

The cervical esophagus is innervated by parasympa-
thetic nerves. The thoracic esophagus is innervated by
the vagus and the coeliac plexus. The esophagus is inner-
vated by a few adrenergic fibers which synapse with the
myenteric plexus rather than the muscles (McLelland,
1975; Mule, 1991).

C. Stomach

In mammals, the stomach consists of a single cham-
ber. However, in birds, the stomach consists of two
chambers, the proventriculus (pars glandularis) and the
gizzard (pars muscularis), with the former being the
mammalian counterpart. The proventriculus or glandu-
lar stomach is located orad to the gizzard or muscular
stomach. The proventriculus is a fusiform organ varying FIGURE 3 Anatomical features of muscular stomach of domestic

turkeys. GS, glandular stomach; MS, muscular stomach. Note thatin size and shape among species, being relatively large
cranial thin muscle of MS is continuous with lateral thick muscle andand distensible in aquatic carnivores while being rela-
separated from caudal thin muscle at caudal septum. Similarly, thetively small in granivorous species. In ostriches, which
caudal thin muscle is continuous with the medial thick muscle and

lack a crop, the proventriculus is especially large. The separated from cranial thin muscle by cranial septum. (From Chaplin
proventriculus is the site of acid secretion whereas the and Duke (1990), Am. J. Physiol. with permission.)
gizzard functions in mechanical digestion and is the site
of gastric proteolysis. The pyloric region connects the

ventriculus and from injury during grinding of hard foodgizzard to the duodenum.
items. The greenish or brownish color of the cuticle isThere are two extremes in gastric anatomy (McLel-
due to the reflux of bile pigments from the duodenum.land, 1979). The first type, characteristic of carnivorous
While the cuticle is continuously worn away and re-and piscivorous species, is adapted for storage and the
placed in most birds, it is shed in some species.digestion of a relatively soft diet. The two stomach

The pyloric portion of the stomach (pars pyloricachambers contain little separation, although one cham-
gastric) shows a considerable range in development. Inber may be more developed than the other, depending
Gallus, it is only 0.5 cm long. Its mucosal glands secreteon the species. The second stomach type, characteristic
mucous instead of a cuticle. In other species, the pyloricof omnivores, insectivores, herbivores, and granivores,
portion is enlarged and contains a cuticle. While theis adapted for very hard diets. The proventriculus and
function of this region is unknown, it is believed thatgizzard are separated by an isthmus termed the zona
it may slow the movement of large particles into theintermedia gastric. The proventriculus is relatively
duodenum (Vergara et al., 1989).small, while the gizzard is large and powerful. The giz-

The stomach is innervated by the vagus and perivas-zard consists of two pairs of opposing muscles termed
cular nerve fibers from the coeliac and mesenteric plexii.thick and thin pairs (Figure 3), which are composed of
The muscle cells are innervated by cholinergic fiberscircular muscle. These pairs of muscles are lacking in
while noradrenergic fibers innervate mainly blood ves-some species (e.g., herons, hawks, owls).
sels. The myenteric nerve plexus lies just under theThe proventriculus, which generally lacks ridges ex-
serosa, while the submucosal plexus is lacking. Sincecept in fish- and meat-eating species, is lined with a
the longitudinal muscle layer is absent, the myentericmucous membrane. Projecting into the lumen are papil-
nerve plexus is normally visible through the transpar-lae on the surface of which can be seen the openings of
ent serosa.the compound glands which secrete gastric juices. These

glands generally contain only oxynticopeptic cells and
secrete hydrochloric acid, pepsin, and mucous. D. Small Intestine

The interior surface of the gizzard is lined with a
cuticle, sometimes called koilin, which is produced by The small intestine is sometimes divided into the

duodenum, jejunum, and ileum, although these are notthe mucosal glands. The cuticle protects the gizzard
from acid and proteolytic enzymes secreted by the pro- distinguishable based on histology or gross observation.
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While there is a distinct duodenal loop, the yolk stalk taining both sympathetic and parasympathetic auto-
nomic fibers (Hodgkiss, 1986).(diverticulum vitellinum; formally called Meckel’s di-

verticulum) is often used as a landmark to separate the
jejunum and ileum. Intestinal length varies considerably E. Ceca
between species, being relatively shorter in frugivores,

Arising at the junction of the ileum and rectum arecarnivores, and insectivores and long in granivores, her-
the ceca. In some species, the ceca may be absent (e.g.,bivores, and piscivores. However, the length appears to
Psittaciformes, Apodiforms, and Piciforms) or rudimen-be relatively shorter than in mammals.
tary (e.g., Columbiformes and Piciformes). In other spe-The intestinal wall can contain either folds or villi
cies they are either paired (e.g., herbivores, most grani-depending on the species. The type of mucosal projec-
vores, and owls), singular (Ardeidae), or consist of ations are not necessarily consistent between the small
double pair (secretary bird). McLelland (1979) hasand large intestine. Gallus species have villi which
grouped ceca into four types based on morphology:decrease in length from 1.5 mm in the duodenum to
(1) intestinal, which resemble the remainder of the intes-0.4–0.6 mm in the ilium and rectum. The number of
tine; (2) glandular, which are long and contain manyvilli decreases from 1 to 10 days of age, but thereafter
actively secreting crypts; (3) lymphoid, which are re-remains constant.
duced in size and contain many lymphocytes and occa-Genetic selection for growth has altered villi mor-
sional nonsecreting crypts; and (4) vestigial, which arephology (Yamauchi and Isshiki, 1991). Compared to
small with a reduced lumen. A correlation between dietWhite Leghorns, the villi of broilers are larger and show
and cecal development and between the size of the cecamore epithelial cell protrusions from the apical surface
and the length and width of the rectum has not beenof the duodenal villi. Nevertheless, the villi from both
discovered (McLelland, 1989).types of chickens form a zig-zag arrangement which is

In chickens, a cecum can be morphologically dividedthought to slow ingesta flow.
into three regions (Ferrer et al., 1991). Near the ileocecalThe intestinal wall contains the same four layers as
junction is the basis ceci where the villi are well devel-the remainder of the tract including the mucosal, submu-
oped. The medial cecal region (corpus ceci) has longitu-cosal, muscle tunic, and the serosal layer. The mucosal
dinal folds with small villi while the distal cecal regionlayer consists of the muscularis mucosa, lamina propria,
(apex ceci) similarly has small villi and contains bothand epithelium. However, the muscularis mucosa and
longitudinal and transverse folds. The combination oflamina propria are poorly developed in birds, possibly
villi and musculature near the ileocecal junction effec-because the villi lack a central lacteal. Although Brun-
tively prevents even very small particles from entering

ner’s glands, common to mammals, are absent (Calhoun,
the ceca (Ferrando et al., 1987), although fluid contents

1954), tubular glands possibly homologous to Brunner’s do enter.
glands, are present in some species (Ziswiler and Farner, There is growing understanding in the importance of
1972). The epithelium contains chief cells, goblet cells, the ceca. Cecectomy results in lower metabolizability
and endocrine cells. The crypts of Lieberkuhn are the of food, greater loss of amino acids, and lower digestibil-
source of epithelial cells lining the villi. The crypts con- ity of crude fiber (Chaplin, 1989). The role of the ceca
tain undifferentiated cells, goblet cells, endocrine cells, in absorption is discussed later.
and lymphocytes. Globular leukocytes and Paneth cells
appear near the base of the crypts.

F. Rectum and CloacaThe intestines contain extensive innervation from
both the sympathetic and parasympathetic nervous sys- The rectum, sometimes called colon, is relatively
tem. As described by Bennett (1974), innervation is both short, linking the ileum with the coprodeal compartment
cholinergic and adrenergic. Contraction of the rectum of the cloaca. Whereas the colon of mammals has no
appears to be mediated by noncholinergic, nonadrener- villi and many goblet cells, the rectum of birds has nu-
gic nerves (Bartlet, 1974; Takewaki et al., 1977). The merous flat villi and relatively few goblet cells (Clauss
enteric nerve plexuses were described by Ali and McLel- et al., 1991). In addition, the avian rectum has relatively
land (1978). Except in the rectum, the longitudinal mus- few crypts, and they are shorter than in mammals. As
cle is sparsely innervated. discussed under ‘‘Absorption,’’ the cloaca and rectum

The intestinal nerve (Nerve of Remak), which runs have an important role in water reabsorption.
the length of the small and large intestine, is unique to The cloaca serves as a common pathway for excre-
birds. While it has no mammalian homolog, it may be tory, reproductive, and digestive wastes. It contains
analogous to the prevertebral ganglion (Hodgkiss, three chambers: coprodeum, urodeum, and procto-

deum. The coprodeum is the most cranial portion into1984a). This nerve is thought to be a mixed nerve con-
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which empties the rectum. The urodeum is the mid- drained by the cysticoenteric duct into the duodenum.
In species without a gall bladder (e.g., pigeons, somedle and smallest compartment of the cloaca separated

from the coprodeum and proctodeum by the coprouro- parrots, and ostriches), the branch of the right hepatic
duct, called the right hepatoenteric duct, drains directlydeal fold and the uroproctodeal fold, respectively. The

urinary and reproductive tracts empty into the uro- into the duodenum. The bile ducts generally drain into
the duodenum at a site very near the pancreatic ducts.deum. The final chamber, the proctodeum, opens exter-

nally through the anus. The bursa of Fabricius, involved This generally occurs on the ascending loop of the duo-
denum. However, in some species including the ostrichin immune function, projects dorsally into the procto-

deum. Also projecting into the dorsal portion of the and Columba, the ducts empty into the descending loop
of the duodenum.proctodeum is the dorsal proctodeal gland, sometimes

called the foam gland, which secretes a white, frothy
fluid.

III. MOTILITY

II. ANATOMY OF THE ACCESSORY ORGANS A. Esophagus

Deglutition has been studied in Gallus by WhiteA. Pancreas
(1968, 1970) and Suzuki and Nomura (1975). For pre-

The pancreas is a pale yellow or red organ located hension, the head is first lowered after which food is
within the duodenal loop, although in some species, grasped with the beak and then moved towards the
such as the budgerigar, part of it may be found outside oropharynx with the tongue. The choana reflexively
the loop. The gland has both an endocrine, which will be closes. The oral phase of swallowing involves the rapid
discussed later, and an exocrine function. It is relatively rostrocaudal movements of the tongue for 1–3 sec which
small in carnivores and granivores but large in piscivores moves the food particles caudally (Suzuki and Nomura,
and insectivores. The pancreas is generally divided into 1975). This movement is assisted by the caudally di-
three lobes, dorsal, ventral, and splenic, but their func- rected papillae.
tion in unknown (Paik et al., 1974). During the next phase, the pharyngeal phase, the

The exocrine pancreas consists of compound tubu- infundibular mound and glottis close, the hyoid appara-
loacinar glands which are divided into lobules. The num- tus becomes concave, the tongue is moved backward,
ber of pancreatic ducts varies from one to three (three and the esophagus is moved forward thus decreasing
in the domestic fowl). The pancreatic ducts generally the distance between the oral cavity and the esophagus.
drain into the distal part of the ascending duodenum The head is raised and further tongue movements, as-
and rarely drain into the descending loop of the duode- sisted by the rostrocaudal movements of the infundibu-
num. In domestic birds, the pancreatic and bile ducts lar mound, propel the food particles from the tongue
drain into the ascending loop of the duodenum by a to the esophagus.
common papilla (Figure 1). The pancreas secretes amy- Primary peristalsis within the esophagus moves the
lase, lipase, proteolytic enzymes, and sodium bicar- bolus toward the stomach (esophageal phase). Contrac-
bonate. tions are more rapid in the cranial esophagus than in

the thoracic esophagus. In a fasted bird, the longitudinal
muscle layer obliterates the esophagoingluvial fissura,B. Liver
thus preventing a bolus from entering the crop (Ash-
craft, 1930). After partial gizzard filling, the esophagoin-The liver also functions as both an endocrine and an

exocrine gland. It is divided into right and left lobes gluvial fissura is relaxed and food can either enter the
crop or stomach depending on the contractile state ofwhich are joined cranially at the midline. The right lobe

is larger and, in the domestic fowl and turkey, the left the gizzard. The crop acts as a temporary food storage
site (Hill, 1971). The destination of food appears to belobe is subdivided into the dorsal and ventral parts. The

bile canaliculi drain into the interlobular ducts. The controlled by the contractile state of the gizzard with
food entering or bypassing the crop when the gizzardlobular ducts then combine to form the right and left

hepatic ducts. In birds, unlike in mammals, bile is trans- is contracting or relaxing, respectively. In 6- to 10-week-
old turkeys fasted overnight, almost no ingested foodported to the duodenum via two ducts. The right and

left hepatic duct combine to form the common hepa- enters the crop during the first 4–6 hr after dawn. During
each meal the gastrointestinal tract fills above the uppertoenteric duct which then goes to the duodenum. How-

ever, a hepatocystic duct branches from the right hepatic one-third of ileum. In late afternoon meals, the crop
also fills (G. Duke, personal communication).duct and connects to the gall bladder which, in turn, is
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Food is evacuated from a crop as a result of contrac-
tions by the crop wall. Such contractions last about
6 sec with a force of approximately 20 cm H2O (Fileccia
et al., 1984). During primary peristalsis, there is a cessa-
tion of spontaneous electrical activity which is associ-
ated with relaxation of the muscular wall. This is fol-
lowed by a propagated, long-lasting spike burst of high
amplitude. As the peristaltic wave moves aborad, it is
preceded by inhibition of the muscles directly in front
of the wave. The rate of emptying of the crop is not
influenced by particle size or whether the compounds
are soluble or insoluble (Vergara et al., 1989).

Unlike mammals, spontaneous electrical activity and
contractions have been recorded in the esophagi of birds
(see Mule, 1991). This activity is myogenic in origin. It
occurs independent of slow waves which are absent in
the esophagi of birds. While the function of these spon-

FIGURE 4 (Top right) Illustration of gastroduodenal apparatus oftaneous contractions is unknown, they may act to clear turkeys showing anatomical relationships of organs and placement of
contents from the esophagus. strain gauge transducers. Letters refer to organs as follows: GS, glandu-

Primary peristalsis is mediated entirely by the extrin- lar stomach; I, isthmus; CrTN, cranial thin muscle of muscular stomach;
TK, thick muscle pair (dorsal and ventral) of muscular stomach; CaTN,sic nervous system (Mule, 1991). The enteric nervous
caudal thin muscle of muscular stomach; D, duodenum. (Bottom left)system of birds is not responsible for propagating peri-
Triangles graphically represent sequence and duration of events in gas-

stalsis, at least beyond short distances. Sectioning the troduodenal cycle. Stippled areas indicate duration of contraction and
glossopharyngeal or vagus nerve can disrupt peristalsis clear areas indicate duration of relaxation of thin muscle pair (TN) and

thick muscle pair (TK) of the muscular stomach, duodenum (D), andin the cervical and thoracic esophagus, respectively. De-
glandular stomach (GS). Numbers refer to noncontractile events in gas-nervation of the esophagus prevents the propagation of
troduodenal cycle; 1, pylorus open; 2, isthmus open; 3, pylorus closed;electrical wave activity, indicating that the muscle cells
4, isthmus closed. (From Chaplin and Duke (1988), Am. J. Physiol.

act similar to multiunit smooth muscle cells. with permission.)

As stated earlier, the pyloric region appears to con-B. Gastrointestinal Cycle
trol the movement of materials from the gizzard to the

Motility of the mammalian stomach is regulated by duodenum. Whereas soluble material is readily trans-
slow waves thought to arise from the interstitial cells of ported from the gizzard to the duodenum, larger parti-
Cajal which lie adjacent to the myenteric plexus. These cles are retained longer within the muscular stomach
waves propagate through the circular smooth muscle. (Vergara et al., 1989).
The stomachs of most birds lack longitudinal smooth Initiation of the gastrointestinal cycle is not depen-
muscle and do not display slow waves. As a result, gastric dent on extrinsic innervation in sated birds, suggesting
motility is more complex in birds than in mammals that there is an intrinsic pacemaker controlling the cycle
(Dziuk and Duke, 1972). (Chaplin and Duke, 1988). Denervation of the stomach

During the gastrointestinal cycle of birds, the thin slows the rate of the gastrointestinal cycle in fasted birds
muscles of the muscular stomach contract and the isth- and disrupts its normal synchronization (Figure 6), indi-
mus closes, after which the pylorus opens and gastric cating that the gastrointestinal cycle is not independent
contents flow into the duodenum (Figure 4). Next, the of external neural input.
duodenum contracts followed by relaxation of the isth- The pacemaker for the gastrointestinal cycle appears
mus and a contraction of the thick muscles of the muscu- to reside in the isthmus (Chaplin and Duke, 1990). De-
lar stomach. This precipitates a refluxing of the contents struction of the myenteric plexus in this area reduced
of the muscular stomach into the glandular stomach. contractions of the muscular stomach and duodenum
The cycle is completed with contraction of the glandular by 50%, while simultaneously abolishing glandular stom-
stomach. A gastroduodenal cycle occurs with a fre- ach contractions.
quency of 3.3 cycles/min in turkey (Duke, 1982). As The muscular stomach of raptors lack the two pairs
might be expected, the largest change in intraluminal of opposing muscles characteristic of other types of birds
pressure is associated with contraction of the thick mus- and, as a result, the gastroduodenal cycle is simplified.

It is described as having three phases including mechani-cles (Figure 5).
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FIGURE 5 Tracings of typical records of electrical potential and
intraluminal pressure changes from the stomach and duodenum of
turkeys. (a, b, and c) Tracings of electrical potential changes recorded
from the proventriculus, thick cranioventral muscle of the gizzard,
and proximal duodenum, respectively. Slow waves with spikes are
evident in the duodenum; only spikes associated with contractions
are evident in the proventriculus and gizzard. (d, e, and f) Tracings
of the corresponding intraluminal pressure changes recorded from
these same organs, respectively. Time constant for electrical record-
ings was 1.1 sec. (From Duke et al., 1975.)

cal, chemical, and pellet formation and egestion
(Kostuch and Duke, 1975). A peristaltic wave originat-
ing in the proventriculus moves aborad through the giz-
zard and into the small intestine. While the sequence
of motility in the stomach of raptors resembles that

FIGURE 6 Tracings of recordings of glandular stomach (GS), muscu-in mammals, slow waves have not been recorded in
lar stomach (MS), and duodenal (D) contractions detected by im-these species. planted strain gauge transducers. Recordings were obtained on day

Egestion is another gastrointestinal function unique 3 after surgery in three treatment groups used. Arrows and lettering
to birds (Rea, 1973). This process which involves the oral identify contractions of each organ during one gastroduodenal cycle.

Glandular stomach contractions are marked with an arrow and aexpulsion of nondigestible material is more common in
closed circle; duodenal synchronization is identified with a dashed line.carnivores. Whenever bone, fur, or feathers are in-
Note normal synchronization of contractions in the control tracings.gested, these materials are compacted and orally
(From Chaplin and Duke (1988), Am. J. Physiol. with permission.)

egested. This process is unlike regurgitation in rumi-
nants or vomiting in mammals (Duke et al., 1976a).
Beginning approximately 12 min prior to egestion, giz-

Enterogastric reflexes control gastric emptying. Sim-zard contractions increase in frequency and amplitude.
ply increasing intraduodenal pressure, or administeringThis process both compacts the material into a pellet
intraduodenal injections of HCl, hypertonic NaCl, orand moves it into the lower esophagus. Beginning 8 to
amino acid solutions inhibits gastric motility (Duke and10 sec prior to egestion, the pellet is moved orad by
Evanson, 1972; Duke et al., 1972). Inhibition was relatedesophageal antiperistalsis. Neither the abdominal nor

duodenal muscles are involved. to dose and volume, it generally occurred within 3 to
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FIGURE 7 Myoelectric recording of action potentials on slow waves (Gallus). (From Clench et al. (1989),
Am. J. Physiol. with permission.)

studied in birds, available data suggest that the MMC is30 sec, and it persisted 2 to 35 min. Following an intradu-
similar in birds and mammals (Clench et al., 1989). Theodenal injection of a lipid solution, gastric motility de-
MMC has three phases: quiescence (phase 1); irregularlycreased after 4 to 6 min and remained inhibited for
spaced spike activity superimposed on slow waves (phase24 to 45 min. This latter response appears to involve
2); and high-amplitude, regular spike activity superim-hormonal regulation, presumably by an enterogastrone.
posed on slow waves (phase 3). In chickens, the MMC
has a periodicity of 77 to 122 min, while in owls it is only
21 min. The duration of phase 3 lasts approximately 5C. Small Intestine
to 8 min (Figure 8). These values are similar to those in

The migrating myoelectric complex (MMC) is charac- mammals. Nevertheless, the propagation speed in birds
terized by electrical potential changes known as slow is relatively slow, ranging from .48 to .62 cm/min.
waves which travel aborad and are associated with peri- Whereas the MMC has been observed in the duodenum
odic spike potentials and smooth muscle contraction of chickens, quail, and owls, it has only been observed

aborad of the duodenum in turkeys (Mueller et al., 1990).(Figure 7). While the MMC has not been extensively

FIGURE 8 Representative myoelectric recording of a migrating myoelectric complex (MMC) in Strix. The elec-
trodes were placed on the proximal ileum 2.5 cm apart. (a) Bird in fed state; (b) bird in fasted state. High frequency
of MMCs in this owl species is indicated in a, with a second regular spike activity beginning on lead 1 before
previous complex has propagated through lead 4. (From Clench et al. (1989), Am. J. Physiol. with permission.)
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Intestinal refluxes appear unique to birds (Duke et tions are propulsive. While aborad contractions were
al., 1972). Increases in intraluminal pressure of the duo- more common than orad contractions, the latter con-
denum normally follow increased pressure in the muscu- tractions had a greater amplitude, and, thus, prevented
lar stomach. However, approximately every 15 to the collection of digesta in the distal ceca. Peristalsis in
20 min in the turkey, large pressure changes were ob- a cecum appears to be myogenically mediated, with
served in the duodenum which were associated with an inhibitory neural input apparently able to suppress such
inhibition of gastric motility and a reflux of intestinal contraction (Hodgkiss, 1984b). In mammals, distention
contents (Figure 9). This has been observed in a number causes an ascending stimulation and a descending inhibi-
of other species as well and appears more frequently as tion which is neurogenically mediated by the enteric
dietary fat levels increase (Duke et al., 1989). nervous system and can be blocked by tetrodotoxin. By

contrast, in birds, distention causes contraction of the
circular muscle which is unaffected by tetrodotoxin and,

D. Ceca thus, apparently not controlled by the enteric nervous
system.Motility in the ceca is not well understood. The ceca

The contents of the ceca are much different in consis-are filled as a result of the convergence of rectal antiperi-
tency than that of the rectum and can, therefore, bestaltic waves and ileal peristaltic waves. Due to the mor-
easily distinguished from rectal feces. The ceca evacuatephology of the ileocecal junction, only fluid or very
relatively infrequently compared to the rectum, withsmall particles are allowed entrance to the ceca. In fact,
rectal evacuations preceding cecal evacuations (Duke87–97% of cecal fluid originates from the urine (Bjorn-
et al., 1980). Cecal evacuations in young turkeys typicallyhag and Sperber, 1977). The importance of the move-
occur within 1 to 5 min of lights-on and again in latement of urine to the ceca is discussed below.
afternoon. There is an increase in the frequency ofWhile MMC-like bursts of electrical activity have
high-amplitude contractions, with four to seven suchbeen observed within the cecum, this activity does not
contractions occurring during the 2 min preceding cecalmigrate and, thus, does not constitute a MMC (Clench
evacuation. These contractions are associated with high-et al., 1989). Two types of contractions have been re-
amplitude electrical spiking. One high-amplitude con-corded in the ceca of turkeys (Duke et al., 1980). One
traction also occurs in the ileum and rectum at the timetype has a low amplitude occurring at a rate of 2.6/min,
of cecal evacuation. The ratio of cecal to rectal evacua-while the other has a higher amplitude and occurs at a
tions is also influenced by diet, ranging from 1 : 7.3 whenrate of 1.2/min. Low-amplitude contractions are associ-
feeding barley to 1 : 11.5 when feeding corn (Roseler,ated with mixing whereas high-amplitude contrac-
1929). As discussed below under ‘‘Absorption,’’ the ex-
tended time that digesta spends in the ceca provides a
unique role for this organ.

E. Rectum

The rectum displays almost continuous antiperistal-
sis. Such motility is responsible for carrying urine from
the urodeum into the colon and ceca (Akester et al.,
1967; Polin et al., 1967). Two types of colonic slow waves
have been recorded (Lai and Duke, 1978). These include
small, short-duration (sSW) and large, long-duration
(lSW) slow waves (Figure 10). The sSW are associated
with small contractions and, as shown with radiography,
are antiperistaltic. The lSW are associated with large
contractions but, radiographically, could not be associ-

FIGURE 9 Tracings of typical records of pressure changes obtained
ated with movements of rectal contents.from the proventriculus (a), gizzard (b), and upper proximal duode-

The frequencies of sSW and lSW are shown in Tablenum (c) of a turkey, showing pressure events occurring during a
duodenal reflux. Positions of open-tipped tubes within GI tract are 2. The frequency of sSW is highest in the distal colon. In
indicated by letters A, B, and C (circled) on the diagram of a sagittal contrast, the frequency of lSW is highest in the proximal
section of the stomach. The biphasic patter (b) of the tracing represent- colon and cannot be recorded from the distal colon. This
ing the contraction of the gizzard is quite variable; two phases of one

pattern of slow waves, when compared to the motilitycycle are (a) pressure wave due to contraction of thin muscle pair;
pattern, suggests that sSW arise at the distal colon andand (b) of thick muscle pair. (From Duke et al., 1972, with permission

from The American Physiological Society.) are responsible for antiperistaltic movement, whereas
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F. Other Influences on Motility

Motility of the gastrointestinal tract shows diurnal
variations. In turkeys, the frequency and amplitude of
muscular stomach contractions increased during light
periods relative to dark periods (Duke and Evanson,
1976). The increased and decreased gastric contractions
coincided with just prior to ‘‘lights-on’’ and ‘‘lights-off,’’
respectively. Although less pronounced, this diurnal
rhythm of gastric activity continued when birds were
fasted.

Birds also display cephalic, gastric, and intestinal
phases of motility. In 24-hr-fasted great horned owls,
turkeys, and red-tailed hawks, the sight of food stimu-
lated gastric contractions (Duke et al., 1976b). When
allowed to eat, gastric activity increased further, indica-
tive of the gastric phase. During the intestinal phase,

A

B

C

D

E

entrance of food into the duodenum slows the frequencyFIGURE 10 Electrical potential changes and contractile forces re-
of gastric contractions to allow time for digestion (Dukecorded from three bipolar electrodes (A, B, C) and two strain gauges

(D, E) in the colon of a turkey. Electrodes and strain gauges were et al., 1973). While the cephalic phase is mediated largely
implanted at 10, 8, 6, 3, and 1 cm from the cloaca, respectively. Both by the nervous system, there appears to also be an as
large and small slow waves are evident in A and B; only small slow yet unidentified endocrine component which increases
waves are evident in C. Small contractions (antiperistalsis are evident motility.in D and E but large contractions (peristalsis) can be seen only in D.

Motility is influenced by many factors. For example,(From Lai and Duke (1978) Dig. Dis. 23, 673–681. Reproduced with
anesthetics, including nembutal and methoxyflurane, re-permission of S. Karger AG, Basel.)
duce gastroduodenal motility as well as decrease gastric
secretion (Kessler et al., 1972; Duke et al., 1977). High

the lSW begin in the proximal colon and are responsible environmental temperatures decrease gastrointestinal
for peristaltic movement of rectal contents. motility whereas cold temperatures differentially affect

The nearly continuous antiperistaltic activity of the motility in various parts of the digestive system but
colon is interrupted only near the time of defecation appear to have an overall effect of decreasing transit
(Duke, 1982). Beginning approximately 10 min prior to time (Tur and Rial, 1985).
defecation, the amplitude of the sSW begins to decrease
while the frequency gradient of lSW increases. These IV. NEURAL AND HORMONAL CONTROL
conditions favor inhibition of antiperistalsis and stimula- OF MOTILITY
tion of peristalsis. Defecation is associated with a strong
contraction beginning at the proximal colon, moving Contractions of the esophagus are increased by ace-
aborally, and carrying the contents the length of the tylcholine (ACh) and vagal stimulation and unaffected
colon in less than 4 sec. by sympathetic nerve stimulation (Bowman and Ever-

TABLE 2 Mean Frequency and Amplitude of Small and Large Contractions and of Small and Large Slow Waves
in the Rectums of Turkeysa

Contractions Slow waves

Small Large Small Large

Frequency Frequency Frequency Frequency
(cycles/min) Amplitude (g) (cycles/min) Amplitude (g) (per min) Amplitude (mV) (per min) Amplitude (mV)

Proximalb 14.6 6 0.85 0.45 6 0.24 2.66 6 0.26 0.54 6 0.20 15.4 6 1.07 0.17 6 0.08 2.83 6 0.26 0.21 6 0.09
Middle — — — — 15.8 6 1.12 0.16 6 0.09 2.76 6 0.24 0.12 6 0.06
Distal 15.4 6 0.69 ,0.70 6 0.33 — — 16.4 6 2.16 0.25 6 0.12 — —

aFrom Lai and Duke (1978).
bProximal, middle, and distal refer to electrode implant sites on the colon 10, 6, and 1 cm from the cloaca, respectively, or to strain gauge

transducer implants at 8 (proximal) and 3.5 (distal) cm from the cloaca. (Large contractions were not recorded from the distal strain gauge nor
were large slow waves recorded from the distal electrode.)
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contractions, but this effect is blocked by tetrodotoxinett, 1964; Ohashi and Ohga, 1967; Taneike et al., 1988).
suggesting that its effect is mediated by the release ofHowever, there is evidence for nonadrenergic, noncho-
ACh. Contractions induced by vagal stimulation arelinergic (NANC) inhibition of esophageal smooth mus-
increased by the presence of histamine, whereascles (Sato et al., 1970; Postorino et al, 1985). Serotonin
histamine-induced contractions were enhanced by ace-also causes contraction of the esophagus (Mule et al.,
tylcholinesterase inhibitors. It appears, therefore, that1987), and this affect appears to be mediated indirectly
histamine modulates, via H1 receptors, the release ofby activation of both cholinergic and NANC excitatory
ACh to control the contraction of esophageal smoothneurons (Fileccia et al., 1987).
muscle.As shown in Table 3 many peptides have been iden-

tified within the gastrointestinal tract of birds. The As indicated in Figure 11, enkephalins also cause
contraction of the esophagus, but their effect is mediatedfunction of these peptides remains to be elucidated.

Although the identity of the NANC excitatory by serotonergic neurons.
The crop appears to be controlled similarly to theneurotransmitter was not identified, it has been shown

that neurotensin can induce contraction of crop smooth esophagus. Electrical stimulation of the crop causes con-
traction which is largely, but not completely, due tomuscle (Denac and Scharrer, 1987). This latter effect is a

postjunctional response not mediated by acetylcholine, ACh release since it can be significantly blocked by
atropine (Denac et al., 1990). While it is unclear as toprostaglandins, or opioids.

Histamine interacts with cholinergic neurotransmis- which neurotransmitters are responsible for the contrac-
tion not blocked by atropine (i.e., NANC-induced), neu-sion to control esophageal contractions (Taneike et al.,

1988). Histamine dose-dependently induces esophageal rotensin, bombesin, and substance P have been shown

TABLE 3 Distribution and Frequency of the Endocrine Cells in the Avian Gastrointestinal Tracta

Proventriculus Gizzard Pyloric region Duodenum Jejunum Ileum Cecum Rectum

Gastrin
Chicken — — j i— 1 — — —
Quail — — j 1 6 1 — —
Duck — i— j 1 1 1 — —

Somatostatin
Chicken j — j 1 — — — —
Quail u 1 j i— 1 1 — 6

Glucagon
Chicken i— — — — — — — —
Quail i— — — — — — — —

Gilcentin
Quail — — — 1 1 u 6 6

Neurotensin
Chicken — — u 1 1 1 6 i—
Quail — — — i— 1 u 6 i—

Motilin
Quail — — — i— 1 1 — —

Pancreatic polypeptide
Chicken 6 — — — 6 6 — —

Gastrin releasing peptide (bombesin)
Chicken u — — — — — — —

Secretin
Chicken — — — 1 1 1 — —
Quail — — — 1 1 1 — —

Substance P
Chicken — — — 1 1 1 1 1

Vasoactive intestinal peptide
Chicken i— 1 NA i— i— i— i— u

Note. (2) none; (6) very few, irregularly observed; (1) few, regularly observed; ( i—) moderate; (u) numerous; (j) very numerous; NA,
not analyzed.

aAdapted from Yamada et al. (1983).
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FIGURE 11 Schematic diagram illustrating the putative pattern of
the intrinsic innervation of the pigeon cervical esophagus. Different
neuron types are present in the intramural plexuses; excitatory cholin-
ergic, excitatory NANC, inhibitory NANC and serotoninergic neu-
rons. (Reprinted from Comp. Biochem. Physiol. 99A, Mule, F., 491–
498 q (1991), with kind permission from Elsevier Science Ltd, The
Boulevard, Langford Lane, Kidlington 0X5 1GB, UK.)

to cause atropine-resistant contractions following elec-
trical stimulation of the crop (Denac and Scharrer, 1987,
1988). Norepinephrine caused crop muscle relaxation
which was mediated by b-adrenoceptors. It appears that
the crop and esophagus are controlled by three types
of nerves: stimulatory cholinergic neurons, stimulatory
NANC neurons (probably peptides), and inhibitory nor-
adrenergic nerves.

Cholecystokinin octapeptide (CCK-8) is the most FIGURE 12 Recording of gastroduodenal electrical activity showing
studied regulator of intestinal motility. Intravenous in- effect of cholecystokinin octapeptide (CCK-8; 1029 mol ? kg21) infusion.

Studied gastric areas are as follows: G1, proventriculus; G2, craniodor-fusion of CCK-8 inhibited gastric and duodenal motility
sal thinmuscle;G3,caudodorsal thickmuscle;PD,proximalduodenum;(Savory et al., 1981). CCK-8 and CCK-tetrapeptide
DD, distal duodenum. Similar responses were observed in all animals.(CCK-4) inhibited gastric electrical activity (Martinez et
(From Martinez et al. (1993), Am. J. Physiol. with permission.)

al., 1992). Whereas CCK-4 inhibited duodenal electrical
activity, CCK-8 stimulated such activity (Figure 12).
CCK-A and CCK-B receptor antagonists were unable the gastric or duodenal response to CCK-8. It appears,

therefore, that the action of CCK-8 on the stomachto block the effects of CCK. It appears that the action
of CCK on gastric and duodenal motility is similar in is mediated via the vagus, whereas the action in the

duodenum probably involved a direct effect on smoothbirds and mammals. CCK inhibits stomach motility, and
the increase in duodenal activity is suggested to cause muscle cells. The action of CCK-8 on the stomach

was blocked by NG-nitro-l-arginine methyl ester (l-segmental contractions and, thus, also delay gastric emp-
tying (Martinez et al., 1992). NAME), suggesting that the inhibitory effect of CCK

involves the release of nitric oxide. Since l-NAME didVagotomy and hexamethonium blocked the response
to CCK-8 in the chicken stomach (i.e., proventriculus not completely block the CCK effect on the caudodorsal

thick muscle, it is likely that another neurotransmitter,and gizzard), but had no effect on the duodenal response
(Martinez et al., 1993). Furthermore, the action of CCK- possibly vasoactive intestinal peptide, is involved in this

latter response. Interestingly, CCK-8 caused an excit-8 in the duodenum was not altered by atropine or methy-
sergide. Phentolamine and propranolol had no effect on atory action in the stomach of vagotomized chickens
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TABLE 4 Mean Retention Time (min) of Solid Phaseindicating that CCK-8 may, in addition to acting via
Markers in Various Segments of the Digestive System ofthe vagus, have a direct action on gastric muscles. The

Broilers and Leghornsincrease in electrical activity caused by CCK-8 in the
duodenum was enhanced by l-NAME, indicating that Gastrointestinal tract segment Broilersa Leghornsa Broilersb

nitric oxide may be a tonic inhibitor of duodenal electri-
Crop 31 48 41cal activity.
Proventriculus 1 gizzard 39 71 33Chicken gastrin (cG), which belongs to the gastrin/
Duodenum 10 7 5CCK family, has been isolated from the chicken antrum
Jejunum 84 85 71

(Dimaline et al., 1986). Intravenous infusions of cG Ileum 97 84 90
caused effects similar to CCK-4 (Martinez et al., 1992). Ceca 119 112 —

Rectum 56 51 26This suggests the existence of one receptor subtype in
the stomach recognizing both CCK and cG, but possibly

aFrom Shires et al. (1987). The values have been adjusted for birdstwo receptors in the duodenum, one recognizing CCK-
weighing 1800 g.8 and the other CCK-4 and cG.

bFrom Van Der Klis et al. (1990).Opioid peptides appear to be involved in the
MMC. Infusion of met-enkephalin, morphine, and b-
casomorphin (5 3 1027 moles/kg) induced intense elec- for increases in metabolizable energy values of feed-
trical activity, similar to phase 3 of the MMC, in the stuffs noted in older birds. Adding lipid (Sell et al.,
distal duodenum, which migrated through the small in- 1983) or protein (Sibbald, 1979) to the diet can increase
testine ( Jiménez et al., 1992). The effect of morphine passage time. Increases in environmental temperature
was blocked by naloxone (5 3 1027 moles/kg), while also slows transit time.
higher doses of naloxone reduced gastroduodenal motil-
ity. Simultaneous to increasing duodenal electrical activ-
ity, activity in the stomach is inhibited. V. SECRETIONS AND DIGESTION

A. MouthA. Rate of Passage

The salivary glands secrete mucous and, dependingThe rate of passage of material through the digestive
on the species, amylase. While amylase is not presenttract has been measured in many ways. Since digesta
in the saliva of Gallus and Meleagris, it is found in theconsists of both solid and liquid components, different
saliva of the house sparrow ( Jerrett and Goodge, 1973)types of markers have been used. Insoluble markers
and other species (Bhattacharya and Ghose, 1971). Thesuch as chromium-mordanted rice, cerium-mordanted
volume of daily salivary secretion in Gallus ranges fromrice, Cr2O3 or radiopaque plastic pellets (Branch and
7 to 25 ml (Leasure and Link, 1940).Cummings, 1978; Uden et al., 1980; Ferrando et al., 1987)

Mucous functions to lubricate food and allow it tohave been used as indicators of solid transit time
move down the esophagus. However, in some species,whereas a soluble marker such as Cr-EDTA (Vergara
mucous also functions as an adhesive coating on theet al., 1989) or phenol red (Goñalons et al., 1982) has
tongue to aid in capturing insects or as a material whichbeen used to measure liquid transit time. In general, it
cements components during the construction of nests.was found that larger particles are retained longer in

the digestive tract.
In chickens, insoluble markers first appear in the B. Esophagus and Crop

excreta 1.6 to 2.6 hr after ingestion. However, mean
retention time is a better indicator of transit time than is The esophagus is not important in chemical digestion,

as its major secretion is mucous. The secretion of esoph-time to initial appearance of the marker. Mean retention
time for insoluble markers can vary form 5 to 9 hr ageal mucous is, nevertheless, important, for it is neces-

sary to supplement the limited secretion of saliva. How-depending on the nature of the ingesta and its size.
Transit time of digesta is influenced by genetics. ever, in some species, including the greater flamingo

and male Emperor penguin, a nutritive merocrine-typeWhen comparing broiler and Leghorn-type chickens,
the overall mean retention time is not different, but the secretion is produced by the wall of the esophagus which

is fed to the young.time food spent in various parts of the digestive tract
is different (Table 4). Some carbohydrate digestion may occur in the crop

due to the presence of amylase activity (Philips andThe rate of food passage is affected by many factors.
Feed transit time through the small and large intestine Fuller, 1983). Amylase activity at this site comes from

either salivary secretions, intestinal reflux, or plant and/increases with age (Shires et al., 1987). This may account
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TABLE 5 The Ph of Contents of the Digestive Tract ofor bacterial sources. Bolton (1965) reported that starch
Avian Speciesais hydrolyzed within the crop where it can either be

absorbed; converted to alcohol, lactic or other acids; or Chicken Pigeon Pheasant Duck Turkey
transported down the gastrointestinal tract. Pinchasov

Crop 4.51 6.3b 5.8 4.9 6.0and Noy (1994) showed that substantial amylolysis oc-
4.28curs in the crop. Sucrose is also hydrolyzed within the

Proventriculus 4.8 1.4b 4.7 3.4 4.7crop. While absorption of sugars from the crop appears
4.8

possible, it is probably minimal. Gizzard 4.74c 2.0 2.0 2.3 2.2
The crop is not essential for normal growth when 2.50

Duodenum 5.7–6.0 6.4b 5.6–6.0 6.0–6.2 5.8–6.5access to food is sufficient. Cropectomy has no effect
6.4c 5.2–5.4on growth rate of ad libitum-fed chickens, but it does

Jejunum 5.8–5.9 5.3–5.9 6.2–6.8 6.1–6.7 6.7–6.9decrease growth rate when food intake is limited. This
6.6c

supports the view that the primary function of the crop Ileum 6.3–6.4 6.8b 6.8 6.9 6.8
is food storage, and it is not essential for digestion. 7.2c 5.6

Rectum 6.3 5.4 6.6 6.7 6.5In pigeons and doves, ‘‘crop-milk’’ is produced during
6.6b

the breeding season under the influence of prolactin.
Ceca 5.7 5.4 5.9 5.9Crop milk contains 12.4% protein, 8.6% lipids, 1.37% 6.9c

ash, and 74% water (Vandeputte-Poma, 1968). There- 5.5–7.0d

fore, while rich in protein and essential fatty acids Bile 7.7e 6.2 6.1 6.0
6.6c(Desmeth, 1980), it is devoid of carbohydrates and
5.9calcium.

aFrom Sturkie (1976), based on work of Farner (1942).
bFrom Herpol (1966).C. Stomach cFrom Herpol and van Grembergen (1967).
dSudo and Duke (1980).The oxynticopeptic cells found in birds secrete both
eFrom Lin et al. (1974).HCl and pepsinogen. Pepsinogen, under the influence

of acid or pepsin that is already present, is converted
to pepsin. While lipase has been found in gastric secre- As summarized by Duke (1986), vagal stimulation
tion, this is probably due to reflux from the duodenum. increases both gastric secretion rate and pepsin secre-
The basal gastric secretory rate is 15.4 ml/hr and con- tion. Vagal stimulation causes a greater increase in gas-
tains 93 mEq/liter of acid and 247 Pu/ml of pepsin (Long, tric secretion than do cholinergic agents (Gibson et al.,
1967) with a pH of 2.6 ( Joyner and Kokas, 1971). The 1974). This suggests, as discussed below, that gastric
pH of gastric contents, however, is normally above 2.6 secretion is stimulated by other neurotransmitters acting
due to the presence of ingesta. The pH has been deter- together with ACh.
mined in several species immediately after sacrifice (Ta- In birds, vagal stimulation causes greater pepsin than
ble 5). Higher pH values have been reported when mea- H1 accumulation (Burhol, 1982). In contrast, insulin
surements were made on live birds. For example, injection inhibits gastric H1 secretion without affecting
Winget et al. (1962) reported the following values for pepsin secretion. Therefore, H1 and pepsin secretion
chickens: mouth, 6.7; crop, 6.4; ileum, 6.7; rectum, 7.1. may be under different control.
Age has no effect on pH of the digestive tract (Herpol, Pepsin from chicken and duck has been well charac-
1966). Acid secretion of chickens is high relative to terized (see Pichova and Kostka, 1990). Duck pepsino-
mammals, possibly because of the rapid digestive transit
time (Table 6).

TABLE 6 Basal Acid Secretion in Various SpeciesaWhile amylolysis occurs in the crop, it is not evident
in the ventriculus. This is the result of the low pH of Acid output Pepsin output
the stomach, which is unfavorable for amylase activity Species Body weight (kg) (mEq/kg/hr) (PU/kg/hr)
(Pinchasov and Noy, 1994).

Man 70 0.03 862There are three phases to gastric secretion: the ce-
Dog 15 0–0.004 0–62phalic phase, the gastric phase, and the intestinal phase.
Rat 0.35 0.25 2230

All three phases are present in birds (Burhol, 1982). Monkey 2.5 0.12 730
The cephalic phase entails an increase in hydrogen Chicken 1.75 0.78 2430

ion (H1) and pepsin secretion caused by the sight, smell,
aFrom Long (1967).or expectation of food. This phase is under vagal control.
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TABLE 7 Gastrointestinal Hormones in the Domestic Fowl

Hormone Site of origin Biological actions

Gastrin Proventriculus Stimulates gastric acid and pepsin secretion

Cholecystokinin Duodenum, jejunum Stimulates gall-bladder contraction and pancreatic
enzyme secretion and gastric acid secretion; inhibits
gastric emptying; potentiates secretin-induced
stimulation of pancreatic electrolyte secretion

Secretin Duodenum, jejunum Stimulates bicarbonate secretion by pancreas

Vasoactive intestinal peptide Duodenum, jejunum May be a more potent stimulator of pancreatic
electrolyte secretion than secretin; inhibits smooth
muscle contraction

Pancreatic polypeptide Pancreas, proventriculus, duodenum Stimulates gastric acid and pepsin secretion

Gastrin-releasing peptide (bombesin) Proventriculus Stimulates pancreatic enzyme secretion; stimulates
crop contraction

Somatostatin Pancreas, gizzard, proventriculus, duodenum, Inhibits secretion of other gut hormones
ileum

gen and pepsin have 374 and 324 amino acids, respec- As in mammals, histamine is involved in gastric
acid release. Injection of cimetidine, an H2-receptortively. Duck pepsin has a pH optimum of 4, is stable
blocker, raised the pH of the proventriculus and duo-up to pH 7.5, and is inactivated at pH 9.6.
denal contents (Ward et al., 1984). The increase in gas-Many hormones are involved in gastric secretion (Ta-
tric acid secretion induced by the iv injection ofble 7). Gastrin plays a role in the gastric phase of secre-
2-deoxy-d-glucose was also blocked by metiamide, antion. Chicken gastrin has been isolated from the chicken
H2-receptor blocker (Nakagawa et al., 1983).pylorus, which is equivalent to the mammalian antrum

(Dimaline et al., 1986). While structurally similar to cho-
lecystokinin (CCK), cG has markedly different secre- D. Intestines
tory functions (Dimaline and Lee, 1990). Infusion of cG

Amylase is produced by both the pancreas and intes-increases both acid and pepsin secretion. Unlike CCK,
tine (Osman, 1982). While found in all parts of the smallgastrin has no effect on gall bladder contractions or
intestine, it is found in particularly high concentrationspancreatic secretion. Another peptide, gastrin-releasing
in the jejunum with 80% of the activity found there.peptide, also induces acid secretion, but it is not known
The high levels found in the jejunum are presumablewhether it acts via gastrin release (Campbell et al., 1991).
due to the fact that the openings of the pancreatic ductsThe intestinal phase of gastric secretion is controlled
discharge near the anterior jejunum. Amylase is foundby several hormones including CCK, secretin, and avian
in only trace amounts in the ceca. The pH optimum ofpancreatic polypeptide (APP). APP, originally discov-
the pancreatic and intestinal amylase is 7.5 and 6.9, re-ered in chickens (Kimmel et al., 1968; Larsson et al.,
spectively.1974), is released from the pancreas postprandially in

Intestinal enzymes provide the last step in digestion.
response to amino acids and HCl (Hazelwood et al.,

These secretions are responsible for digesting starch,
1973; Duke et al., 1982). APP does not appear to act sucrose, fats, and protein (Table 8). The small intestine
during the cephalic phase of gastric secretion since it is of birds contains maltase, sucrase, and palatinase, but
not released during sham feeding (Kimmel and Pollock,
1975). APP increases gastric acid and pepsin secretion,

TABLE 8 Enzymes Secreted by the Intestinesand this effect is independent of the vagus nerve (Hazel-
wood et al., 1973). Enzyme Substrate Product or function

CCK (Dockray, 1977) and secretin (Nilsson, 1974)
Maltase Maltose Glucosehave been isolated from the duodenum and jejunum of
Isomaltase Dextrins Glucosebirds. CCK stimulates gastric acid secretion while having
Sucrase Sucrose Glucose, fructoseno effect on pepsin secretion. Contrary to its effects in
Enterokinase Trypsinogen Trypsin

mammals in which secretin inhibits acid and stimulates Lipase Monoglycerides Glycerol, fatty acids
pepsin secretion, in chickens secretin stimulates both Peptidases Di- and tripeptides Amino acids

acid and pepsin secretion (Burhol, 1974).
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does not contain trehalase (Siddons, 1969). Whether mammalian a-amylase, while intestinal amylase is simi-
lactase is present appears to be debatable. However, it lar to glucoamylase.
has been reported that lactase is not present in germ- Pancreatic secretion is controlled by both nervous
free chicks and that the rate of mortality of germ-free and hormonal mechanisms. The secretion rate is higher
chicks fed lactose as the sole energy source is very high in birds than in mammals (Table 10). Secretion has both
(Siddons and Coates, 1972). Enzyme activity is highest a cephalic and intestinal phase. When fasted birds are
in the jejunum and decreases both proximally and dis- allowed to eat, pancreatic secretion increases immedi-
tally. These enzymes are located in the epithelial cells ately (Kokue and Hayama, 1972). This response is
of the villi. The maltase, sucrase, and palatinase activity blocked by vagotomy or atropine and can be augmented
found in the large intestine comes from the small intes- by cholinergic agents (Hokin and Hokin, 1953).
tine whereas the lactase activity found in the large intes- Secretinlike activity is released in response to dilute
tine is probably of a cecal bacterial origin. HCl placed in the duodenum (Nilsson, 1974). Secretin,

Relatively little is known about the control of intesti- when injected iv, increases the aqueous component of
nal secretions in birds. Intestinal secretion is increased pancreatic secretion. However, in contrast to mammals,
by duodenal distention, vagal stimulation, and secretin. vasoactive intestinal peptide (VIP) more potently stim-
Vagal stimulation has a greater effect on stimulating ulates the secretion of pancreatic juice (Vaillant et al.,
mucous secretion than enzyme secretion. 1980). VIP is found in neurons both in the gastrointesti-

nal tract and pancreas. It is believed that VIP, rather
than secretin, is the primary regulator of pancreatic juiceE. Colon
secretion and that this response may be either neuron-

Chloride ions (Cl2) are secreted in the rectum, ceca, ally or hormonally mediated (Dockray, 1988). VIP does
and coprodeum. This is discussed below under ‘‘Ab- not stimulate pancreatic enzyme secretion.
sorption.’’ CCK is released in response to lipids and amino acids.

The administration of CCK has been shown to increase
pancreatic secretion in pigeons (Sahba et al., 1970) andF. Pancreas
to increase the flow rate and protein secretion rate in

As mentioned above, pancreatic and bile secretions turkeys (Dockray, 1975).
enter the gastrointestinal tract near the anterior jeju- Two gastrin-releasing peptides (GRP), which are
num. Pancreatic secretions have a pH of 6.4–6.8 in chick- structurally related to bombesin, have been isolated
ens (Hulan et al., 1972) and 7.4–7.8 in turkeys (Duke, from the proventriculus (Campbell et al., 1991). These
1986). Secretions include an aqueous phase containing peptides are found in endocrine cells and contain either
water and bicarbonate ions and an enzymatic phase. 27 or 6 amino acids. Distension of the proventriculus

Digestive enzymes found in the pancreas of broiler- with peptone stimulates pancreatic juice and enzyme
type chickens are listed in Table 9. Although not shown, secretion. This effect appears to be mediated by GRP-
the pancreas is also reported to secrete ribonuclease and 27, with GRP-6 being ineffective. Distension with saline
deoxyribonuclease (Dal Borgo et al., 1968). Amylase is is less effective.
found in the duodenum, jejunum, ileum, and colon. Both Diet can influence the secretory rate of pancreatic
trypsin and amylase are found in highest concentrations enzymes. Increasing the carbohydrate and fat content
in the jejunum (Bird, 1971; Osman, 1982), presumably
because the pancreatic ducts enter near the end of the
duodenum. Both pancreatic and intestinal amylase have TABLE 10 Pancreatic Secretory Rate and Influence of
a requirement for chloride ion. Characterization of these Fasting in Chicken, Dog, Rat, and Sheepa

enzymes suggests that pancreatic amylase is similar to
Pancreatic secretory volume

Species Starvation time (hr) (ml/kg/hr)

TABLE 9 Pancreatic Digestive Enzymesa

Chicken 24 0.70
48 0.68Enzyme Percentage of total
72 0.65

Dog 24 0.1–0.3Trypsinogen 10
Chymotrypsinogen (A, B, and C) 20 48 Negligible

Rat 24 0.6–0.7Trypsin inhibitor 11.3
Amylase 28.9 Sheep 24 0.13

48 0.07Procarboxypeptidase (A and B) 29.8

aAdapted from Kokue and Hayama (1972).aFrom Pubols (1991).
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of the diet increases amylase and lipase activity in pan- cose absorption.d-Glucose andd-galactose areabsorbed
faster than d-xylose, d-fructose, and d-arabinose. Thesecreatic secretions (Hulan and Bird, 1972). Increasing

the protein content of the diet increases chymotrypsin sugars are absorbed faster than l-arabinose, l-xylose,
d-ribose, d-mannose, and d-cellobiose.activity in the duodenum and jejunum (Dal Borgo et

al., 1968; Bird and Moreau, 1978). The absorption of sugars against a concentration gra-
dient involves an apically located sodium-dependent,
phloridzin-sensitive transport. This system is coupled to

G. Bile the Na1-K1-ATPase located on the basolateral mem-
brane. Contrary to what is believed to occur in mam-Bile, produced and secreted by the liver, is essential
mals, the active transport of one molecule of carbohy-for fat digestion. It acts to emulsify lipid so that it can be
drate in birds is coupled to the movement of 2 moleculesmore efficiently digested by lipase. In addition, amylase
of Na (Kimmich and Randles, 1984). Sugars leave thebegins to appear in chicken bile at 4–8 weeks of age
enterocytes on their way to the bloodstream crossing(Farner, 1943). Therefore, it is also involved in carbohy-
the basolateral membrane by either simple diffusion ordrate digestion.
facilitated by a Na-independent mechanism.Relatively little is known about biliary secretion in

Within the small intestine, the greatest absorption ofbirds possibly because of the complex anatomy in which
glucose occurs in the duodenum (Figure 13). Cumula-bile enters the small intestine via both the hepatoenteric
tively, up to 65, 85, and 97% of ingested starch is digestedduct and the cysticoenteric duct. The biliary secretion
through the duodenum, jejunum, and the terminal il-rate is 24.2 el/min in fasted broilers (Lisbona et al.,
eum, respectively (Riesenfeld et al., 1980). Virtually all1981). Chenodeoxycholyltaurine and cholyltaurine are
of the glucose released from starch digestion is absorbedthe predominant bile acids in chickens and turkeys,
within the small intestine.while chenodeoxycholyltaurine and phocaecholyltau-

Significant absorption of glucose also occurs in therine predominate in ducks (Elkin et al., 1990). These
cecum (Savory and Mitchell, 1991). While the entireare secreted by an active transport system.
cecum is able to accumulate sugars at hatch, this abilityThe bile salts glycocholate and taurocholate are
is soon limited to the proximal region (Planas et al.,readily absorbed through the intestinal wall. The absorp-
1986). The ability of the cecum to actively absorb sugarstion rate is higher near the distal end of the small intestine
at low concentrations appears higher than that of the(Lindsay and March, 1967). This allows for recirculation
jejunum (Vinardell and Lopera, 1987).of bile acids, thus allowing for their reuse in lipid diges-

tion. It is estimated that 90% of bile salts are reabsorbed
in the jejunum and ileum (Hurwitz et al., 1973).

Since chickens have low levels of liver glucuronyl
transferase and little or no biliverdin reductase, the se-
cretion rate of biliverdin is high relative to that of biliru-
bin (14.7 vs. 0.9 eg/kg/min). The green color observed
in coprodeal droppings is likely due to biliverdin. The
reason for the brown color associated with cecal drop-
pings is unknown, but may be due to bacterial reduction
of biliverdin to bilirubin and a subsequent dehydrogena-
tion (Hill, 1983).

VI. ABSORPTION

A. Carbohydrates

Absorption of carbohydrates in birds occurs by mech-
anisms similar to those found in mammals. Absorption
occurs more rapidly from the small intestine compared FIGURE 13 Cumulative percentage of glucose and starch disappear-

ance from the intestine of 7-week-old chicks. Glucose absorption fromto the cecum. Carbohydrates are absorbed by both active
glucose monohydrate as the sole dietary carbohydrate source (s),and passive mechanisms. Those sugars containing a six-
starch digestion (n) and absorption (d) in chicks fed starch as the

membered ring with the hydroxyl group in the number 3 sole dietary carbohydrate source. Values given in the figure are means
position oriented similar to glucose are actively trans- of six chickens 6 SE. (From Riesenfeld et al. (1980). q J. Nutr.: (110,

117–121), American Society for Nutritional Sciences.)ported. Active transport accounts for at least 80% of glu-
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There is a greater affinity for active transport of glu- While not extensively investigated in birds, there is
evidence that, in addition to amino acids, peptides arecose in the ileum (Levin et al., 1983). The ileum appears

well suited for transporting glucose which may not be also absorbed. Peptides appear to be absorbed more
rapidly than amino acids. Absorption of peptides actsabsorbed within the jejunum.

The gastrointestinal tract also has a role in glucose to eliminate composition between amino acids for up-
take and thus helps increase speed of absorption.homeostasis (Riesenfeld et al., 1982). Plasma glucose

levels are maintained relatively constant in chickens The ceca are also important in amino acid absorption.
Proline is absorbed in the cecum via a sodium-when fed semipurified diets in which glucose is replaced

with either fructose, soybean oil, or cellulose. While this dependent carrier-mediated transport system with
transport rates being higher in the proximal than distalis partially the result of varying glucose turnover rates,

it is largely a result of varying rates of conversion of cecum (Obst and Diamond, 1989). In addition, leucine,
phenylalanine, proline, and glycylsarcosine are ab-glucose to lactate by the intestine.
sorbed against a concentration gradient (Gasaway, 1976;
Calonge et al., 1990; Moretó et al., 1991). Proline and

B. Amino Acids and Peptides methionine have also been shown to be transported by
a Na-independent system (Moretó et al., 1991).Amino acid absorption in birds is similar to that of

The ceca has a greater ability to transport aminomammals (Levin, 1984). Amino acid transport occurs
acids than sugars (Moretó et al., 1991). This may bevia a secondary active transport system as described
functionally important when considering the following:for sugars. This process is saturable, coupled to Na1

(1) uric acid, which is retrogradely carried to the cecatransport, and utilizes ATP for energy. The amino acid
from the coprodeum, may be microbially converted totransport systems can be classified in four groups:
amino acids; (2) proteases are in high concentration(1) neutral amino acids; (2) proline, b-alanine, and re-
within the ceca and may release amino acids from suchlated amino acids; (3) basic amino acids; and (4) acidic
proteins. Therefore, the ceca may be important in aminoamino acids. Such a classification, however, is not rigid
acid absorption.since many amino acids share transport with more than

one group. For example, leucine, a neutral amino acid,
can inhibit the uptake of proline and arginine, a basic C. Fatty Acids and Bile Acids
amino acid. Glycine transport is partially inhibited by

Fatty acid absorption occurs in the distal half of theboth proline and b-alanine.
jejunum and, to a lesser extent, in the ileum. Since theThe primary site for amino acid absorption is the
bile duct enter the gastrointestinal tract of birds nearsmall intestine, although absorption is also reported to
the distal duodenum, emulsification of fats is delayedoccur in the crop, gizzard, and proventriculus. It is still
in birds relative to mammals.unclear as to which section of the small intestine has

In mammals, fatty acids enter the enterocytes wherethe greatest capacity for absorption since there is a lack
they are reesterified to triglycerides and packaged intoof agreement among studies. The rectum of hens is also
chylomicrons which enter the lymphatic system. How-capable of absorbing methionine via a saturable process.
ever, in birds, after being reesterified, lipids are pack-As with glucose transport, the Km for various amino
aged into portomicrons which pass directly into the he-acids is lower in the ileum than in the duodenum (Ta-
patic portal blood supply.ble 11).

D. Volatile Fatty Acids
TABLE 11 Read Km (mM) and Jmax (pmol cm22d21)

for Saturable Amino Acid Absorption in the Chicken The concentration of volatile fatty acid (VFA),
Small Intestinea mainly acetate, but some propionate and butyrate, in

the ceca is high. It can reach 125 mM in the chickenJejunum Ileum
(Annison et al., 1968) and 70 mM in the goose (Clemens
et al., 1975). VFAs are one of the byproducts of micro-Amino acid Km Jmax Km Jmax

bial decomposition of uric acid (see Braun and Camp-
Amino-isobutyric acid 4.6 6 0.9 46 6 7 2.5 6 0.2 56 6 6 bell, 1989). Levels of VFAs are higher in the portal
Glycine 4.2 6 0.4 37 6 5 2.7 6 0.2 55 6 6

blood of conventionally raised compared to germ-freeHistidine 3.4 6 0.7 132 6 12 0.8 6 0.2 129 6 4
birds, suggesting that VFAs formed by bacteria are ab-Methionine 4.9 6 0.6 147 6 14 1.9 6 0.6 148 6 5

Valine 3.2 6 0.7 38 6 7 1.5 6 0.2 82 6 13 sorbed from the gastrointestinal tract. VFAs are ab-
sorbed from both the small intestine and the ceca by

aFrom Levin (1984). passive transport (Sudo and Duke, 1980). Since the con-
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centration of VFAs is higher inside the lumen, absorp- orad into the ceca. The excreta of cecectomized, com-
tion occurs by the passive movement of these com- pared to intact chickens, is higher in water indicating
pounds down their concentration gradient. While the that the lower part of the intestinal tract has an impor-
rate of absorption of propionate and butyrate is equal tant role in water and salt balance.
between the small intestine and ceca, acetate is absorbed Sodium is secreted in the proximal portion of the
faster within the ceca. Microbial fermentation within intestinal tract (Van Der Klis et al., 1990). The major
the ceca of the ptarmigan can provide enough VFAs to sites for Na absorption are the proximal jejunum fol-
meet 11–18% of the energy needs for basal metabolic lowed by the rectum. The ileum also has a small capacity
rate (Gasaway, 1976). for Na absorption.

The coprodeum, rectum, and ceca serve an important
role in Na, chloride (Cl), and water balance (ThomasE. Electrolytes
and Skadhauge, 1988; Skadhauge, 1989). When fed a

The major site of calcium and phosphate absorption, low-NaCl diet, there is a net absorption of Na from the
which are both actively absorbed, is the upper jejunum coprodeum, rectum, and ceca. Sodium absorption is a
(Levin, 1984). When fed diets adequate in phosphorus secondary active transport system dependent on the Na-
and calcium, there is a net secretion of phosphate in the K-ATPase located on the basolateral membrane. The
duodenum. However, when fed a phosphorous-deficient absorption of Na is linked with Cl and water absorption
diet, there is a net absorption within the duodenum. and K secretion. This uptake is blocked by amiloride,

Calcium absorption occurs via an active transport a competitive blocker of Na absorption. When fed a
system which is influenced by the vitamin D hormone high-NaCl diet, absorption of Na from the coprodeum
1,25-dihydroxyvitamin D3 (1,25(0H)2D3). While calcium nearly ceases, while that in the colon remains high pro-
enters the mucosal membrane via a diffusion-type pro- vided a low concentration of hexoses and amino acids
cess, it is then secreted into the blood by an active is maintained on the mucosal side.
transport system located on the basolateral membrane. In addition, there is also a net secretion of Cl from

The hormonal byproduct of vitamin D, 1,25(OH)2D3, the coprodeum and rectum, but the secretory ability of
induces the synthesis of calbindin-D28k in birds (Wasser- the coprodeum disappears in birds fed a high-NaCl diet
man, 1992) and calcium pump units in the basolateral (Skadhauge, 1989). The secretion of Cl is induced by
membrane of chicken enterocytes (Wasserman et al., serotonin (Hansen and Bindslev, 1989a). Receptor an-
1992). Feeding chickens a calcium- or phosphorus- tagonists for 5-HT1A, 5-HT1B, 5-HT1C, 5-HT1D, 5-HT2,deficient diet, or repleting vitamin D-deficient chickens 5-HT3, adrenergic, cholinergic, and histaminergic recep-
with vitamin D or injecting 1,25(0H)2D3 causes an in-

tors were unable to block the response. However, the
crease in plasma membrane calcium pump mRNA in the

second messenger for serotonin-induced chloride secre-duodenum, jejunum, ileum, and rectum (Cai et al., 1993).
tion is cAMP (Hansen and Bindslev, 1989b).The absorption and secretion of Na, potassium (K),

The absorption of Na and secretion of Cl within thecalcium (Ca), and magnesium (Mg) in the gastrointesti-
lower gut is regulated by plasma aldosterone (Claussnal tract of broilers has recently been characterized
et al., 1991). Increases in plasma aldosterone stimulate(Van Der Klis et al., 1990). Sodium transport is discussed
amiloride-sensitive Na uptake in the coprodeum, rec-below. Potassium, Ca, and Mg are secreted in the duode-
tum, and ceca. Feeding high-NaCl diets causes a de-num. In addition, there is some secretion of Mg in the
crease in plasma aldosterone and a decrease inileum and rectum. The major site of absorption for these
amiloride-dependent Na absorption. Furthermore,minerals is the proximal jejunum with some absorption
there is a switch to amiloride-independent hexose/of Ca and Mg occurring in the gizzard. This coincides
amino acid stimulated Na transport within the rectumwith the fact that dry matter spends approximately 25%
and cecum, but a cessation of Na transport in the copro-of its time in the jejunum. There is little absorption of
deum. The hexose/amino acid stimulated Na transportthese minerals beyond the jejunum.
in the rectum functions to counteract the osmotic water
loss due to feeding a high-NaCl diet (Skadhauge et al.,

F. Water, Sodium, and Chloride 1985), and is stimulated by increases in plasma arginine
vasotocin and/or prolactin (Arnason and Skadhauge,Water is absorbed throughout the small and large
1991).intestine and the ceca. Absorption of water occurs as a

Increased Na transport results from an increase insecondary response to the active absorption of other
the number of Na channels in the apical membrane ofcompounds such as glucose, Na, and amino acids.
enterocytes. Unlike the rectum which always has micro-Birds secrete a very dilute urine. Urine can travel

into the coprodeum and, via antiperistalsis, continue villi, increased Na uptake is associated with an increase
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in the number of apical microvilli within the coprodeum; the animals needs. It remains to be determined whether
these villi disappear in birds fed a high-NaCl diet. this may indicate that nutrient uptake represents a po-

tential constraint for increased growth in broilers, or
whether it means that broilers are better at allocating re-G. Vitamins
sources.

Absorption of vitamin B6 occurs throughout the
small intestine, but primarily in the duodenum (Heard
and Annison, 1986). Absorption can also occur in the

VIII. FOOD INTAKE REGULATIONcrop and cecum, but this is minimal. The mechanism
of absorption is passive diffusion. Although microbial

Food intake regulation in birds has recently beensynthesis of vitamin B6 does occur, this is not important
reviewed (Denbow, 1994a,b; Kuenzel, 1994). Studies inin meeting the birds vitamin requirement.
which birds have been given a choice between high-
energy and high-protein diets have confirmed that birds
can regulate both their protein and energy intake. Inter-VII. AGE-RELATED EFFECTS ON
estingly, genetic selection has altered the protein andGASTROINTESTINAL FUNCTION
energy intakes resulting in strain differences.

Regulation occurs both within and outside the centralGrowth rate has increased due to genetic selection
nervous system. Outside the central nervous system,in poultry. There is increasing interest about whether
food intake is regulated by both the gastrointestinalthe physiological capacity of the gastrointestinal tract
tract and the liver. Infusion of hyperosmotic solutionsmay limit continued advances in growth rate. It was
into the duodenum reduces food intake suggesting thehypothesized that postnatal growth rate is at least par-
existence of osmoreceptors. While it has been suggestedtially determined by the differential growth of various
that infusion of glucose into the gastrointestinal tractorgans (Lilja, 1983).
decreases food intake via a chemosensitive effect, thisWith regard to pancreatic enzyme activity within the
effect appears more likely an osmotic response. Theintestines, trypsin, protease, and amylase activity in-
mechanism whereby intraduodenal infusions of hyper-creased rapidly during the first 21 days post-hatch in
osmotic solutions decrease food intake may involve aturkey poults (Krogdahl and Sell, 1989). However, li-
decrease in gastrointestinal motility (Chaplin et al.,pase activity did not begin to increase until after 21
1992).days of age. Feeding a high-fat diet did not significantly

The crop does not appear to play a major role inincrease lipase activity until after 21 days of age. At
food intake regulation. Filling of the crop is generallyleast during the first few weeks post-hatch, it appeared
not associated with meal termination. Instead, meal ter-that lipase activity may be a limiting factor in digestion.
mination is more closely associated with the filling ofSeveral notable changes have been found in the de-
the stomach, duodenum, and proximal one-third of thevelopment of nutrient transport systems during ontog-
ileum. The crop only appears to affect growth when theeny in broilers (Obst and Diamond, 1992). During the
availability of food is limited.first week post-hatch, proline uptake by the small intes-

The liver is an important site for food intake controltine is high relative to glucose uptake. Since the relative
in birds. Intrahepatic infusion of glucose, lysine, or lipidsgrowth rate of broilers is greatest during the first week, it
decrease food intake. Interestingly, these effects varyappears that amino acid uptake may parallel this growth
with the strain of bird. Intrahepatic infusion of glucosepattern. The uptake of glucose displays a transitory in-
decreased food intake in Leghorns, but not broilerscrease during week 2. This increase is hypothesized to
(Lacy et al., 1985). Similarly, infusions of lipids de-be a result of a switch from lipid metabolism to carbohy-
creased food intake in free-feeding Leghorns, but notdrate metabolism due to depletion of the yolk reserves.
broilers (Lacy et al., 1986).Because of the allometric growth of the intestine, during

Although the liver appears able to alter food intakethe second week post-hatch the intestine displays a de-
in response to changes in hepatic portal blood glucosecrease in size relative to body weight. This may be a
concentration, there is little evidence that plasma orsecond reason for the increase in uptake of glucose
brain concentrations of glucose influences food intake.occurring at this time. There is a transitory increase in
Savory (1987a) reported no correlation between plasmaproline uptake during week 6. This increase parallels the
glucose concentrations and food intake. Furthermore,first postjuvenile molt and a rise in absolute growth rate.
injections of glucose, or its antimetabolites, into theInterestingly, the intestinal uptake capacity of broil-
lateral cerebroventricle have no effect on food intake.ers closely matches the birds nutrient needs. This con-

trasts with results in mammals where uptake far exceeds Whereas insulin injections increase food intake in mam-
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mals, similar injections either have no effect or decrease may be causing malaise or nausea rather than specifi-
cally controlling food intake.food intake in birds.

The hypothalamus is a major site of food intake regu-
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I. Introduction 327 (1983a) correctly suggested that the most basic question
II. The Measurement of Energy Exchange 327 in avian energy balance is: ‘‘How do thermal relations

A. Elements of Energy Demand in Birds 327 affect . . . survival, reproduction, and consequent con-
B. Basal Metabolism 328 tribution to succeeding generations?’’ I further suggest
C. Resting Metabolism 329 that many adaptations of avian energy balance minimize
D. Existence Energy 329 energy expenditure in such as way as to maximize pro-
E. Metabolized Energy 330

duction of DNA and its conveyances while minimizingF. Metabolizable Energy 330
exposure to predators, inclement weather, and injuryG. Body Size and Energetics 331
that result from excessive foraging activity. Addition-III. Energy Costs of Activity 331
ally, genetic diversity promoting these adaptations pro-A. Locomotion 332
vides the basis for development of productive strains ofB. Foraging 333
domestic birds.C. Reproductive Activities 333

IV. Energy Storage and Production 334 There are hundreds of papers dealing with energy
A. Starvation 334 balance of domestic and wild birds. A number of authors
B. Premigratory Fattening 334 previously have reviewed aspects of the subject, and
C. Overwinter Fattening 334 anyone new to the topic should read accounts by Gessa-
D. Gonad Growth and Egg Production 335 man (1973, 1987), Calder and King (1974), Kendeigh et
E. Molt 335

al. (1977), Walsberg (1983b), Whittow (1986), and BlemF. Growth of Embryos and Newly
(1990). Many general statements made in the presentHatched Young 336
account are more thoroughly documented in thoseV. Daily Energy Budgets and Energetics of
sources.Free-Living Birds 337

VI. Geographic Variation in Energy Balance 338
VII. Energy Requirements of Populations II. THE MEASUREMENT OF ENERGY EXCHANGE

and Communities 338
VIII. Summary 338

A. Elements of Energy Demand in BirdsReferences 339
Superficially, energy use by birds can be summarized

as: energy intake 5 metabolized energy 1 energy in
egesta (feces, urine) (Figure 1) and is expressed as kcalI. INTRODUCTION
or kJ per unit time or watts (W). In practice, ingested
energy is measured as gross energy intake (GEI), theAllocation of ingested energy to the many demands
product of the mass of food ingested multiplied by theof avian existence is a fundamental process linked in-

extricably to the life histories of birds. Walsberg heat of combustion of the food materials (see below).

Copyright q 2000 by Academic Press.
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FIGURE 1 General avian energy balance.

Excretory energy (EXE) is the energy content of urine
and fecal materials. Metabolized energy (ME) is the
total cost of basal metabolic processes, thermoregula-
tion, specific dynamic action, physical activity, and pro-
duction and is obtained by subtracting EXE from GEI.
Production (P) is the allocation of energy to growth,
reproduction, lipid deposition, and synthesis of feathers
and is the amount of energy expended above resting
metabolism or existence energy levels. A comprehen-
sive model of avian energy balance must include consid-
eration of rates of energy intake minus several additive
layers of expenditures including basal metabolism and
the costs of thermoregulation, physical activity, molt,
growth, lipid deposition, reproduction, and energy lost

FIGURE 2 Physiological levels of energy expenditure in birds
in digestion and assimilation (Figure 2). Further- (B, energy expended in basal physiological processes; T, heat of ther-
more, these measurements may be affected by body moregulation; SDE, specific dynamic action (effect); W, energy ex-

pended in activities involving work; P, production).composition, sex, and ambient temperature. Previous
thermal history of the bird also is influential; summer-
acclimatized birds usually have higher metabolic rates

late of BM under most conditions. Furthermore, manythan winter-acclimatized birds (Blem, 1973b; Kendeigh
authors (e.g., Lasiewski and Dawson, 1967; Calder andet al., 1977).
King, 1974) have used the term standard metabolism
(SM) to refer to basal levels of energy utilization be-B. Basal Metabolism
cause true basal measurements are difficult to make.
Here I follow others (e.g., Kendeigh et al., 1977) whoBasal metabolism (BM) is the rate of energy use by

birds at rest within the zone of thermoneutrality (i.e., use standard metabolism to refer to energy expenditure
by postabsorptive (unfed) birds at rest at ambient tem-not stimulated by low ambient temperature). For mea-

surements of BM, birds must be postabsorptive (not peratures below the lower critical temperature (i.e., be-
low the zone of thermal neutrality). There are additionalfed) and therefore not affected by heat produced during

assimilation of food (specific dynamic action). BM gen- sources of variation in metabolism. For example, basal/
standard measurements of unfed birds at rest in theerally is measured by respirometric determination of

the volumetric rate of oxygen consumption (see With- zone of thermal neutrality differ between the inactive
and active phases of the daily cycle (usually night/dayers, 1977, for details on technique) or (rarely) carbon

dioxide production. To convert these measurements to differences; see Aschoff and Pohl, 1970). Reasons for
these differences are not clear.energy terms, the volumes of gases must be multiplied

by appropriate caloric equivalents of the gas in question Basal metabolism can be predicted with accuracy
from the body mass of the individual bird, although one(see Gessaman, 1973, 1987). There is no natural corre-
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should take care to account for mass variations arising can substitute for heat used in thermoregulation, but its
effect is influenced by other variables, including thermalfrom differences in lipid stores, water balance, and/or

reproductive condition, when possible. Basal measure- history and nutrition of the animal (Calder and King,
1974; King, 1974). The degree of substitution may bements are useful for comparison of basic differences in

metabolic capacity, but usually are not useful for studies highly variable or, in some instances, absent (Mugaas
and King, 1981).of costs of natural activity.

C. Resting Metabolism D. Existence Energy

Resting metabolism (RM) represents the energy used Existence energy (EE) is the amount of energy ex-
by birds who are eating and behaving normally, except pended by caged birds fed ad lib, whose movements are
that costs of activity are minimal. RM is measured by restricted (Figure 3). Such measurements include costs
respirometric determinations of oxygen consumption or of thermoregulation, specific dynamic action, and mini-
carbon dioxide production and may include the costs mal activity. Molt, lipid deposition, reproduction, or
of thermoregulation as it often is measured at ambient growth must not occur during these measurements. In
temperatures below the zone of thermoneutrality. Tem- most situations the magnitude of EE is similar to RM.
perature regulation is a major energy expenditure below The technique involves quantification of the energy both
the zone of thermal neutrality and at extreme lower in food eaten and excreta voided (EXE). The heat of
limits of temperature tolerance and may amount to combustion of food and waste materials in kJ or kcal
more than 70% of energy expenditure. per unit mass is determined by bomb calorimetry. The

Small birds have relatively large surface areas, there- bird’s weight must remain constant during such mea-
fore rates of heat loss at low ambient temperatures may surements; that is, mass change should be less than 2%
become so stressful that the bird undergoes moderate (Gessaman, 1987). Methods of measurement of heats
to severe hypothermia. In large birds such decreases of combustion by bomb calorimetry are summarized in
are small or nonexistent. Extreme hypothermia may Grodzinski et al. (1975) and in manuals available from
result in moderate to severe loss of activity as the bird manufacturers of calorimeters. Bomb calorimetry in-
enters torpor. Few birds have evolved sufficient thermal volves combustion of dry materials in an atmosphere
tolerance to survive deep torpor. Hummingbirds of pure oxygen in a heavy metal cylinder. The heat is
(Trochilidae), goatsuckers (Caprimulgidae), and swifts captured in a surrounding water jacket containing a
(Apodidae) may have temperature decreases of as much known amount of water. The heat of combustion in kJ
as 308C and may go into deep torpor for hours (hum-
mingbirds) or days (Poor-will). A less-extreme form of
hypothermia (i.e., body temperature decreases of 4–
128C) may occur in tits (Parus; Haftorn, 1972; Chaplin,
1974), kinglets (Regulus; Blem and Pagels, 1984), and
manakins (Manacus, Pipra; Bartholomew et al., 1983),
although there are tit, kinglet, and manakin species that
do not seem to go into hypothermia at all. The energy
savings in the modest torpor of small passerines may
be 10–75% of BM of normothermic birds (Reinertsen,
1983; Reinertsen and Haftorn, 1986), depending on the
degree and duration of hypothermia. Hummingbirds
going into prolonged, deeper hypothermia can save en-
ergy equal to 75% of BM (Calder and King, 1974).

Resting metabolism also includes specific dynamic
action (SDA), also known as the calorigenic effect or
heat increment. SDA is the elevation of the metabolic
rate that occurs after a food item is absorbed from the
digestive tract. It is not a result of increased gut motility
or assimilation, as injection of food constituents into
the blood stream can cause SDA (Whittow, 1986). SDA
is a function of food composition and roughly amounts FIGURE 3 Existence energy at 08C, standard metabolism at 08C
to 15% of basal rates for fat, 29% for carbohydrates, (SM), basal metabolism (BM), and metabolism in flight for passerine

birds weighing 0–1000 g (flight costs are kJ?bird21 hr21).and 45% for protein (Ricklefs, 1974). Heat from SDA
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or kcal per unit mass is computed from the temperature 1988). Studies of ME indicate the model is correct. For
example, under caged conditions, Japanese quail (Co-increase of the water (see Table 1 for examples). All of

the energy of the heat of combustion is available to the turnix coturnix) cease laying eggs at ambient tempera-
tures 1–28C above lower lethal temperatures becauseorganism digesting the food. Aspects of the techniques

needed to assess avian energy balance are comprehen- costs of thermoregulation are near the maximum sus-
tainable threshold of energy mobilization and thereforesively covered by Kleiber (1975) and Gessaman (1973,

1987; also see Blem, 1968). no surplus energy is available for development of ova
(Blem, unpublished data).

E. Metabolized Energy
F. Metabolizable Energy

Metabolized energy is the energy expended by caged
birds undergoing activities such as fattening, egg-laying, Although the term has been confused with metabo-

lized energy, metabolizable energy, strictly defined, isor molt. Energy mobilized in excess of existence metab-
olism (productive energy) can be included. It is deter- the amount of energy assimilated from food and is equal

to gross energy intake minus fecal energy. Energy inmined in the same manner as existence energy and in-
cludes the same basic components, except that body food absorbed from the gastrointestinal tract is digest-

ible energy. Energy in feces and urine is excretory energy.mass can change. The method is useful in a general way
in comparisons of metabolic capacity of caged birds, In birds, true assimilation is difficult to measure since

feces and urine are voided together and the energyparticularly in studies of controlled production and as-
sessment of digestibility of food items. Since activity content of urine represents material that has been assim-

ilated while feces are unassimilated materials (Figurecannot be included to any great degree in such measure-
ments, the technique should not be applied to estimates 1). Assimilation is affected by food composition; simple

sugars and lipids are used with great efficiency (seeof power consumption of birds in nature. Conversely,
the concept of metabolized energy as the sum of all Blem, 1976b; Castro et al., 1989; Karasov, 1990); for

example, hummingbirds extract more than 98% of thepower-consuming avian activities is a useful one. Several
models have been presented that suggest that avian energy in nectar (Table 2). Proteins cannot be fully

catabolized and significant energy is lost in nitrogenousenergy expenditure reaches a maximum sustainable
level determined by the capacity of the bird to ingest wastes in the urine. As a result, metabolizable energy

largely is a function of food composition (Table 2; alsoand assimilate food (e.g., Kendeigh, 1969b; Goldstein,
see Karasov, 1990). However, some birds have evolved
the ability to ingest, assimilate, and catabolize complex

TABLE 1 Energy Contents of Avian Materials
materials including wax esters and beeswax (Place and

Material kJ/g Source Roby, 1986) and coarse herbaceous materials including
twigs, pine needles, and grass (Table 2).

Feathers The efficiency with which birds utilize ingested en-
Keratin 22.5 King and Farner (1961)

ergy has been called energetic efficiency (Blem, 1976b),
Tissue metabolizable energy coefficient (see Kendeigh et al.,

Adult birds, wet mass 5.6–11.1 Blem (unpublished data)
1977), and assimilation efficiency or energy assimilationYoung birds, wet mass 2.7–9.4 Blem (1975, 1978,
efficiency (Handrich et al., 1993). Metabolizable energyunpublished data)
coefficient (MEC) is the oldest and most consistentlyEggs

Altricial birds; wet mass 4.3–5.2 Kendeigh et al. (1977) used term. It is computed as:
Semi-altricial birds; 4.8 Carey et al. (1980)

MEC 5 100(ME/GEI).wet mass
Semi-precocial birds; 6.8 Carey et al. (1980)

MEC values may differ among species eating the samewet mass
food (Table 2), among individuals for unknown causes,Precocial birds; wet mass 6.4–10.2 Kendeigh et al. (1977)

Seabirds; dry mass 25.9–29.7 Pettit et al. (1984) and may change with ambient temperature. For exam-
Seabirds; wet mass 3.8–7.1 Walsberg (1983b) ple, in some species it is lowest at low ambient tempera-

Lipid tures when food intake rates are maximal (Blem, 1973b).
Extracted dry depot 37.7–39.8 Blem (1990) Food selection and survival of cold stress may be a
Petrel stomach oil 40.6 Obst and Nagy (1993) function of the bird’s ability to extract usable energy

Food (Sprenkle and Blem, 1984). It has been hypothesized
Seeds (dry mass) 18.0 Kendeigh et al. (1977)

that MECs may increase with physiological adjustmentInsects (dry mass) 23.0 Kendeigh, et al. (1977)
of rates of assimilation, playing a role in accumulationVertebrate prey (dry 23.1 Goldstein (1990)

mass) of surplus energy for activities such as premigratory
fattening (Bairlein, 1985).
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TABLE 2 Metabolized Energy Coefficients (MEC)a

Food items Taxa of birds MEC References

Adult birds

Pine needles Spruce Grouse (Dendragapus canadensis) 29.8 Pendergast and Boag (1971)
Willow twigs Ptarmigan (Lagopus sp.) 32.0 Moss (1973)
Grass Brant (Branta bernicla) 30.1–51.2 Buchsbaum et al. (1986)
Nectar Hummingbirds (Trochilidae) 98.1–98.2 Hainsworth (1974)
Seeds Twelve species of passerines 76–91 Karasov (1990)
Seeds Bobwhite (Colinus virginianus) 31.2–84.6 Robel and Arruda (1986)
Chick mash Twelve species of granivorous birds 62–89 Kendeigh et al. (1977)
Arthropods Insectivorous birds 75.9–91.6 Woods (1982)
Squid King penguin 79.8–84.3 Adams (1984)
Fish Double-crested cormorant (Phalacrocorax auritus) 77.9–89.2 Brugger (1993)
Fish Bald eagle (Haliaeetus leucocephalus) 75.0 Stalmaster and Gessaman (1982)
Mammals Five species of owls (Strigidae) 77.5–94.2 Woods (1982)
Ducks Bald eagle 85.2 Stalmaster and Gessaman (1982)

Nestlings
Soft bill mix Several species of passerines 75.3 Blem (1973b)
Chick mash Bobwhite 30.2–77.5 Blem and Zara (1980)
Chick mash Japanese quail 44.8–64.0 Blem (1978)
Chick mash Black-bellied whistling-duck 69.3–86.5 Cain (1976)
Fish Double-crested cormorant 79.9–88.1 Dunn (1975)

a1003 (GEI-EE)/GEI (see section on metabolized energy).

However, if existence energy, resting metabolism, and/G. Body Size and Energetics
or metabolized energy are known, the expenditure of

All measurements of energy balance are positive cur- energy in productive processes in nest cavities or by
vilinear functions of body mass (Figure 3). Total metab- caged birds can be computed. For example, Blem (1975)
olism (M) of the bird increases exponentially with body calculated costs of activity in young birds by subtracting
mass (W), therefore this relationship usually is pre- energy involved in growth (measured from carcass anal-
sented as equations of the form: M 5 aWb, or log M 5 yses) plus resting metabolism (from respirometry) from
b log W 1 log a. When metabolism is expressed as metabolized energy (determined by energy balance
energy expended per unit body mass, the rate rises so methods). Using such techniques one can compare costs
sharply at low body weight that minimum size may be of processes such as egg production as amount of ME
energetically constrained. Difficulties in maintaining a or RM in excess of SM and compare this with the energy
positive energy balance may limit minimum size in pas- content of the eggs themselves.
serine birds at about 5 g and in nonpasserines at Goldstein (1988) reviews the ways in which daily
3 g (Kendeigh, 1970, 1972). Equations for avian basal energy expenditure can be measured in birds: (1) time-
metabolism, standard metabolism, and existence energy energy budgets and (2) doubly labeled water techniques.
are available in numerous sources, including Aschoff Time-energy budgets initially were the most common
and Pohl (1970), Kendeigh (1970), Calder (1974, 1984), way of estimating daily energy expenditures (Goldstein,
Ricklefs (1974), and Kendeigh et al. (1977). Photope- 1988). Such budgets are computed from measurements
riod, thermal history, season, and ambient temperature of the duration of a bird’s daily activities multiplied by
affect the slopes of these equations, and there are sig- the respective costs of each activity. In many ways the
nificant phylogenetic differences among groups of birds more satisfactory method for measuring the total energy
as well (see Calder, 1974, 1984; Kendeigh et al., 1977). expenditure of free-living birds is the doubly labeled

water technique. In this method the bird’s body water
is labeled with the isotopes of hydrogen and oxygen

III. ENERGY COSTS OF ACTIVITY (2H, 3H, and 18O). Both deuterium and tritium have
been used as the radioactive label (Nagy, 1983, 1989;

Measurements of metabolized energy, while useful Powers and Conley, 1994). Body water then is sampled
for evaluation of the processes of digestion and SDA, periodically to determine changes in the ratios of the
should not be considered to be accurate assessments of two isotopes. Oxygen is lost both in expired carbon

dioxide and through water lost in evaporation/expira-energy use by free-living birds under natural conditions.
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tion, but hydrogen is lost only through water. The differ-
ence in the two rates of loss is a measure of carbon
dioxide production which can be converted to energy
terms (although the respiratory quotient must be esti-
mated). The energy budget of breeding acorn wood-
peckers (Melanerpes formicivorus) constructed by
Weathers et al. (1990) is an outstanding example of the
use of multiple techniques to assess metabolic rate of a
free-living bird.

The costs of foraging or reproductive behavior also
have been evaluated from measurements of time birds
spent in activity multiplied by the energy expended per
unit time (time–energy budget). To construct time–
energy budgets one must determine the time the bird
spends in all significant activities, assign energy costs to
each of them, and total the result for overall estimates.
These computations can quickly become cumbersome
and of uncertain accuracy. However, Williams and Nagy
(1984) and Mock (1991) compared time–energy budgets
of western bluebirds (Sialia mexicana) with measure- FIGURE 4 Power costs of flight in a bird as a function of velocity.
ments made using doubly labeled water methods; they
obtained similar values from the two techniques (also

energy–velocity curve (see Blem, 1980, for a review).see Weathers and Nagy, 1980; Weathers et al., 1984).
During migration, costs of flight increase as lipid stores
decrease; loss of mass results in slower optimum flight

A. Locomotion speeds and higher costs per unit mass. Migrants such as
the blackpoll warbler (Dendroica striata), a 10-g birdEnergetic costs of avian locomotion vary with body
that deposits about 10 g of lipid in preparation for amass, type of locomotion, velocity of travel, and, in some
transoceanic flight of 80–90 hr, are believed to fly morecases, ambient temperature. In all forms of locomotion
slowly and at great expense at the end of migrationthe energy required to transport a unit mass of bird
when body reserves are nearly depleted.varies inversely with the mass of the bird. Costs of loco-

motion are expressed as energy expended per unit body
mass moving through one unit of distance; the correct 2. Walking
units are kJ ? kg21 km21.

When body mass is considered, the energetic costs
of walking or hopping generally are less than those of

1. Flight flight. The cost of walking/hopping by birds is a linear
function of velocity of travel and varies among speciesThe energy requirement has been measured in more
although it has been measured few times. Energy ex-than a dozen species of birds. Per unit time, flight is the
pended in hopping in European robins (Erithacus rube-most expensive avian activity. Cost of flight varies with
cula) is a function of ambient temperature and is 2.0–forward velocity (Figure 4). Low velocities are expen-
2.43 nighttime resting metabolic rates (Tatner andsive to maintain because of lack of momentum and high
Bryant, 1986). Most birds spend very little time walking,velocities are costly because of various forms of friction
but in some penguins walking to and from colonies mayon the surface of the bird. Minimum costs of flight are
require significant amounts of energy.attained at intermediate velocities determined to some

extent by the mass of the bird. As a result, large birds
fly more cheaply at higher velocities than do small birds.

3. Swimming
Costs range from 2.73 to 233 BM, depending on the
style of flight and the taxonomic group of birds involved Swimming is the least expensive form of locomotion.

It tends to differ between birds that swim underwater,(Tatner and Bryant, 1986; Goldstein, 1988). Natural mi-
grants appear to fly at velocities slightly higher than using wings and feet (e.g., penguins) and those that swim

on the surface using only feet (ducks). Energy demandbirds flying in wind tunnels. This may be because this
results in cheaper travel per unit distance; flight costs during swimming is relatively low; costs range from 2.2

to 2.83 resting metabolic rates.increase less rapidly than velocity in this part of the
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bation and in deciding the proper ecological frameworkB. Foraging
in which to compare elevated expenditures. He notes

It is difficult to quantify the energy required in forag- (Walsberg and King, 1978; Walsberg, 1983a) that, in
ing. Some authors have been able to estimate, from some cases, a bird incubating eggs and attending the
counts of captures of specific food items and their caloric nest may actually involve a 15–20% decrease of energy
equivalents, the gross or net energy acquired during expenditure in comparison to nonbreeding adults out-
relatively brief bouts of foraging. However, comprehen- side of the nest.
sive models must include costs of defense of food re-
sources, searching for food, the costs of chase, capture,

2. Territorial Defenseand/or collection of prey, and processing of food items.
Most of these have been studied very little, and the Territorial defense may be relatively expensive dur-
cost of terrestrial foraging in Gambel’s quail (Callipepla ing brief periods of the year and may amount to 0.9–
gambelii; Goldstein, 1990) were 3.53 resting metabolic 33.1% of daily energy expenditures (Walsberg, 1983b).
rates (Goldstein and Nagy, 1985). Costs of foraging in Bryant and Westerterp (1980a), using the doubly la-
the Laysan Albatross (Diomedea immutabilis) were beled water technique, found that territorial male
2.63 resting levels (Petit et al., 1988). housemartins (Delichon urbica) used 2.443 BM. Terri-

torial behavior may be quite expensive; captive male
Carolina wrens (Thyrothorus ludovicianus) used 2.7–C. Reproductive Activities
8.73 BM during singing and this exceeded the costs of

1. Incubation
all other activities except flight (Eberhardt, 1994).

Costs of incubation vary with ambient temperature
and with artificial manipulation of egg temperatures.

3. Rearing Young
For example, Vleck (1981) found that adult zebra fin-
ches could double their metabolic rate when egg temper- Walsberg (1983a) indicated that care and feeding of

young was one of the ‘‘most conspicuously neglectedatures were lowered artificially. The calorigenic effect
of food can supply some of the heat used in incubation, areas in avian energetics.’’ Newly hatched birds survive

mostly on contents of their yolk sacs which may providebut apparently only at very low ambient temperatures
(Biebach, 1984). Several authors have used biophysical energy for several days. Altricial young are fed and

incubated by their parents throughout the develop-models to calculate potential energy expenditure of in-
cubating birds (see reviews by Walsberg, 1983a,b). Their mental period, although the frequency and duration de-

creases as the young mature. Nestling food is mostlyestimates predict that incubating birds should have met-
abolic rates 15–40% above BMR. Others have directly energy-rich materials, either collected by the parents or

secreted by them. Petrels, for example, regurgitate oilsmeasured the oxygen consumption of cavity-nesting
species, using the nest cavity as a respiratory chamber in with high heats of combustion (Table 1) into the throats

of their young. Pigeons secrete a milky, energy-rich sub-an open-flow respirometry system (e.g., Biebach, 1977,
1979; Gessaman and Findell, 1979; Vleck, 1981). In such stance from their crops which similarly is delivered to

their young.measurements, incubating birds consumed 25–43%
more energy than resting birds not involved in incuba- Bryant and Westerterp (1983) documented the com-

plexity of the energetics of rearing young. They foundtion, and costs of incubation increase with clutch size
(Biebach, 1981, 1984). Haftorn and Reinertsen (1985) that 13 of 39 environmental and biological factors tested

were correlated with daily metabolic rates of housemar-found that energy costs of incubation in blue tits (Parus
caerulescens) increased by 6–7% RM per egg in the tins rearing broods and the overall expenditure was

about 3.63 BM over extended periods of measurementclutch. El-Wailly (1966) measured metabolized energy
in feeding trials and concluded that incubating zebra (Bryant and Westerterp, 1980a). However, it appears

that feeding of young is not very demanding. For exam-finches (Taeniopygia castanotis) expended up to 34%
more energy than control birds. ple, Williams and Nagy (1985) found that female savan-

nah sparrows (Passerculus sandwichensis) used 2.2–However, it should be noted that incubation has not
been shown to be costly in all studies. Pettit et al. (1988) 3.43 BM, only about 11% more than caged existence

levels. Hails and Bryant (1979) calculated that house-found that the energy expenditure of incubating Laysan
albatrosses was similar to that of resting birds not incu- martins expended 2.2–5.33 SM rates while feeding

young. Weathers and Sullivan (1989), using concurrentbating. Walsberg (1983a) provides important criticism
of most studies of the energetics of incubation. He cor- time–energy budgets and doubly labeled water tech-

niques, constructed extensive energy budgets for yellow-rectly points out several difficulties in determining how
much energy expenditure is directly attributable to incu- eyed juncos (Junco phaeonotos) and their young. Adult
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juncos feeding young were not food limited and were not oxidation than in the breakdown of carbohydrates (see
Blem, 1990), and glycolysis can be avoided in lipid oxi-working maximally. Adults obtained energy for their

young and themselves by foraging for 75% or less of dation.
Daily energy demands have not been directly mea-daylight hours. Dykstra and Karasov (1993) found that

brood size of housewrens (Troglodytes aedon) was not sured during fattening and in most instances the daily
magnitude of lipid deposition is not known with preci-limited by maximal metabolic rates of adults as con-

strained by ability to assimilate energy. Williams and sion. However, Norstrom et al. (1986) estimated that fat
deposition in herring gulls (Larus argentatus) was lessNagy (1985) found that energy use by savannah spar-

rows feeding broods of two did not differ significantly than 1% of an adult gull’s annual energy budget. It has
been estimated that 1 week of fat deposition is requiredfrom sparrows feeding broods of three.
for one night of migration in some small birds (Kendeigh
et al, 1977). Using equations in Kendeigh et al. (1977)
and assuming that the costs of lipid deposition are equalIV. ENERGY STORAGE AND PRODUCTION
only to the average heat of combustion of lipid (i.e.,
about 38 kJ; Table 1), then the 10 g blackpoll warblerA. Starvation
would use 88% of a week’s existence metabolism at 08C

Birds deprived of food eventually use food in their to deposit the 10 g of lipid needed for migration. At
digestive tracts, become postabsorptive, and deplete gly- 308C this expenditure would be about 184%.
cogen reserves after a short period (usually less than Although spring fattening for migration occurs more
24–48 hr, depending upon the size of the bird). They precisely within a restricted time frame than that for
then begin to metabolize fat reserves. The respiratory fall migration (Figure 5), it still requires more than a
quotient drops as the substrate being used changes from few days to attain. Lipid deposition for fall migration
carbohydrate to lipid. Basal metabolic rate also may appears generally to be less intensive and may be spread
drop, perhaps as much as 23.4% (Shapiro and Weathers, over even longer periods.
1981). If starvation persists, the bird may begin to use
protein for glucose synthesis and the RQ will rise. The

C. Overwinter Fatteningtime required for depletion of all carbohydrate and lipid
reserves varies with size of the bird and amount of initial Although the time course and magnitude of avian
reserve. In large birds the process may require days; fat deposition during the winter (Figure 5) has been
emperor penguins (Aptenodytes foresteri) fast for more documented for several species (King, 1972; Blem,
than 100 days while incubating. Hummingbirds may be 1976a, 1990), very little is known about the energetics
severely stressed by food deprivation after only a few of the process. Some birds have small lipid reserves
hours. During recovery from starvation, efficiency of in the winter, either because of their dependence on
assimilation in common barn-owls (Tyto alba) increased immediate food supplies or because they are able to
slightly and apparently increased the rate of recovery conserve energy by hypothermia. Small birds that re-
of body mass (Handrich et al., 1993). duce the energy demands of overnight survival at low

ambient temperatures by nocturnal hypothermia may
have relatively small daily cycles of lipid depositionB. Premigratory Fattening
(Blem and Pagels, 1984; Blem, 1990). Tropical birds
usually do not exhibit seasonal variation in lipid deposi-Deposition of lipid reserves in preparation for migra-

tion represents a major seasonal energy expenditure tion, but temperate-zone permanent-resident species
generally show substantial midwinter fattening (Figure(King, 1974; Blem, 1976a, 1980). Although the energy

involved in weight gain or loss has been estimated in 5). The magnitude of lipid depots in small passerine
birds have been shown to be more closely related toa few cases (Kendeigh et al., 1977), the costs of lipid

deposition have been quantified only roughly. This is long-term average temperature than to temperatures of
the past several days (Blem and Shelor, 1986; Dawsonbecause techniques for making precise estimates of lipid

depots in living birds do not, as yet, exist. Domestic and Marsh, 1986) and, in fact, may not be very respon-
sive to immediate conditions. In most passerine birds,fowl require about 65.5 kJ to deposit 1 g of fat (Whit-

tow, 1986). maximum fat depots are accumulated by sundown
(Blem and Shelor, 1986) since they do not feed afterAvian energy reserve mostly is stored as lipid, spe-

cifically triglycerides, whose caloric density is very high dark and must obtain sufficient reserves to survive the
nightly fast. Late afternoon lipid depots are a function(Table 1) and, unlike carbohydrate, whose storage re-

quires little, if any, addition of water (see Blem, 1980, of overnight demands and are greatest in midwinter
when nighttime fasts are longest and ambient tempera-1990). There are fewer metabolic intermediates in lipid
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FIGURE 5 Annual cycles of lipid deposition in three passerine birds (from Blem, 1976a, with
permission). The white-crowned sparrow (Zonotrichia albicollis) is a temperate-zone migrant, the
house sparrow (Passer domesticus) is a temperate-zone nonmigrant, and the yellow-vented bulbul
(Pycnonotus goiavier) is a tropical nonmigrant.

ture lowest. In species of small birds the amount of lipid Larger birds such as ducks, geese, and penguins meet
the demands of ovogenesis by using body fat, and some-deposited per unit body mass is large (Blem, 1976a,

1980), while the relative amount of lipid is less in larger times protein, reserves. Most small birds rely entirely
on their diet for the energy to produce eggs, but femalesbird species. However, in similar birds of different mass,

the ratio of lipid store/metabolism is greater in larger of many small passerines have reduced body mass and
virtually no lipid reserves by the time of fledging ofbirds (Blem, 1990). The rate and degree of fattening

apparently are functions of ambient temperatures, but young. Only a few attempts have been made to make
direct measurements of the costs of egg production inthe nature of the response is poorly understood (Blem,

1981). Domestic fowl fed high-energy foods ad lib often wild birds (King, 1973; Ricklefs, 1974; Krementz and
Ankney, 1986). The energy demands of egg formationhave greater body mass and fat than those on normal

or restricted diets. However, most species of passerine include: (1) the energy contained in the egg materials
and (2) costs of biosynthesis of the materials. The formerbirds held in cages lose mass and have lower lipid re-

serves even when provided unlimited amounts of high- is relatively easy to measure, and several attempts have
been made to do so (King, 1973; Ricklefs, 1974; Walsb-energy food.
erg, 1983b; Bancroft, 1985). The latter is more difficult
but it appears that peak daily costs of ovogenesis rangeD. Gonad Growth and Egg Production
from 37–55% of BM of passerine species to 125–216%

Seasonal growth of avian testes (recrudescence) is of BM in precocial birds, including the amazing brown
relatively extensive in comparison with that of other kiwi (Apteryx australis), a 2200-g bird that lays a 400-g
vertebrates. The testes may increase in mass by 1003 egg (Ricklefs, 1974; Walsberg, 1983a,b)!
from early winter to spring, yet the cost only amounts
to about 2% or less of daily BMR over a 10- to 30-day E. Molt
period of growth (Walsberg, 1983b). On the other hand,
ovarian growth may amount to 2–9% of BMR over a Molt is a period of intensive energy demand; nearly

25% of the bird’s lean dry mass is lost and regeneratedsimilar time span. The part of gametogenesis of major
energetic significance is egg production (Walsberg, in feathers over a period of a few days (King, 1981).

Oxygen consumption of molting birds is 9–46% greater1983a,b), and energy availability can affect clutch size
and time of breeding (Yom-Tov and Hilborn, 1981). than that of nonmolting birds (Walsberg, 1983b). The
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total costs of molt include several elements: (1) energy of the high development costs of precocial young or
other birds that require long incubation periods (Vleckcontent of feathers, (2) costs of biosynthesis of feather

materials, (3) heat loss due to decreased insulation et al., 1980).
Newly hatched birds grow relatively quickly and syn-during the molting period, (4) changes in activity, and

(5) energy intake required to supply the sulfur- thesize new tissues rapidly. The energy content of lean
dry body materials decreases with age, as more skeletalcontaining amino acids necessary for feather synthesis

(King, 1981). Separation of these costs has not been mass is accumulated during growth. Energy contained
in dry material increases because of greater lipid deposi-done, but the total energy requirement for feather pro-

duction ranges from 420 to 505 kJ (Dolnik and Gavrilov, tion in older nestlings. Energy content of fresh tissue
(live mass) increases with growth mainly because the1979; King, 1981). This is 18.7–22.43 the energy con-

tent of the feathers (heat of combustion of keratin 5 relative amount of water in tissues declines with matura-
tion (Ricklefs, 1974; Blem, 1975, 1978). The energy bal-22.5 kJ/g; King and Farner, 1961). BMR increases during

molt by 9–46%, depending on the size and species in- ance of young altricial birds is greatly influenced by
costs of thermoregulation, particularly endothermy.volved (Walsberg, 1983b).
Early growth is rapid but requires little energy because
the nestling is largely poikilothermic and body heat isF. Growth of Embryos and Newly
supplied by the adult through incubation. Later, as en-

Hatched Young dothermy begins and lipid depositions increases, the
energy demand of nestlings becomes maximal. NestlingMetabolism of avian embryos increases throughout
energy budgets vary in accordance with adult reproduc-incubation in patterns that reflect variations in growth
tive strategy (Dunn, 1980) and with the degree of devel-rate and mode of development for that species. Meta-
opment at hatching (Blem, 1975, 1978; Blem and Zara,bolic rates of precocial birds such as chickens, quail,
1980; Figure 7).and ducks increase until about 80% of incubation is

Altricial young, born naked, blind, and defenseless,complete. Metabolism then either declines, remains
may progress from the egg to adult size in 10–14 days.constant, or increases slowly (Vleck et al., 1980). Embry-
The metabolic rate of newly hatched altricial birds isonic metabolism of altricial species such as small passer-
low because thermoregulation is poor and there is littleine birds increases at an accelerating rate throughout
ability to generate heat. After the midpoint of growth,incubation (Figure 6). The energy cost of growth aver-
shivering begins, insulation becomes at least partly ef-ages about 1.23 kJ/g of embryo (Vleck et al., 1980).

Maintenance costs are 0.17 kJ/g, appear to be indepen-
dent of the mass of the embryo and account for much

FIGURE 7 Allocation of energy during growth of five species of
birds. HS, house sparrow (Blem, 1975); S, European starling (Sturnus
vulgaris; O’Connor, 1983); WD, black-bellied whistling duck (Dendro-
cygna autumnalis; Cain, 1976); JQ, Japanese quail (Coturnix coturnix;
Blem and Zara, 1980). EXE, excretory energy; RM, resting metabo-FIGURE 6 Metabolic rates of avian embryos (after Vleck et al., 1980,

by permission of American Society of Zoologists). lism; A, energy costs of activity; and P, production.
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fective, and the energy expended in temperature regula- V. DAILY ENERGY BUDGETS AND ENERGETICS
OF FREE-LIVING BIRDStion becomes substantial. It appears that surplus energy

resulting from lower basal rates and low costs of thermo-
regulation may be directed to growth in some species. Computation or measurement of daily energy bud-

gets is complex. Approaches to the problem have beenThe Japanese quail, a precocial bird able to run and
feed shortly after hatching, reaches adult size and sexual of two types: (1) measurement of total energy demand

accompanied by attempts to partition the total amongmaturity in about 35 days. Most other precocial species
require a longer period of development. The major lim- various activities or (2) measurement of costs of activi-

ties summed to calculate total energy demand. The firstits of growth rate may be physiological ability to process
food (Dunn, 1980) and/or limits of the ability of parents approach usually involves doubly labeled water (see

above) or more theoretical approaches which focus onto deliver energy (Ricklefs, 1974; but see Weathers and
Sullivan, 1989; Dykstra and Karasov, 1993). Assimila- physical measurements of the environment. Environ-

mental factors that influence heat loss, including windtion efficiency (MEC) starts low in newly hatched young,
particularly precocial chicks, possibly because of the and solar radiation, play a major role in determining

metabolic rate of birds (Hayes and Gessaman, 1980).conversion of yolk remaining after hatching. MEC
slowly increases through development of most species Some investigators have used operative and standard

operative temperatures to evaluate the total effect of(Blem, 1973a, 1978). The energetics of growth of young
birds largely involves production of protein in muscle avenues of heat balance and to relate laboratory ener-

getics data to field conditions (see Bakken, 1980; Bak-tissue, plus some storage of carbohydrate and assembly
of bones and connective tissue. Late stages of develop- ken et al., 1985). These are pseudotemperatures which

define the effective ambient temperature resulting fromment, shortly before fledging, may involve relatively
expensive deposition of lipid for a postfledging period combined environmental conditions such as evaporative

cooling, wind, convection, thermal radiation, and theof food deprivation. In altricial young, peak energy de-
mands usually are reached sometime past the midpoint like. They are either calculated from measurements of

physical environment or are measured from heat lossof development, but before fledging. In this period endo-
thermy has begun and costs of thermoregulation overlap through heated taxidermic mounts. The power required

to maintain simulated body temperature is an estimatewith fairly large costs of tissue synthesis and activity
(Figure 8). Precocial birds tend to allocate a smaller of minimal energy requirement of the inactive bird.

There have been few comprehensive studies of an-percentage of energy to growth than do altricial species
(Blem, 1978; Dunn, 1980). nual energy budgets of free-living birds, although

smaller time/activity intervals have been examined fre-
quently (e.g., Bryant and Gardiner, 1979; Bryant and
Westerterp, 1980a,b; Stalmaster and Gessaman, 1984).
Three of the more notable attempts are those by West
(1960), Mugaas and King (1981), and Walsberg (1983b).
Construction of such budgets are difficult not only be-
cause of the many avenues of energy loss, but because
free-living birds have numerous options for conserva-
tion of energy, including huddling (Case, 1973), use of
nest cavities for nesting and roosting (Kendeigh, 1961),
and selection of favorable microclimate (Lustick et al.,
1982). Expensive activities do not overlap much, if at
all. Molt, reproduction, migration, and major costs of
thermoregulation occur at different times and energy
expenditure do not vary a great deal as a result (Fig-
ure 9).

It is axiomatic that energy models should differ
greatly among birds of different latitudes, between
sexes, and with variations in timing of molt, fattening,
migration, and reproduction. In general, it appears that
basal and thermoregulatory costs are the major expendi-
tures in birds outside of tropical habitats (Figure 9).
This suggests that energy use would be greatest in winterFIGURE 8 Generalized model of the energetics of growth of a small

passerine bird (from data in Blem, 1973a, 1975). in high-latitude species and, in fact, can amount to more
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mann’s rule) and decreases in leg length (Allen’s rule)
likely are energetically adaptive (Kendeigh, 1972, 1976).
Increases in mass may allowgreater capacity for heat pro-
duction with only slightly increased surface area through
which heat is lost. Appendage length probably plays an
important role in heat conservation or dissipation.

VII. ENERGY REQUIREMENTS OF POPULATIONS
AND COMMUNITIES

Computation of the energy requirements of assem-
blages of birds is of practical interest to students of
agricultural productivity (e.g., Wiens and Dyer, 1977;
White et al., 1985). Total energy demand of populations
or communities is calculated from: (1) counts of the
number of birds and (2) measurements of the energy
expended by free-living birds. Coarse attempts have
been made to calculate comprehensive energy budgets

FIGURE 9 Model of seasonal variation of energy expenditure of a for bird communities by using assumed values of energy
small temperate-zone bird (after West, 1960; Kendeigh et al., 1977). expenditure for individual birds, usually resting metabo-
Maximum potential energy is defined as the greatest rate of energy utili- lism or existence energy levels multiplied by some cor-
zation possible under the present conditions. (After Kendeigh et al. rection factor (e.g., Blem and Blem, 1976). The accuracy(1977), Avian energetics, in Granivorous Birds in Ecosystems, pp. 129–

of such estimates is questionable although the general204. Reprinted with the permission of Cambridge University Press.)
magnitude may be indicated by the results. Such models
have been improved by increased partitioning of activity

than 90% of daily energy expenditure over much of and refined estimates of the energy involved in each of
the year. them (see Wiens, 1984; White et al., 1985). More elegant

models have involved two approaches: (1) summation
of the costs of individual activities or (2) tracing the

VI. GEOGRAPHIC VARIATION IN fate of ingested energy as it is dissipated in individual
activities (Wiens, 1984). Both involve amassing consid-ENERGY BALANCE
erable information about environmental conditions, me-
tabolism of birds, and bird abundance and activityGeographic differences in avian energetics are diffi-
(Wiens and Dyer, 1977; Furness, 1978; Wiens, 1984). Incult to quantify because of the many sources of variation
some cases the avian community consumes a significantand the diversity of processes involved and seldom have
amount of the energy in the ecosystem. For example,been studied. The trend, both intraspecifically and inter-
Wiens and Scott (1975) and Furness (1978) found thatspecifically, seems to be that BM and EE is greater than
seabird communities used 22–29% of the local annualexpected in northern latitudes on the basis of mass—
fish production. White et al. (1985) estimated that ametabolism relationships (Blem, 1977; Weathers, 1979).
major winter flock of more than 1 million EuropeanKendeigh’s (1976) analysis of latitudinal trends in the
starlings (Sturnus vulgaris), common grackles (Quisca-metabolic adjustments of the housesparrow (Passer do-
lus quiscula), and red-winged blackbirds (Agelaiusmesticus), based largely on measurements by Blem
phoeniceus) consumed 1200–6406 metric tons of corn(1973b), demonstrated that expenditures for tempera-
from the foraging area each winter. This, however,ture regulation, existence metabolism, reproduction, and
amounted to less than 2% of corn fed to livestock anddaily energy budgets all increased northward. House-
a tiny portion of the total agricultural production of thesparrows also demonstrate significant geographic adap-
study area. The significance to farm production wastation to environmental extremes including greater lipid
minor.reserves in colder climates (Blem, 1973b) and greater ca-

pacity for heat production at higher latitudes (Hudson
and Kimzey, 1966; Blem, 1973b; Kendeigh and Blem, VIII. SUMMARY
1974). Much of this variation was due to latitudinal
changes in conductance (Blem, 1974) and metabolic rate More than a decade ago Walsberg (1983b) summa-
(Kendeigh and Blem, 1974; Blem, 1977; Weathers, 1979). rized the questions that remained to be answered in

avian energetics. At that time he suggested that moreLatitudinal intraspecific increases in body mass (Berg-
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I. INTRODUCTION sweating mammals. Additionally, virtually all birds ap-
pear able to enhance respiratory evaporation by pant-

Birds are among a minority of animals capable of ing, whereas this ability is more restricted among mam-
effective regulatory thermogenesis. Such endothermic mals. Finally, the contrasting developmental patterns of
capacities are also evident either bodywide or, in some the two groups (oviparity versus viviparity, excepting
cases, within particular tissues in various insects; some the prototherians) have important thermoregulatory
large, fast swimming fish; a few large reptiles; and, of implications. The development of the avian egg outside
course, mammals. Like the last group, birds show in- the body of the hen ties one or both parents to the nest
pressive homeothermic capacities involving the balanc- and, except for mound builders and brood parasites,
ing of rates of thermolysis and thermogenesis. These necessitates effective incubation patterns serving to
homeotherms are thus able to regulate body tempera- maintain embryonic temperature within a narrow range
ture within a narrow range over a wide span of ther- suitable for development. These patterns can expose
mal conditions. the incubating parent to extremely demanding ther-

There is evidence that the high metabolic rates per- mal conditions (see, for example, Morton, 1978;
mitting endothermy did not exist in the earliest known Grant, 1982).
bird Archeopteryx lithographica and may not have been This chapter examines the general features of avian
completely established in the Class Aves until midlate physiological and behavioral temperature regulation. A
Cretaceous times. The elevated metabolic levels charac- special effort has been made to include information on
terizing modern members of this class may have origi- wild as well as domesticated species. Whittow (1965,
nally evolved in response to selection for an increased 1976, 1986) should be consulted for some older refer-
capacity for long-distance flight, rather than as a requi- ences and for further background.
site for flight itself. Endothermic temperature regulation
would have been a by-product of this development (Ru-
ben, 1996).

II. BODY TEMPERATUREDespite the fact that homeothermy probably arose
independently in the avian and mammalian lines (Ru-

A. Deep Body (‘‘Core’’) Temperatureben, 1995), the general features of thermoregulation in
the two groups appear quite similar. Nonetheless there As noted above, avian thermoregulatory processes
are some behavioral and functional differences between serve to maintain the temperature of interior tissues
them that influence the manner in which this regulation and organs within fairly narrow limits. It is this deep-
proceeds. Birds, with some important exceptions, ap- body or ‘‘core’’ temperature (Tb here) that is commonly
pear in winter to make far less use than mammals of used in interspecific comparisons (Table 1) and to assess
the thermal protection provided by underground or sub- the effectiveness of these processes. On the other hand,
nivian burrows, nests, and cavities in trees. Significantly, temperature of more superficial areas comprising the
seasonal dormancy (hibernation) is rare in birds. How- ‘‘shell’’ may vary substantially with the bird’s activity
ever, many of these animals surpass mammals in evasion states and external conditions and also may differ from
of adverse thermal conditions by long-distance migra- one anatomical region to another. Maintenance of ap-
tion (Dawson et al., 1983a). The relation between hypo- propriate thermal gradients between the core and the
thalamic and spinal thermosensitivity differs between shell is a crucial element in the bird’s control of heat
these groups (Simon, 1989). Furthermore, nonshivering exchange with its environment.
thermogenesis appears absent or less prominent in birds
than in the array of mammals possessing brown adipose
tissue (Marsh and Dawson, 1989; Marsh, 1993). There B. Measurement
are also differing considerations affecting insulation in

Deep-body temperature of birds is commonly mea-the two groups. One relates to the fact that the avian
sured with a thermistor or thermocouple inserted intoplumage, unlike the mammalian pelage, generally must
the proventriculus or large intestine (rectum). However,meet aerodynamic as well as insulative needs. Addition-
temperature of the brain or spinal cord is also frequentlyally, distribution of subcutaneous fat tends to be more
measured under experimental conditions, owing to thelocalized in many birds than in mammals, which affects
importance of these structures in thermoregulatory con-tissue insulation (Marsh and Dawson, 1989). Sweat
trol. Telemetry techniques involving implantation ofglands have not been found in the former group and
thermal sensitive transmitters permit long-term record-avian cutaneous water loss, which can be substantial
ing of avian body temperature in undisturbed birds in(Marder and Gavrieli-Levin, 1987), must therefore pro-

ceed by a different mechanism than that employed by the laboratory or field (e.g., Whittow et al., 1978).
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(Underwood, 1994). Additionally, the pineal as well asC. Interspecific Variation
the eyes appeared involved in control of thermal

Although ranges of Tb for birds and mammals over- rhythms in the rock pigeon (the familar domestic pigeon,
lap, normothermic values for many of the former, in- Columba livia), for both pinealectomy and bilateral enu-
cluding songbirds, lie somewhat above the mammalian cleation were required to abolish these rhythms in con-
range (Table 1). Core temperatures of large flightless stant dim light (Oshima et al., 1989).
birds (ostrich, emu, rhea) and certain aquatic species The contributions of the pineal or the eyes to pace-
(e.g., penguins, albatrosses, shearwaters, and petrels) making appear to involve their rhythmical synthesis and
are somewhat lower, falling within this mammalian release of melatonin. In the rock pigeon, this hormone
range. Also, Tb of some insectivorous birds that natu- normally is produced principally in the pineal body and
rally enter torpor (e.g., white-throated swift, Aëronautes

the eyes (Foà and Menaker, 1988). Exposure of rock
saxatalis, and common poor-will Phalaenoptilus nuttal-

pigeons to constant bright light suppressed nocturnal
lii) can fall to relatively low levels (35–37.58C) when

synthesis of this hormone and N-acetyl transferase, athe birds are normally alert at moderate ambient tem-
key enzyme in melatonin production. This treatmentperatures (Ta; Bartholomew et al., 1957, 1962).
also suppressed sleep and rhythms involving Tb, activity,
and other variables (Berger and Phillips, 1994). Pineal-
ectomy and blinding by bilateral enucleation reducedD. Circadian Rhythm
plasma melatonin to the minimal detectable level in rock

The Tb of birds varies over the course of the day pigeons maintained in constant dim light. This effect was
(Table 1), being highest during the respective active accompanied by the disappearance of rhythms of Tb
phases of the daily cycle in both diurnal and nocturnal and activity. Daily administration of melatonin to these
species. Because the thermal maxima for the latter occur animals restored circadian rhythms of locomotor activ-
at night when the coolest Ta prevail, it is tempting to ity, which entrained to the injections (Oshima et al.,
conclude the rhythm of Tb is independent of external 1989). A robust daily rhythm in melatonin level was
temperature. However, this is not the case, for the am- evident in Japanese quail and this again has been attrib-
plitude of the temperature cycle in birds subjected to uted to the secretion of this hormone into the vascular
constant warm Ta was reduced (Dawson, 1954). More- system by both the pineal and the eyes (Underwood
over, that in individuals exposed to cold was increased and Siopes, 1984).
(Graf, 1980). The amplitude also tends to vary inversely In most studies, cycles of avian Tb and locomotor
with body size (as well as with certain other factors activity appear closely synchronized, suggesting their
including nutritional plane [Ostheim, 1992]), ranging

reliance on the same circadian oscillators(s) (Oshima et
from as much as 88C in hummingbirds to less than 18C

al., 1989; Refinetti and Menaker, 1992). However, thein the ostrich (Struthio camelus).
thermal rhythms appear to be something more than aThe daily cycles of avian Tb fundamentally reflect
mere byproduct of thermogenic and thermolyticentrained circadian rhythms for which photic cues seem
changes associated with locomotor activity, even thoughto serve as a primary Zeitgeber or entrainment factor.
changes in activity level can produce changes in Tb (Re-Such temperature rhythms have a free-running period
finetti and Menaker, 1992). An indication of the discrete-of approximately 24 hr and persist in intact birds in
ness of the two rhythms is provided by the fact that thecontinuous darkness (see, for example, Binkley et al.,
circadian rhythm of Tb in a given animal was frequently1971). The pineal body and/or the eyes have a pacemak-
phase advanced relative to that for activity (Refinettiing function for these rhythms (Underwood and Siopes,
and Menaker, 1992). Such discreteness is further sug-1984). Additionally, experimental studies of avian activ-
gested by results of returning pinealectomized houseity rhythms have indicated that the hypothalamic supra-
sparrows to a light–dark (LD) cycle from constant dark-chiasmatic nuclei (SCN) are involved in the avian circa-
ness, where they had been arrhythmic. An activitydian control system. (Takahashi and Menaker, 1982).
rhythm was apparent from day 1 of LD, whereas aThe prominence of the various elements in this system
temperature rhythm did not appear until at least day 4varies interspecifically. For example, pinealectomy abol-
(Binkley et al., 1971). The proximate basis of circadianished the temperature cycle in house sparrows (Passer
rhythms of Tb in birds is incompletely understood. Theydomesticus) when they were maintained in the dark
appear to depend more on modulations of heat loss(Binkley et al., 1971). On the other hand, this treatment
than of heat production. Diurnal variation in thermoreg-had little or no effect on the free-running Tb rhythm in
ulatory set point also might be involved, but evidenceJapanese quail (Coturnix coturnix japonicum). How-
on this point is inconsistent for both birds and mammalsever, removal of the eyes (bilateral enucleation) resulted

in the birds becoming arrhythmic in constant darkness (Refinetti and Menaker, 1992). Control of the circadian
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TABLE 1 Deep Body Temperatures of Selected Birds at Rest under Thermoneutral Conditionsa

Species Body mass (kg) Deep body temperatureb (8C) Referencec

Ostrich (Struthio camelus) 100.0 38.3 *
Emu ?? (Dromaius novaehollandiae) 40.7 37.7S 1
Emu // 45.4 38.3S 1
Emu ?? 39.7 37.7 1
Emu // 37.0 38.2 1
Rhea (Rhea americana) 21.7 39.7 *
Mute swan (Cygnus olor) 8.3 39.5 *
Domestic goose (Anser anser) 5.0 41.0 *
Gentoo penguin (Pygoscelis papua) 4.9 38.3 *
Giant petrel (Macronectes giganteus) 3.9 39.2 2
Peruvian penguin (Spheniscus humboldti) 3.9 39.0 *
Domestic turkey (Meleagris gallopavo) 3.7 41.2 *
Adélie penguin (Pygoscelis adeliae) 3.5 38.5 *
Chinstrap penguin (Pygoscelis antarctica) 3.1 39.4 *
Great spotted kiwi (Apteryx haastii) 2.5 38.4 3
Domestic fowl (Gallus gallus) 2.4 41.5 *
Domestic duck (Anas platyrhynchos) 1.9 42.1 *
Double-crested cormorant (Phalacrocorax auritus) 1.33 41.2D, 40.2N *
South polar skua (Catharcta maccormicki) 1.250 40.9 2
Black grouse (Lyrurus tetrix) 1.079 41.3S *

0.931 40.2W
Kelp gull (Larus dominicanus) 0.98 41.0 2
Anhinga (Anhinga anhinga) 1.33 39.9D *

39.1N *
Great horned owl (Bubo virginianus) 1.00 39.9 4
Little penguin (Eudyptula minor) 0.9 38.4 *
Brünnich’s guillemot (Uria lomvia) 0.819 39.6 5
Fulmar (Fulmarus glacialis) 0.651 38.7 5
Brown-necked raven (Corvus corax ruficollis) 0.610 39.9 *
Willow ptarmigan (Lagopus lagopus) 0.573 39.9 *
Mexican spotted owl (Strix occidentalis lucida) 0.571 39.1 4
Tawny frogmouth (Podargus striatus) 0.420 38.6d 6
European coot (Fulica atra) 0.387 39.6d 7
Black-legged kittiwake (Rissa tridactyla) 0.365 40.2 5
Black guillemot (Cepphus grylle) 0.342 39.9 5
Papuan frogmouth (Podargus papuensis) 0.315 38.8d 6
Rock pigeon (Columbia livia) 0.3 42.2 *
Bobwhite (Colinus virginianus) 0.210 38.9DSd 8

37.0NSd 8
0.228 37.7DWd 8

37.4NWd 8
Brown noddy (Anous stolidus) 0.142 40.3 9
California quail (Callipepla californica) 0.139 41.3 *
Tengmalm’s owl (Aegolius funereus) 0.127 39.4 10
American kestrel (Falco sparverius) 0.119 39.3 *
Acorn woodpecker (Melanerpes formicivorus) 0.082 42.4d 11
Green woodhoopoe (Phoeniculus purpureus)

?? 0.080 39.6N 12
// 0.072 39.7N 12

Evening grosbeak (Coccothraustes vespertinus) 0.060 41.0 *
Barred button quail (Turnix suscitator) 0.058 39.5 13
Blue-breasted quail (Coturnix chinensis) 0.053 39.0 13
Speckled mousebird (Colius striatus) 0.053 39.0 *
Wilson’s storm petrel (Oceanites oceanicus) 0.034 39.2 2
Common redpoll (Carduelis flammea) 0.015 40.1 *
Sunbirdse 0.007–0.017 42.5D, 38.9N 14
Zebra finch (Poephila guttata) 0.012 40.3 *
Anna hummingbird (Calypte anna) 0.005 42.0 (Median Tb) 15

aModified and expanded from Whittow (1976, 1986), which should be consulted for references marked by an asterisk. Thermoneutral
temperatures are those requiring neither regulatory thermogenesis nor active evaporative cooling (see Section V,E). The vast majority of the

(continues)
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rhythm of Tb in the rock pigeon persisted in febrile higher in black grouse (Lyrurus tetrix) during summer
than in winter (Table 1), suggesting some type of com-individuals (Nomoto, 1996; see Section X,D).
pensatory adjustment (Rintamäki et al., 1983). Diurnal,
but not nocturnal Tb, was significantly higher in bob-

E. Ambient Temperature white (Colinus virginianus) in summer than in winter
(Table 1; Swanson and Weinacht, 1997). On the otherAvian Tb generally fall within a narrow band over a
hand, temperature appeared seasonally stable in suchwide range of Ta. For example, mean values for the
divergent species as the emu (Table 1) and the dark-spinifex pigeon (Geophaps plumifera) only varied from
eyed junco Junco hyemalis (Swanson, 1991). Studies of41.8 6 0.18C (SE) at Ta of 40 to 428C to 40.5 6 0.18C
domestic fowl and rock pigeons document acclimationat 24 to 298C (Withers and Williams, 1990). The actual
effects on Tb. Temperature reached a maximum in lay-lower limit of the Ta range depends on the size of the
ing hens on the first days of a 3-day period of heatbird, density of plumage, and acclimation/acclimatiza-
exposure and then declined (Fujita et al., 1990). Maletion state (see Section V,F), among other things. At
broilers acclimated to heat for 5 days and unacclimatedhigh Ta, Tb tends to increase in a manner influenced by
controls, both given access to food, had similar Tb duringthe nature and extent of evaporative cooling responses
heat exposure. However, the former had significantlyand the spinifex pigeon’s Tb rose to 43.4 6 0.28C at
lower temperatures than the latter at the end of such47 to 518C (Withers and Williams, 1990). Controlled
exposure without food (Lott, 1991). Additionally, heat-hyperthermia can serve to maintain a favorable temper-
acclimated rock pigeons regulated Tb between 41.28 andature difference between body and environment, which
42.08C, at Ta between 308 and 608, whereas Tb of unaccli-enhances the opportunity for nonevaporative heat dissi-
mated individuals rose 0.118 per 18C increase in Ta abovepation by birds under heat challenges. It ranked among
358C (Marder and Arieli, 1988).the variable seedeater’s (Sporophila aurita) principal

means of dealing with the high operative temperatures
and humidity characterizing its lowland tropical envi- G. Dehydration
ronment (Fig. 2; Weathers, 1997).

Dehydration affects avian heat defense, resulting in
significantly greater hyperthermia at high Ta in, for ex-

F. Acclimatization and Acclimation ample, the ostrich, domestic fowl, rock pigeon, and Japa-
nese quail (Crawford and Schmidt-Nielsen, 1967; AradThe terms acclimatization and acclimation are often
et al., 1985, 1987; Itsakiglucklich and Arad, 1992). Thisused interchangeably in physiology, referring to pheno-
effect generally results from a decrease in the extent oftypic modifications that serve to reduce the stress im-
evaporative cooling. A change in the mode of this activ-posed by naturally occurring or experimentally induced
ity was evident with dehydration in the rock pigeon,changes in particular climatic factors. However, in ther-
which shifted from cutaneous to respiratory evaporationmophysiology the former term preferably should refer
as the primary cooling mechanism (Arad et al., 1987).to a modification in response to stressful changes (e.g.,

seasonal or geographical) imposed by one or more cli-
matic factors in nature, whereas acclimation is reserved H. Food Deprivation
for modifications in physiological response induced in
the laboratory by controlled changes in specific climatic The Tb of American kestrels (Falco sparverius) de-

creased 0.2-0.48C/day over a 79-hr fast (Shapiro andfactors (e.g., ambient temperature; IUPS Commission
for Thermal Physiology, 1987). A presumed effect of Weathers, 1981). Food scarcity or deprivation is particu-

larly effective in increasing the depth of nocturnal hypo-acclimatization is seen in Tb, which was significantly

TABLE 1 (Continued)

values for Tb were obtained during the daytime, the active phase of the daily cycle for most species with the exception of such birds as owls
and frogmouths. In cases where measurements were made during both day and night the particular period is specified.

bD, N, S, and W refer to daytime, nightime, summer, and winter measurements, respectively.
cReferences: 1, Maloney and Dawson (1993); 2, Morgan et al. (1992); 3, McNab (1996); 4, Ganey et al. (1993); 5, Gabrielsen et al. (1988);

6, McNab and Bonaccorso (1995); 7, Brent et al. (1985); 8, Swanson and Weinacht (1997); 9, Ellis et al. (1995); 10, Hohtola et al. (1994); 11,
Weathers et al. (1990); 12, Williams et al. (1991); 13, Prinzinger et al. (1993); 14, Prinzinger et al. (1989); 15, Powers (1992).

dTb independent of Ta over a range of temperatures that includes or closely approaches zone of thermal neutrality.
eValues for Tb at 26.58C Ta calculated from equations relating Tb to Ta based on data for five species of sunbirds: Aethopyga siparaja,

Anthreptes collaris, Nectarinia cuprea, Nectarinia tacazze, and Nectarinia klimensis.
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thermia (Ostheim, 1992; Reinersten, 1996; and others; from measurements taken at several different points on
the skin. These measurements are weighted, the weight-see Section XI).
ing factors reflecting the respective surface areas repre-
sented by the various points, and then averaged to repre-
sent a shell temperature. The Tb is then computed byIII. HEAT BALANCE
averaging the core temperature and the mean skin tem-
perature, each of which has been weighted by a factorOrganismal gain or loss of heat has several compo-
appropriate to the amount of mass it represents. Insuf-nents and these are indicated for an animal not perform-
ficient information on these factors is available for birds.ing external work in the familiar heat balance equation

Changes in the heat content of the body can contrib-
S 5 H 2 E 6 R 6 C 6 K, ute significantly to birds’ successfully meeting thermal

challenges. As noted in Section II,E, they may storewhere S 5 the gain or loss of bodily heat; H 5 metabolic
some heat in hot situations (Dawson, 1984a). The resul-heat production; E 5 evaporative heat loss; R 5 radia-
tant hyperthermia serves either to increase nonevapora-tive heat gain or loss; C 5 convective heat gain or loss;
tive heat loss to the environment or to decrease heatand K 5 conductive heat gain or loss. Body temperature
gain from it, depending on the relation between Tb andwill, of course, remain unchanged when S is zero (i.e.,
the standard operative temperature (Tes) of this envi-when heat gain matches heat loss). If more heat is pro-
ronment (see Bakken, 1992, for a discussion of Tes).duced and gained than lost (S is positive), Tb will rise.
These effects on heat transfer should be especially im-Conversely, if heat loss exceeds heat gain (S is negative),
portant in hot desert regions through their lessening ofit will fall.
the need to expend water in evaporative cooling (Daw-
son, 1984a). As noted above, many birds show greater

A. Units hyperthermia when they are dehydrated (see Section
II,G). However, there is a limit to avian tolerance ofThe Système International (SI) units such as watts
hyperthermia so that the amount of heat stored cannotor joules (J) are used wherever possible in this chapter in
be such that Tb rises to lethal levels, which in manykeeping with the effort in recent decades to standardize
birds are between 468 and 478C, only a few degreesunits. Some metabolically relevant conversions from the
above normothermic levels (Table 1). Heat-induced hy-older convention of using calories (cal) or kilocalories
perthermia can be controlled by the mechanisms of(kcal) for energy expressions are as follows:
evaporative heat dissipation (see Section VII,B), but at

1 kcal 5 4187 J 5 4.187 kJ the cost of increased water loss. These matters seem
especially serious for small birds with their low ther-

1 kcal/hr 5 1.163 W. mal inertia.
Brain tissues appear to be the most susceptible to

heat damage. It is therefore of interest that various
IV. CHANGES IN BODILY HEAT CONTENT (S) species of birds can maintain the temperature of this

organ up to 18C or so cooler than the general body core
The mean specific heat of avian tissues is approxi- during hyperthermia resulting from vigorous activity or

mately 3.5 kJ (kg ? 8C)21 and the change in bodily heat heat stress (Pinshow et al., 1982). This depends on a
content for a particular rise or fall of mean Tb is given transfer of heat from the branches of the external oph-
by the following equation thalmic arteries, which supply a major portion of the

blood to the brain, to the venous drainage of the orbitS 5 (3.5) (M) (DTb),
and buccopharyngeal cavity. These small arterial and
venous juxtapositions on each side are organized intowhere S is the change in bodily heat content in kilo-

joules, M is the body mass in kilograms, and DTb is the a temporal rete mirabile ophthalmicum that serves as
a countercurrent heat exchanger in such species as rockchange in mean Tb in degrees Centigrade.

The Tb is determined from a large number of temper- pigeons (Kilgore et al., 1979); mallard ducks (Anas platy-
rhynchos; Arad et al., 1984); domestic fowl (Midtgårdatures measured both superficially and deeply within

the body of an animal. The procedure is tedious and it et al., 1983); various seabirds (Pettit et al., 1981; Grant,
1985); and turkey vultures (Cathartes aura; Arad et al.,is usually approximated by considering the animal to

consist of an inner ‘‘core’’ at a relatively high tempera- 1989). This rete is not well developed in zebra finches
(Poephila guttatta), which maintained brain temperatureture and an outer ‘‘shell’’ at a lower and more variable

temperature. Following measurement of the core tem- only 0.28C below body temperature during heat stress
(Bech and Midtgård, 1981). However, the body-to-brainperature, an overall shell temperature is determined
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temperature differential in calliope hummingbirds (Stel- other peripheral body tissues curtails heat loss of many
birds in cold environments. It is especially importantlula calliope), which lack the rete mirabile ophthal-
for aquatic species and it often depends on vascularmicum, averaged 0.738C at high Tb (Burgoon et al.,
arrangements in the limbs facilitating transfer heat from1987), presumably due to the use of other sites for arte-
warmer arterial blood leaving the core to cooler venousriovenous heat exchange.
blood returning to it. In many instances these involveJust as controlled hyperthermia can benefit birds con-
vascular retia that are especially effective in facilitatingtending with heat, reduced Tb can lead to energetic
the countercurrent exchange of heat (Johansen andsavings in the cold (see Section XI). Although only one
Bech, 1983; Midtgård, 1989a; see Section VI,A).bird, the common poor-will, is known to hibernate, a

number of species, principally smaller ones, can show
nocturnal hypothermia to varying extents when energy
challenged (Reinertsen, 1996; see Section XI). This lat- V. HEAT PRODUCTION (H)
ter response, which slows metabolism and reduces heat
loss and thus the requirement for expenditure of energy A. Measurement
in regulatory thermogenesis, allows birds to husband

Heat production is usually determined from measure-their energy reserves during nocturnal fasts. More local-
ments of oxygen consumption (V? O2). If the bird is atized effects also are important and vasoconstriction
rest, and if it is not growing or depositing fat (energyleading to peripheral cooling reduced thermoregulatory
storage; see Chapter 13), then virtually all of the energycosts in cold water for sea-acclimated Gentoo penguins
released in the tissues is in the form of heat. This release

(Pygoscelis papua; Figure 1; see Section VI,E). Periph-
comes about through oxidative reactions and a direct

eral heterothermia involving cooling of the limbs and relation exists between oxygen consumed and heat pro-
duced.

In measurements of (V? O2), a bird is housed in a cham-
ber or, less commonly, fitted with a mask through which
air is passed at a known rate. The product of the flow
rate and the difference in fractional contents of oxygen
in the incurrent and excurrent air (corrected for the
effect of respiratory exchange ratios differing from 1.0)
equals (V? O2). The dry volume of this gas consumed per
unit time is corrected to standard conditions of tempera-
ture (08C) and pressure (760 mmHg 5 101.3 kPa), i.e.,
to STPD, and then multiplied by 20.1 kJ/liter O2 to
convert it into energy units. This conversion factor var-
ies slightly with the nature of the energy substrates being
metabolized. However, the errors are small and they
can be determined with reasonable precision (With-
ers, 1977).

Other methods for measuring or estimating the heat
production of birds are available. One depending on
measurements of temperatures of the skin and plumage
surface, plus calculations of heat transfer through the
plumage, compared very favorably with direct measure-
ments of (V? O2) (Hayes and Gessaman, 1982).

B. Basal, Standard, and Resting
Metabolic Rates

FIGURE 1 Body and skin temperatures of adult Gentoo penguins
(Pygoscelis papua) in air (upper panel) and water (lower panel). Each The minimal heat production of a normothermic bird
point represents the mean of at least six measurements. Stomach that is awake while resting and fasting (i.e., has reached a
temperature was taken as Tb (j). Skin temperatures were measured postabsorptive state) at a Ta requiring neither regulatory
on back (d), breast (s), foot (,), and flipper (m). The vertical dashed

thermogenesis nor expenditure of energy in active evap-line marked by Tlc in each panel locates the lower critical temperature
orative cooling, represents the animal’s basal metabolicfor this species in the particular medium. (Redrawn from Dumonteil

et al., 1994, Am. J. Physiol. with permission.) rate (BMR). This is commonly measured in the inactive
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phase of the daily cycle (see next section). The range sparrow. The difference reflects a general tendency for
the relative amplitude of such rhythms to be greater inof Ta within which BMR occurs is the zone of thermal
small than in large birds (King and Farner, 1961). Asneutrality (TNZ; see Section V,E). Mission (1974) re-
with rhythms of Tb, activity contributes to circadianported that several training sessions were required to
oscillations in metabolism, but the circadian rhythm inaccustom domestic fowl to the experimental procedures
fasting fowls is not exclusively the result of changesbefore truly basal rates were obtained. Moreover, 24–
in muscular exertion. Photic cues also play a part, for48 hr, depending on the size of the fowl, were required
reversal of daily photoperiod was followed by an inver-for it to reach a postabsorptive state. On the other hand,
sion of the phases of the daily oscillation in metabolicsmall birds become postabsorptive in just a few hours
rate. Such oscillations persisted under conditions of con-(see, for example, Weathers et al., 1983). Representa-
stant light and temperature, but the rhythm was lost intives of some species, especially freshly captured ones,
dim light, suggesting that more intense illumination ismay not reach a truly basal state during metabolic mea-
necessary for the generation of circadian metabolicsurements. Results of metabolic measurements for such
rhythms (Berman and Meltzer, 1978). An underlyinganimals resting in a postabsorptive state in the TNZ are
circadian rhythm in thyroid activity in the domestic fowlreferred to as standard metabolic rates (SMR) when
(Klandorf et al., 1982) might also contribute to meta-the conditions are clearly specified (IUPS Commission
bolic rhythms.for Thermal Physiology, 1987). Measurements of birds

resting in the TNZ, but not in a postabsorptive state,
represent resting metabolic rates (RMR), according to D. Interspecific Variation in Standard
the IUPS Commission for Thermal Physiology (1987). Metabolic Rate
Ingestion and assimilation of food tend to raise meta-

Considerable information is available on avian SMRbolic rate (this heat increment of feeding, or specific
and this has led to a profusion of allometric equationsdynamic action, is greatest with protein). Unfortunately,
linking these rates to body mass (for examples, see Tablethere is variation among investigators in the definitions
2). Claims of a difference between metabolic levels ofof BMR, SMR, and RMR. Consequently, great care
passerine and nonpasserine birds indicated in Table 2must be exercised in interpreting measured values of
have been questioned by Prinzinger and Hänssler (1980)heat production, particularly concerning the conditions
and Prinzinger et al. (1981), based on an analysis of theirunder which the measurements were made. We have
measurements of birds of nine nonpasserine orders. Thischosen the conservative course of referring to metabolic
analysis yielded a regression similar to that for passer-rates of postabsorptive animals resting in their respec-
ines. Bennett and Harvey (1987) confirmed the exis-tive TNZ as standard metabolic rates throughout the
tence of a significant difference between the regressionsremainder of this chapter. As documented in the next
for empirical SMR of passerines and nonpasserines us-section, it is important to specify the phase of a bird’s
ing metabolic values reported in the literature. As they

daily activity cycle in which SMR is determined. noted, ‘‘nonpasserines’’ comprise an artificial group. Im-
portantly, Reynolds and Lee (1996) found no significant
difference in SMR between passerines and nonpasser-C. Circadian Rhythm
ines, once procedures designed to eliminate phyloge-

Avian metabolic rate varies over the day (Aschoff netic effects were applied. Their general equations for
and Pohl, 1970). The pattern is not completely indepen- birds are given in Table 2. Reynolds and Lee (1996)
dent of the effects of feeding. For example, the ampli- pointed out that empirically based allometric relations
tude of metabolic rhythms varied inversely with the are critically dependent on the underlying assumptions
amount of food received in rock pigeons, primarily due of the statistical model employed. Consequently, so-
to effects on dark-phase metabolism. Timing of food called adaptive explanations of observed departures of
consumption mainly affected the light-phase segment such variables as SMR from expectation (see Dawson
of metabolic rate; when feeding was delayed until late and O’Connor, 1996, for examples) should be corrobo-
in the light-phase, metabolic rate was greatly depressed rated by experimental data and use of alternative evolu-
early in that phase, then rose substantially near the tionary models.
scheduled time of feeding. Rashotte et al. (1995) have
raised the possibility that this distinctive light phase E. Influence of Ambient Temperature on
pattern, which developed quickly, reflects the influence

Avian Metabolic Ratesof a circadian, food-entrainable oscillator. The SMR of
domestic fowl is highest in the forenoon and lowest near Avian thermoregulatory requirements result in a
8:00 pm. The nocturnal reduction amounts to 18–30% complex relation between metabolic rate and Ta, which

resembles that in mammals. The general form of thisin this species, but can be as much as 49% in the house
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TABLE 2 Equations for Calculating Standard Metabolic Rates (SMR in W)a and Total Evaporative Water Loss at 258C
(TEWL in Milliliters of H2O/Day) of Birds in Relation to Body Mass (M, kg)

Equation Group/state Referenceb

Metabolic Rate

log SMR 5 0.833 1 0.704 (log M) Passerine birds/active phasec 1
log SMR 5 0.740 1 0.726 (log M) Passerine birds/rest phasec 1
log SMR 5 0.643 1 0.729 (log M) Other birds/active phasec 1
log SMR 5 0.544 1 0.734 (log M) Other birds/rest phasec 1
log SMR 5 0.599 1 0.670 (log M) All birdsc 2
log SMR 5 0.591 1 0.635 (log M) All birdsd 2

Total evaporative water loss at 258C

log TEWL 5 1.511 1 0.678 (log M) All birdsc 3
log TEWL 5 1.534 1 0.789 (log M) All birdsd 3

aSMR (W) here refers to metabolic rates of postabsorptive birds resting in their respective zones of thermal neutrality.
bReferences: 1, Aschoff and Pohl (1970); 2, the two equations for the SMR–body mass relationship for all birds presented in this table are

based on the corresponding equations accompanying Fig. 3 in Reynolds and Lee (1996)—the versions of these equations presented in the text
(p. 743) appear to be incorrect; 3, Williams (1996).

cStandard least-squares regression; phylogenetic effects not considered.
dBased on statistical procedures designed to eliminate phylogenetic effects.

relation in short-term tests is illustrated in Figure 2 for this point for the former is conflicting (see Dawson and
O’Connor, 1996, for discussion), though Meienbergervariable seedeaters resting in the dark during the day.

Over an intermediate range of Ta, metabolism remains and Dauberschmidt (1992) concluded that granivorous
songbirds could use the heat increment of feeding inconstant at standard or resting rate, depending on the

nutritional state of the bird (see Section V,B for defini- thermoregulation. This is also the case in nestlings of
the house wren Troglodytes aedon (Chappell et al., 1997;tions of SMR and RMR). The resting rate tends to

be higher due to the heat increment of feeding. The see XII,B,1). In the dark phase of the rock pigeon’s
daily cycle, Tb falls to a nocturnal plateau that is directlytemperature range over which heat production is inde-

pendent of Ta is, of course, the TNZ (see Section V,B), correlated with the amount of food consumed in the
preceding light phase and with the temporal patternwhich may vary in width from a degree or two in small

birds to more than 308C in larger ones such as the em- and quantity of cloacal droppings produced in the night
(Rashotte et al., 1997). As food consumption rises, theperor penguin Aptenodytes foresteri (Pinshow et al.,

1976), winter-acclimatized rock ptarmigan Lagopus mu- plateau, dark-phase Tb is elevated while dark-phase
shivering is suppressed (Geran and Rashotte, 1997;tus, and willow ptarmigan Lagopus lagopus (West,

1972). In the TNZ, the bird achieves thermal balance Rashotte and Chambers, 1998). Shivering and digestion
thus appear related in a reciprocal fashion in this situa-by matching the rate of heat loss to the SMR or RMR.

Below the lower limit of thermal neutrality (the lower tion, providing a further suggestion of substitution of
thermogenesis resulting from food processing for muscu-critical temperature, Tlc), where insulation is at or near

a maximum, heat production varies inversely with Ta. lar heat production. In a previous review, Marsh and
Dawson (1989) found indications of substitution of activ-It can reach a maximum of p3–83 SMR, in the cold,

depending on the species (see, for example, Saarela et ity metabolism for regulatory thermogenesis in some
studies (Tucker, 1968; Berger and Hart, 1972; Nomoto etal., 1989a; Marsh and Dawson, 1989; Sutter and MacAr-

thur, 1989; Hinds et al., 1993; Saarela et al., 1995; Duten- al., 1983; Rothe et al., 1987), but not in others (Pohl, 1969;
Schuchmann, 1979). The extent to which such substitu-hoffer and Swanson, 1996). Often, these multiples for

cold-induced summit metabolism are lower than the tion occurs may not only vary among species, but also
with Ta. For instance, Pohl and West (1973) found nomaxima seen in birds during peak activity (Marsh and

Dawson, 1989). Avian terrestrial locomotion or flight substitution of activity metabolism for regulatory ther-
mogenesis in the common redpoll (Carduelis flammea)can involve metabolic rates as high as 123 (running) or

143 (flying) resting rates (Brackenbury, 1984), though between 08 and 2308C, but nearly complete substitution
at 2458C. Substitution in hopping white-crowned spar-factors of 5–103 are more common. A question has

existed as to whether the heat increment of feeding and/ rows (Zonotrichia leucophrys gambelii) increased with
declining temperature down to 2108C, at which point itor activity metabolism of birds in the cold can substitute

in some part for regulatory thermogenesis. Evidence on was complete (Paladino and King, 1984). Thus a sparrow
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FIGURE 2 Relationships of various thermoregulatory variables to ambient temperature (Ta) in the variable
seedeater (Sporophila aurita), a 10-g passerine bird occurring from southern Mexico through Central America
to western Colombia, western Ecuador, and northwestern Peru. Measurements were made on postabsorptive
individuals resting in the dark during the active phase of their daily cycle. Upper panels: (left) body temperature
(8C), the dashed line marking equivalence between Tb and Ta; (right) heat production (kJ/hr). Lower panels:
(left) evaporative heat loss (kJ/hr); (right) ratio of evaporative heat loss to heat production. (Modified from
Weathers, 1997.)

hopping at 2108C would expend no more energy than tially complete substitution of activity metabolism for
regulatory thermogenesis at 108 and 208C. Studies com-a quiescent one engaged in regulatory thermogenesis at

this Ta. bining time–activity budget (TAB) and doubly labeled
water (DLW) estimates of field metabolic rate (FMR)A problem in the determination of the extent of sub-

stitution of activity metabolism for regulatory thermo- by verdins, Auriparus flaviceps (Webster and Weathers,
1990), yellow-eyed juncos, Junco phaeonotus, and dark-genesis at any Ta is that the active and quiescent animals

must be examined under environmental conditions that eyed juncos (Weathers and Sullivan, 1993) under cool
conditions have also suggested that heat produced inimpose similar thermal demands. Zerba and Walsberg

(1992) determined the heat production of Gambel’s activity can substitute for regulatory thermogenesis.
In consideration of the form of avian metabolism–Taquail (Callipepla gambelii) at Ta of 108 and 208C while

the birds were resting or running at 1.5 m?s21. These relations, it is important to note that the transition be-
tween the ‘‘physical’’ thermoregulation (here princi-values were compared with previous data (Goldstein,

1983) on the effects of windspeed on the thermogenesis pally involving adjustment of insulation) occurring in
the TNZ and the ‘‘chemical’’ thermoregulation (involv-of resting Gambel’s quail. The thermogenesis of exercis-

ing birds exceeded that of resting ones in still air, but ing regulatory thermogenesis) evident at lower Ta is
abrupt in some species, occurring at the lower boundarywas similar to that of the resting individuals exposed to

wind at 1.5 m?s21. The latter findings indicated essen- of the TNZ, the lower critical temperature (Tlc). In this
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case, if Tb and insulation remain stable below Tlc, the resent pharmacological rather than physiological ef-
regression line describing heat production at Ta below fects. In cold-acclimated Muscovy ducklings (Cairina
the TNZ should extrapolate to zero metabolic rate at moschata), lack of electromyographic activity in the gas-
a temperature matching Tb, as illustrated in the model trocnemius muscle coincident with increased regulatory
provided by Scholander et al. (1950). This is simply an thermogenesis has led to suggestions of NST (Barré et
expression of Fourier’s Law, which predicts that heat al., 1985). Vittoria and Marsh (1996) also found that
loss under these conditions below the Tlc will be propor- shivering was often absent in the gastrocnemius muscle
tional to the difference in temperature between the bird of such birds. However, they also determined that shiv-
and its environment. Not all birds conform to this model, ering in two thigh muscles (iliofibularis and flexor cruris
due principally to their changing insulation at Ta some- lateralis) increased coincident with increases in meta-
what below thermal neutrality. Where insulation does bolic rate. These thigh muscles were among those that
change below thermoneutrality, it generally continues showed large and sustained increases in citrate synthase
to increase (see, for example, West, 1962). However, activity during cold acclimation. Vittoria and Marsh
relatively high shell temperatures indicated that it was (1996) concluded that shivering is probably the major
reduced below the Tlc in tests conducted in air with source of thermogenesis in cold-acclimated ducklings.
juvenile Gentoo penguins before their initial immersion Deep body temperature of some birds has been
in cold water, and with adults of this species (Dumonteil shown to undergo a minor rise with increasing Ta in the
et al., 1994; see Section VI,E). Management of insulation TNZ (Weathers, 1981; Ellis et al., 1995), even though
below the Tlc may differ between closely related species. heat production, by definition, remained constant. The
In one Hawaiian honeycreeper (Loxops virens) it con- rise in metabolic rate with increasing Ta above the upper
tinued to increase with decreasing Ta below the TNZ, critical temperature (the upper boundary of the TNZ,
whereas in a congener (Loxops parva), it remained con- Tuc) probably results from the further hyperthermia evi-
stant but Tb declined (MacMillen, 1974). dent in most birds at high Ta, plus the effort of effecting

The regulatory thermogenesis evident in birds below evaporative cooling (Figure 2). The impact of high Tathe TNZ seems to result primarily from shivering (see on metabolism of resting birds at low humidities gener-
Marsh and Dawson, 1989; Dawson and O’Connor, ally is smaller than that resulting from severe cold chal-
1996), which appears largely supported by oxidation of lenges (see above). With exposure to such humidities,
fatty acids (Carey et al., 1978). The prominence of the which facilitate efficient evaporative cooling, resting
flight muscles in most adult birds has led to emphasis metabolic rates at Ta of ca. 458C seldom exceed 1.5–23
of their importance in the shivering process (see, for SMR (Dawson and O’Connor, 1996). Indeed, under
example, Marsh and Dawson, 1989). However, the leg

these conditions, the rise in metabolic rate is negligible
musculature also plays an important role in the shivering

in a number of species (see Table 4.2 in Dawson andof house finches (Carpodacus mexicanus) in severe cold
O’Connor, 1996).(Carey et al., 1989). Furthermore, it is the major contrib-

The metabolism–Ta relation evident in short-termutor in young turkeys (Meleagris gallopavo) and guinea
tests for birds resting in the inactive phase of their dailyfowl (Numida meleagris; Dietz et al., 1997). Shivering
cycle may not be evident under other conditions. Forthermogenesis was sufficient to allow 14-g winter-
example, the 55-g evening grosbeak (Coccothraustesacclimatized American goldfinches (Carduelis tristis) to
vespertinus) had a TNZ that was more than 158C widewithstand ambient temperatures of 2608 to 2708C for
at night (Dawson and Tordoff, 1959), but not apparentat least 3 hr (Dawson and Carey, 1976). Attempts have
during daytime measurements, which yielded higherbeen made to demonstrate nonshivering thermogenesis
metabolic rates (Hart, 1962). Such a zone was also lack-(NST) in birds (see Dawson and O’Connor, 1996, for
ing in longer-term tests where metabolism was esti-review) and some indirect evidence for such a process
mated from food consumption and the birds have hadhas been obtained (see, for example, Saarela and Held-
an opportunity to become at least partially acclimatedmaier, 1987). However, conclusive direct results under
to each test temperature (West and Hart, 1966). Metab-ecologically appropriate circumstances (see Connolly et
olism–Ta curves resulting from such tests typically haveal., 1989) have not thus far been reported. Birds appear
shallower slopes than those evident below the TNZ into lack brown adipose tissue and uncoupling protein
short-term tests. Prinzinger (1982) has noted another(see Dawson and O’Connor, 1996), which are central
source of variability in the metabolic response of birdsto mammalian NST. Moreover, Marsh (1993) has noted
to temperature. Sinusoidal fluctuations of temperaturethat the site of any avian NST has not been convincingly
around a mean value elicited higher heat production indemonstrated; no mechanism for activating it during
Japanese quail than did continued exposure to the Tacold exposure has been elucidated; and tests with re-

puted calorigenic substances such as glucagon may rep- matching that value. Evidently, the manner in which
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temperatures are presented can affect the nature of the crease in latitude. However, penguins, which undergo
prolonged fasts during the breeding season, don’t showmetabolic response.
elevated rates typical of high-latitude birds.

The above variations in SMR in response to experi-F. Intraspecific Variation in Avian Metabolic
mental, seasonal, or geographical conditions may beRate: Acclimatization, Acclimation, and
functionally significant. A relatively low SMR could beGeographical Patterns
advantageous in hot weather by reducing a bird’s endog-
enous heat burden and the need for evaporative cooling.Seasonal variation of SMR is sometimes apparent in

free-living birds at particular localities. For example, It might also increase survival of xerophilic populations
in the periods of low productivity characterizing deserts.the European goldfinch Carduelis carduelis (Gelineo,

1969), common redpoll (Pohl and West, 1973), mute The case of the white-browed scrubwren (Sericornis
frontalis) is instructive. Scrubwrens living in a dry partswan Cygnus olor (Bech, 1980), dark-eyed junco (Swan-

son, 1990), and black-capped chickadee Parus atricapil- of Western Australia had SMR averaging 19% lower
in summer than in winter, a difference viewed as anlus (Cooper and Swanson, 1994) have higher rates in

winter than in summer on a total (per bird) and/or mass- adjustment reducing energy expenditure, water loss, and
thermoregulatory problems in the hot, dry portion ofspecific (per gram) basis. Mass-specific SMR of house

sparrows in Iowa was higher in November–February the year (Ambrose and Bradshaw, 1988). Interestingly,
white-browed scrubwrens did not show such a metabolicthan in April–June (Miller, 1939), but such birds at

Ottawa, Canada, where cold winters are also the norm, change in more mesic regions.
The importance of a high SMR for existence in thewere found to have a seasonally stable daytime SMR

on either a total or mass-specific basis (Hart, 1962). cold is less obvious. At first glance, a high rate would
seem to represent a needless encumbrance, given theOther passerines show similar stability of SMR (see

Dawson and Marsh, 1989). These include the house capacities of birds for regulatory thermogenesis. Per-
haps, in the case of birds experimentally exposed tofinch, in which SMR did not differ between winter and

late spring within populations from southern California, cold, it represents an emergency response linked with
protection of peripheral tissues from cold injury. It alsoColorado, and Michagan/Ohio (Dawson et al., 1985;

Root et al., 1991). This seasonal stability contrasts with might lower the Ta threshold for shivering. Additionally,
cold-induced increases in avian SMR can be accompa-the geographic variation in winter SMR noted below

between the first and latter two populations of house nied by improved thermogenic capacity and increased
cold resistance (Gelineo, 1955, 1964; Swanson, 1990;finches. The Eurasian kestrel Falco tinnunculus also had

an SMR that was independent of season (Masman et al., Liknes and Swanson, 1996). Whether the higher SMR
is a contributing factor to these improvements, a by-1988). This was also the case for the bobwhite between

summer and winter (Swanson and Weinacht, 1997). product of them, or a separate response is unclear. As
noted above, not all free-living birds show higher SMRMetabolic levels of individual birds also may vary

with thermal acclimation. A rise of 10–85% occurred in in winter than in warmer parts of the year (see Dawson
and Marsh, 1989, for discussion), indicating that shiftsSMR within 1 to 4 weeks after transfer of birds from

ca. 25–308C to 12–228C or 2148 to 1108C (see Gelineo, in these rates are not a mandatory part of avian seasonal
acclimatization.1964; Arieli et al., 1979). A drop in SMR developed

within the same intervals for transfers in the reverse di- Seasonal acclimatization or acclimation may also af-
fect the positioning of avian metabolism–temperaturerection.

Some geographic variation in metabolic characteris- curves of the type illustrated in Figure 2. For example,
the Tlc of some species was displaced downward in win-tics also is evident in birds. For example, North Ameri-

can populations of the house sparrow from warmer ter relative to the summer value (Kendeigh et al., 1977;
Rintamäki et al., 1983) and it was 4.28C lower in cold-climates tended to have lower SMR than their counter-

parts from cooler areas (Hudson and Kimzey, 1966). acclimated American coots (Fulica americana) than in
warm-acclimated ones (Sutter and MacArthur, 1989).Furthermore, winter SMR of house finches from Colo-

rado and Michigan/Ohio, where they encounter rela- A shallower slope for the metabolism–temperature re-
lationship below thermal neutrality also may be evidenttively severe cold seasonally, were significantly higher

than those of southern Californian birds living under (Hissa and Palokangas, 1970; Kendeigh et al., 1977).
These differences primarily reflect an enhanced insula-milder conditions (Root et al., 1991). At the interspecific

level, Weathers (1979) has reported that SMR tends to tion during the winter season. Such changes were appar-
ent in the 0.5-kg willow ptarmigan, an arctic species inbe higher in birds from cold climates and lower in tropi-

cal forms than anticipated from their respective body which the Tlc declines from 7.78C to 26.38C from sum-
mer to winter, with a corresponding lowering of themasses. On the average, SMR rose 1% per degree in-
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slope of the metabolism–temperature relation below consist of veins grouped around an artery; they permit
the direct transfer of heat from the arterial blood supply-thermal neutrality (West, 1972). Dry mass of the contour
ing the limb to the veins returning blood from the limbsplumage in dark-eyed juncos (body mass ca. 18–19 g)
to the heart. In this way, heat that would otherwise bewas 32% heavier in winter then in summer (Swanson,
lost, is retained in the body. Retia (networks of arteries1991). Nevertheless, insulative changes apparently play
and veins) serve the same purpose. Arteriovenous (A-only a secondary role in the winter adjustments of
V) anastomoses in the skin are a more ubiquitous vascu-smaller birds (Marsh and Dawson, 1989; Cooper and
lar arrangement. They permit a larger volume of warmSwanson, 1994), which instead increase their cold resis-
blood to flow to the skin than if the circulatory pathwaytance in this season primarily by metabolic means (Daw-
was only through the capillaries. In this way, they facili-son et al., 1983a; Marsh and Dawson, 1989; Swanson,
tate heat loss. A-V anastomosis blood flow occurs1991; Cooper and Swanson, 1994; O’Connor, 1996). This
mostly in unfeathered skin in the domestic fowl, repre-metabolic acclimatization to winter conditions affects
senting 17, 53, and 83% of total blood flow in cold,regulatory thermogenesis, increasing thermogenic en-
thermoneutral, and hot conditions, respectively (Wolf-durance (the ability to sustain elevated rates of heat
enson, 1983).production in the cold) and, sometimes, thermogenic

capacity (the ability to increase heat production). The
latter was increased by melatonin treatment in the Japa- B. Cold Vasodilatation
nese quail. Such treatment, cold, and short days addi-

The possibility that tissues in the cold extremitiestionally improved cold resistance and thermal insulation
might freeze is circumvented by periodic increases inrelative to quail on long days (Saarela and Heldmaier,
blood flow to the extremities (cold vasodilatation). This

1987). The extent and form of metabolic acclimatization
occurs at the expense of increased heat loss from the

can vary geographically within species. For example,
bird.

house finches from southern California showed no sea-
sonal variation in cold resistance, whereas those from

C. Brood PatchMichigan and Colorado had significantly greater ther-
mogenic endurance during winter than in late spring The brood patches of birds are special, well-
(Dawson et al., 1983b; O’Connor, 1995). Additionally, vascularized areas of thoracic skin that facilitate transfer
thermogenic capacity was greater at the former season of body heat to the egg or hatchling. In broody hens of
in Michigan birds, but not in Colorado birds (O’Con- the domestic fowl, cooling their thoracic skin (brood
nor, 1996). patch), as might occur when returning to a cool egg, led

to an increase in the metabolic heat production of the
bird and compensatory vasoconstriction in the feet, but

VI. HEAT TRANSFER WITHIN THE BODY no constriction of the brood patch vasculature. These
changes ensure that heat transfer to the egg or hatchling

Heat produced in deep-seated organs such as the is maintained (Brummermann and Reinertsen, 1991).
liver must be transported to the skin surface or the
mucosa lining the upper respiratory tract before it can D. Thermal Conductance of the Tissues
be lost to the environment. As long as there is some

Changes in heat transfer through the tissues can beblood flow to the skin or mucosal surface, some of this
inferred from changes in the calculated tissue thermalheat is transported by way of the blood stream. Under
conductance (Ctissues in W[8C]21 or W[kg?8C]21; see Whit-cold conditions, the blood vessels in the skin may be
tow, 1986)fully constricted and heat transfer then has to occur by

conduction through the tissues (Whittow, 1986). Ctissues 5 (H 2 Eex)/(Tb 2 Tsk)

where H is metabolic heat production (W or W[kg]21)
computed from oxygen consumption (see Section V,A),A. Vascular Heat Exchange
Eex is the respiratory evaporative heat loss (W or

In the bare extremities, blood flow to the tissues can W[kg]21; see Section VII,B,1), and Tb and Tsk (8C) are
be maintained without a concomitantly high heat loss, the core and mean skin temperatures, respectively.
by directing the blood through special vascular struc-
tures in which the heat in the arterial blood going to an

E. Acclimatization and Acclimationextremity is transferred to the venous blood returning
to the heart, rather than being lost from the extremity Limited, inconsistent information exists on changes
to the enviroment. These structures take the form of in thermal conductance of tissues during the adjustment

of individual birds to cold. In species such as monkvenae comitantes or retia (Midtgård, 1989b). The former
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parakeets (Myiopsitta monarchus) and black-capped by greater tissue insulation in the former than in the
chickadees, overall thermal conductance did not vary latter medium (Jenssen et al., 1989).
between winter and summer (Weathers and Caccamise,
1978; Cooper and Swanson, 1994), suggesting that tissue

A. Nonevaporative Heat Loss; Totalinsulation was seasonally constant. On the other hand,
Thermal Conductanceskin temperature of the trunk and extremities was

higher in cold- than in warm-acclimated rock pigeons. Nonevaporative heat loss is relatively difficult to mea-
This reflected a higher thermal conductance in the tis- sure because of the multiple pathways (conduction, con-
sues of the former (i.e., lower tissue insulation), presum- vection, and radiation—see Whittow, 1986) by which it
ably due to increased peripheral blood flow. However, can proceed. Under natural conditions, the determina-
fat deposits were greater in rock pigeons acclimated to

tion of such heat loss can be especially complex. Convec-a Ta of 108C than in those acclimated to 298C (Rauten-
tive heat loss is a significant component in the heatberg, 1969a). Acclimation to cold water by juvenal Gen-
balance equation for flying birds because of their move-too penguins involved an opposite effect. With suc-
ment through the air (see Chapter 15). However, it iscessive immersions, they switched from maintaining a
exposure to solar radiation that contributes most to therelatively high shell temperature to a greater peripheral
variability in nonevaporative heat loss in nature.vasoconstriction serving to increase body insulation

In practice, many investigators have used measure-(Dumonteil et al., 1994). Tissue insulation of juvenal
ments of Tb, Ta, metabolic heat production (H in W orking penguins (Aptenodytes patagonicus) in cold water
W[kg]21, determined from oxygen consumption), andalso increased over the first several immersions, proba-
evaporative heat loss (E in W or W[kg]21, determinedbly due to an increasing vasoconstriction reaction (Barré
from evaporative water loss) to estimate the total ‘‘dry’’and Roussel, 1986). A decreased thermal conductance
(evaporative heat loss taken into account) thermal con-of the tissues in the legs of cold-acclimatized ring-necked
ductance (Ctotal in W[8C]21 or W[kg?8C]21; other termspheasants (Phasianus colchicus) appeared to result from
and units as in equation for Ctissues):the operation of the countercurrent heat exchange

mechanism (Ederstrom and Brumleve, 1964). Ctotal 5 (H 2 E)/(Tb 2 Ta).
Increased subcutaneous fat deposits in aquatic birds

during the colder parts of the year also must serve to Total thermal conductance provides an indication of the
increase body insulation. However, as noted in Section facility with which heat is transferred through the tissues
I, the winter fattening of many land birds appears to and plumage and lost (at Tb . Ta) to the surrounding
involve only localized deposits with apparently limited medium at a given difference between Tb and Ta. It
effects on insulation (Newton, 1969; see Marsh and includes the Ctissues as well as a coefficient describing the
Dawson, 1989, for discussion). Nevertheless, the higher heat loss from the bird to its surroundings.
tissue insulation noted in gray jays (Perisoreus canaden- Figure 3 presents data for the wedge-tailed shearwa-
sis) in winter was attributed to greater amounts of fat ter (Puffinus pacificus). The Ctotal for this bird was low
(Veghte, 1964). Moreover, house sparrows from north- between Ta of 5 and 298C. It rose considerably at higher
ern populations in North America have more insulation Ta, probably reflecting an increased cutaneous blood
than their southern counterparts and this has been at- flow, particularly in the extremities (Whittow et al.,
tributed to increased subcutaneous lipid deposition 1987). Other work has shown that the minimal total
(Blem, 1974). thermal conductance of the American coot resting in

water was 1.6–1.7 times that recorded in air (Sutter and
MacArthur, 1989).VII. HEAT LOSS

Heat transported to the surface of the skin may be
B. Evaporative Heat Losslost by evaporation or by nonevaporative means. As

most of the bird’s surface is covered with feathers, this 1. Total Evaporative Heat Loss (E)
heat and any water evaporated on the skin must traverse

Williams (1996) recently analyzed the total evapora-the plumage before being lost to the environment (see
tive water loss (TEWL)–body mass relationship at 258CSection VII,B,2 and Whittow, 1986). The depth of the
for birds ranging in size from hummingbird to ostrich.plumage is not fixed; it varies inversely with Ta, the
Both least-squares regression and phylogenetically in-elevation of the feathers being effected by the pinnamo-
dependent contrasts yield somewhat higher values fortor muscles (Marsh and Dawson, 1989).
the slope of this relationship than previously estab-The effect of immersion in water on plumage insula-
lished. These analytical methods also indicate that birdstion of aquatic birds has been analyzed. In the common
from arid environments have a statistically lower TEWLeider (Somateria mollissima) this insulation was less in

water than in air, but this was compensated for, in part, than those from mesic ones. Moreover, small birds have
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FIGURE 3 Total thermal conductance (Ctotal) of fledgling (x) and adult (o) wedge-tailed
shearwaters (Puffinus pacificus) at different air temperatures (Ta). (From J. Comp. Physiol.
B, Temperature regulation in a burrow-nesting seabird, the wedge-tailed shearwater (Puffi-
nus pacificus), G. C. Whittow, T. N. Pettit, R. A. Ackerman, and C. V. Paganelli, 157,
607–614, 1987, q Springer-Verlag.)

content of the incurrent air yields the evaporative waterratios of TEWL to oxygen consumed that are similar
to those of heavier species, which negates a generaliza- loss for the interval. If the rates of air flow into and

out of the metabolism chamber are known, evaporativetion that small desert birds replenish a lower fraction
of their evaporative losses through oxidative production water loss also can be determined from the difference

in the water vapor densities in the incurrent and excur-of water than larger ones. Williams’ (1996) general
equations for TEWL–body mass relationships of birds rent air. Additionally, it can be measured most simply

by recording the decrease in mass of the animal over aare presented in Table 2.
Total evaporative heat loss (E) is the product of defined period, making appropriate corrections for any

change in mass due to respiratory gas exchange (oxygen,the rate of total evaporative water loss (m? e) and the la-
tent heat of vaporization of water (l, approximately carbon dioxide) or defecation.

The heat that birds can lose in hot environments2.4 J/mg H2O):
through total evaporation can be substantial, matchingE 5 m? el.
or exceeding that produced in metabolism in many spe-

Evaporation of water in birds involves both respiratory cies (Table 3). The respective contributions of respira-
(including the buccopharyngeal cavity) and cutaneous tory and cutaneous evaporation to this performance ap-
(including corneal surfaces) components, so total evapo- pear to vary from group to group, as discussed below.
rative heat loss may be represented as follows: It is also important to note that effective evaporative

cooling is widespread but not universal among birds.E 5 Eex 1 Esw,
Two exceptions are the Hawaiian honeycreepers Lox-

where Eex is evaporative heat loss from the respiratory ops virens and Loxops parva, which are relatively intol-
tract and Esw is evaporative heat loss from the body erant of heat (MacMillen, 1974).
surface. As with E, both Eex and Esw represent the prod-
ucts of the rate of evaporation and l.

2. Cutaneous Evaporative Heat Loss (Esw)Total evaporative water loss of a bird can be mea-
sured in an open circuit metabolism system by passing Marder and Ben-Asher (1983) have determined cuta-
the excurrent air through a desiccant column and deter- neous evaporation from measurements of the resistance
mining the gain in mass of this column over a precisely of avian skin to the diffusion of water. Ventilated cap-

sules can also be used to determine water loss at varioustimed interval. Correction of the gain for the water
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TABLE 3 Total Evaporative Heat Loss (E) of Birds, Expressed as a Percentage of Metabolic Heat Production (H)
at High Ambient Temperaturesa

Species Body mass (kg) Ta (8C) E/H (%)

Ostrich (Struthio camelus) 100.0 44.5 100
Bedouin fowl (Gallus gallus) 1.427 48 159
Brown-necked raven (Corvus corax ruficollis) 0.610 50 167
Rock pigeon (Columba livia) 0.315 44.5 118

0.239 60 304b

Roadrunner (Geococcyx californianus) 0.285 44.5 137
Galah (Cacatua roseicapilla) 0.271 .45 170
Burrowing owl (Speotyto cunicularia) 0.143 44.1 95
Japanese quail (Coturnix coturnix japonica) 0.100 43 144
Spinifex pigeon (Geophaps plumifera) 0.089 45–50 .241b

Spotted nightjar (Eurostopodus guttatus) 0.088 52.8 ca. 300b

Common poor-will (Phalaenoptilus nuttallii) 0.050 47 352b

Speckled coly (Colius striatus) 0.044 44 99
Blue-breasted quail (Coturnix chinensis) 0.043 43.5 116
Inca dove (Scardafella inca) 0.042 43.5 108
House sparrow (Passer domesticus) 0.025 44.5 106
House finch (Carpodacus mexicanus) 0.020 44.5 130
Gouldian finch (Poephila gouldiae) 0.014 44.5 105
Zebra finch (Poephila guttata) 0.012 43.5 123
Verdin (Auriparus flaviceps) 0.007 50 179b

Costa’s hummingbird (Calypte costae) 0.003 40 66

aBased on Table 9-3 in Whittow (1986).
bAdditional data from Marder and Arieli (1988), Withers and Williams (1990), Dawson and Fisher (1969), Lasiewski (1969), and Wolf and

Walsberg (1996a) for the rock pigeon, spinifex pigeon, spotted nightjar, common poor-will, and verdin, respectively.

points on the skin (Webster and Bernstein, 1987). Addi- ity of water vapor, and the dimensions of the body
(g[sec?m2?kPa]21); fsk and fa are the relative humiditiestionally, cutaneous evaporative heat loss can also be

measured using a chamber fitted with an elastic mem- at the skin surface and of the air, respectively (%); Pws

is the saturated aqueous vapor pressure of skin at tem-brane containing a small aperture through which the
bird’s head is inserted. This membrane, which encloses perature Tsk (kPa); Pwa is the saturated aqueous vapor

pressure of air at Ta (kPa); and l is the aqueous latentthe neck, serves as a partition between two ventilated
compartments, one allowing measurement of respira- heat of vaporization at Tsk (J/g; see Section VII,B,1).

The partition of evaporative heat loss into its respira-tory and cephalic cutaneous water loss and the other
cutaneous loss from the remainder of the body (e.g., tory and cutaneous components has been accomplished

for birds of several orders (see Wolf and Walsberg,Wolf and Walsberg, 1996a). The arrangement, after suit-
able corrections for cutaneous evaporation in the cham- 1996a). In most species studied, cutaneous evaporation

represented half or more of the total evaporation at lowber enclosing the head, largely separates cutaneous from
respiratory water evaporation. Cutaneous water loss humidities and moderate to warm Ta (25 to 358C or

37.58 C; see Dawson, 1982, for summary of earlier work;also has been determined indirectly as the difference
between TEWL and the respiratory water loss deter- Webster and King, 1987; Withers and Williams, 1990;

Wolf and Walsberg, 1996a). It constituted 40–44% inmined from respiratory minute volume and the satu-
rated aqueous vapor density of air for the temperature the ostrich (Withers, 1977). The proportion drops in
at which it leaves the bird’s respiratory tract (see, for exercising birds, judging by Taylor et al.’s (1971) obser-
example, Withers and Williams, 1990). vations on the rhea (Rhea americana).

The rate of evaporative heat transfer from the skin The importance of cutaneous evaporation for birds
to the air (Esw in W/m2) is described by the following in very hot environments seems, on the basis of limited
equation: information, to vary among groups (Wolf and Walsberg,

1996a). It appears secondary to respiratory evaporation
Esw 5

he (fskPws 2 faPwa)l

100
, in ducks and geese (Order Anseriformes); fowl, pheas-

ants, and quail (Order Galliformes); and perching or
passerine birds (Order Passeriformes). For example, cu-where he is the evaporative heat transfer coefficient, a

function of air movement, viscosity, density, the diffusiv- taneous water loss accounted for only 25% of total evap-
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oration at 408C (Ta) in the domestic fowl studied during et al., 1987). Water restriction of zebra finches (Poephila
guttata) at 258C was followed by a reduction in evapora-winter in Britain (Richards, 1976) and but 14% in the

verdin at 508C (Wolf and Walsberg, 1996a). The emu tive water loss, evidently due to lower cutaneous loss
(Lee and Schmidt-Nielsen, 1971).Dromaius novaehollandiae (Order Struthioniformes)

effected only 30% of its evaporative heat dissipation
cutaneously at 458C and so should be included in this

3. Respiratory Evaporative Heat Loss (Eex)group as well (Maloney and Dawson, 1994). In contrast,
cutaneous water loss had a much more prominent role Respiratory evaporative heat loss (in W) can be rep-

resented as follows:in heat dissipation at high Ta and low humidities in
pigeons, doves, and sandgrouse (Order Columbiformes;

Eex 5 V? (rex 2 farin [1022])l,
see Marder and Ben-Asher, 1983; Marder et al., 1986).
Under low humidity conditions, cutaneous evaporation where V? is respiratory minute volume (liter/min), rex is

water content (g/liter) of expired air saturated at thewas sufficient in heat-acclimated rock pigeons to allow
effective temperature regulation at Ta of 48–608C with- expiration temperature, fa is the relative humidity (%)

of inspired (ambient) air, rin is the water content (g/out the birds’ having to resort to either panting or gular
fluttering (Marder and Gavrieli-Levin, 1987; see Section liter) of the inspired air saturated at ambient air temper-

ature, and l is the latent heat of vaporization of waterVII,B,3). Marder and Arieli (1988) estimated that cuta-
neous evaporation accounted for 75% of the heat dissi- in the expired air (J/g). Respiratory evaporative cooling

is a primary means of heat defense in most avian orderspation under these conditions, with the remainder re-
sulting from respiratory evaporation. The resistance to (see Section VII,B,2) and birds almost without excep-

tion use it under sufficiently challenging circumstances.diffusion of water vapor through the feather coat and
associated boundary layer has been estimated to repre- For example, it was evident in rock pigeons at higher

humidities and Ta, despite the impressive capacities ofsent only 6.2–25% of the total vapor resistance in rock
pigeons (Webster et al., 1985) and the skin therefore properly acclimated individuals for cutaneous water loss

(see Section VII,B,2; Marder and Arieli, 1988). Theseemed to be the primary barrier to cutaneous water
loss. The mechanisms serving to increase cutaneous means by which respiratory evaporative cooling is ef-

fected are discussed in the following sections. However,evaporation at high Ta are unclear (Withers and Wil-
liams, 1990; Wolf and Walsberg, 1996a), but could in- before proceeding, it is worth mentioning the apparent

importance of wind-assisted mouth cooling in flyingvolve vasomotor adjustments, stearic changes in skin
lipids, or increased hydration of the epidermal stratum birds. Ram ventilation of the buccal cavity of rock pi-

geons during simulated fast flight produced evaporativecorneum (Webster et al., 1985). The epidermis of heat-
acclimated rock pigeons differs in several respects from cooling equivalent to more than 3.53 resting heat pro-

duction (St.-Laurent and Larochelle, 1994; heat balancethat of non- or cold-acclimated members of this species.
In heat-acclimated individuals, both the dorsal and ab- in flying birds is considered in more detail in Chapter

15). Even slight breezes could increase evaporation indominal skin include modified areas characterized by
increased vascularization, epidermis of greater thick- a resting pigeon if it were to open its mouth.
ness, and changes in intracellular structures all sugges-

a. Thermal Tachypneative of a high rate of cutaneous evaporation (Peltonen
et al., 1998). b-Adrenergic blockade decreased skin re- Under heat challenges, birds characteristically aug-

ment respiratory evaporation by increasing respiratorysistance and increased cutaneous water loss in rock pi-
geons at a Ta of 308C (Marder and Raber, 1989). Marder frequency ( fresp), culminating in thermal tachypnea

(thermal polypnea). This commonly involves open-et al. (1989) concluded that increased cutaneous water
loss in acclimated rock pigeons is probably elicited by mouth respiration, or thermal panting. In the verdin,

which relies primarily on such cooling, panting increasedinputs generated by dermal warm receptors in response
to increased Ta. Warming the brain to 42.58 was also respiratory water loss by 30.53 between 308 and 508C

(Wolf and Walsberg, 1996a). The increased ventilationnoted to increase such loss during exposure of these
birds to a Ta of 268C. responsible for this is achieved by augmenting fresp suffi-

ciently to overcome the effect of a concurrent reductionCutaneous water loss is apparently affected by the
hydration state of the bird. In contrast to hydrated indi- in tidal volume (VT) characteristic of type I panting

(see below). Typically, in a hyperthermic, panting birdviduals (see above), exposure of dehydrated rock pi-
geons (ca. 16% loss of body mass after 48 hr of water respiratory minute volume may increase sixfold (Rich-

ards, 1970). However, as the Tb of the bird increases todeprivation) to 45–508C did not increase cutaneous
evaporation beyond minimal levels and panting seemed very high levels, fresp reaches a maximum and subse-

quently declines. These developments are accompaniedto be the major evaporative cooling mechanism (Arad
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by an increased VT so that respiratory minute volume blood, but blood pH re-mained unchanged due to an in-
crease in lactic acid concentration (Murrish, 1983). It isactually increases further (type II panting). However,

this minute volume also eventually declines as the limit of interest that the ostrich could pant at 508C (Ta) for 8
hr without suffering alkalosis. Air sac PCO2

fell markedly,of the animal’s thermal tolerance is approached.
The reduction in VT accompanying thermal tachy- suggesting a functional shunt system regulating lung ven-

tilation in this species (Schmidt-Nielsen et al., 1969).pnea in various birds under conditions of mild or moder-
ate heat stress largely tends to confine the increased Jones’ (1982) observations of pulmonary blood flow dis-

tribution appear consistent with such a view.ventilation to the respiratory dead space (see, for exam-
ple, Bech and Johansen, 1980), thus permitting a sub- The specific manner in which thermal tachypnea is

initiated varies interspecifically. In some birds (e.g., cor-stantial increase in respiratory minute volume and respi-
ratory evaporative cooling, without substantially morants [Phalacrocorax], nightjars, frogmouths [Podar-

gus], mousebirds [Colius], passerines), respiratory fre-affecting blood CO2 and acid–base balance (summa-
rized in Tables 1 and 2 in Marder and Arad, 1989). quency increased steadily with increasing heat load,

whereas in others (e.g., the roadrunner Geococcyx cali-Nevertheless, significant hypocapnia and alkalosis
(mean values for arterial CO2 tension and pH, 14.2 torr fornianus, pigeons, doves, owls, and ostrich) only a nar-

row band of frequencies was used under such loads[1.89 kPa] and 7.70, respectively, vs values of 27.1 torr
[3.61 kPa] and 7.51 for birds at thermoneutral Ta) have (Lasiewski, 1972). It has been suggested for some mem-

bers of the latter group that the frequency employedbeen observed in a number of other species during heat
challenges (data, primarily from Calder and Schmidt- matches the resonant frequency of the respiratory sys-

tem (see, for example, Bartholomew et al., 1968), mak-Nielsen, 1968, summarized in Tables 1 and 2 in Marder
and Arad, 1989). Marder and Arad (1989) attributed ing it possible to effect panting movements by expending

only enough energy to keep the thoracoabdominalthe hypocapnia and alkalosis to undue stress imposed
by experimental procedures and insufficient acclimation structure oscillating at its natural frequency. Crawford

and Kampe (1971) provided evidence for such a relationto heat (see Section VII,B,4 concerning extent of condi-
tioning required to produce sufficient heat acclimation in the rock pigeon, though Weathers (1972) reported

contradictory observations. In neither the ostrichin the rock pigeon). Additionally, Bech and Johansen
(1980) suggested that induction of type II panting by (Schmidt-Nielsen et al., 1969) nor the domestic fowl

did panting frequencies appear to exploit the resonantexposure of birds to severe heat stress could be a factor
in inducing hypocapnia and alkalosis in certain cases. properties of the respiratory system (Lacey and Burger,

1972). Use of a narrow band of respiratory frequenciesBech and Johansen (1980) identified three separate
ventilatory responses in panting birds, all of which in- in panting means, of course, that substantial changes in

evaporative cooling can only be effected by changingvolved reduced parabronchial ventilation but increased
respiratory minute volume. In many species (the mute the proportion of time spent panting and/or modulating

the VT. Despite the possibility of some species usingswan Cygnus olor studied by Bech and Johansen is an
example), the VT decreases to near that of the respiratory resonant frequencies in panting, it can be a vigorous

activity, especially at higher humidities. It and, possibly,dead space. In other birds such as the rock pigeon, the
panting is superimposed on slower, deeper breathing, the hyperthermia with which it is often associated were

found to increase metabolic rate in brown-necked ra-with the combination being referred to as ‘‘compound
ventilation’’ by Ramirez and Bernstein (1976). The shal- vens (Corvus ruficollis) by factors of 1.68 and 2.14 at Ta

of 458 and 508C, respectively (Marder, 1973a). However,low, rapid breathing primarily ventilating the respiratory
dead space increased evaporative heat loss while gas ex- panting individuals of most of the species surveyed by

Dawson and O’Connor (1996) had metabolic rates atchange was achieved by the slower, deeper parabronchial
component, which made respiratory alkalosis less likely 448 or 458C that were less than 1.5X BMR. The factor

was only 1.04 at 458C for panting rock pigeons unaccli-than in simple panting. The greater flamingo (Phoeni-
copterus ruber) illustrates the third pattern, which in- mated to heat (Marder and Arieli, 1988).
volves shallow breathing at VT less than respiratory dead

b. Gular Flutterspace. This rhythm was interrupted at regular intervals
by a brief series of deeper breaths (‘‘flushouts;’’ Figure Many birds (e.g., cormorants, pelicans, boobies

[Sula], turkey vultures, quail [e.g., Callipepla, Colinus],4), which provided parabronchial ventilation (Bech et al.,
1979). Domestic fowl also displayed this pattern (Brack- goatsuckers [nightjars, nighthawks, poor-wills], road-

runners, pigeons, doves, owls, and mousebirds) supple-enbury et al., 1981a; Arad and Marder, 1983). A different
strategy for protecting acid–base balance was found in ment panting with rapid fluttering of the gular area

(Lasiewski, 1972; Dawson, 1982; Arad et al., 1989).Adélie penguin chicks (Pygoscelis adeliae), in which
panting led to a reduced carbon dioxide tension in the Rhythmic inflation or pulsation of the well-vascularized
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FIGURE 4 Tidal volume (VT) and the partial pressures of carbon dioxide
(PCO2

) and oxygen (PO2
) in the air from a flow-through respirometer in

the flamingo (Phoenicopterus ruber) during exposure to heat. The abscissa
is a time scale. Rapid, shallow panting is interrupted by a single ‘‘flush-
out’’ at the arrow. (Redrawn from C. Bech, K. Johansen, and G. M. O.
Maloiy (1979), Physiol. Zool. 52, 313–328 by permission of The University
of Chicago Press. q 1979 by The University of Chicago.)

Frequencies of gular flutter range from 176 to overesophagus contributes to the effectiveness of this activ-
1000 cycles/min, depending on the species (cf. Table VI inity in pigeons and doves (Gaunt, 1980; Baumel et al.,
Dawson and Hudson, 1970). In some species (e.g., quail),1983). Gular flutter was absent in some species studied
the frequencyrose with increasing heat load, but in others(e.g., gulls [Larus], frogmouths, and passerines [Lasiew-
(e.g., pelicans, cormorants, goatsuckers, roadrunner, pi-ski, 1972; W. R. Dawson, unpublished observations]).
geons, doves, owls, and mousebirds) only a narrow bandThe flutter, which is produced by alternate flexure and
of temperature-independent frequencies was used (La-relaxation of the hyoid apparatus, appears to have two
siewski, 1972). Bartholomew et al. (1968) suggested thatadvantages over thermal tachypnea. First, the air move-
these frequencies match the resonant frequencies of thement only affects surfaces that do not participate in gas
birds’ respective hyoid apparati. However, direct evi-exchange, so problems with hypocapnia and alkalosis
dence for this appears lacking. Such an arrangementare avoided. Second, the energetic cost of fluttering the
would allow operation of this structure at a low energeticgular area is probably in most cases considerably less
cost, thereby contributing to cooling efficiency. What-than that of moving the larger thoracoabdominal struc-
ever thecase, restriction offlutter frequencies toa narrowture, leading to greater cooling efficiency.
range means that adjustment of the contribution of gularGoatsuckers appeared especially proficient at gular
flutter to evaporative cooling must be achieved primarilyfluttering, which contributed to the ability of such birds
by altering the duration of bouts of fluttering, the ampli-as the common poor-will and the spotted nightjar (Eu-
tude of the gular movements, and/or the area of therostopodus guttatus) at very high Ta to attain rates of
buccopharyngeal region involved.evaporative cooling that were more than 33 their con-

In birds that respond to heat loads with both gularcurrent rates of heat production (Lasiewski, 1969; Daw-
flutter and thermal tachypnea, the frequencies of theson and Fisher, 1969). Relatively low metabolic rates
two movements can be very dissimilar (Lasiewski, 1972).at high Ta assisted in this performance. During heat
For example, in cormorants, cattle egret (Bubulcus ibis),challenges, the estimated proportions of total evapora-
and common poor-will, the frequency of gular fluttertive water loss accounted for by gular flutter in Japanese
exceeded that of thermal tachypnea (e.g., one 12-day-quail and by buccopharyngeal ventilation in the domes-
old cattle egret panted and fluttered at #81 and 895–965tic fowl were 20% and up to 35%, respectively (Weathers
cycles/min, respectively, Hudson et al., 1974). Perhapsand Schoenbechler, 1976; Brackenbury et al., 1981b).
the difference in frequencies employed reflects in partResults for the common poor-will suggested that gular
the substantial difference in mass between the thoracicflutter may contribute more than half of total evapora-

tive water loss at Ta above 39.58C (Lasiewski, 1972). cage and the gular–hyoid structure. However, panting
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flow to the upper respiratory tract increased during ther-and flutter frequencies are similar in some birds (e.g.,
mal panting by the Pekin duck Anas platyrhynchosroadrunners, pigeons, doves, owls, and blue-breasted
(Bech and Johansen, 1980). Gular flutter permits evapo-quail [Coturnix chinensis]), and it has been suggested
ration from the moist surfaces of the buccal regions andthat they are linked with the resonant properties of the
the upper digestive tract (portions of the pharynx andthoracoabdominal region (Bartholomew et al., 1968).
anterior esophagus [Lasiewski, 1972]). As noted in Sec-Again, direct experimental evidence concerning such
tion VII,B,3,b, rhythmical inflation of the esophagusan association appears lacking.
contributed significantly to the evaporative cooling ofIn the response of several species to heat challenges,
doves (Gaunt, 1980; Baumel et al., 1983). In these birds,gular flutter commenced before thermal tachypnea.
a collar plexus of subcutaneous veins that appeared toHowever, the sequence was reversed in the rock pigeon
facilitate heat exchange is associated with this portionand barn owl (Tyto alba). This was also the case for the
of the digestive tract (Baumel et al., 1983).12-day-old cattle egret studied by Hudson et al. (1974)

in which gular flutter began at slightly higher cloacal d. Osmotic State and Respiratory Evaporative Cooling
temperatures than did thermal tachypnea.

In addition to thermal factors, the onset and extent of
thermal tachypnea are affected by the osmoregulatoryc. Site of Evaporative Cooling
state of the animal, with dehydrated individuals tending

The principal sites of the evaporation produced by to delay its appearance until higher Tb during heat chal-
thermal tachypnea are the nasal, buccopharyngeal, and lenges (see, for example, Bartholomew and Dawson,
upper tracheal regions, with some possibility of partici- 1954). Trained rock pigeons abandoned thermal tachy-
pation of the walls of the air sacs in the ostrich (Lasiew- pnea in favor of instrumental cooling, which provided
ski, 1972). The principal site for that resulting from them with cool air on demand, following water depriva-
thermal tachypnea in the domestic fowl is also well tion or intravenous or intracarotid infusion of hyperos-
anterior, in the upper respiratory tract (Figure 5). Blood motic salt loads (Brummermann and Rautenberg, 1989).

Also, water deprivation resulting in a 16% loss of body
mass after 48 hr produced a shift from cutaneous to
respiratory evaporative cooling in rock pigeons. The
greater energy cost and lower output of water with the
latter activity led to a lowered ratio of heat lost by
evaporation to heat produced (Arad et al., 1987). During
exposure to heat fresp and evaporation were reduced in
the dehydrated ostrich relative to values for normal
individuals (Crawford and Schmidt-Nielsen, 1967). This
was also the case in domestic fowl (Arad, 1983) with
an p15% mass loss due to dehydration. These birds
showed a relative hyperthermia, but acid–base balance
was not impaired. Interestingly, water deficits from heat
stress or flight involving mass losses of 13–15% did not
reduce plasma volume appreciably in white-necked ra-
vens (Corvus cryptoleucus), rock pigeons, or Japanese
quail. Carmi et al. (1983) speculated that such conserva-
tion of plasma volume is an adaptation originally in-
volved in dealing with the high heat loads incurred by
birds during vigorous flight.

e. Respiratory Water and Heat Conservation

As birds inspire, the air is warmed nearly to Tb and
saturated with water vapor while still in the nasal pas-
sages. Heat is removed from the nasal mucosa in the

FIGURE 5 Respiratory surface temperatures (8C) of the domestic conversion of water from a liquid to vapor state and
fowl during thermal panting. The air temperature was 43.08C and the the mucosal temperature falls, in some cases to a level
respiratory frequency 141 breaths/min. Abbreviations: cl, clavicular; cooler than the initial temperature of the inhaled air.
an, anterior thoracic; po, posterior thoracic; ab, abdominal air sacs; Expired air, essentially saturated with water vapor,
Tre, rectal temperature. (Reprinted from Respir. Physiol. 25, B. Men-

leaves the lungs and air sacs at Tb. Passage over theaum and S. A. Richards, Observations on the sites of respiratory
cool nasal surfaces during exhalation cools this air andevaporation in the fowl during thermal panting, pp. 39–52, Copyright

1975, with permission from Elsevier Science.) a portion of its water content condenses on the mucosa.
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For example, at 158C and 25% relative humidity, cactus (Bouverot et al., 1976; Barnas and Rautenberg, 1984;
Bech et al., 1985).wrens (Campylorhynchus brunneicapillum) recovered

three-quarters of the water and heat added to the in-
spired air. The heat conserved equaled 16% of the heat

4. Acclimation and Acclimatization
production of this bird at 158C (Schmidt-Nielsen et al.,
1970). The mechanism also operates in aquatic birds, Acclimation and acclimatization have a number of

effects on birds affecting their responses to heat stress.with penguins (Pygoscelis spp.) reclaiming on exhalation
more than four-fifths of the water and heat added to Secretory unit densities in the lateral nasal glands and

arteriovenous anastomoses in the nasal mucosa wereinspired air (Murrish, 1973). The total amount of heat
(evaporative and nonevaporative) recovered in the na- significantly greater in the rostral nasal conchae of do-

mestic fowl exposed to heat for 4 hr/day over 2 monthssal passages equaled 17% of the metabolic heat produc-
tion of these animals. Brent et al. (1984) reported that than in control birds. Midtgård (1989a) suggested that

these differences reflected an increased capacity forthe respiratory heat loss from the European coot (Fulica
atra) at a Ta of 2258C was only 9.6% of the theoretical evaporative cooling from the nasal mucosa of the former

birds. The rate of total evaporative water loss at highmaximum, largely as a result of cooling of the expired
air. Such cooling also leads to substantial caloric savings Ta by heat-acclimated rock pigeons was significantly

lower than that by unacclimated individuals (Marderin the prairie falcon Falco mexicanus (Kaiser and
Bucher, 1985). The nasal passages of all these birds are and Arieli, 1988). Fully heat-acclimated pigeons relied

on cutaneous evaporative cooling even at Ta of .608C.regarded as countercurrent heat exchangers in which
flow is separated temporally rather than spatially In a subsequent study, Marder (1990) noted that some

heat-acclimated individuals panted at 55–608C. At these(Schmidt-Nielsen et al., 1970). This action of the nasal
passages is particularly effective below the lower critical higher Ta both nonpanting and panting individuals regu-

lated blood pH at normal levels (7.544 6 0.011 [SD]temperature, where avian evaporative water loss tends
to decline with decreasing Ta despite the opposite trend and 7.531 6 0.022, respectively) accompanied by a slight

hypocapnia (PaCO2
5 24.8 6 4.0 and 23.8 6 2.49 torrin metabolism (see Dawson, 1982). Overriding of this

arrangement is necessary at higher Ta where respiratory [3.31 6 0.53 and 3.17 6 0.33 kPa], respectively). Birds
adjusted to lower Ta panted vigorously on exposure toevaporative cooling is required, and this is accomplished

by a shift to the open-mouth respiration characterizing 508C and underwent a severe hypocapnia (PaCO2
5

9.1 6 2.52 torr [1.21 6 0.34 kPa]) and alkalosis (pH 5thermal panting.
Some other factors act to minimize heat loss from 7.702 6 0.048). Thirteen, 4- to 6-hr/day exposures to

508C significantly improved the capacity of these pantingthe respiratory tract during exposure of birds to cold
(see Johansen and Bech, 1984, and Marsh and Dawson, individuals to maintain an almost normal acid–base bal-

ance. In reporting these results, Marder (1990) sug-1989, for discussion). Their distinctive respiratory tract
allows given levels of oxygen extraction with substan- gested that acclimation to high Ta (50–608C) is needed

for fine adjustment of the competing needs for heattially lower levels of ventilation than in mammals of
comparable size (Bernstein and Schmidt-Nielsen, 1974; dissipation, pulmonary gas exchange, and acid–base

regulation in heat-challenged rock pigeons.Bech and Johansen, 1980) and this should place them
in a more favorable situation regarding restriction of Heat treatment of neonatal domestic fowl has persis-

tent effects on heat resistance, which may involve differ-respiratory heat loss. Additionally, certain birds can in-
crease the efficiency of such extraction at cooler Ta, ent mechanisms than those operating in the acclimation/

acclimatization of adults (Arjona et al., 1990). At 43allowing a lower respiratory minute volume than would
otherwise be required (Bucher 1981, 1985; Brent et al., days after hatching, broiler cockerels that had been ex-

posed to 35–37.88C for 24 hr at 5 days of age showed1983, 1984; Bech et al., 1984). This is the case in the
giant petrel (Macronectes giganteus) in which increasing significantly lower mortality at high Ta than controls

that had not received neonatal heat exposure.oxygen demand in the cold was accommodated mainly
by increasing extraction efficiency, with an increase in
VT being of secondary importance (Morgan et al., 1992). C. Partition of Heat Loss
The black-legged kittiwake (Rissa tridactyla) also al-
tered its breathing pattern in the cold in a manner that Several investigators have measured the heat loss

from domestic fowl using a gradient-layer calorimeter,contributed to heat conservation (Brent et al., 1983).
However, not all birds display these capacities (Kaiser a device that partitions the heat loss from an animal

among convection, radiation, and evaporation (Rollerand Bucher, 1985; Chappell and Bucher, 1987; Morgan
et al., 1992). For example, oxygen extraction in the rock and Dale, 1962; Deshazer, 1967). Most of the heat loss

at low Ta occurs by nonevaporative means; convectionpigeon was independent of both Ta and spinal cooling
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or radiation is the major pathway, depending on the mounts are used, which are not only covered with the
integument of the bird or mammal of interest, but alsorate of air movement. The importance of evaporation

increases as Ta rises and at or above 408C it may account fitted with internal electrical heaters that are thermo-
statically controlled to maintain temperature near thatfor virtually all of the heat loss (see Table 3).
of the live animal. The advantage of these more elabo-
rate devices is that they can, with suitable calibration,
be used to determine Tes directly (Bakken et al., 1981,VIII. HEAT EXCHANGE UNDER

NATURAL CONDITIONS 1983). They, in effect, serve as Tes thermometers that
greatly simplify requirements for micrometeorological
data. However, Walsberg and Wolf (1996) have cau-In recent years, thermal physiology has expanded

from being primarily concerned with responses of or- tioned that the adequacy of taxidermic mounts for pre-
dicting physiological responses of animals varied widelyganisms under controlled conditions in the laboratory

to include attempts at analyzing their heat exchange in their study with the species, type of mount, and envi-
ronmental conditions. They noted further that individ-in natural environments. Natural environments present

very complicated situations involving fluctuations in a ual variation in the characteristics of the mounts re-
quired that multiple ones should be used and that theynumber of thermally relevant physical variables. Al-

though air temperature is the principal one considered require careful calibration under the range of condi-
tions, including appropriate radiant fluxes actually en-in laboratory experiments, it cannot adequately describe

the situation outdoors, where complex radiational and countered in the field by the animal under study. In one
noteworthy study, Buttemer (1985) showed by use ofconvective conditions exert substantial effects on heat

exchange. For example, in a broad-tailed hummingbird heated taxidermic mounts that American goldfinches
(Carduelis tristis) reduced their nocturnal thermoregula-(Selasphorus platycercus) sitting on its nest at Ta of

0–4.68C, radiation comprised an estimated 9–35% of tory costs as much as 19% in winter by roosting in shel-
tered locations in spruce trees (Picea pungens). Dawsontotal heat loss while convection accounted for 44–46%

(Calder, 1973). and O’Connor (1996) have discussed other examples
involving the use of heated taxidermic mounts.Recently, the ‘‘standard operative temperature’’ (Tes;

see Bakken, 1992, for discussion) has been used as an
index of heat flow between the bird and its surroundings
in nature (see Dawson and O’Connor, 1996, for exam- IX. BEHAVIORAL THERMOREGULATION
ples). The Tes of a particular natural environment equals
the air temperature in a black body environment under A. Introduction
standardized convective conditions that produces the

Behavior plays an important role in the thermal rela-same heat flux to or from the animal. Two approaches
tions of birds, often allowing them to save energy, con-are used in determining this index. One is based on
serve water, and generally reduce thermal stress. It typi-measurements of thermally relevant environmental
cally involves some form of movement leading to avariables (e.g., air temperature, wind speed, and short-
change in position, posture, or orientation to wind and/and long-wave radiation) as well as pertinent animal
or sun, though in some instances remaining quiescentproperties (e.g., body size, shape, orientation, and sur-
is an effective means of minimizing thermal stress. Theface reflectivity to short- and long-wave radiation). The
most extreme example of thermally significant move-practical difficulties with this approach, which relate
ment is long-distance migration, which allows many spe-primarily to the complexity of radiative heat transfer
cies to divide their time between seasonally productivethrough animal coats have been discussed by Walsberg
middle- and high-latitude environments for breedingand Wolf (1996). The other technique for determination
and areas with milder winters.of Tes involves use of taxidermic mounts. For birds or

mammals, these are typically hollow metal casts of an
animal’s body covered by its integument. Operative B. Behavior Reducing Heat Loss or
temperature (Te), which represents the sum of Ta and Facilitating Heat Gain
a temperature increment or decrement produced by
convective and radiative factors, is obtained from the In cold environments, postural adjustments contrib-

ute to heat conservation by birds. The domestic fowltemperature of the mounts following thermal equilibra-
tion in a particular environment. It is used in calculating reduced its surface area and hence its heat loss by

‘‘hunching.’’ The head, especially in small birds and nearstandard operative temperature employing mathemati-
cal models incorporating information on factors such as the eyes, tends to be a region of substantial heat loss

(Veghte and Herreid, 1965; Hill et al., 1980). Birds sleep-wind speed. In some cases, more elaborate taxidermic
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ing in the cold often tuck the head beneath the scapular shelter provides birds with somewhat more moderate
Ta and protection from wind and the cold night sky,feathers on the back for protection. Heat loss from un-

feathered feet and tarsi can also be reduced by as much thereby allowing them to save energy that would other-
wise be expended in thermogenesis. Small birds proba-as 20–50% by the bird’s squatting and enclosing them

within its ventral contour feathers. Emperor penguins bly must still endure Ta below thermal neutrality (Kor-
honen, 1981), but the Ta in the snow burrows of grouse(Aptenodytes foresteri), in addition to squatting, mini-

mized conductive heat loss to the ice by supporting such as the willow ptarmigan, capercaillie, and black
grouse appeared to be near or even above their respec-themselves on their tarsometatarsal joints at rest (Le-

Maho et al., 1976). Huddling is an effective means of tive Tlc (Korhonen, 1980; Marjakangas et al., 1984).
Under sunny conditions, birds may reduce require-reducing heat loss and it was extremely important in

helping the penguins, fasting on their nesting grounds, ments for regulatory thermogenesis by ‘‘sunbathing.’’
Such behavior typically involves maximizing the surfaceto cope with the Antarctic winter (LeMaho et al., 1976;

LeMaho, 1983). A variety of smaller birds pass cold area of the body exposed to the sun. Sunbathing road-
runners oriented the back perpendicularly to the incom-winter nights in more or less tight clusters (Löhrl, 1955;

MacKenzie, 1959; Robertson and Schnapf, 1987; Thaler, ing sunlight, drooped and held their wings slightly away
from the body, and erected the cervical plumage, conse-1991). Such huddling produced significant energy sav-

ings in small passerines (Brenner, 1965; Chaplin, 1982). quently exposing the black skin of the interscapular
apterium and the soft black plumage of the dorsal spinalHowever, despite its energetic advantages, this activity

actually contributed to increased mortality among swal- tract. This allowed the birds under simulated solar radia-
tion to maintain SMR at Ta as low as 98C, well belowlows, presumably due to their jamming themselves to-

gether in old nests during cold, inclement weather their normal Tlc. Sunbathing also allowed hypothermic
roadrunners to rewarm themselves at a reduced meta-(Weatherhead et al., 1985).

During cold, windy periods, birds may seek shelter bolic cost (Ohmart and Lasiewski, 1971). In another
example, the heat production of white-crowned spar-(for example, see Watson, 1972; Grubb, 1975, 1978) or

avoid ruffling their feathers by facing into the wind rows at low Ta in the laboratory was reduced in birds
exposed to simulated solar radiation (Figure 6; De Jong,(see Kessel 1976). Willow tits (Passer montanus) moved

downward and inward in foliage during windstress, an 1976), further indicating the energy savings that can be
effected by the absorption of solar heat. Finally, anhin-option denied them in the presence of crested tits (Parus

cristatus), which were dominant (Lens, 1996). Both small gas (Anhinga anhinga) spread their wings much more
frequently in cool than in warm weather (Henneman,birds such as black-capped chickadees (Parus atricapil-

lus) and larger ones such as partridge (Perdix perdix)
used protected roost sites at night during very cold
weather, and they sometimes remained in these roosts
well into the next day (Delane and Hayward, 1975;
Kessel, 1976). Nocturnal roost sites include dense fo-
liage, cavities in trees, and other structures such as nests.
The large communal nests of sociable weavers (Philet-
airus socius) in the deserts of southern Africa provide a
striking example of the last (White et al., 1975). Verdins
construct winter nests which substantially reduced their
overnight energy expenditures (Buttemer et al., 1987).
Walsberg’s (1990) observations of 15 black-tailed gnat-
catchers (Polioptila melanura, p6 g) roosting in one of
these nests has provided a further illustration of use
of shelter and huddling in dealing with cold. Under
particularly severe northern winter conditions, small
songbirds such as goldcrests (Regulus regulus), tits
(Parus spp.) redpolls (Carduelis spp.), and bullfinches
(Pyrrhula pyrrhula) may spend the night in cavities
within the snow (references in Marsh and Dawson,
1989). The entrances to these cavities were typically

FIGURE 6 Relationship between oxygen consumption (V
?

O2
) and

left open (Sulkava, 1969), in contrast to the pattern in air temperature (Ta) in the white-crowned sparrow (Zonotrichia leuco-
grouse, which closed their snow burrows (for example, phrys) with (s) and without (m) solar radiation. (Redrawn from De

Jong, 1976.)see Irving, 1972; Korhonen, 1980). The use of subnivian



4219 / c14-366 / 08-04-99 15:01:07

Dawson and Whittow366

1982). In view of the low metabolic heat production and heat is also evident in the Bedouin fowl (Gallus gallus),
high thermal conductance of these birds, the absorption which sought shade during the middle of hot days in
of solar radiation by the spread wings may be an impor- the Negev Desert and became prone in contact with
tant element in their heat balance equation. Unfortu- cooler soil (Marder, 1973b). Pursuit of cooler surround-
nately, much confusion exists in the avian literature ings doesn’t always proceed at ground level. Some large
between birds that are sunbathing and those that are raptors dealt with intense heat by thermal soaring to
manifesting heat-stress behavior (see following section). heights where the air was substantially cooler owing

to adiabatic expansion (Madsen, 1930). Many tropical
seabirds face extremely demanding conditions by nest-

C. Behavior Facilitating Heat Loss or ing in exposed situations where the need to protect
Reducing Heat Gain eggs and young from intense solar radiation can impose

substantial heat burdens. The birds augment their physi-Birds in hot environments frequently minimize their
ological responses by several behavior adjustments. Forheat loads and requirements for evaporative cooling by
example, the masked booby (Sula dactylatra) faced awayseeking shade and remaining inactive in the shelter of
from the sun, thereby placing its feet and gular area inrocks or vegetation during the most stressful periods
the shade of its body. Additionally, the wings were held(Dawson, 1984a). These behaviors are well illustrated
away from the body and the scapular feathers elevatedby a verdin and several black-tailed gnatcatchers, which
so that convective heat loss was facilitated (Bartholo-persistently selected cooler shaded microsites during the
mew, 1966). This posture was reminiscent of that ofheat of summer days in the Arizona desert (Wolf et al.,
sunbathing birds (see Section IX,B). The incidence of1996). The importance of such behavior in the verdin
a similar thermal posture in great frigatebirds (Fregatahas been confirmed by laboratory analysis (Wolf and

Walsberg, 1996b). Behavioral thermoregulation in the minor) correlated well with the equivalent temperature

FIGURE 7 A juvenile Laysan albatross (Diomedea immutabilis) on Tern Island, French Frigate Shoals in
the Northwestern Hawaiian Islands. The bird still has vestiges of its juvenile plumage around the head and
neck. Note that it has its bill agape, is panting, and that the scapular feathers are raised and ruffled by the
breeze. The juvenile’s back is to the sun so that the feet, which are raised off the ground, are in the shade
of its own body. (Photo: G. C. Whittow.)
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of the environment, an index that takes into account Rock pigeons also were capable of this behavior and,
when osmotically stressed, preferred such instrumentalthe size, shape, and color of the bird (Mahoney et al.,

1985). The albatrosses Diomedea nigripes and Dio- cooling over thermal tachypnea during heat challenges
(Rautenberg et al., 1980). Body temperature actuallymedea immutabilis, which breed at low latitudes, also

increased convective heat loss on their nesting grounds fell in certain heat-stressed individuals as they increased
their reliance on such cooling following salt loadingby pivoting on their heels and raising their large webbed

feet off the ground in the shade of their bodies (Figure or water deprivation (Brummermann and Rautenberg,
1989; see Section VII,B,3,d).7; Howell and Bartholomew, 1961; Whittow, 1980). In-

cubating Heermann’s gulls (Larus heermanni) displayed
an elaborate suite of postural adjustments that contrib-
uted either to heat conservation or dissipation, depend- X. CONTROL MECHANISMS
ing on environmental conditions. These adjustments
were closely correlated with soil temperature, which A. Thermosensitivity and Control of
apparently served as a metaphor for the intensity of Physiological Thermoregulatory Responses
solar radiation (Bartholomew and Dawson, 1979).

Evidence exists for the presence in birds of both
peripheral temperature receptors and temperature-D. Behavioral Augmentation of
sensitive elements deeper within the body. Within the

Evaporative Cooling central nervous system, indications exist that thermore-
sponsiveness of both birds and mammals may involveBirds may behaviorally augment evaporative cooling
temperature-dependent synaptic transmission as well asin a variety of ways. Heat-challenged wood storks (Myct-
intrinsically thermoresponsive central neurons (Simon,eria americana) and New World vultures resorted to the
1989). In attempts to establish functional roles of ther-gross expedient of directing liquid excrement onto the
mally sensitive central components, it is important tobare portions of their legs (‘‘urohidrosis’’), which were
distinguish between nonspecific temperature sensitivitycooled by the evaporation of the water in this material
and responsive capabilities that actually contribute to(Kahl, 1963; Hatch, 1970). The domestic fowl achieved
thermoregulation (Simon et al., 1977).a similar result in a more genteel way by splashing water

over its comb and wattles before initiating physiological
responses to heat (Horowitz et al., 1978). Some waders,

1. Peripheral Thermoreception
e.g., the black-necked stilt (Himantopus mexicanus),
nesting under the extremely hot conditions around the Shivering could be detected in domestic fowl exposed

to a cold environment before any change occurred inSalton Sea, California, cooled not only themselves but
their eggs by wetting the abdominal feathers, i.e., ‘‘belly deep Tb (Randall, 1943). This result is consistent with

the involvement of peripheral thermoreceptors in thesoaking’’ (Grant, 1982). The Egyptian plover (Pluvianus
aegyptius) buries its eggs—and its chicks—in the sand, control of heat production. Birds appear well provided

with such receptors in the skin, tongue, and beak. Addi-achieving both concealment and cooler temperatures.
The parents also wet their abdominal feathers, which tionally, Necker (1977) has reported a high degree of

responsiveness to heating and cooling of feathered skinin turn moistened the sand at the nest site, cooling the
eggs or chicks in the process (Howell, 1979). Bathing areas, especially the upperparts, of the rock pigeon. On

the other hand, the beak and unfeathered areas of thealso helps a number of other birds to remain cool in
hot environments (Dawson and Bartholomew, 1968). legs and feet were relatively insensitive. However, Bech

et al. (1988) found that selectively varying the tempera-Some plasticity is evident in avian thermoregulatory
behavior. Ring doves under laboratory conditions could ture of air inspired by rock pigeons in 58 and 258C

environments elicited appropriate changes in heat pro-be trained to press a switch that turned on a heater.
By this means, the birds controlled their environmental duction and, especially at the higher temperature, in

vasomotor state. The results suggested that peripheraltemperature, maintaining it at an average 32.48C, which
is within their TNZ (Budgell, 1971). Chukars (Alectoris thermoreceptors important for the initiation of ther-

moregulatory effector mechanisms existed in the headchukar) increased their average time in a warm or cold
chamber as chamber temperature approached a neutral region. Thermosensory functions in peripheral areas

have been documented by neural recording and con-or preferred Ta between 25.98 and 31.98C (Laudenslager
and Hammel, 1977). Though they did not avail them- firmation of appropriate thermoeffector responses to

local heating and cooling. Neural recording has identi-selves of a source of heat in a cold laboratory environ-
ment, domestic fowl could be trained to actuate a source fied characteristics similar to those of mammalian ther-

moreceptors in various warm- and cold-sensitive periph-of cold air in a hot environment (Horowitz et al., 1978).
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eral units of birds (Kitchell et al., 1959; Leitner and ited this process. In some cases at cold or neutral Ta,
hypothalamic cooling produced no or inappropriateRoumy, 1974; Necker, 1972, 1973). These units occurred

in the proportion of 3:1 for cold- to warm-sensitive units, vasomotor responses (Simon et al., 1976; Simon-
Oppermann et al., 1978; Mercer and Simon, 1987). Hy-respectively (Necker, 1973). Some of these thermosen-

sors, e.g., those in the brood patch and beak, may be pothalamic cooling at neutral and higher Ta also elicited
inappropriate effects on panting and other thermolyticmore important in mediating behavioral and physiologi-

cal responses affecting egg and nest temperature than activities in the Adélie penguin and Pekin duck (Simon
et al., 1976; Simon-Opperman et al., 1978; Simon et al.,in control of Tb in the incubating parent (Rautenberg,

1986). The response to stimulation by deep body ther- 1981). Additionally, cooling of the rostral brain stem in
rock pigeons engaged in intermittent panting at warm Tamoreceptors can be modified in some species by local

heating or cooling of the skin (Rautenberg, 1971; Ino- resulted in transient increases in fresp while hypothalamic
heating led to a similarly inappropriate temporary sup-moto and Simon, 1981). Furthermore, Eissel and Simon

(1980) have cited results for Pekin ducks showing pression of this function (Schmidt, 1976a). On the other
hand, weak appropriate heat defensive responses tochanges in discharge frequency of certain thermally sen-

sitive hypothalamic neurons when the deep body tem- warming the rostral brain stem at warmer Ta have been
reported in the Adélie penguin, Pekin duck, Californiaperature and/or the temperature of the web of the foot

were altered, but the hypothalamic temperature re- quail, and domestic fowl (Simon et al., 1976; Simon-
Opperman et al., 1978; Snapp et al., 1977; Avery andmained constant. The importance of peripheral inputs

is further suggested by the fact the heat production of Richards, 1983). Rautenberg et al. (1972) also found
that cooling the brainstem of the rock pigeon led tothe goose (Anser anser) increased when Tb was lowered,

but that the threshold Tb for this was reduced at higher appropriate ptiloerection and vasoconstriction (see also
Section X,A,4). Furthermore, the extent of ptiloerectionTa (Helfmann et al., 1981). Nevertheless, integumentary

receptors are usually regarded as playing only a subsid- by ring doves appeared to be under the proportional
control of hypothalamic temperature, with the slope ofiary role in the physiological regulation of deep Tb in

birds (Rautenberg, 1986; Simon et al., 1986). the inverse relation reduced by water deprivation and
increased by inanition (McFarland and Budgell, 1970).
In contrast to such proportional arrangements, a small

2. Role of the Hypothalamus in Physiological
number of what are referred to as ‘‘temperature guard-

Thermoregulatory Control
ian neurons’’ have recently been identified in the preop-
tic area of the hypothalamus of the Muscovy duck (BastaThe situation regarding central control of physiologi-

cal thermoregulation is more complex. Cooling the et al., 1997). These are exclusively sensitive to tempera-
tures of p 36.1 or p42.38C. Perhaps they serve as ‘‘limitpreoptic/anterior hypothalamic area (PO/AH) elicited

appropriate, though relatively weak, thermogenic re- switches’’ that contribute to maintaining brain tempera-
ture within this range.sponses in emus (Jessen et al., 1982). This was also the

case in willow ptarmigan, Lagopus lagopus, subjected That certain birds differ from mammals in their re-
sponse to changes in hypothalamic temperature is notto moderate hypothalamic cooling at a Ta of 2108C

(Mercer and Simon, 1987). However, reduction of hypo- explained by discrepancies in thermal sensitivity within
the rostral brain stem. Some of the warm-responsivethalamic temperatures below 348C caused a fall in Tb

due to an inhibition of shivering responses. A somewhat neurons in this region in the Pekin duck did not differ
with regard to frequency range, temperature coefficient,stronger increase in heat production occurred in the

house sparrow with hypothalamic cooling (Mills and or Q10 from so-called ‘‘high Q10 units’’ in the mammalian
rostral brainstem to which hypothalamic thermosensoryHeath (1972a), but the possibility that midbrain, spinal,

or other deep body receptors were affected by the treat- function has been ascribed (Eissel and Simon, 1980).
Moreover, warm- and cold-responsive units in the PO/ment in this relatively small bird could not be excluded.

The preceding indications of some appropriate hypo- AH region of Pekin ducks were in similar proportions
to those in mammals, as shown both in vivo (cats, rab-thalamic thermoresponsiveness in birds appear to be

the exception rather than the rule. In contrast to the bits, and dogs; Simon et al., 1977) and in vitro (rats;
Nakashima et al., 1987). In vitro comparison of PO/case for mammals, hypothalamic cooling in the rock

pigeon (Rautenberg et al., 1972); California quail Calli- AH neuronal thermoresponsiveness in rats and ducks
revealed no differences at the single unit level whichpepla californica (Snapp et al., 1977); Pekin duck

(Simon-Oppermann et al., 1978; Martin et al., 1981; Bech might account for the divergent contributions of the
avian and mammalian hypothalami to deep body tem-et al., 1982b); Adélie penguin (Simon et al., 1976); and

domestic fowl (Avery and Richards, 1983) was either perature perception. A tentative explanation for the
difference (Eissel and Simon, 1980; Schmidt and Simon,ineffective in eliciting shivering, or, paradoxically, inhib-
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1982; Lin and Simon, 1982) attributes many of the para- of the body including the spinal cord (Rosner, 1977;
Eissel and Simon, 1980; Lin and Simon, 1982).doxical effects of local temperature change in the avian

hypothalamus to differential Q10 effects on hypothala- As to further indications of the involvement of the
rostral brainstem in avian thermoregulation, it is impor-mic neurons (cold-sensitive units with higher Q10 than

warm-sensitive ones) participating in receiving cold and tant to note that thermoeffector activity and discharge
rates of warm- and cold-responsive neurons in the PO/warm thermosensory inputs from other regions of the

body and in controlling thermoregulatory activities. Si- AH area of birds can also be affected by application of
various neuroactive compounds such as amines, prosta-mon (1989) has provided the overview that birds share

with mammals the general temperature dependence of glandins, and other substances, some of which are puta-
tive avian neurotransmitters. Compounds such as nor-central signal transmission and the existence of specific

temperature receptors at multiple sites of the skin, deep epinephrine (NE) and epinephrine (E) have been found
in significant concentrations in the avian brain (Juoriobody tissues, and the central nervous system. These two

classes of animals appear to differ only quantitatively and Vogt, 1967). Hissa (1988) provided a summary of
the thermoregulatory effects of central application ofin the distribution of thermoreceptive elements along

the central neural axis. In mammals, receptor density several of these, concluding that injection of such sub-
stances as NE, 5-hydroxytryptamine (5-HT), dopamineat the hypothalamic level seems high and coupling of

their signals to efferent control of effectors generally (DA), and acetylcholine (ACh) into the preoptic/ante-
rior hypothalamic area of the rock pigeon brain overalltight. In birds, on the other hand, experimental evidence

suggests a low density of thermoreceptor elements, with causes hypothermia at Ta below thermoneutrality. More
specifically, injections of DA, E, NE, 5-HT, and AChless tight and variable coupling with thermoregulatory

effectors. These avian arrangements are thought to into the anterior hypothalamus of this bird produced
an inhibition of shivering, a decrease in heat production,produce the inappropriate physiological thermoregula-

tory effects observed, particularly with hypothalamic and peripheral vasodilation leading to a reduction in
Tb in cold-exposed individuals (Hissa and Rautenberg,cooling.

Whatever the extent of its direct role in physiological 1974, 1975; Hohtola et al., 1989). Regarding the suppres-
sion of shivering in the rock pigeon, the order of potencythermoreception, the avian hypothalamus appears

prominently involved in the control of behavioral ther- of anterior hypothalamic injections of putative neuro-
transmitters was NE . DA . ACh . 52HT (Hohtolamoregulation (see Section X,B). Moreover, it contri-

butes to physiological thermoregulation in a variety of et al., 1989). Injection of ACh, 5-HT, and NE into the
third ventricle near the anterior hypothalamus producedways, judging by both physiological and pharmacologi-

cal observations. Thermoregulation is disrupted by le- mostly hypothermic effects in domestic fowl (Hillman
et al., 1980). Some of the neural actions of these com-sions in the anterior hypothalamus in the domestic fowl

(Rogers and Lackey, 1923; Feldman et al., 1957; Lepkov- pounds were investigated by Sato and Simon (1988).
Their microiontophoretic application of ACh, NE, andsky et al., 1968), house sparrow (Mills and Heath, 1972b),

and Pekin duck (Hagan and Heath, 1980). Additionally, 5-HT singly or in combination to the PO/AH area of
conscious Pekin ducks led to a variety of effects ondespite the sensitivity of the rock pigeon’s lower cervical

and thoracic spinal cord to heating and cooling (see the activity of warm- and cold-responsive units, which
represented 17 and 20%, respectively, of 355 neuronsSection X,A,4), appropriate thermoeffector responses

require that neural information ascend to higher centers. evaluated. Acetylcholine more consistently stimulated
cold units, whereas NE inhibited and 5-HT stimulatedCold blockage of neural transmission in the cervical

spinal cord prevented shivering in response to cooling the majority of warm units (Sato and Simon 1988).
Norepinephrine, 5-HT, and ACh generally produceof more caudal segments of the cord (Rautenberg et al.,

1972). However, some degree of postcranial control of hypothermia when injected into the avian posterior hy-
pothalamus (Hissa, 1988). On the other hand, injectioneffector output does occur in spinal rock pigeons, which

responded to spinal cooling by shivering, though this of 5-HT into this region in cold-challenged rock pigeons
led to a brief bout of hyperthermia (Pyörnilä and Hissa,activity was weak and relatively uncoordinated in com-

parison to that of intact birds (Görke and Pierau, 1979). 1979), accompanied in most cases by a fall in foot tem-
perature indicative of vasoconstriction.Intracellular recording in the cervical spinal cord of the

rock pigeon has revealed the presence of temperature- Prostaglandins (PG) are also known from the avian
brain (Horton and Main, 1967). Hyperthermia in rocksensitive ascending neurons (Necker, 1975), whose des-

tinations may include the hypothalamus. Also, as noted pigeons and domestic fowl resulted from experimental
introduction of PGA1, PGE1, or PGE2, into the thirdpreviously, direct neural recording in the hypothalamus

of this species and the Pekin duck has detected neurons ventricle or the hypothalamus (Nisticò and Marley,
1973, 1976; Hissa et al., 1980), with the effectiveness ofthat respond to changes of temperature in other parts
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a given dose being greater at the latter site (Nisticò and of this locus, which may be a counterpart of the pneumo-
taxic center in mammals, elicited a breathing patternMarley, 1976). Macari et al. (1993) also reported a fever

response to PGE2 in domestic fowl. Prostaglandin F2a closely resembling that in thermally induced panting
(summarized in Richards, 1975).lowered Tb in the fowl (Nisticò and Marley, 1976), but

raised it in the rock pigeon (Hissa et al., 1980). It has
been suspected that PGE1 and E2 might be involved as

4. Role of the Spinal Cord in
mediators of pyrogen fever (Nisticò and Marley, 1976).

Thermoregulatory Control
However, administration of Escherichia coli lipopoly-
saccharide produced a rise in Tb but no increase in Selective thermal stimulation of posterior levels of

the avian spinal cord has not been possible and thePGE2 production ex vivo in domestic fowl (Fraifeld et
al., 1995). extent of their contribution to thermosensitivity is un-

known. The cervical and thoracic levels of the spinalInjection of arginine vasotocin (AVT) and angioten-
sin II (ANG II) into the preoptic/anterior hypothalamic cord appear conspicuously involved in thermoreception

in various birds, particularly as it relates to heat produc-area or intravenously has been shown to have thermo-
regulatory effects in rock pigeons. The AVT reduced tion and thermal tachypnea. This pattern is not unique to

birds and the sensitivity of the proportional thermogenicshivering, V? O2, and Tb at 28C, but was without effect at
328C. On the other hand, these variables, and foot skin response (W/8C) appears similar to that of mammals

(see Table 3 in Simon et al., 1986). The rock pigeontemperature were increased by injections of ANG II
(Hassinen et al., 1994). showed an especially pronounced thermogenic response

to spinal cooling (Rautenberg et al., 1972), with theTaken together, the various observations on hypo-
thalamic function in birds support the view that, in terms thermosensitivity of the thoracic region of the spinal

cord surpassing that of the cervical region (Østnes andof temperature regulation, this region of the brain
should primarily be considered an integrator of inputs Bech, 1992). Spinal cooling in this species was similar

in effectiveness to brainstem cooling in evoking appro-from the spinal cord, brain, and periphery, rather than
the sole controller of thermoregulatory response (see, priate vasomotor and ptilomotor responses (Rauten-

berg et al., 1972; see Section X,A,2). Significant spinalfor example, Barnas and Rautenberg, 1987).
thermoresponsiveness to cooling was also evident in
such species as the Adélie penguin (Hammel et al., 1976;

3. Contributions of Other Areas of the Brain to
Simon et al., 1976), Pekin duck (Inomoto and Simon,

Physiological Thermoregulatory Control
1981; Bech et al., 1982b), California quail (Snapp et al.,
1977), and domestic fowl (Avery and Richards, 1983).Functionally relevant thermoeffector responses to

changes in temperature of more posterior regions of the Heating the spinal cord alone caused immediate thermal
tachypnea in rock pigeons and fowl, whereas coolingavian brain are also evident. Appropriate thermogenic

and thermolytic responses were produced by respec- this structure quickly inhibited bouts of this activity
induced by ambient heating (Rautenberg et al., 1972;tively cooling and heating the lower mid brain/pontine

(or rostral rhombencephalic) region in the Pekin duck Avery and Richards, 1983). In the former species, the
fresp raised by spinal heating was not lowered by brain(Simon-Oppermann and Martin, 1979; Martin et al.,

1981; Simon et al., 1981; Bech et al., 1982b). Further- stem cooling (Rautenberg et al., 1978). On the other
hand, spinal thermosensitivity was found to be low inmore, the domestic goose showed a strong thermogenic

response when its entire brain was cooled (Helfmann the domestic goose (Helfmann et al., 1981).
et al., 1981).

As previously noted, the avian hypothalamus appears
5. Role of Deep Body Receptors outside the Central

to have only a minimal role in control of panting, which
Nervous System in Thermoregulatory Control

Richards (1975) described as ‘‘facilitative’’ (Barnas and
Rautenberg, 1987). Inputs to the respiratory center from Despite the apparent significance of thermosensory

elements in the avian brain and spinal cord, it is impor-other regions, especially from the midbrain, spinal cord,
deep body sites outside the central nervous system, and tant to note that a major portion of the thermogenic

response of birds to cold appears driven by input fromperiphery seem more effective in evoking panting, and
this activity can occur with a sufficient rise in Tb in deep body thermosensors lying outside the central ner-

vous system (Mercer and Simon, 1984; Necker, 1984).birds lacking an intact hypothalamus (Richards, 1971;
Richards and Avery, 1978; Barnas and Rautenberg, A particularly clear example of this is provided by the

Pekin duck (Simon et al., 1981), in which the thermosen-1987). The dorsal portion of this region in the rock
pigeon and domestic fowl contains a ‘‘panting center’’ sitivity to whole body cooling was approximately

14-fold greater than to spinal cooling (24.02 vs(Saalfeld, 1936; Richards, 1971). Electrical stimulation
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20.28 W[kg?8C]21). Also, only a small fraction of the C. Afferent Inputs Contributing to
whole-body thermosensitivity of the domestic goose re- Thermal Tachypnea
sides in the CNS. Deep body thermosensitivity in this

As noted above, central neural elements involved inbird was a remarkably high 211.7 W[kg?8C]21 (Helf-
control of panting include a ‘‘panting center’’ in themann et al., 1981). A somewhat greater share of whole-
dorsal midbrain (Saalfeld, 1936; Richards, 1971) andbody thermosensitivity was associated with the CNS in
thermosensitive elements in the spinal cord (Rauten-the rock pigeon with its higher sensitivity to spinal cool-
berg, 1969b, 1983). Though input from central elementsing (Rautenberg et al., 1972). Snapp et al. (1977), among
appears primary, other sources also may affect thermalothers, have speculated that locating primary monitor-
tachypnea or gular flutter. There is evidence of the initi-ing of Tb in the spinal cord and other deep body sites
ation of these activities with exposure to solar radiationrather than in the brain may have been an evolutionary
before any increase in Tb has taken place (Shallenbergersolution to the lability of cephalic temperature in birds,
et al., 1974). Also, though an increase in skin tempera-particularly during flight.
ture per se probably does not evoke an increased fresp,
there is an indication that it can influence thermal tach-B. Control of Behavioral
ypnea once established (Woods and Whittow, 1974).

Thermoregulatory Responses Afferent neural information, particularly that con-
veyed by the vagal afferent system, is important in deter-Behavioral thermoregulatory responses in birds ap-
mining breathing patterns during hyperthermia. Thepear regulated by the PO/AH region of the brain and
vagi of rock pigeons contain fibers identified respec-by peripheral receptors. For example, drooping of the
tively as intrapulmonary chemoreceptors (IPC) andwings by the domestic fowl was abolished by lesions in
mechanoreceptors (Mückenhoff et al., 1989). The IPCthe hypothalamus (Lepkovsky et al., 1968). Hypothala-
include both phasic and tonic elements which increasemic rather than peripheral temperature controlled ther-
their activity at low PCO2

. Information provided by pha-moregulatory behavior in ring doves and the control
sic IPC and the mechanoreceptors is thought to contrib-mechanism appeared to operate as a simple ‘‘on–off’’
ute to setting the respiratory pattern during hyperther-system (Budgell, 1971). In rock pigeons trained to work
mic tachypnea. Increased firing of the tonic IPC mayfor cooling reinforcement under an ambient heat load
be a factor in producing the high fresp and reduced VT(518C), warming the spinal cord and/or rostral brain
with which birds reliant on respiratory evaporative cool-stem led to an increase in response rate, whereas cooling
ing deal with manageable heat challenges (Mückenhoffthese structures produced a decrease (Schmidt, 1976b).
et al., 1989). Sensitivity of IPC to CO2 is reduced atSchmidt (1978a) also noted that appropriate behavioral
higher Tb and this was interpreted as contributing tothermoregulatory responses could be elicited from the
the increased tidal volumes that develop in birds underhypothalamus, whereas physiological thermoregulatory
extreme heat stress (Barnas et al., 1983). Extrapulmo-responses were thought to arise largely in the spinal
nary chemoreceptors appeared to have an approxi-cord (Schmidt, 1978a). Additionally, in this species be-
mately equal influence to that of IPC on ventilation ofhavioral responses appeared related to the rate of
awake, hyperthermic domestic fowl and they may alsochange of skin temperature on the exposed areas of the
contribute to the diminution in VT (Barnas andbody (Schmidt, 1978b). Further analysis of the effects of
Burger, 1983).changing temperatures of the spinal cord, hypothalamic,

Sectioning of one vagus nerve during hyperthermicand facial skin temperature of the rock pigeon (Schmidt,
panting reduced fresp slightly in various birds and, except1983) has bolstered the conclusion that displacement of
for the rock pigeon, bilateral vagotomy abolished rapidthe former primarily evokes physiological thermoregu-
breathing during hyperthermia (Hiestand and Randall,latory responses, whereas localized changes in the tem-
1942; Richards, 1968). In the bilaterally vagotomizedperature of the facial region exert a more powerful effect
rock pigeon, fresp rose less, PaCO2

decreased more, andon behavioral thermoregulation. Relative effects of lo-
pHa increased more for a given rise in Tb than in intactcalized changes in hypothalamic temperature on behav-
individuals (Barnas et al., 1986). All three of these func-ioral thermoregulation differed between heating and
tions were more variable in vagotomized individualscooling.
than in controls. Evidently, central chemoreceptionA thermoregulatory role for higher levels of CNS
alone is insufficient to maintain stability of breathinginvolved in conditioned reflexes has been suggested by
pattern during thermal panting. Electrical stimulationwork on rock pigeons (Sieland et al., 1981), which be-
of the cut central ends of the vagi reinstated panting incame conditioned to change heart rate to interrupt an
the bilaterally vagotomized domestic fowl (Hiestandartificially induced aversive temperature in their spi-

nal cord. and Randall, 1942; Richards, 1968).
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Reinertsen (1996) has recognized two major catego-D. Miscellaneous Observations on
ries of short-term response involving cooling from eu-Thermoregulatory Control
thermic levels of Tb. Both usually occur during the inac-

Exposure of rock pigeons to 7% O2 in N2 at a Ta of tive phase of the animals’ circadian cycle. Nocturnal
58C inhibited electromyographic (EMG) activity indica- hypothermia involves a relatively modest decline in Tb
tive of shivering (Gleeson et al., 1986a; Barnas and to no lower than approximately 308C. This has been
Rautenberg, 1990). The effect was reduced if the birds observed in such birds as turkey vultures, several doves
were allowed to breathe a similar hypoxic mixture en- and pigeons, greater roadrunner, smooth-billed ani
riched with 4.5% CO2, which resulted in higher arterial (Crotophaga ani), Japanese quail, and species in more
PO2

and oxygen content. Birds subjected to bilateral than nine families of passerines including manakins,
cervical vagotomy under normoxic conditions could still sunbirds, honeyeaters, tits, and certain finches. Torpor
rapidly effect cardiorespiratory adjustments to shiver- involves more substantial reductions in Tb, sufficient to
ing, despite the loss of inputs from IPC, carotid bodies, render the animal comatose over a few hours. Short-
and other receptors (Gleeson et al., 1986b). However, term bouts of torpor have been documented in goat-
the shivering process in these individuals was somewhat suckers, especially the common poor-will, many species
more sensitive to hypoxia than in controls (Gleeson et of hummingbirds, swifts, and mousebirds (Colius spp.).
al., 1986b). Direct effects of low CO2 and/or high pH Reinertsen (1996) has called attention to a third, more-
in the blood and, ultimately, the cerebrospinal fluid of prolonged hypothermic response, hibernation (natural
hypoxic birds could not be definitely ruled out in the multiday bouts of torpor during winter). This appears
inhibition of shivering. Whether hypoxic inhibition of to depend on the same basic processes as nocturnal

hypothermia and torpor. However, Geiser and Ruf’sshivering involves thermoregulatory neurons or those
(1995) analysis of 104 species of heterothermic birdsfrom areas that coordinate motor activity was not re-
and mammals indicated that no overlap exists betweensolved (Barnas and Rautenberg, 1990).
hibernators and daily heterotherms in maximum dura-Unlike mammals, Pekin ducks do not suffer distur-
tion of torpor bouts. Moreover, the minimum Tb andbances of physiological heat and cold defense in re-
minimum metabolic rate reached during these boutssponse to capsaicin (Geisthövel et al., 1986). Birds do
tend to be lower in the former than in the latter. How-develop a fever in response to some bacterial infections,
ever, in considering the application of these findings toand antipyretic drugs such as acetylsalicylic acid produce
birds, it is important to note that hibernation has beenan attentuation of fever (Kluger, 1979; see also Section
documented in only one species of bird, the commonX,A,2). The response pattern to injection of bacterial
poor-will (Jaeger, 1949; French, 1993). French’s (1993)endotoxin (lipopolysaccharide) in rock pigeons varied
observations suggest that multiday periods of dormancydiurnally. The febrile state developed sooner and was
in this species are interrupted by brief episodes of euth-of greater extent but of shorter duration with nocturnal
ermia, as in many hibernating mammals.than with daytime injection. From these observations,

Instances of lowered Tb in birds have most com-Nomoto (1996) has suggested that control of the circa-
monly, but not exclusively, been linked with reduceddian rhythmicity of Tb is not disturbed during fever.
availability of food or depletion of energy reserves,
whatever the season (Reinertsen, 1986; Wang, 1989).
Water restriction appears to be a factor in some species

XI. THERMOREGULATION AT REDUCED (MacMillen and Trost, 1967; see below). With respect
BODY TEMPERATURES to energetic considerations, rock pigeons and Japanese

quail developed shallow nocturnal hypothermia with
food restriction (Graf et al., 1989; Hohtola et al., 1991).A. Patterns of Avian Hypothermia
Increased filling of the digestive tract with either nutri-

Under certain circumstances, representatives of at ents or cellulose pellets tended to reverse this effect in
least nine avian orders allow their Tb to fall from euther- rock pigeons (Reinertsen and Bech, 1994; Geran and
mic levels (Reinertsen, 1996). Such reductions are com- Rashotte, 1997), the effective stimulus apparently being
mon in small birds that depend on insects or nectar, gastrointestinal distension as an indicator of the animals’
the supplies of which can be seasonally or temporarily energy reserves. Reinertsen (1996) concluded that an
disrupted. In fact, Brown et al. (1978) suggested that inverse relation exists between the length and depth of
the evolution of small nectar-feeding hummingbirds has bouts of nightly torpor or hypothermia and body mass
been related to their ability to become dormant at night. at roosting. Lowered Tb produce an indisputable saving
Without such an ability, a 2-g hummingbird might ex- of energy (see Calder and King, 1974). Nevertheless,

simple relations between an individual’s energy reserveshaust its energy reserves during an overnight fast.
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and hypothermia or torpor do not appear to be the nal hypothermia shown by the black-capped chickadee
(Parus atricapillus) and the willow tit (Parus montanus).whole story. The willow tit resorted to shallow nocturnal

hypothermia on a regular basis during the Norwegian The greatest reduction in Tb occurred in winter-acclima-
tized individuals of both these species (Chaplin, 1976;winter, even when ample food supplies were available

(Reinertsen and Haftorn, 1983). Additionally, some Reinertsen and Haftorn, 1983).
common poor-wills found torpid in nature by Jaeger
(1949) and French (1993) were quite heavy, suggesting B. The Hypothermic State
ample energy reserves. Perhaps cases such as these rep-
resent use of torpor or hypothermia as insurance against Perhaps the relatively shallow depressions of Tb char-

acterizing bouts of nocturnal hypothermia in birds suchfuture energy problems. Hiebert (1993) provided evi-
dence concerning such a possibility in the rufous hum- as passerines reflect some phylogenetic constraint limit-

ing tolerance of cooling. For example, American gold-mingbird (Selasphorus rufus). The use of nocturnal tor-
por by other birds of this species in the process of finches, which under certain circumstances may allow

body temperature to fall a few degrees under nocturnalaccumulating fat prior to migration (Carpenter and
Hixon, 1988; Carpenter et al., 1993) appears to represent cold challenges (Lustick et al., 1982), succumb at Tb

below approximately 20–228C (W. R. Dawson, unpub-a further pattern in which depletion of energy reserves
or reduced food availability was not a consideration. lished observations), whereas the common poor-will and

the Anna hummingbird (Calypte anna), which can enterEntry into a torpid state evidently facilitated the fatten-
ing process by reducing nocturnal existence costs during deep torpor, survive Tb below 108C (Bartholomew et

al., 1957; Withers, 1977). Even a reduction of a fewthe premigratory period. The use of torpor in connec-
tion with this process implies some shift in the threshold degrees during bouts of hypothermia should help con-

serve energy during the lengthy nocturnal fasts imposedvalue of these energy reserves for the induction of a
hypothermic state, relative to the situation where simple by cold winter nights at middle and high latitudes. Rein-

ertsen (1986) estimated that willow tits could reduceovernight survival is the challenge (Calder, 1994). These
and similar observations suggest, for at least some birds, their overnight energy costs by 10 and 15% with a 68C

reduction in Tb at Ta of 2208 and 08C, respectively.that reductions of Tb leading to nocturnal hypothermia
or torpor must result from a complex integration of Nocturnal reductions in Tb of up to 5.58C in the Austra-

lian silvereye (Zosterops lateralis) led to energetic sav-information on such matters as food availability, antici-
pated foraging success, nocturnal Ta, and other factors ings of 15, 21, and 24% (compared with daytime RMR)

at Ta of 7, 16, and 258C, respectively, under an 11-hrrelating to future energy demands, as well as on the
state of physiological energy reserves (see, for example, scotophase (Maddocks and Geiser, 1997). A saving of

58% would occur if the small tropical manakin ManacusBartholomew et al., 1983).
Tendencies toward hypothermia and torpor may vary vitellinus maintained a Tb of 278C for 10 hr in a Ta

of 228C (Bartholomew et al., 1983). Nightly energeticseasonally or with changes in circumstances. The re-
sponse is not a regular event in the broad-tailed hum- savings at Ta of 19–238C by the hummingbirds Amazilia

versicolor, Melanotrochilus fuscus, and Eupetomenamingbird, having been found only on infrequent occa-
sions of inadequate daily energy storage occurring early macroura torpid with Tb near 248C ranged from 49 to

61% (Bech et al., 1997). These savings could be quiteon the wintering grounds, in a few breeding territories,
and after summer storms that precluded feeding (Cal- important for all these small birds and Maddocks and

Geiser (1997) suggested that they contribute to the abil-der, 1994). Common poor-wills fitted with temperature-
sensitive radiotransmitters only rarely became torpid ity of the Australian silvereye to occupy a wide array

of habitats and climates.during the breeding season in British Columbia during
late spring and early summer and no individuals in- The shallow nocturnal hypothermia observed in

some birds is not confined to cold-challenged species.volved in active nesting attempts did so (Brigham, 1992;
Csada and Brigham, 1994). However, they regularly en- For example, Inca doves (Scardafella inca) underwent

a pronounced nocturnal hypothermia at moderate Tatered this state in April, May, and September, even
though their body masses indicated no reduction in en- during either food or water deprivation (MacMillen and

Trost, 1967). This state also developed in some individu-ergy reserves (Brigham, 1992). Torpor during these 3
months was most closely correlated with Ta at dusk. als of the two tropical manakins Pipra mentalis and

Manacus vitellinus during tests at Ta of 14.68 to p298C.Responses of the rufous hummingbird to food restric-
tion also varied seasonally, with birds exposed to such In fact, one individual of the latter species cooled to

26.88C at the former Ta (Bartholomew et al., 1983).restriction spending less time torpid in summer, when
initial body mass was higher, than in spring (Hiebert, The proximate physiological events leading to avian

hypothermia and torpor are not well understood. Evi-1991). Seasonal effects were also evident in the noctur-
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dence suggests that hypothermia and sleep in birds are but the proportional changes in the two variables were
not identical and their relationship varied at differentclosely related phenomena (Heller et al., 1983; Walker

et al., 1983). Declining Tb in ring doves (Streptopelia Ta. The decline in fresp involved a lengthened time of
active inspiration that was ultimately interrupted by arisoria) was characterized by a progressive reduction in

rapid eye movement sleep, with the periods of hypother- nonventilatory pause. A slight increase in time of expira-
tion also developed (Bucher and Chappell, 1992). Elec-mia involving almost continuous slow-wave sleep

(Walker et al., 1983). Generally, temperature regulation tromyographic activity was reduced or absent during
entry of the giant hummingbird (Patagona gigas) andis not abandoned by birds at reduced Tb; rather, there

appears to be a lowering of the thermal set point. This the common poor-will into torpor, indicating a curtail-
ment of shivering (Bartholomew et al., 1962; Lasiewskiis readily appreciated in hypothermic birds such as pas-

serines and pigeons in which substantial differences are et al., 1967). Additionally, Withers (1977) found that
thermal conductance of individuals of the latter speciesmaintained between Tb and Ta. The lowered set point

is not necessarily fixed, for the threshold of spinal tem- was increased during entrance into torpor. However, it
did not differ between normothermic and torpid individ-perature for the shivering response in hypothermic rock

pigeons fell to successively lower levels over 5 nights uals of the hummingbird Eulampis jugularis (Hains-
worth and Wolf, 1970). Consistent with the inverse rela-during an episode of food deprivation (Graf et al., 1989).

A lowering of the thermal setpoint also occurs in species tions between avian body mass and both mass-specific
surface area and mass-specific thermal conductance, theentering torpor, where the temperature difference be-

tween body and environment can become relatively rate of entry of birds into hypothermia is inversely re-
lated to body mass. Lasiewski and Lasiewski’s (1967)small. For example, the West Indian hummingbird Eu-

lampis jugularis maintained its Tb between 188 and 208C analysis indicated that lengthy nocturnal bouts of deep
hypothermia are only practicable for relatively smallat Ta of 2.5–188C. Metabolic rate increased linearly with

decreasing temperature below 188C (Hainsworth and birds (see Bicudo, 1996, for discussion). The Lasiewskis
estimated that a bird weighing between 80 and 100 gWolf, 1970). The corresponding figures for the Brazilian

hummingbirds Melanotrochilus fuscus and Eupetomena would require 12 hr merely to lower its Tb to 208C.
At the lowest fresp’s observed in the Selasphorus hum-macroura were 19–238C and 13–168C, respectively (un-

published data cited in Bech et al., 1997). Body tempera- mingbirds during torpor (1–2 breaths/min vs normo-
thermic values of 300–400 breaths/min), ventilation oc-ture of the highland tropical hummingbirds Panterpe

insignis and Eugenes fulgens was not allowed to fall curred in bursts of breaths separated by nonventilatory
pauses that lengthened into apneas of up to 5 min. With-below 10–128C in cool environments (Wolf and Hains-

worth, 1972). Torpid Selasphorus hummingbirds (S. ru- ers (1977) found that VT and respiratory minute volume
as well as fresp were reduced during torpor in the com-fus and S. platycercus) likewise defended Tb near 128C

(Bucher and Chappell, 1992). Strikingly, the Andean mon poor-will and Anna and Allen hummingbirds.
Heart rate was also depressed, with values in the com-hillstar hummingbird (Oreotrochilus estella) generally

did not allow Tb to fall below 6.58C during nights spent mon poor-will falling below 30 beats/min at a Tb of
8–98C, compared with rates of .500 beats/min in nor-roosting in a cool montane cave (Carpenter, 1974).

Hummingbirds that engage in torpor at moderate Ta mothermic birds at cool Ta (Bartholomew et al., 1962).
The metabolic rates of torpid birds are also greatly re-(19–238C) may not actively regulate Tb, initiating such

activity only if cooler conditions are imposed (Bech et duced, representing only 5 or 6% of normothermic val-
ues at a Ta of 208C in common poor-wills and Annaal., 1997). At moderate Ta, bouts of torpor were some-

times interrupted, possibly by external stimuli, in Amaz- and Allen’s hummingbirds (Withers, 1977). Even lower
percentages are evident during torpidity at still lower Tbilia versicolor, Melanotrochilus fuscus, and Eupetomena

macroura, with the animals arousing before once again (Dawson and Hudson, 1970). The respiratory exchange
ratio (R) of well-fed swallow-tailed hummingbirds (Eu-entering torpor (Bech et al., 1997). Relatively brief bouts

of nocturnal hypothermia (#2.5–4 hr) also have been petomena macroura) declined with fasting and could
reach unusual values as low 0.2–0.3 in torpid individualsnoted in other hummingbirds (Hainsworth et al., 1977;

Hiebert, 1990). (Chaui-Berlinck, and Bicudo, 1995; Bicudo, 1996). How-
ever, these remarkable Rs were not exclusively linkedEntry into torpor by common poor-wills and Anna

and Allen (Selasphorus sasin) hummingbirds was pre- with torpor, also occurring during fasting with normo-
thermic Tb and metabolic rates. They did not seem toceded by pronounced oscillations in V? O2 involving ‘‘test

drops’’ (Withers, 1977). On the other hand, this process be associated with a change in breathing pattern, instead
possibly reflecting usage of some unidentified metabolicusually was characterized by a smooth decline of V? O2 in

Selasphorus rufus and S. platycercus. This was associated pathway (Bicudo, 1996). On the other hand, nocturnal
Rs for both normothermic and torpid broad-tailed andwith a coincident decline in respiratory frequency ( fresp),
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rufous hummingbirds declined from about 0.86 only to 5 or 68C, though its rewarming required 12 hr (Ligon,
1970). The Andean hillstar hummingbird apparently ap-approximately 0.71 (Bucher and Chappell, 1997), a more

conventional value. proached this performance (Carpenter, 1974). Thermal
conductance of arousing common poor-wills was re-Analysis of Q10’s for the relation between SMR and

metabolic rates at reduced Tb (Geiser, 1988) suggested duced, facilitating the retention of heat. For these birds,
values for fresp, VT, respiratory minute volume, and V? O2that the latter rates are primarily a product of direct

effects of temperature on rate processes in daily hetero- during arousal greatly exceeded those at similar Tb dur-
ing entry into torpor. In fact, V? O2 of rewarming individu-therms and large hibernators. Physiological inhibition

of metabolism at reduced body temperatures, reflected als reached 6.3–8.93 resting metabolic rate (Withers,
1977). Spontaneous rewarming is a vigorous process inin relatively high Q10’s, may also be involved in small

hibernators. For birds, the small number of species in- hummingbirds as well. In the two Selasphorus species
studied by Bucher and Chappell (1992), fresp usuallycluded in this analysis, Q10’s .3 in several of them, and

the rarity of hibernation in the Class Aves make the increased faster than V? O2 during the early stages of
arousal. In cases where the initial Tb exceeded 208C,applicability of these generalizations concerning direct

effects of temperatures on rate processes uncertain. conspicuous decoupling of fresp and V? O2 was evident,
with fresp often increasing 3- to 10-fold within 30 sec ofHowever, Bucher and Chappell (1997) recently con-

cluded from rufous and broad-tailed hummingbirds, the initiation of arousal. Bucher and Chappell (1992)
speculated that this initial rapid increase in respiratorywhich were not actively defending Tb in torpor, that a

normal Q10 effect (Q10 5 1.9–2.2) was sufficient to ac- frequency might be a hyperventilatory mechanism for
eliminating a torpor-related metabolic acidosis. How-count for the birds’ reduced metabolic rates.
ever, they later found in Selasphorus hummingbirds
that, while transient CO2 storage often occurred duringC. Arousal from Hypothermia
entrance into torpor, it was not a prerequisite for this
process. Similarly, CO2 release was not a requirementArousal from nocturnal hypothermia or torpor typi-

cally occurs well before the beginning of the daily photo- for arousal by these birds (Bucher and Chappell, 1997).
Regarding acidosis at reduced Tb, it is of interest thatphase (see, for example, Hiebert, 1990). This apparent

persistence of circadian organization at reduced Tb PCO2 in the abdominal and interclavicular air sacs of
rock pigeons increased during a fasting-induced bout ofshould serve to reduce predation risk. (It appears rele-

vant in attempting to account for this persistence to shallow nocturnal hypothermia, indicating an effective
parabronchial hypoventilation (Jensen and Bech, 1992).note that pineal cells from domestic fowl chicks show

temperature compensation over a range of 34–418C in
their circadian rhythm of melatonin secretion in vitro
[Barrett and Takahashi, 1995].) The minimal Tb from XII. DEVELOPMENT OF
which birds can spontaneously arouse tend to be higher THERMOREGULATION
than in many hibernating mammals, ranging for most
species from approximately 10–128C to $208C (Bartho- A. Embryo
lomew et al., 1957; Dawson and Hudson, 1970; Reinert-

The development of thermoregulation in the embryosen, 1996; Bicudo, 1996), though the minimal Tb for
is discussed in Chapter 24.the Andean hillstar hummingbird (Oreotrochilus estella)

was 6.58C (Carpenter, 1974). Rewarming rates are in-
versely related to body size (Lasiewski and Lasiewski, B. Hatchling
1967) and this, like the relation between entry rate and
size, may hinder the use of short-term torpor by larger Birds vary enormously in their thermoregulatory ca-

pacities immediately after hatching, and they have beenbirds (see Bicudo, 1996, for discussion). Arousing Anna
hummingbirds could raise their Tb 1.0–1.58C/min at a classified according to these and other capabilities by

Nice (1962) and others. Precocial species, e.g., the hatch-Ta of 238C (Bartholomew et al., 1957). Perhaps the rela-
tively high Tb threshold for arousal in most birds is ling of the domestic fowl, are covered with down and

they are able to respond effectively to heat and to cold.related to the apparent absence of any specialized ther-
mogenic elements such as brown adipose tissue (Olson In contrast, altricial birds, e.g., members of the Passeri-

formes, are naked when hatched and have little abilityet al., 1988; Saarela et al., 1989b, 1991; Brigham and
Trayhurn, 1994) and a consequent primary reliance on to regulate Tb at Ta below 358C or above 408C. Other

birds (semi-precocial, semi-altricial) are intermediateshivering thermogenesis, which may not be readily acti-
vated at very low Tb. However, it is of interest that a between precocial and altricial species in their thermo-

regulatory capacities.common poor-will actively aroused from Tb as low as
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1. Physiological Responses to Cold

Some precocial hatchlings are able to increase their
metabolic heat production as much as five times in re-
sponse to exposure to cold (Eppley, 1984). Deep body
cold sensitivity similar to that of adult Pekin ducks is
evident in hatchlings of this species. Nevertheless, pe-
ripheral receptors seem of primary importance under
natural conditions in providing cold signal inputs in Pe-
kin ducklings during the first 12 days after hatching
(Østnes and Bech, 1997a).

A recent series of studies compared the thermoregu-
latory responses of the hatchlings of three species of
semi-precocial tropical seabirds (Matthiu et al., 1991,
1992, 1994). In all three species, there were well-defined
responses of the hatchling to cold and to heat. The
responses of one of the species, the wedge-tailed shear-
water (Puffinus pacificus), are shown in Figure 8. Com-
parison of the responses of the hatchling with those of
the adult reveal that Tb is lower within the TNZ in the
former and that the boundaries (in terms of Ta) of
the thermoneutral zone are higher. The RMR of the
hatchling within the TNZ is almost at the adult level
when corrected for differences in body mass (‘‘mass-
independent metabolism’’; Bucher, 1986). However,
hatchling shearwaters are surpassed by adults in their
thermogenic capacity (ability to increase in heat produc-
tion) in the cold and in the effectiveness of their evapo-
rative cooling in the heat. Hatchling shearwaters are
very much smaller than adults with a correspondingly
larger surface area relative to their body mass from
which to lose heat. This may be an advantage in the
warm environment in which the wedge-tailed shearwa-
ter lives.

In contrast to the responses of precocial and semi-
precocial hatchlings to cold, altricial birds at this stage
fail to increase their heat production during cold expo-
sure (Whittow and Tazawa, 1991). Altricial hatchlings
are therefore entirely dependent on heat derived from
the parent birds in order to prevent hypothermia. This
is achieved by brooding. In the semi-precocial arctic
tern (Sterna paradisaea), brooding spared the hatchling
from expending a considerable amount of its own energy
(Klaassen et al., 1989).

2. Brooding Responses

Many hatchlings can influence their own Tb by elicit-
ing appropriate brooding responses from their parents. FIGURE 8 Relationship between oxygen consumption (V

?
O2

), body
The American white pelican (Pelecanus erythrorhyn- temperature (Tb), total evaporative water loss (TEWL), respiratory

frequency ( f), and air temperature (Ta) in hatchling wedge-tailedchos) neonate was observed to do this by calling
shearwaters, Puffinus pacificus. (Redrawn from P. M. Mathiu, W. R.(squawking). The call rate increased as Tb of chicks
Dawson, and G. C. Whittow (1992), J. Therm. Biol. 16, 317–325,declined precipitously during exposure to cool Ta (20– by permission of The University of Chicago Press. q 1992 by The

238C). The vocalizations, which were quite distinct from University of Chicago.)
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food-begging calls (Evans, 1992), could elicit sufficient 2. Responses of Altricial and Precocial Species
brooding to reverse the decline in Tb (Evans, 1994).

The study of the development of thermoregulationSemi-precocial newly hatched ring-billed gulls (Larus
in the field (Spizella pusilla) and chipping (S. passerina)delawarensis) and herring gulls (L. argentatus) also re-
sparrows by Dawson and Evans (1957) documented thesponded to moderate chilling (208C) by calling. When
transition from poikilothermy to homeothermy in twoit was arranged that the calls would provide brief periods
very small (hatchling mass 1.7 g) altricial birds. Duringof instrumental heating (348C), cold-induced vocaliza-
the first few days of life, Tb and oxygen consumptiontions allowed the hatchling gulls to maintain Tb near
declined pari passu with Ta, but, by the end of the firstnormothermic levels (Wiebe and Evans, 1994). Even
week, the nestlings could increase their heat productionthe precocial American coot (Fulica americana) neonate
threefold and maintain their body temperature duringwas observed to call in response to cooling (Bugden
exposure to low air temperatures. Figure 9 presents dataand Evans 1991).
for the vesper sparrow (Pooecetes gramineus), which
weighed approximately 2 g at hatching. The develop-
ment of the plumage clearly was of considerable impor-3. Responses to Heat
tance in providing the young bird with a means of re-

The differences between precocial and altricial hatch- stricting the loss of heat produced by metabolism.
lings are less obvious when they are exposed to heat. However, as Dawson and Hudson (1970) put it, refer-
Thus, the precocial neonate mallee fowl (Leipoa ocel- ring to the feathers, ‘‘. . . these structures appear more
lata) could dissipate heat in excess of metabolic heat important for the perfection of temperature regulation
production when subjected to heating (Booth, 1984) than for its initiation’’—the sparrows studied by Daw-
and altricial hatchlings also have well developed re- son and Evans (1957, 1960) all displayed fairly effective
sponses to heat (see Whittow, 1986; Montevecchi and control of body temperature at moderate and low tem-
Vaughan, 1989). peratures before the eruption of the contour feathers

from their sheaths. As Odum (1942) proposed over 56
years ago, shivering precedes body temperatures regula-C. Nestling
tion which, in turn, precedes feather development in

1. Growth Rates the altricial house wren. The increase in body mass
(and of capacity for thermogenesis) thus seems moreThe overall growth of the nestling has important im-
important than the development of the plumage. Manyplications for thermoregulation: the surface area/body
nestlings are members of a brood, however, and, asmass ratio of the young bird diminishes as the nestling
such, can modulate their collective insulation. This oc-gets larger, so that the surface area from which heat
curred as early as 3 days after hatching in altricial red-might be lost diminishes relative to the mass of the tissue
winged blackbirds, whereas thermoregulatory thermo-available to produce heat and in which to store it. The
genesis began at 4–5 days (Hill and Beaver, 1982).faster the growth of the nestling, the greater the impact

As pointed out by Dawson (1984b), insights concern-of this change. The growth rates of altricial birds are
ing the underlying mechanisms of the development ofconsiderably greater than those of precocial young, and
cold thermogenesis in altricial nestlings have come fromthere is evidence in the red-winged blackbird (Agelaius
tissue enzyme studies. Marsh and Wickler (1982) couldphoeniceus) that the high post-natal growth rate of altri-
correlate the attainment of maximal metabolic rates incial nestlings precedes the development of thermoregu-
the cold with myofibrillar ATPase activity in the pecto-lation (Hill and Beaver, 1982). In this way, the maximal
ral muscles in bank swallows (Riparia riparia). Activityamount of energy is diverted to growth rather than being
of this enzyme in skeletal muscle is a measure of muscledissipated as heat for thermoregulatory purposes. It is
contractile function (Marsh and Wickler, 1982). In annot only the overall growth rate that is important in
earlier study on the larger, albeit altricial, cattle egretthermoregulation; the relative growth rates of individual
(Bubulcus ibis), Hudson et al. (1974) obtained electro-tissues and organs also profoundly affect the capacity
myographical evidence of a progressive increase in shiv-of the nestling for thermogenesis. Skeletal muscle is a
ering activity with age in nestlings. In the altricial Euro-tissue of paramount importance for thermogenesis in
pean starling (Sturnus vulgaris), citrate synthase, anthe nestling (Ricklefs, 1983); in precocial species, the leg
enzyme indicative of aerobic capacity, increased withmuscles are used for locomotion, which may predispose
growth of the pectoral muscles. This did not occur in twothem toward their use, also, in shivering (Eppley, 1996).
species of precocial quail (Choi et al., 1993). However,In altricial birds such as the red-winged blackbird, the
increase in citrate synthase in the starling was not ac-onset of endothermy correlates with the detection of

shivering in the pectoral muscles (Olson, 1994). companied by development of thermogenic capacity.
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FIGURE 9 The relationship between oxygen consumption (left panel) and body
temperature (right panel) and air temperature (abscissas) in the nestling vesper spar-
rows Pooecetes gramineus. (From Dawson and Evans (1960) Condor 62, 329–340.)

Nonshivering thermogenesis is controversial in birds thermic chicks of the house wren (.8 g) could substitute
the heat increment of feeding for thermoregulatory heat(see Section V,E) with much of the evidence suggesting

its occurrence in this class coming from young individu- at lower Ta (Chappell et al., 1997).
The metabolic responses of young altricial nestlingsals in which skeletal muscle is implicated as the site

(Barré et al., 1989; Duchamp et al., 1991). Information to lowered Ta are in striking contrast to those of the
precocial nestling of the domestic fowl, elegantly por-on Muscovy ducklings has been mentioned previously

(Section V,E). Measurements of electromyograms from trayed by Barrott and Pringle (1946) over 50 years ago.
The increase in heat production was greatest in thethe gastrocnemius muscle of winter-acclimatized king

penguin chicks showing that the threshold for shivering hatchling, and the magnitude of the increase diminished
progressively with age. In the semi-precocial black-lay p98C below their Tlc have provided indirect evidence

for NST in these birds (Duchamp et al., 1989; but see headed gull (Larus ridibundus; Palokangas and Hissa,
1971) and Manx shearwater (Puffinus puffinus; Bech etcomments in Section V,E about similar information for

Muscovy ducklings). This process is thought to be medi- al., 1982a), the increase in heat production in the cold
diminished with the age of the nestling. In the black-ated by the hormone glucagon in these penguin chicks

(Duchamp et al., 1989; Jansky, 1995). Regarding heat headed gull, as in the domestic fowl, there is clearly a
shift in the TNZ to a lower range of air temperaturederived from other sources than shivering, larger endo-
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with increasing age. Minimal thermal conductance in not fed. The criteria for elective hypothermia should be
that the nestling responds to a low Ta with regulatorythe cold declined with increasing age and body size in the

three petrels investigated by Ricklefs and Roby (1983). thermogenesis when fed, whereas, in the absence of
food, shivering is held in abeyance and heat production
and Tb fall. Unfortunately, such rigorous criteria have

3. Heat Loss
not been observed in many studies, but, nevertheless,
evidence of elective hypothermia has been obtained forAs far as heat loss from the nestling is concerned, in

the white-crowned sparrow, feather development is the the young of several petrels (Ricklefs et al., 1980; Pettit
et al., 1982; Simons and Whittow, 1984; Boersma, 1986).major factor reducing heat loss from the nestling after

2 days of age (Webb and King, 1983). The nest substan- The Tb of the fork-tailed storm petrel (Oceanodroma
furcata) decreased to as low as 10.68C during periodstially reduced wind speed near the nestling, and, there-

fore, heat loss from it. Net long-wave radiant heat ex- of inanition (Boersma, 1986).
Under natural conditions, nests and nesting burrowschange was small, short-wave radiation gain from the

sun being more important. may provide considerable protection from wind, rain,
insolation, and extreme Ta for eggs, nestlings, and incu-
bating adults, thereby affecting both heat loss and solar

4. Solar Heat Gain
heat gain. Thermal insulation varies enormously among
nests. It can be of the same order of magnitude as thatExposure to solar radiation is sufficient in some nest-

lings to impose a heat stress on them. The thermal conse- of the tissues and plumage of the bird.
quences of such exposure depend largely on the reflec-
tance of the plumage. In the herring gull, the reflectance

XIII. SUMMARYby the nestling’s down of solar radiation was greater
than that of the adult plumage (Dunn, 1976). This would

Birds have well-developed powers of temperatureresult in less heat gain by the bird from the environment.
regulation that depend on generally high metabolic lev-Under cool conditions, this would be to the nestling’s
els, substantial capacities for regulatory thermogenesis,disadvantage, but, at high Ta, it would benefit from the
effective physiological and behavioral mechanisms af-resultant reduced heat stress.
fecting heat transfer between these animals and their
environment, and the ability to dissipate considerable

5. Brooding quantities of heat evaporatively. Their endothermic
homeothermy appears to have evolved independentlyBrooding by the parent may continue as the nestling
from that characterizing mammals and some differencesgrows (Klaassen et al., 1989), as prompted in the Ameri-
are evident between the two groups involving such thingscan white pelican by the young bird’s vocalization. In
as level of body temperature, mechanisms for evapora-the 1-week-old nestling, the decline of Tb with cooling
tive cooling, incidence and mechanisms of nonshiveringwas less rapid than in the hatchling, but vocalizations
thermogenesis, and extent of reliance on hibernation.still increased in response to cold, despite the presence
Some differences in the neural organization of thermo-of shivering. In contrast, at 2 weeks, vocalization rate
regulatory control are also evident between birds anddid not increase as Tb fell (Evans, 1994). The behavior of
mammals, but these appear more quantitative than quali-1- to 9-day-old shag (Phalacrocorax aristotelis) nestlings
tative. Differences in detail should not obscure the over-resembles that of the younger pelicans and Østnes and
all similarity of thermoregulation by animals in the twoBech (1997b) suggest that the thermally significant vo-
classes, nor deflect attention from the importance of thiscalizations of these young shags are mediated by fast-
regulatory activity in shaping their biology.acting cutaneous thermoreceptors.

See Note Added in Proof following the References onHuddling of nestlings is also effective (Hill and Bea-
p. 390.ver, 1982). For example, a brood of white-crowned spar-

rows proves to have more insulation than does an adult
(Webb and King, 1983). References
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Arad, Z., Midtgård, U., and Bernstein, M. H. (1989). Thermoregula- ture and water requirements of the western mourning dove, Zen-
tion in turkey vultures: Vascular anatomy, arteriovenous heat ex- aidura macroura marginella. Ecology 35, 181–187.
change, and behavior. Condor 91, 505–514. Bartholomew, G. A., and Dawson, W. R. (1979). Thermoregulatory

Arad, Z., Toledo, C. S., and Bernstein, M. H. (1984). Development behavior during incubation in Heermann’s gulls. Physiol. Zool.
of brain temperature regulation in the hatchling mallard duck 52, 422–437.
Anas platyrhynchos. Physiol. Zool. 57, 493–499. Bartholomew, G. A., Howell, T. R., and Cade, T. J. (1957). Torpidity

Arieli, A., Berman, A., and Meltzer, A. (1979). Cold thermogenesis in the white-throated swift, Anna hummingbird, and poor-will.
in summer-acclimatized and cold-acclimated domestic fowl. Comp. Condor 59, 145–155.
Biochem. Physiol. C 63, 7–12. Bartholomew, G. A., Hudson, J. W., and Howell, T. R. (1962). Body

Arjona, A. A., Denbow, D. M., and Weaver, W. D., Jr. (1990). temperature, oxygen consumption, evaporative water loss, and
Neonatally-induced thermotolerance: Physiological responses. heart rate in the poor-will. Condor 64, 117–125.
Comp. Biochem. Physiol. A 95, 393–399. Bartholomew, G. A., Lasiewski, R. C., Crawford, E. C., Jr. (1968).

Aschoff, J., and Pohl, H. (1970). Rhythmic variations in energy metab- Patterns of panting and gular flutter in cormorants, pelicans, owls,
olism. Fed. Proc. 29, 1541–1552. and doves. Condor 70, 31–34.

Avery, P., and Richards, S. A. (1983). Thermosensitivity of the hypo- Bartholomew, G. A., Vleck, C. M., and Bucher, T. L. (1983). Energy
thalamus and spinal cord in the domestic fowl. J. Therm. Biol. metabolism and nocturnal hypothermia in two tropical passerine
8, 237–239. frugivores, Manacus vitellinus and Pipra mentalis. Physiol. Zool.

Bakken, G. S. (1992). Measurement and application of operative and 56, 370–379.
standard operative temperatures in ecology. Am. Zool. 32, Basta, D., Tzschentke, B., and Nichelmann, M. (1997). Temperature
194–216. guardian neurons in the preoptic area of the hypothalamus. Brain

Bakken, G. S., Buttemer, W. A., Dawson, W. R., and Gates, D. M. Res. 767, 361–362.
(1981). Heated taxidermic mounts: A means of measuring the Baumel, J. J., Dalley, A. F., and Quinn, T. H. (1983). The collar plexus
standard operative temperature affecting small animals. Ecology of subcutaneous thermoregulatory veins in the pigeon, Columba
62, 311–318. livia; its association with esophageal pulsation and gular flutter.

Bakken, G. S., Erskine, D. J., and Santee, W. R. (1983). Construction Zoomorphology 102, 215–239.
and operation of heated taxidermic mounts used to measure stan- Bech, C. (1980). Body temperature, metabolic rate, and insulation in
dard operative temperature. Ecology 64, 1658–1662. winter and summer acclimatized mute swans (Cygnus olor).

Barnas, G. M., and Burger, R. E. (1983). Interaction of temperature J. Comp. Physiol. 136, 61–66.
with extra- and intrapulmonary chemoreceptor control of ventila- Bech, C., and Johansen, K. (1980). Ventilatory and circulatory re-
tory movements in the awake chicken. Respir. Physiol. 54, 223–232. sponses to hyperthermia in the mute swan (Cygnus olor). J. Exp.

Barnas, G. M., and Rautenberg, W. (1984). Respiratory responses to Biol. 88, 195–204.
shivering produced by external and central cooling in the pigeon. Bech, C., and Midtgård, U. (1981). Brain temperature and the rete
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Prinzinger, R. (1982). The energy costs of temperature regulation in
Refinetti, R., and Menaker, M. (1992). The circadian rhythm of body

birds: The influence of quick sinusoidal temperature fluctuations
temperature. Physiol. Behav. 51, 613–637.

on the gaseous metabolism of the Japanese quail (Coturnix cotur-
Reinertsen, R. E. (1986). Hypothermia in northern passerine birds.nix japonica). Comp. Biochem. Physiol. A 71, 469–472.

In ‘‘Living in the Cold’’ (H. C. Heller, X. J. Musacchia, andPrinzinger, R., and Hänssler, I. (1980). Metabolism-weight relation-
L. C. H. Wang, eds.), pp. 419–426. Elsevier, New York.ship in some small non-passerine birds. Experientia (Basel) 36,

Reinertsen R. E. (1996). Physiological and ecological aspects of hypo-1299–1300.
thermia. In ‘‘Avian Energetics and Nutritional Ecology’’Prinzinger, R., Krüger, K., and Schuchmann, K.-L. (1981).
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sively or predominantly on one of these systems. Flight-I. Introduction 391
lessness, although not common among birds, is not onlyII. Scaling 392
a feature of the ratites (e.g., ostriches and emus) andIII. Energetics of Bird Flight 393
penguins, but has evolved on a number of occasions inA. Techniques Used to Study the Mechanical Power

Output Required for Flight 394 rails, geese, ducks, grebes, and ibises (McNab, 1994).
B. Techniques Used to Measure the Power Input As this author points out, flightlessness in terrestrial

Required for Flight 396 birds is always associated with a reduction in the mass
C. Empirical Data Concerning the Power Input of the pectoral muscles with a consequent reduction

during Flight 399 in basal energy consumption, which may be related to
IV. The Flight Muscles of Birds 406 overall energy conservation. Conversely, a complete re-

A. Flight Muscle Morphology and Fiber Types 406 liance on flight as a means of locomotion is seen in only a
B. Biochemistry of the Flight Muscles 408 few families, such as the swifts, swallows, hummingbirds,
C. Neurophysiology and Muscle Function 410

and sunbirds. Hummingbirds exhibit an exceptionalV. Development of Locomotor Muscles and
form of flight in that they are the only birds knownPreparation for Flight 413
routinely to use prolonged periods of ‘‘stationary’’ or

VI. Metabolic Substrates and Fuel Deposits 415
hovering flight and are even capable of flying backwards

VII. The Cardiovascular System 416
due to their unique wing kinematics. However, mostA. Cardiovascular Adjustments during Flight 417
birds have the best of both worlds, the ability to walk,B. The Cardiac Muscles 417
run or swim using the legs and the ability to fly (in airVIII. The Respiratory System 418
or water) using the wings and tail.A. Ventilatory Adjustments during Flight and

Forward flapping flight is, for birds of similar mass,Ventilatory/Locomotor Coupling 418
energetically more costly per unit of time than running orB. Temperature Control 423
swimming at the surface (Butler, 1991). However, duringC. Respiratory Water Loss 424
flight over long distances, birds are able to maintain rela-IX. Migration and Long-Distance
tively high velocities, which means that the energy re-Flight Performance 425

A. Preparation for Migration 425 quired for a given mass to travel a given distance (i.e., the
B. Migratory Behavior 427 cost of transport) is considerably less than the energy cost

X. Flight at High Altitude 428 of transport during walking, running, or surface swim-
References 430 ming (Tucker, 1970; Schmidt-Nielsen, 1972). Thus, a

number of species of birds are able to migrate over long
distances in a relatively short time period. Flight also en-
ables birds to travel relatively long distances on a dailyI. INTRODUCTION
basis, to and from their nests or roosting areas.

The high rate of energy consumption required forThe vast majority of birds have two independent lo-
flapping flight to be sustained over a prolonged periodcomotor systems, the legs and the wings. There are,

however, a number of species of birds which rely exclu- of time can only be maintained by ‘‘oxidative’’ or ‘‘aero-
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bic’’ metabolism of fuel substrates and places large de- physiological responses to flight. Thus, a number of tech-
niques used to study the flight of birds will be discussed.mands on the respiratory, cardiovascular, and muscular
To begin with, however, there is a short introductionsystems of birds. Migration over long distances has the
to the significance of animal size and scale.added problems of the birds initially carrying a relatively

large amount of fuel (see Alerstam and Lindström, 1990;
Witter and Cuthill, 1993), while at the same time con- II. SCALING
trolling body temperature and evaporative water loss
in the face of the large amount of heat that is generated It is important to be able to assess the significance
by the intense muscular activity. The energy cost of of a particular characteristic or adaptation and compare
spring migration may be so high as to influence the it with those of other individuals and/or species, even
subsequent energy dynamics of reproduction (e.g., thought these other animals may vary greatly in size or
Bromley and Jarvis, 1993). The postbreeding autumn mass. The study of the consequences of changes in shape
migration follows a period of relatively sedentary behav- or mass of different animals is called scaling (Schmidt-
iours such as incubation, brooding, and molt for the Nielsen, 1984). If two bodies are the same shape or
adults, during which there is evidence, for some species ‘‘geometrically similar’’ but of different volume (V) and
at least, that the main flight muscles atrophy (Mainguy mass (M) (i.e., their various characteristics are directly
and Thomas, 1985; Piersma, 1988; Bishop et al., 1996). proportional to their difference in mass), then these
Thus, for postbreeding adults, as well as for the sea- bodies are said to scale isometrically with regard to each
son’s fledglings, the flight muscles and supporting sys- other. If we consider two cubes of different size, then
tems have to achieve an adequate level of aerobic fit- each side will have a length (l), and the area will be
ness in preparation for the forthcoming migration. proportional to the length squared (A Y l2) while the
Those species of birds that fly at high altitudes during volume or mass (assuming a constant density) will be
their migration also have the combined problems of proportional to the length cubed (V Y l3). Thus, area
engaging in this energetically costly activity in a severely will be proportional to volume or mass to the two-thirds
hypoxic and cold environment and at a reduced air power (A Y V2/3) and any length will be proportional
density. to volume or mass to the one-third power (l Y V1/3).

At the other extreme from sustained flight is the explo- Because body mass (Mb) is a relatively easy variable to
sive ‘‘burst’’ flapping flight of many species of galliform measure in most animals and one which represents the
birds, which they utilize to escape terrestrial predators or large size range seen in animals, it is most frequently
to roost in trees.These birdsrely on‘‘anaerobic’’ metabo- used as the independent variable in scaling. Thus:
lism and are unable to sustain such activity for more than

l Y Mb
1/3 or Mb

0.33 and A Y Mb
2/3 or Mb

0.67 .a few minutes and may be rendered incapable of flying at
all after repeated bursts of activity (Marden, 1994). In Pennycuick (1982) studied the flight and morphomet-
between these two extremes are birds such as vultures, ric parameters of 11 species of Procellariiformes (e.g.,
storks, and albatrosses which are able to remain airborne petrels and albatrosses), ranging from 0.03 to 9 kg, and
by soaring and gliding and expend a fraction of the energy found that wing span (b) scaled in proportion to Mb

0.37

required for forward flapping flight during foraging trips (Figure 1a) and wing area (S) in proportion to Mb
0.627

and migration. In addition, small species of birds appear (Figure 1b). These results indicate that there is a slight
to use different ‘‘gaits’’ or flight modes, such as flap- tendency for larger birds to have relatively longer wings
bounding and flap-gliding (Tobalske and Dial, 1994), in and smaller wing areas, but that overall they are geomet-
order to maintain the wing beat frequency at the most rically very similar. However, Figure 1d shows that, if
energy efficient rate (Rayner, 1985a). the outlines of each species are traced and then dis-

This chapter will focus primarily on: the energetics played so that they all have the same wing span, as the
of bird flight, including long distance migration; the birds become smaller the shape of their wings changes
function, physiology, and biochemistry of the flight mus- in a systematic way (Pennycuick, 1992). This can be
cles, including ‘‘fitness’’ in preparation for migration; assessed by calculating the dimensionless variable called
deposition of fuel stores in preparation for migration; aspect ratio (L), which is b2/S. Figure 1c shows that L
respiratory and cardiovascular adjustments associated scales in proportion to Mb

0.116 and is highly significantly
with flight, including temperature control and water loss; different from the expected isometric value of Mb

0.0.
and flight at high altitudes. However, it is not easy to Thus, this feature of birds scales nonisometrically or
obtain experimental data from a flying animal, and it allometrically and the study of such relationships is often
should be remembered that it is doubtful if any one called ‘‘allometry.’’
experimental method can adequately give all of the nec- Such analyses can also be used to test predictions

regarding the scaling of animal energetics. For example,essary information required for a full analysis of the
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as ‘‘geometrically similar’’ animals increase in mass,
their surface area should decline proportional to Mb

0.67

and so should the rate at which energy will consequently
be lost to the environment. Thus, it might be expected
that basal metabolic rate (BMR) should also decline in
proportion to Mb

0.67. Most studies of vertebrates have
shown that BMR actually scales allometrically, at
around Mb

0.72–0.75, i.e., slightly greater than predicted
from the surface area law. However, some authors have
suggested that Mb

0.67 is probably the correct term and
that the calculations are biased by taxonomic (Bennett
and Harvey, 1987) or statistical (Heusner, 1991) arti-
facts. Allometric analysis can be used to address a wide
variety of issues in biology (Schmidt-Nielsen, 1984), and
the scaling of metabolic and biomechanical parameters
associated with bird flight will be considered throughout
this chapter.

III. ENERGETICS OF BIRD FLIGHT

One of the most useful physiological variables is the
rate at which a bird expends energy (i.e., power input
(Pi) during flight). The Pi of resting and exercising ani-
mals are important considerations in many ecological
and physiological studies of animal behaviour and evo-
lution. Therefore, some of the various techniques used
to study the biology of flight will be discussed, primarily
with respect to the estimation of Pi during flight. How-
ever, the mechanical power available for flight comes
from the relevant locomotor muscles. The chemical en-
ergy available from the anaerobic or aerobic catabolism
of the various fuel molecules is transformed by the myo-
fibrillar proteins of the flight muscles into mechanical
power output (Po) and heat. The exact quantity of Po

produced from a given Pi will depend on the efficiency
with which the locomotor muscles can convert the chemi-
cal energy intomechanical power. The heatproduced can
be used to regulate body temperature, but is almost in-

FIGURE 1 (a) Wing span, S; (b) wing area, A; (c) aspect ratio, variably ‘‘lost’’ to the environment, while the biomechan-
Λ, of 11 species of Procellariiform birds, plotted against body mass, ical Po results in various forms of locomotory behaviors.
Mb (From C. J. Pennycuick, ‘‘Newton Rules Biology: A Physical

The SI unit of power is the watt (W) which is equiva-Approach to Biological Problems,’’ 1992, by permission of Oxford
lent to 1 joule per second (J sec21). An estimate ofUniversity Press.) (d) Wing tracings from nine of these species, with

the smaller species enlarged such that all have the same wing span. Pi can be obtained by converting the rate of oxygen
1, wandering albatross Diomedia exulans; 2, black-browed albatross consumption (V? O2, ml sec21) to W. The conversion of
D. melanophrys; 3, grey-headed albatross D. chysostoma; 4, light- V? O2 to Pi depends on the metabolic substrate; for me-
mantled sooty albatross, Phoebetria palpebrata; 5, giant petrel Macro-

tabolism of pure carbohydrate [i.e., with a respiratorynectes sp.; 6, white-chinned petrel Procellaria aequinoctialis; 7, cape
quotient (RQ) of 1], 1 ml O2 sec21 5 21.1 W whereaspigeon Daption capensis; 8, dove prion Pachyptila desolata; 9, Wilson’s

storm petrel Oceanites oceanicus. The wing span of the largest species, for pure fat metabolism (i.e., with an RQ of 0.71), 1 ml
D. exulans, is 3.03 m and that of the smallest, O. oceanicus, is 0.393 m. O2 sec21 5 19.6 W (Lusk, 1919; Brobeck and Dubois,
(From C. J. Pennycuick, The flight of petrels and albatrosses 1980). Pure protein metabolism in birds would yield an(Procellariiformes), observed in South Georgia and its vicinity, Phil.

RQ of 0.74 and 1 ml O2 sec21 5 18.4 W ( Schmidt-Trans. R. Soc. Lond. B 300, 75–106/Figure 4, 1982, The Royal Society.)
Nielsen, 1997). During short-duration exercise, it is
likely that carbohydrate oxidation will dominate; for
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example, short hovering flights during foraging in hum- ing environmental conditions such as air density,
strength of gravity, local air thermals and deflected cur-mingbirds (Suarez et al., 1990) and soon after take-off

in pigeons (Butler et al., 1977), but during longer bouts rents from nearby surfaces (Pennycuick, 1989).
During forward flapping flight, a bird has to generateof exercise it is likely that fat oxidation will become

dominant (Rothe et al., 1987). However, this may be sufficient mechanical power to overcome the downward
acceleration due to gravity acting on its own mass (in-influenced by the feeding regime and by the season:

well-fed and summer birds start at a higher RQ and take duced power) and the frictional drag of the airflow over
its body (parasite power) and wings (profile power), aslonger to reach an RQ of approximately 0.7 (Nachtigall,

1995). Thus, if RQ is unknown, a compromise figure well as inertial power to accelerate and decelerate the
wings during each beat. Inertial power requirements arefor an RQ of 0.8, of 1 ml O2 sec21 5 20.1 W is often used

for calculations of Pi during aerobic activity (Schmidt- usually ignored for medium to fast flight speeds, but may
be important during hovering and slow flight (Norberg,Nielsen, 1997).
1990). A number of aerodynamic models (Pennycuick
1969; Tucker, 1973; Greenewalt, 1975; Rayner, 1979)

A. Techniques Used to Study the Mechanical have indicated that these components of the overall Po
Power Output Required for Flight of the flight muscles should vary with flight speed (U).

Calculations indicate that parasite and profile powers1. Aerodynamic and Biomechanical Models
should both increase with speed, whereas induced power

The use of aerodynamic models provides a theoreti- is high at low speeds and declines at higher speeds.
cal and biomechanical framework for understanding the Thus, overall Po should vary with speed in a U-shaped
physiological adaptations of birds and the likely con- fashion (Figure 2). This means that there is a speed at
straints acting on different species. In addition, it is which Po (and Pi) are at a minimum (Umin) and at which
theoretically possible to estimate the Pi of a particular the bird should fly in order to maximize its flying time.
bird, using estimates for Po based on aerodynamic mod- However, this is not the speed at which the bird should
els (Rayner, 1979; Pennycuick, 1989), provided the effi- fly in order to maximize the distance flown for a given
ciency by which the flight muscles are able to transduce amount of fuel consumption (i.e., the speed at which the
chemical energy into mechanical energy is known. The energy cost of transport is lowest, Emin). This is the maxi-
Po required for different modes of flight is primarily mum range speed (Umr, Figure 2) and is, theoretically, the
determined by the overall mass, wing kinematics and speed at which a long distance migrant should fly (Penny-
detailed morphology of the bird under investigation cuick, 1969), particularly if the supply of energy is limited

for any reason (Alerstam and Lindström, 1990). Heden-(Pennycuick, 1968), but it is also modified by the prevail-

FIGURE 2 Calculated mechanical power output (Ptot) and its separate components (induced power, Pind;
parasite power, Ppar; profile power, Ppro) for the European kestrel Falco tinnunculus (mass 0.21 kg) flying
at different speeds. Also shown are the minimum power speed (Umin) and maximum range speed (Umr).
(From Rayner, Contemp. Math. 141 (1993), 351–399 by the American Mathematical Society.)



4219 / c15-395 / 08-07-99 04:09:49

Chapter 15. Flight 395

ström and Alerstam (1995) contend that birds should
adapt their flight speed differently when migrating or
transporting food compared with when they are foraging.

Measurement of drag components and the overall
body drag coefficient of living birds is relatively difficult
(Pennycuick et al., 1988). Recent data from a teal (Anas
crecca) and a thrush nightingale (Luscinia luscinia) fly-
ing in a wind tunnel indicate that the drag coefficients for
these species may be some 20% of what was previously
assumed (Pennycuick et al., 1996). A phenomenon that
could reduce induced drag is ‘‘ground effect’’, which is
the result of a bird flying close above a plane surface,
be it water (e.g., petrels) or land (e.g., certain raptors).
It may also be important during take-off for heavy birds
such as swans and vultures. Rayner (1991) has devel-
oped a theory for ground effect under fixed wing condi-
tions. While acknowledging the limitations of the model,

FIGURE 3 Double logarithmic plot of power required and powerparticularly with respect to its neglect of flapping wings,
available (P) against body mass (Mb) for geometrically similar flying

Rayner (1991) concludes that there are improvements animals of different size. (From Pennycuick (1968), J. Exp. Biol.,
in performance for flight in ground effect, provided the Company of Biologists, Ltd.)
flight speed is not too low.

The inter-species scaling of the biomechanical power
maximum power (Pmax), which includes the aerobic andrequired to hold the wings out and to support the mass of
anaerobic capacity of the flight muscles, and maximumthe body during gliding flight is discussed by Pennycuick
sustainable power (Pms), which only includes the aerobic(1989). Given the limited amount of data available, he
capacity of the muscles and is limited by the rate oftentatively concludes that the power required should
delivery of oxygen and metabolites by the cardiorespira-scale with respect to body mass between Mb

0.67 and Mb
0.83,

tory system. In hummingbirds, both Pms and Pmax liei.e., that the power required is approximately a fixed mul-
above the power required for hovering (Figure 4) astiple of the aerobic basal metabolic rate in birds of differ-
these birds can hover aerobically. In contrast, for theent mass. This is consistent with the limited amount of
white-backed vulture (Pseudogyps africanus) both Pmsdata on the cost of gliding in birds (see below).
and Pmax lie between the minimum power required forPennycuick (1968, 1969, 1989) has also discussed the

factors which may limit the flapping flight performance
of different species of birds. He hypothesizes that the
Po required for flight should scale proportional to Mb

1.17

and predicts that the Po available from the flight muscles
should scale proportional to Mb

0.67. Therefore, in order
to maintain an equivalent flight performance, larger
birds should develop relatively larger flight muscles than
smaller birds. In fact, the mass of the flight muscles
appears to scale in direct proportion to body mass
(Greenewalt, 1962; Marden, 1987; Rayner, 1988; Bishop
and Butler, 1995), which means that larger birds should
have reduced flight performance in terms of rate of
climb, speed of take-off, ability to hover, and so on.
Thus, because the mass exponents are so different, there
should be a clear upper limit to the size of birds which
can perform flapping flight (Figure 3), and this would
appear to be at approximately 12 kg (Pennycuick, 1968).

FIGURE 4 Power curves (see Figure 1) for (a) pigeon, (b) humming-Pennycuick (1968, 1969, 1989) suggests that the range
bird, (c) white-backed vulture, and (d) California condor (not toof flight performance of any particular bird will depend
scale). The upper horizontal line represents maximum power available

on the relation between the Po/U curve and the maxi- (Pmax), the lower line represents the maximum sustainable power
mum Po available from the flight muscles. He distin- (Pms). (Modified from Pennycuick (1968), J. Exp. Biol., Company of

Biologists, Ltd.)guishes two categories of maximum power: absolute



4219 / c15-396 / 08-07-99 04:11:17

P. J. Butler and C. M. Bishop396

flight and that required for hovering, as they cannot corridor at a ‘‘medium’’ speed of approximately 7 m
sec21. In this case, the wake consisted of a pair of continu-hover, whereas they can fly horizontally. Birds such as

the pigeon are intermediate between these two, possess- ous, undulating trailing vortices (Figure 5b), indicating
that the upstroke of the wing was aerodynamically active.ing a Pmax sufficient to hover for brief periods using

anaerobic metabolism. As a result, a more simple wake model can be used to
calculate induced power, which is very close to that calcu-
lated fromthe model ofPennycuick (1975), basedon clas-

2. Air Flow Visualization and Direct sical aerodynamic theory. It would appear that the wake
Force Measurements geometry of the kestrel flying at medium speed may be

characteristic of a range of birds flying at their cruisingAlthough the aerodynamic models for estimating Po
speeds (Spedding, 1987; Rayner, 1990). Using wing-beathave been available for many years, very few experi-
kinematics to infer lift production, Tobalske and Dialments have attempted to test their accuracy by obtaining
(1996) concluded that black-billed magpies (Pica pica)direct measurements of the forces produced by the
use a vortex-ring gait at all speeds, whereas pigeons usewings. Some ingenious experiments performed by Sped-
a vortex-ring gait at 6–8 m sec21, a transitional gait atding et al. (1984) and Spedding (1986) enabled the wake
10 m sec21, and a continuous-vortex gait at higher speeds.of pigeons (Columba livia) and jackdaws (Corvus

Recently, experimentalists have made a technologi-monedula) flying in a 4-m long cage to be visualized as
cal advance by using calibrated strain recordings fromthey flew slowly through a cloud of neutrally buoyant
the humerus of flying birds to measure the force andhelium bubbles. Although the data obtained supported
estimate the Po generated by the pectoralis muscle (Bie-the hypothesis (Rayner, 1979) that the wake is com-
wener et al., 1992; Dial and Biewener 1993; Dial et al.,posed of a chain of small vortex rings (Figure 5a), indi-
1997). In general, their results give values for the me-cating that the upstroke is inactive, the energy (induced
chanical power output required during flight that arepower) calculated from the rings was only 60 and 35%,
lower than those generated by recent aerodynamic mod-respectively, of those predicted from the model. The
els (Rayner 1979; Pennycuick 1989), and the shape ofauthors were unable to explain this ‘‘deficit’’, other than
the power curve with regards to the speed of flightthe possibility that the flight was of too short a duration
is flatter (Dial et al., 1997). Dial and Biewener (1993)and that, therefore, the birds were not flying at a con-
indicate the possible sources of error in their studies.stant speed as they flew through the cloud of bubbles.
They acknowledge that there were uncertainties aboutIn a further study, Spedding (1987) flew a kestrel (Falco
the airspeed and flow conditions experienced by thetinnunculus) through helium bubbles along a 36-m long
birds in the wind tunnel, and that there were limitations
in the calibration of the strain gauges, which may have
led to an underestimation of the maximal force and Po.

B. Techniques Used to Measure the Power
Input Required for Flight

1. Mass Loss

Some of the earliest measurements of Pi were esti-
mated from the mass loss recorded during a long, non-
stop flight, with the assumption that fat constituted by
far the major part of this loss and that the net loss of
water was negligible (Nisbet et al., 1963). Berger and
Hart (1974) criticized this method, as they believe that
total water loss may exceed the production of metabolic
water, particularly at high environmental temperatures
(cf., Nachtigall, 1995). Even so, Jehl (1994) has used
this method to estimate the energy expenditure of black-
necked grebes (Podiceps nigricollis) forced to land dur-

FIGURE 5 Reconstruction of the air movements and the position ing migration as a result of bad weather. The data were
of the vortex core in the wake of (a) a pigeon, Columba livia, and

inconclusive, mainly because of uncertainty over the(b) a kestrel, Falco tinnunculus, flying through a cloud of neutrally
time the birds were flying. Another problem with thisbuoyant, helium-filled soap bubbles. (From Rayner (1988), ‘‘Current

Orinthology,’’ Vol. 5, pp. 1–66, Plenum Publishing Company.) method is that there is evidence to indicate that migrat-
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ing birds also catabolize protein (e.g., muscle and intes- of an experiment is limited by the turnover rate of the
18O, thus it is necessary to recapture the animal after atine) during flight (Piersma and Jukema, 1990; Jenni-

Eiermann and Jenni, 1991) and, whereas fat has an sufficient delay following injection of the isotopes to
enable a reasonable decline in the enrichment of 18O,energy density of 39.3 kJ g21, the value for muscle (which

is composed of approximately 70% water) is only 5.4 kJ but before the enrichment is too low (Nagy, 1983). The
other problem is that the technique only gives an aver-g21 (cf., Schmidt-Nielsen, 1997).

Masman and Klaassen (1987) developed a more com- age value for energy expenditure between the two sam-
pling points and this is usually over a 24-hr daily cycleplex method of using changes in body mass to estimate

flight costs. They studied the energy budgets of trained of activity (Speakman and Racey, 1988). When DLW
is used to determine the metabolic cost of a specifickestrels (Falco tinnunculus) performing directional

flights in the laboratory. Energy expenditure during activity (e.g., flying) then, as with the body mass method,
it is necessary to have accurate information on the dura-flight was calculated by monitoring daily metabolizable

energy intake, oxygen consumption and carbon dioxide tion of the flying period(s) between the initial and final
sampling times. Ideally, the respiratory quotient (RQ)production during rest, and time spent flying per day.

A similar approach has recently been applied to the also needs to be known to convert the calculated V? CO2

to an estimate of V? O2 and/or Pi (see above).study of a single thrush nightingale (Luscinia luscinia)
flying for very long periods (seven different 12 h flight Recent validation studies with captive birds exercis-

ing at different levels of activity (but not flying) over asessions) in a wind tunnel (Klaassen et al., 1998). How-
ever, in general, estimates of energy consumption based period of 72 hr have indicated that, provided mean data

are used from a number of birds, the DLW method canon changes in body mass may be subject to considerable
error as they are very sensitive to the values of protein give estimates of metabolic rate that are within a few

percent of those measured by respirometry (Nolet etand/or carbohydrate utilized in the calculation.
al., 1992; Bevan et al., 1994, 1995a). As far as the authors
are aware, no such validations have been performed

2. Doubly Labeled Water
with flying birds, although the data from the first use
of the technique with a flying bird (LeFebvre, 1964)The most commonly used method to determine the

field metabolic rate (FMR) of air-breathing vertebrates compare well with those obtained from estimated fat
loss by the same author and with direct measurementsis the doubly labeled water (DLW) method, and it has

been used extensively with free-ranging birds (Hails, during flight of the same species (pigeon) in a wind
tunnel (Butler et al., 1977).1979; Ellis, 1984; Tatner and Bryant, 1989). This method

was first proposed as a means of determining CO2 pro-
duction by Lifson and his co-workers over 40 years ago

3. Telemetry and Data Logging
(Lifson et al., 1949, 1955). It involves the injection of a
mixture of 2H2O (or 3H2O) and H2

18O into the animal, In recent years, much progress has been made in
the use of biotelemetry and data logging devices forallowing these isotopes to equilibrate with the body

water pool(s), taking a body fluid sample after injection studying the physiology of freely flying birds. For exam-
ple, heartbeat frequency (fH) can be measured and usedand releasing the animal into the field. After a number

of days, the animal is recaptured and another body fluid as an indicator of energy consumption. Some of the
early studies involved attaching relatively large radio-sample is taken. The difference between the rate of loss

of the different isotopes between the two samples is transmitters to the back of birds and recording data
during flights of only a few seconds duration (Hart andassumed to be equivalent to the rate of CO2 production

(V? CO2), from which the metabolic rate and Pi of the Roy, 1966; Berger et al., 1970a,b). Of course, any exter-
nally mounted object is likely to influence the flightanimal can be estimated. The maximum time between

these sampling points (the maximum duration of the performance of a bird, not only as a result of the added
mass, but also by increasing the aerodynamic drag ofexperiment) varies according to the initial enrichment

(the greater this is, the longer the time), the mass of the body. These effects may be minimal for a relatively
small transmitter that the bird can preen under its con-the animal (for the same relative enrichment, the greater

the mass, the longer the time) and, of course, the level tour feathers (Obrecht et al., 1988). However, in some
circumstances, the effects can be quite substantial, par-of activity of the animal. The many assumptions that are

made when using this technique have been thoroughly ticularly for high-performance birds like homing pi-
geons (Gessaman and Nagy, 1988). Butler and Woakesdiscussed by Nagy (1980) and Speakman (1990).

Although this is a relatively simple method to use in (1980) overcame the problem of increasing body drag
by implanting relatively small (,10 g) radiotransmittersthe field, it has two major limitations. Perhaps most

importantly for field work is the fact that the duration into the abdominal cavity of barnacle geese (Branta
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leucopsis) and were able to record heart rate (mean, flying birds (Butler et al., 1977; Rayner, 1994). In order
to obtain physiological data from a bird flying in a wind512 beats min21) and respiratory frequency (mean,

99 breaths min21) from two birds (mean mass, 1.6 kg) tunnel, it is often necessary to attach recording equip-
ment to them, which will have some affect on the mea-flying behind an open-topped vehicle. The problem with

this technique is that it is necessary to be sufficiently surements. For example, gas exchange (V? O2 and V? CO2)
is usually determined by means of a lightweight maskclose to the subject in order to receive and record the

transmitted data. It is now possible, however, to implant which covers the beak and nose and through which air
is drawn via an attached tube (Tucker, 1968b; Tucker,data loggers (weighing less than 25 g) that will store

basic physiological information (heart rate, body tem- 1972; Bernstein et al., 1973; Butler et al., 1977; Gessa-
man, 1980; Hudson and Bernstein, 1983; Rothe et al.,perature, etc.) over periods of many days. The data

can then be downloaded after the animal is recaptured 1987). The mask and tubing will influence the recorded
data because of their mass, but more so because of the(Woakes et al., 1995; Bevan et al., 1995b).

Thus, it has recently been demonstrated that, if prop- extra drag that they impose. The only studies in which
gas exchange has been determined in a wind tunnelerly calibrated and if mean data are used from a number

of animals, fH may be used as an indicator of oxygen without the use of a mask, are those by Tucker (1966)
and Torre-Bueno and Larochelle (1978). These authorsuptake in free-living birds (Nolet et al., 1992; Bevan

et al., 1994, 1995a,b). By storing fH in implantable used air-tight, closed-circuit wind tunnels and measured
the changing concentration of gases in the tunnel duringdata loggers, Bevan et al. (1995b) estimated the energy

cost of gliding flight, while having minimal effect on the flight periods.
An aerodynamic analysis by Rayner (1994) suggeststhe behavior of the birds. However, the relationships

between fH and V? O2 that are obtained during walking that the Po required by a bird to fly is reduced when it
flies in a wind tunnel with a closed section (unless theand running, or during swimming, may not be identical

to those obtained when the birds are flying (Gessaman, tunnel is at least 2.53 the wingspan of the bird and it
flies at or near the center of the tunnel) and increased1980; Nolet et al., 1992). In addition, it is recommended

that the fH values recorded in the field should not exceed when it flies in a tunnel with an open section (again,
the effect is related to the relative size of the tunnel),the range of fH measured during calibration. Thus, be-

fore this technique can be used reliably for birds during compared with the situation during free flight. However,
at the moment there are few reliable experimental dataflapping flight, it should be calibrated under those condi-

tions, perhaps in a wind tunnel. As the technology im- to support these conclusions. In this context, it is inter-
esting to note that the value for V? O2 obtained by Butlerproves to enable more variables to be monitored, and

for the storage of the data not to rely on the continued et al. (1977) for pigeons (mean mass 0.442 kg) flying in
a relatively large wind tunnel at 10 m sec21 (182 ml O2operation of the battery, this could be a very useful

method for determining the physiological responses of min21 kg21, adjusted for 10% effect of drag of mask
and tubing; Tucker, 1972) is similar to that obtained bybirds flying under completely natural conditions.
LeFebvre (1964) using the DLW method for free-flying
pigeons (199 ml O2 min21 kg21, mean mass 0.384 kg).

4. Wind Tunnel
However, it is somewhat less than the mean minimum
value obtained by Rothe et al. (1987) for pigeons (meanPi is most easily estimated indirectly, and under labo-

ratory conditions, by directly measuring the V? O2 of birds mass 0.330 kg) flying in a relatively small wind tunnel
(248.5 ml O2 min21 kg21, also adjusted for drag of maskflying in a wind tunnel and then converting that to Pi

(see above). The increased use of wind tunnels during and tubing, but for a 22% effect; Rothe et al., 1987).
According to Rayner’s analysis, aerodynamic factorsthe past 30 years has greatly added to our knowledge

and understanding of the physiology of birds during alone would lead to V? O2 being lower for the pigeons
flown by Rothe et al. (1987). Rayner (1994) also con-flight (Butler and Woakes, 1990; Norberg, 1990). Per-

haps the main advantage of being able to use a wind cludes that, in closed wind tunnels, the Po-versus-speed
curve (see above) will be flatter than that for free-tunnel is that it is possible to make physiological mea-

surements that would be virtually impossible by any flying birds.
Contrary to the above, other studies have suggestedother means (e.g., repeated blood samples, blood pres-

sure and flow measurements, direct measurements of that data on the energy cost of flight obtained from
birds flying in wind tunnels are 30–50% higher thanforce production, etc.). However, it must also be borne

in mind that, as with almost any other method for study- those obtained from some of the other methods dis-
cussed above, such as mass loss and DLW (Masmaning a living animal, the wind tunnel itself can influence

the behaviour of the animal flying in it and hence affect and Klaassen, 1987; Rayner, 1990). However, the former
authors included in their wind tunnel data measure-the data obtained when compared with those from free-
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ments from hovering hummingbirds and from other ex- There has only been one study in which all four variables
of the Fick equation have been measured in a birdperiments that most definitely did not involve the use

of a wind tunnel (e.g., Teal, 1969 and Berger et al., during forward flapping flight (Butler et al., 1977), so
Bishop and Butler (1995) substituted each of the values1970a). Rayner (1990) used the same data set of 71 birds

as Masman and Klaassen (1987), but supplemented it from this study into the above equation, based on a
series of general allometric equations ( y 5 a xb) forwith 40 more values from more recent publications.

Unfortunately, he did not give the source of these addi- the scaling of fH, Vs, and (CaO2 2 CvO2), respectively.
For birds flying close to their minimum power speeds,tional data, so it is not possible to check and if necessary

reanalyze them. However, taking the 9 values obtained the individual components of the Fick equation were
estimated to scale as follows: fH 5 574 Mb

20.19, Vs 5by the DLW technique and used by Masman and Klaas-
sen (1987) and reanalyzing them using the method of 3.48 Mb

0.96, (CaO2 2 CvO2) 5 0.083 Mb
0.00. The esti-

mated scaling of Vs during flight was based on the as-reduced major axis (RMA; Sokal and Rohlf, 1981;
Rayner, 1985b), Pi (W) during forward flapping flight sumption that Vs should be almost directly proportional

to the mass of the heart (Mh), or Vs 5 0.3 Mh
1.05, whileis calculated as: Pi 5 69.5 Mb

0.87, r 2 5 0.83, n 5 9 Mb

5 body mass in kg). Taking the 7 values for birds that fH during flight and Mh may be readily determined ex-
perimentally.did actually fly in wind tunnels from the list of Masman

and Klaassen (1987) (i.e., numbers 44, 54, 57, 63, 64, 67, The determination of (CaO2 2 CvO2) may be more
problematic, but using the value of 0.083 milliliter of O268; note, Pi for bird 44 should be 4.08 W and not 40.8

W) gives Pi 5 58.8 Mb
0.76, r 2 5 0.98. Neither the slopes per milliliter of blood for a 1.6-kg barnacle goose with a

heart rate of 512 beats min21, Bishop and Butler (1995)nor the elevations of these regressions are significantly
different from one another. If the minimum values are give an estimate of V

·
O2 (264 ml min21 5 165 ml min21

kg21) which is not very different from the directly mea-taken from the 7 studies of birds flying in wind tunnels,
and if the drag of the mask and tubing is taken into sured value (Figure 6). Bishop and Butler (1995) con-

cluded that, for birds with a high aerobic capacity (suchaccount, then the equation is Pi 5 52.6 Mb
0.74,

r 2 5 0.95. Thus, there appears to be no justification for as pigeons), V
·
O2 (ml min21) 5 166 Mb

0.77, for birds flying
close to their minimum power speeds. This compares fa-the conclusions made by Masman and Klaassen (1987)

and Rayner (1990). It should be noted that Norberg vorably with the relationship (V
·
O2 5 160 Mb

0.74) calcu-
lated by Butler (1991) and reanalyzed using RMA for(1996) made similar erroneous inclusions in her ‘‘wind

tunnel’’ data (see her Table 7.3) to those of Masman seven species of birds during forward flapping flight in a
wind tunnel. Bishop (1997) used a similar approach toand Klaassen (1987).
estimate the maximum V

·
O2 of birds during flight, again

using Mh as the basis of the calculation. Although there is5. Modeling of Cardiovascular Function
a need to obtain more data on the cardiovascular changes

Some of the shortcomings of using the aerodynamic that occur in birds of different body mass and during dif-
models for estimating Pi (by assuming a value for effi- ferent modes of flight, it would appear that the use of Mh
ciency) could possibly be avoided by devising a model to estimate the aerobic capacity of different species of
to estimate total Pi directly. This has recently been at- birds may have more general applicability than the use
tempted by Bishop and Butler (1995), who assumed that of the allometric relationship obtained from a few species
the mass of an animal’s heart could be used as a basis of birds flying in a wind tunnel.
for estimating cardiac stroke volume and calculating
the animal’s aerobic capacity. The role of the various

C. Empirical Data Concerning the Powercomponents of the cardiovascular system in presenting
Input during FlightO2 to (and removing CO2 from) the the exercising mus-

cles can best be described by a form of Fick’s formula An individual flight by a free-ranging bird will include
for convection: at least one take-off and a period of climbing, probably

several maneuvers (turns, short periods of ‘‘burst’’ flying,V? O2 5 fH 3 VS 3 (CaO2 2 CVO2)
changes of gait) as well as various periods of gliding or

where fH is heart beat frequency (beats min21); VS is soaringandflappingflight. Thepowerrequirementsasso-
cardiac stroke volume (ml); and (CaO2 2 CVO2) is the ciated withall of thesevarious types offlight willbe differ-
difference between the oxygen content in arterial and ent and may be provided by either anaerobic or aerobic
mixed venous blood (milliliter of O2 per milliliter of metabolic pathways or by a combination of the two.
blood). In theory, each of these variables can scale inde- Species belonging to the Galliformes (e.g., pheasants,
pendently with respect to body mass such that: grouse, and quail) routinely engage in a powerful

‘‘burst’’ type of flight during take-off and short-duration(V
·
O2)Mb

z 5 ( fH)Mb
w x (Vs)Mb

x x (CaO2 2 CvO2)Mb
y.
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FIGURE 6 Direct measurement of the rate of oxygen consumption (STPD) of a 1.59 kg barnacle goose,
Branta leucopsis, during forward flapping flight in a wind generator at a speed of 12 m sec21. Note that toward
the end of the flight, as the air speed decreased, the bird progressively began to hover and the rate of
oxygen consumption increased accordingly. (Redrawn from P. J. Butler, A. J. Woakes, R. M. Bevan, and R.
Stephenson, submitted.)

ever, for herring gulls (Larus argentatus) gliding in aflights. Their muscles use intracellular stores of muscle
wind tunnel, Pi (calculated from measured V

·
O2) is, atglycogen utilizing predominantly anaerobic metabolism,

13.9 W for birds of 0.91 kg mean mass, only 2.13 thewhich leads to the accumulation of lactic acid and to a
resting value (Baudinette & Schmidt-Nielsen, 1974).metabolic acidosis. Fatigue soon develops and, subse-

In a study on black-browed albatrosses (D. melano-quently, the lactate is either oxidized as fuel by tissues
phrys), Bevan et al. (1995b) used the fH method to deter-such as the heart or reconverted to glycogen by the
mine FMR and salt water-switches to determine whenliver. Thus, a large proportion of the total cost of these
the birds were on the water. It was, therefore, possibleexplosive flights is ‘‘paid’’ while the bird is resting on
for these authors to estimate the metabolic rate of theirthe ground following the flight (Bishop and Butler,
birds when on water and this was 2.63 that recorded1995) and an assessment of the true cost of such flights,
from the birds during incubation and 1.93 the predictedif based on V

·
O2, would have to include the postflight

BMR; that is, somewhat higher than was assumed byperiod of recovery. In other words, measurements of
Adams et al. (1986) and Costa and Prince (1987).V

·
O2 can only be used for accurate estimates of Pi if the

Interestingly, the average metabolic cost of flying was,activity is sustainable for relatively long periods of time
at 21.7 W for birds of 3.5 kg mean mass, 60% of that(i.e., if the bird is metabolizing aerobically).
estimated for the similar sized grey-headed albatross
by Costa and Prince (1987) and not significantly differ-

1. Gliding and Soaring Flight ent from the value obtained when the birds were on the
water. Other studies on sea birds, in which the DLWIn windy conditions, albatrosses exclusively use soar-
method has been used to estimate FMR, have used salting and gliding flight and even in near calm conditions,
water switches in order to determine when the bird isthey only beat their wings occasionally (Alerstam et al.,
airborne, but the species studied (Sulidae) use a combi-1993). Using the DLW method, Adams et al. (1986),
nation of gliding and flapping flight, so it was not pos-studying the wandering albatross (Diomedia exulans),
sible to determine the energetic cost of either modeand Costa and Prince (1987), studying the grey-headed
(Birt-Friesen et al., 1989; Ballance, 1995). Similar limita-albatross (D. chrysostoma), estimated that the meta-
tions apply to other studies in which the assumption isbolic cost of flight is 3.03 (49.7 W for birds of 8.4 kg
made that, when not on the nest, the birds are continu-mean mass) and 3.23 (36.3 W for birds of 3.7 kg mean
ously flying (e.g., Flint and Nagy, 1984; Obst et al., 1987).mass) predicted basal metabolic rate (BMR), respec-

The study by Bevan et al. (1995b) illustrates the im-tively. These estimates were based on the assumption
portance of accurately determining the behavior of thethat, when on water, the metabolic rates of the birds
animals under study and the advantages of using awere close to those when they were at rest on land
method for determining FMR that allows the metabolicand their mean activity budgets were similar to those

obtained from other studies on the same species. How- cost of the separate behaviors to be estimated. By using
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satellite transmitters and the logging of fH data, Bevan et 2. Forward Flapping Flight
al. (1995b) were able to determine the metabolic costs of

Some of the most comprehensive, and probably thedifferent sections of a foraging trip of an individual black-
most reliable (see above), data we have on the energybrowed albatross (Figure 7). During section 2 of the trip,
consumed (Pi) during forward flapping flight are thoseit covered a distance of 80.1 km in 1.7 hr, a mean ground
obtained from birds flying in wind tunnels. The usespeed of 13.1 m sec21. This is very similar to the mean
of wind tunnels has made it possible to estimate Pi atspeed of 12.9 m sec21 that Alerstam et al. (1993) report for
different flight speeds (Figure 8), and this relationshipa visually tracked black-browed albatross. This suggests
appears to vary between species. Three species have athat the bird was flying continually during section 2. Met-
J-shaped curve, one has a flat ‘‘curve,’’ and only two,abolic rate was low during this period (2.4 W kg21) and
the budgerigar (Melopsittacus undulatus) and the pi-barely greater than that during incubation (2.2 W kg21).
geon, have the U-shaped curve predicted by aerody-The bird was probably searching for patches of prey and
namic theory for mechanical power output (Pennycuick,being carried by the wind (Alerstam et al., 1993). On the
1969; Tucker, 1973; Greenewalt, 1975; Rayner, 1979).other hand, during section 4 of the trip, the straight-line
Arguably, the J-shaped Pi curves may not be so differentdistance traveled was only 6.3 km at a mean ground speed
from the predicted U-shaped Po curve, as very low airof 1.6 m sec21. This suggests that the bird was relatively
speeds were not obtained with these species. However,stationary on the water and/or was flying within a re-
partly on the basis of data obtained from hummingbirdsstricted area. It exhibited its highest metabolic rate
while hovering and during forward flapping flight (Ber-(8.8 W kg21) during this period, indicating that the bird
ger, 1985), Ellington (1991) has argued that there may,wasengagedinsome formofrelativelystrenuousactivity,

such as more active flight and/or feeding. in fact, be ‘‘little variation in mechanical power from hov-

FIGURE 7 (a) Flight track of a single foraging trip from South Georgia (SG) by a black-browed albatross,
Diomedea melanophrys, equipped with a satellite transmitter and a heart rate data logger. Circles represent
the position of each satellite uplink, with the solid circles showing positions during the hours of darkness. The
arrows show the direction traveled between each successive position, each section being numbered consecutively.
(b) Top graph: distance traveled (D, km), ground speed (S, m sec21), and estimated energy expenditure
(O, W kg21) for each section of the trip depicted in a. The horizontal bars represent the time between each
satellite uplink. Mean ground speed (horizontal broken line, i) is from Alerstam et al. (1993) and the incubating
metabolic rate (horizontal broken line, ii) is that measured while birds were on the nest incubating (W kg21).
Bottom graph: heart rate ( fH) trace over the same period. The vertical dashed lines joining the two graphs
show when the bird left and returned to the colony. (Modified from R. M. Bevan, P. J. Butler, A. J. Woakes,
and P. A. Prince, The energy expenditure of free-ranging back-browed albatrosses, Phil. Trans. R. Soc. Lond.
B 350, 119–131/Figure 9, 1995b, The Royal Society.)
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FIGURE 8 Power input (W) at different air speeds for six different species of birds of different
mass during horizontal flapping flight in a wind tunnel. (From Bird Migration: Physiology and
Ecophysiology, The physiology of bird flight, P. J. Butler and A. J. Woakes, pp. 300–318, 1990,
q Springer-Verlag.)

FIGURE 9 Mean power output (determined from calibrated strain recordings from the humerus and wingbeat
frequency) of three black-billed magpies, Pica pica, flying at different speeds in a wind tunnel. Power output
during hovering was significantly higher (P , 0.001) than at all other speeds, but no significant differences in
power output were observed between 4 and 14 m sec21 (reprinted with permission from Nature, Dial et al.,
1997, copyright 1997 Macmillan Magazines Limited).
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ering to intermediate flight speeds and then a sharp in- and Bernstein, 1983) and it demonstrates two interesting
features. First, on average, the minimum Pi (after adjust-crease at higher speeds.’’ In other words, the J-shaped Po

curve may be more realistic for these species. Thus, an ing for the drag of the mask and tubing, where neces-
sary) of the seven species (mass range, 35 to 480 g) isincrease in both Pi and Po with increasing speed is widely

accepted and this would indicate a near constant mecha- 9.23 the BMR calculated for nonpasserine birds (Prin-
zinger and Hanssler, 1980) and second, it is 2.23 the Pinochemical efficiency with increasing speed. In constrast,

the first ever direct determinations of the forces pro- of mammals of similar mass (up to 900 g) running at
their maximum sustainable speed (Pasquis et al., 1970).duced, and the Po of the pectoral muscles of a bird (the
There has been one study in which metabolic rate wasblack-billed magpie) flying at a range of speeds, indicates
recorded from a species of hummingbird (Colibri corus-that there is an L-shaped (i.e., a mirror image of the J-
cans) during forward flapping flight in a wind tunnelshape) relationship between the two, with Po being rela-
(Berger, 1985). It can be seen from Figure 10, that thetively constant at speeds above 4 m sec21 (Figure 9).
minimum metabolic rate during flight is close (withinFigure 10 illustrates an allometric plot of the available
20%) to that predicted from the extrapolated regressiondata for the minimum Pi of seven species of birds during
line determined previously for the other seven species.forward flapping flight in wind tunnels (Tucker, 1968b,
If the value from the hummingbird data is included1972; Bernstein et al., 1973; Butler et al., 1977; Torre
in the regression analysis, the equation becomes: 48.5Bueno and Larochelle, 1978; Gessaman, 1980; Hudson
Mb

0.69, r2 5 0.98, using least-squares regression analysis.
Data from four wild barnacle geese migrating from

theirbreeding grounds in Svalbard(798N)to theirwinter-
ing grounds in southern Scotland (558N), indicate that
the average heart rate during flight at the beginning of
migration was 317 beats min21, but that it decreased dur-
ing the migratory period, reaching its lowest value (226
beats min21) toward the end. This was, no doubt, related
to an estimated 26% reduction in body mass during the
migration (Butler et al., 1998). Average heart rate during
all of the migratory flights was only 253 beats min21 (i.e.,
50% of that obtained from geese flying behind a truck,
see above). The mean mass of four premigratory geese
was 2.3 kg and, by estimating cardiac stroke volume
(Bishop and Butler, 1995) and assuming a (CaO2 2 CvO2)
of 0.123 milliliter of O2 per milliliter of blood, Butler et
al., (1998) estimated average minimum V? O2 at the begin-
ning of migration to be 302 ml O2 min21, or 99 W. This is
remarkably similar to the value (296 ml O2 min21 for a
2.3-kg goose) obtained from an extrapolation of the allo-
metric equation derived from seven species of birds flying
in a wind tunnel (Butler, 1991) recalculated using RMA
regression (see above).

FIGURE 10 The relationships between power input (Pi) and body
3. Hovering Flightmass, Mb, using least-squares regression analysis for: (i) seven species

of birds during forward flapping flight in a wind tunnel; B, budgerigar
Hovering flight is, in theory, relatively costly (seeMelopsittacus undulatus; S, starling Sturnus vulgaris; K, American kes-

Figure 2); however, the only study in which V? O2 fortrel Falco sparverius; LG, laughing gull Larus atricilla; FC, fish crow
Corvus ossifragus; P, pigeon Columba livia; WNR, white-necked raven both hovering and forward flapping flight have been
Corvus cryptoleucus. Minimum values of power input (Pim) were used determined for the same bird (Berger, 1985) indicates
to construct this curve and Pim 5 50.7 Mb

0.72; (ii) small mammals during
that there is, in fact, no difference in Pi between themaximum sustainable exercise where Pi 5 22.6 Mb

0.73 (data from Pas-
two forms of flight (Figure 11). This is consistent withquis et al., 1970); (iii) resting nonpasserine birds where Pi 5 5.5 Mb

0.73

(data from Prinzinger and Hanssler, 1980). (From Circulation, Respira- the fact that the values for V? O2 from six species of
tion, and Metabolism: Current Comparative Approaches, Exercise in hovering hummingbirds lie close to the extrapolated
normally ventillating and apnoeic birds, P. J. Butler and A. J. Woakes, line obtained from larger birds during forward flappingpp. 39–55, 1985, q Springer-Verlag.) Also included in (i), the minimum

flight, even though the allometric relationships for thePi of the hummingbird Colibri coruscans during forward flapping flight
in a wind tunnel (H) (from Berger, 1985). two groups are substantially different [V? O2 5 160 Mb

0.74
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FIGURE 11 Mean (6 SD) of direct measurements of oxygen consumption of two species
of hummingbird, Colibri coruscans, 8.5 g (d) and C. thalassinus, 5.5 g (j) flying at
different speeds in a windtunnel. [From Berger (1985), with permission from Gustav
Fischer, Stuttgart.]

for birds during forward flapping flight and 463 Mb
0.91 for weights to the birds, Wells (1993b) determined that max-

hovering hummingbirds; Butler (1991), and reanalyzed imum Po of the pectoral muscles for this species during
using RMA]. If data from three more species of hum- hovering was around 117 W kg21 (assuming perfect elas-
mingbirds are added to those used by Butler (1991) in tic storage of energy) and that the efficiency remained
his analysis (those from Wolf and Hainsworth (1971) approximately 10%. Using the novel and elegant method
and Wells (1993a), the relationship for the nine spe- of flying ruby-throated hummingbirds (Archilochus col-
cies of hummingbirds, using RMA analysis, becomes: ubris) in an increasing atmosphere of He/O2, Chai and
V? O2 5 449 Mb

0.90, r2 5 0.94. It is interesting to note Dudley (1995) were able to reduce the density of the
that the analysis by Bishop and Butler (1995) indicates medium from the normal air value of 1.23 kg m23 to
that minimum V? O2 during forward flapping flight of the point (on average, 0.54 kg m23) at which the birds
hummingbirds should scale 314 Mb

0.90. were no longer able to hover for more than a few sec-
onds. At this density, the Po of the highly oxidative
pectoral muscles was calculated to be around 133 W

4. Scaling of Flight Muscle Efficiency and Elastic kg21 (assuming perfect elastic storage of energy), V? O2
Energy Storage was measured as 62 ml g21 h21, and the efficiency was

estimated to be around 10% regardless of the intensityThe efficiency with which the flight muscles can pro-
of the flight ‘‘effort.’’ The above calculations includeduce mechanical power from chemical energy is of great
an allowance of 10% for the cost of cardiorespiratoryphysiological significance as it determines the overall
function (Tucker, 1973; Pennycuick, 1989), but there isenergy required by the animal during exercise. Excess
no allowance for BMR. However, taking this into ac-heat must be lost to the environment in order to prevent
count (Krüger et al., 1982) only increases efficiency byhyperthermia. However, in order to estimate efficiency
approximately 1% in both studies.it is necessary to measure both the Pi and the Po of the

Biewener et al. (1992) and Dial and Biewener (1993)flight muscle.
used calibrated strain recordings from the humerus ofBy using detailed kinematic and morphological anal-
flying birds to measure the force and estimate the poweryses, Wells (1993a) calculated an estimate for Po (100 W
generated by the pectoralis muscles. In the first of thesekg21) during hovering of the broad-tailed hummingbird
studies, mean Po for three starlings (Sturnus vulgaris)(Selasphorus platycercus) based on the aerodynamic
between 70–73 g mass and flying in a wind tunnel (formodel of Ellington (1984). V? O2 was measured as 50 ml
unstated duration) at an estimated speed of 13.7 m sec21g21 h21, which gave an estimated efficiency of 9–11%

(assuming perfect elastic storage of energy). By adding was 1.12 W. Torre-Bueno and Larochelle (1978) re-
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ported mean Pi to be 8.9 W for three starlings of mean calculated a figure of 119 W kg21 of flight muscle for
the pigeon, which is similar to that calculated for hum-mass 73 g and flying in a wind tunnel for 30 min over
mingbirds hovering for a maximum of a few secondsa range of speeds from 8–18 m sec21. Thus, after sub-
(Wells, 1993a,b; Chai and Dudley, 1995), despite thetracting BMR (Prinzinger and Hanssler, 1980) and
fact that the pigeon has a wingbeat frequency of aroundallowing 10% for the cost of cardiorespiratory function,
15 Hz compared to that of 50 Hz for the hummingbird.the estimated efficiency of the flight muscles for this
However, studies by Chai and Millard (1997) and Chaispecies is 15.4%. In the second study, mean Po for four
et al. (1997) on five species of hummingbirds hoveringpigeons between 301–314 g and flying at approximately
while lifting maximum loads for less than 1 sec, show8 m sec21 along a 47 m long corridor, was 10.5 W kg21.
that maximum anaerobic output of the flight muscleDial and Biewener (1993) used a Pi value of 106 W kg21

varies between 206 and 327 W kg21 (assuming perfect(cf., Rothe et al., 1987). Thus, estimated flight muscle
elastic storage of inertial energy). Thus, mass-specificefficiency is approximately 11.2%. However, Rothe et
Po of the pectoral muscle of hummingbirds may, in fact,al. (1987), estimated that their measurements of Pi were
be considerably greater than that of pigeons.elevated by between 15–30% by the presence of the mask

Wells (1993a) and Chai and Dudley (1995) concludedand tubing. If a mean overestimate of 22% is assumed,
that hummingbirds are able to store the ‘‘inertial en-the actual value of Pi would be 87 W kg21, which would
ergy’’ required to accelerate the wing through each beatgive an efficiency of 13.8%. If the value of Pi, after adjust-
in an elastic component of their muscles. This assump-ment for the drag on the mask and tube, is taken from
tion greatly reduces the value for the calculation of theButler et al. (1977) for pigeons of mean mass 442 g and
power required to fly, especially for small species offlying at 10 m sec21 (61 W kg21), a flight muscle efficiency
birds that have high wingbeat frequencies. Bird flightof 19.9% is obtained. Thus taken together, these studies
muscles lack any associated specialized elastic compo-indicate that there may be an increase in overall flight
nents, such as long tendons, so any elastic componentefficiency with an increase in body mass.
is likely to be within the cross-bridges of the muscleIt must be emphasized that the above calculations
(Alexander and Bennett-Clark 1977). Dial et al. (1987)may not give the ‘‘true’’ efficiencies at which the flight
measured the electrical activity of the pectoralis musclesmuscles operate. It is only the ‘‘apparent’’ efficiency
of the pigeon during flight and demonstrated that thecalculated when specifically combining these estimates
pectoralis muscles are active before the end of the up-for aerobic Pi and Po of the flight muscles. Errors in
stroke of the wings. They conclude that the cross-bridgeseither measurement/calculation will lead to an error in
of the flight muscles are active during the final phasethe calculation for efficiency. Theoretically, it should
of the wing stroke and that the muscle could act like a

not be possible for muscle fibers to operate with an spring (Goslow and Dial 1990).
overall efficiency greater than 28% (Rall, 1985) and, in As pointed out by Spedding (1994), if zero elastic
practice, muscle fibers operate with maximal efficiencies storage is assumed (cf., Weis-Fogh, 1972) the calculation
of between 20 and 25% (Taylor, 1994). Currently, there of efficiency during hummingbird flight is around 25%
are insufficient data to differentiate completely between and that this is still within the theoretical possibilities
the hypotheses that the ‘‘true’’ conversion efficiency is for vertebrate muscle (Weis-Fogh and Alexander 1977;
either a constant or that it scales with a slightly positive Pennycuick, 1992). The aerodynamic models of Penny-
exponent with respect to Mb. As the maximum Pi avail- cuick (1975; 1989) and Rayner (1979) also do not include
able for flight is calculated to scale in proportion to the costs of accelerating and decelerating the wing dur-
approximately Mb

0.82 (Bishop, 1997), while Po required ing each cycle, as it is argued that the inertial costs are
scales approximately to Mb

1.17 (see above), this would thought to be small during forward flight at medium to
indicate that overall efficiency (Po/Pi) is proportional to fast speeds. However, Van den Berg and Rayner (1995)
approximately Mb

0.35. In other words, the overall effi- suggest that it may be necessary to consider this cost.
ciency is theoretically greater in the larger flying birds Van den Berg and Rayner (1995) estimated that the
(cf., Rayner, 1990). Bishop and Butler (1995) estimated inertial power requirement should scale as approxi-
a lower scaling of overall efficiency of Mb

0.21 and even mately 5.8 Mb
0.80 (allowing for a 25% reduction due to

this may be an overestimate. However, this is a contro- wing flexion on the upstroke). Thus, in the light of the
versial subject and may involve issues such as elastic reduced estimates of flight costs of Pennycuick et al.
storage of wing kinetic energy (see below). (1996), the relative importance of the inertial power

Maximum mass-specific Po of the flight muscles requirements may have to be increased. For a 10-kg
would be expected to be much greater in birds such as bird, inertial power could be approximately an addi-
hummingbirds compared to that of larger species of tional 15% of the Po required, while for a 0.1-kg
birds due to their higher wingbeat frequencies (Penny- bird inertial power could be approximately 34% of the

Po required.cuick and Rezende, 1984). Dial and Biewener (1993)
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Whatever the merits of each side of the debate, it to their economic production of force during isometric
contractions. So far, SO fibers have only been found inseems possible that perfect elastic storage may prove

to be unrealistic. Thus, any increment of the inertial the deep layers of the pectoralis muscles of a limited
number of species of birds which are especially adaptedcosts that must be met by the flight muscles will increase

the estimate of the ‘‘apparent’’ efficiency of the flight for gliding and soaring modes of flight, that is, species
belonging to the avian orders of the Procellariformes,muscles. If ‘‘near’’ zero elastic storage is correct, then

the inertial costs would dominate the total cost of hover- Pelecaniformes, Ciconiiformes, and the Gruiformes
(Rosser and George, 1986a; Rosser et al., 1994). Thus,ing flight in hummingbirds (Spedding, 1994).
Rosser et al. (1994) found that the deep ‘‘belly’’ of the
pectoralis muscle of the American white pelican (Pele-
canus erythrorhynchos) is composed exclusively of SOIV. THE FLIGHT MUSCLES OF BIRDS
fibers, and other authors have reported SO fibers in
the deep layers of the pectoralis muscles of the turkeyA. Flight Muscle Morphology and
vulture Cathartes aura (Rosser and George, 1986b), red-Fiber Types
tailed hawk Buteo jamaicensis (Rosser and George,
1986a), double-crested cormorant Phalacrocorax auri-The flight muscles of birds are structurally similar to

the striated muscles of other vertebrates and consist of tus (Rosser and George, 1986a), and the domestic
chicken Gallus gallus (Matsuda et al., 1983; Rosser andlarge numbers of long fibers, or cells, aligned essentially

in parallel (Figure 12a). Each fiber can have a distinct George 1986a). However, in general, the occurrence of
SO fibers is rare in birds, and they make up only a smallbiochemical character. At its simplest, each fiber can

be specialised either for aerobic or anaerobic energy percentage of the pectoralis muscle when they do occur.
Thus, while SO fibers may have some role in the thermalconsumption, they can vary in diameter and cross-

sectional area and are supplied with various metabolites soaring flight of the pelican and the red-tailed hawk,
or perhaps in the ‘‘outstretched’’ wing posture of theand oxygen via a network of capillaries (Figure 12b).

Different species of birds have different amounts of cormorant while drying its feathers, it would appear that
most species of birds can manage without this special-flight muscle with respect to body mass, termed the

flight muscle : mass ratio by Marden (1987), and these ized fiber type in their flight muscles (cf., Talesara and
Goldspink, 1978; Rosser and George, 1986a).muscles are composed of four main cell or fiber types

(cf., Rosser and George, 1986a), so called slow oxidative The most abundant type of fiber to be found in the
flight muscles of birds capable of prolonged flappingfibers (SO), fast oxidative glycolytic fibers (FOG), fast

glycolytic fibers (FG) and fibers which are intermediate flight is the FOG (George and Berger 1966; Rosser and
George, 1986a). In general, the flight muscles of small(I) in their oxidative ability between the FOG and

FG fibers. birds are entirely composed of FOG fibers while larger
birds have a mixture of different fiber types. However,Table 1 lists the major characteristics of these differ-

ent fiber types. Essentially, the SO fibers have relatively there is a large degree of interspecies variation. George
and Berger (1966) classified the pectoralis muscle ofslow rates of shortening, but are relatively efficient in

producing force during isometric contractions, utilize birds into six groups, with each fiber type listed in order
of relative numerical abundance: (1) fowl type (FG, I,oxidative metabolic pathways in the biosynthesis of

energy-rich adenosine triphosphate (ATP), and are re- FOG); (2) duck type (FOG, FG, I); (3) pigeon type
(FOG, FG); (4) kite type (mainly I); (5) starling typesistant to fatigue. FOG fibers are also capable of oxida-

tive metabolism and resistance to fatigue, but can also (FOG, I); and (6) sparrow type (FOG). While most
species can be broadly assigned to one of these groups,use carbohydrates as a fuel during anaerobic metabo-

lism, have relatively faster rates of shortening, and are there are many exceptions. Clearly, each individual spe-
cies is adapted to cope with its own unique requirementsrelatively efficient in producing force while shortening

in length. FG fibers are susceptible to fatigue and are based on its behavioral ecology, its detailed morphology
and the environmental conditions in which it lives.restricted to anaerobic metabolism of carbohydrates,

but produce more power per unit mass of muscle than Even more importantly, the histochemical classifica-
tion of muscle fiber types can be misleading from aSO and FOG fibers. One reason for the latter, is that

they contain a lower volume fraction of mitochondria functional perspective. In reality, the fast-twitch fiber
types are arbitrary classifications within a continuum ofand associated structures and, therefore, have room for

more myofibrilar proteins. oxidative to glycolytic potentials. In addition, the term
‘‘fast’’ is also arbitrary, as there is likely to be a contin-The function of SO fibers is considered primarily to

be of advantage in postural muscles (e.g., in the back uum for the rates at which the flight muscles are opti-
mized to contract, due to the scaling of wingbeat fre-and neck muscles) and also in the legs during rest, due
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FIGURE 12 (a) Schematic illustration of the structure of a bird’s pectoral muscle. The whole muscle is
composed of many different fibers or cells, each of which consists of many fibrils and each fibril contains many
thin actin filaments interspersed between thick myosin filaments. These filaments are oganized into sarcomeres,
which shorten during contraction as the actin and myosin filaments slide past each other. (Modified from K.
Schmidt-Nielsen, ‘‘Animal Physiology: Adaptation and Environment,’’ 5th ed., 1997, Cambridge University
Press.) (b) Light micrograph of a 1-em-thick transverse section of pectoralis muscle of the pigeon Columba
livia. Fast oxidative glycolytic fibers (dark and small) and fast glycolytic fibers (pale and large) can be clearly
identified. Capillaries are empty following vascular perfusion fixation. Bar 5 40 em. [From Mathieu-Costello,
1991, Am. J. Anat. 191, 74–84. Copyright q 1991 Wiley-Liss Inc., a division of John Wiley & Sons, Inc.]

TABLE 1 Simplified Characteristics of Muscle Fiber Types

Property Slow oxidative SO (type I) Fast oxidative glycolytic FOG (type IIA) Fast glycolytic FG (type IIB)

Speed of contraction Slow Medium–fast Medium–very fast
Aerobic Capacity High High Low
Anaerobic capacity Low Moderate High
Capillary supply Good Good Poor
Triglyceride stores High Medium–high Low
Glycogen stores Medium Medium–high Medium–high
Fatigue resistance High High Low
Cross-sectional area Small Small–medium Medium–large
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quency with body mass (Pennycuick, 1990, 1996). A in birds. It is necessary to distinguish between ‘‘burst’’
flight performance and ‘‘prolonged’’ or aerobic flightsmall hummingbird may beat its wings at up to 50 Hz,

while a large swan may only have a wingbeat frequency performance (Marden, 1994) and to compare flight mus-
cles which are adapted for similar types of flight. Theof around 2.4 Hz. Therefore, there are likely to be many

associated differences in the molecular characteristics data of Marden (1987) and Pennycuick et al. (1989) on
the maximum lifting ability of flying animals duringof the contractile proteins from different species of

birds. As a consequence, the FOG fibers of a humming- take-off refer only to ‘‘burst’’ flight performance, and
bird species that have predominantly anaerobic FGbird are not biochemically identical to the FOG fibers

of a swan. It is probable that, even within the muscle flight muscle fibers will be at an advantage during take-
off compared to species that have predominantly aero-of an individual bird, the FOG fibers of the deep layers

may have slightly different characteristics to the FOG bic FOG muscle fibers.
Caldow and Furness (1993) studied the histochemicalfibers from the more peripheral layers. Rosser and

George (1986a) suggest that, given sufficient detailed adaptations of two ecologically similar seabirds, the
great skua (Catharacta skua) and the herring gull (Larusknowledge about the protein isoforms of muscle, it is

conceivable that almost all muscle fibers could be de- argentatus). They found that both species had FOG fi-
bers exclusively in their pectoralis and supracoracoideusscribed as a unique subtype.

Despite the difficulties outlined above, it is still possi- flight muscles, but that the mass-specific activity of both
the oxidative and glycolytic enzymes (see below) wereble to draw some interesting conclusions about the func-

tioning of avian flight muscles by quantifying their fiber higher in the muscles of the great skua and concluded
that this adaptation enabled the skua (Stercorariidae)type compositions. The Galliformes, such as the domes-

tic chicken and the ruffed grouse (Bonasa umbellus), to be a more effective aerial kleptoparasite than the
herring gull (Lariidae). The mass of the pectoralis mus-have a majority of FG fibers in their pectoralis muscles

(Rosser and George 1986a). This is matched by their cles is relatively small in the herring gull (12% of body
mass), but it has a moderately large heart mass (0.9%relatively small heart masses and a low capacity to sup-

ply the muscles with oxygen (Bishop and Butler, 1995; of body mass), which is consistent with the fact that its
flight muscles consist entirely of FOG fibers.Bishop, 1997). These birds are restricted to anaerobic

flights of short duration. Typically, galliform birds live
close to the edges of forests, have relatively short wings B. Biochemistry of the Flight Muscles
and relatively large flight muscles, and escape predation
by being adapted for rapid take-off followed by short As discussed by Marsh (1981), the sustained, long-

distance flights performed by many migrating birds re-flights into dense vegetation or into the branches of
trees. The South American ecological equivalent of the quire two interacting adaptions: the ability to store suf-

ficient fuel reserves for the flight and the ability to main-Old World Galliformes, the tinamous, also have very
small hearts and large flight muscles (Hartman, 1961) tain supplies of oxygen and fuel to the working tissues.

Due to the very high energy density of lipids (39.3 kJand live on the forest floor.
The Galliformes contrast with their closest relatives g21), compared to pure carbohydrates (17.6 kJ g21) and

proteins (17.8 kJ g21), the energy for migratory flights(Sibley and Alquist, 1990), the Anseriformes (the ducks,
geese, and swans). Although of similar body size, the is predominantly stored as fat in adipocytes. Thus, adap-

tations for the efficient oxidation of fatty acids and theAnseriformes have relatively longer wings and live in
open, uncluttered habitats. Their pectoralis muscles potential for a high aerobic capacity are some of the

most important features of most avian flight muscles.contain a high proportion of FOG fibers interspersed
among the FG fibers, and their relative heart mass is The relatively high mass-specific energy output required

from the flight muscles necessitates high capillary andalso much larger (Magnan, 1922; Hartman, 1961). Thus,
their wing morphology determines that they have a mitochondrial densities and high levels of mass-specific

activities for the associated mitochondrial enzymes.slightly more efficient form of flight (Rayner, 1988; Pen-
nycuick, 1989), and their muscle physiology and cardio- Hummingbirds are able to sustain the highest mass-

specific metabolic rates of any vertebrate (Lasiewski,vascular adaptations determine that they are able to
prolong these flights over relatively long distances. Simi- 1963), and Table 2 shows data from Suarez et al., (1986)

for the maximum activities of various catabolic enzymeslar adaptations are seen in the flight muscles of the
doves and pigeons (Columbiformes). in hummingbird flight muscle. The following enzymes

are of particular interest: citrate synthase (CS), as anThe aerobic nature of the flight muscles of some
relatively large species of birds, such as the bustards indicator of general aerobic capacity; 3-hydroxyacyl-

CoA dehydrogenase (HAD) and carnitine palmitoyl-and swans, has an important consequence for the inter-
pretation of the size limitations to flight performance transferase (CPT), as indicators of fatty acid utilization;
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TABLE 2 Maximum Enzyme Activities in the Flight Muscle and Heart of the Rufous Hummingbird
Selophorus rufus a

Enzyme Flight muscle n Heart n

Glycogen phosphorylase 31.22 6 2.5 6 Not measured
Hexokinase 9.18 6 0.31 4 10.08 6 1.9 4
Phosphofructokinase 109.8 6 13 6 Unstable
Pyruvate kinase 672.4 6 27 6 507.3 6 25 6
Lactate dehydrogenase 230.3 6 23 6 357.4 6 30 6
Carnitine palmitoyltransferase 4.42 6 0.46 6 2.83 6 0.72 4
3-Hydroxyacyl-CoA dehydrogenase 97.10 6 13 6 68.51 6 10 4
Glutamate-oxaloacetate transaminase 1,388 6 70 5 576.4 6 29 5
Glutamate-pyruvate transaminase 75.97 6 6.0 5 16.31 6 2.2 5
Citrate synthase 343.3 6 8.8 6 190.3 6 4.8 4
Creatine kinase 2,848 6 337 5 348.9 6 59 5
Malate dehydrogenase 3,525 6 331 6 2,024 6 191 6
a-Glycerophosphate dehydrogenase 9.37 6 2.1 6 8.10 6 2.2 6

a Values are expressed in emol ? min21 ? g wet wt21 and presented as means 6 SE; n, number of birds (from
Suarez et al., 1986).

phosphofructokinase (PFK), as an indicator of general ing their foraging flights well under 5 min duration. This
would provide efficient foraging while allowing excessglycolytic flux; pyruvate kinase (PK), as an indicator of

anaerobic glycolysis; and hexokinase (HEX) and glyco- glucose to be stored as fat. However, while the availabil-
ity of plasma glucose may not be limiting for humming-gen phosphorylase (GPHOS), as indicators of plasma

glucose and intracellular glycogen utilization, respec- birds, the majority of bird species may place a higher
emphasis on carbohydrate ‘‘sparing.’’ Bishop et al.tively. As expected, the flight muscles of hummingbirds

have some of the highest catabolic enzyme activities (1995) found that HEX activity was relatively low in
the pectoralis muscles of adult premigratory barnacleever measured. In particular, mass-specific CS and

HEX activities are high and even higher (at 448.4 and geese, and similar results have been reported for the
pigeon and domestic chicken (Crabtree and News-18.4 emol g21 min21, respectively) in a subsequent study

with a modified extraction procedure (Suarez et al., holme, 1972) and for the migratory semipalmated sand-
piper Calidris pusilla (Driedzic et al., 1993).1990).

These two studies (Suarez et al., 1986, 1990) indicate Many studies have shown that prior to long-distance
flights, such as those performed during seasonal migra-that while it is possible for hummingbirds to meet almost

all their flight requirements by oxidizing lipid fuel, it tions, birds increase in body mass due primarily to the
laying down of fat stores (Blem, 1976). This is usuallyis also possible for them to meet the requirements of

hovering flight utilizing carbohydrate fuels. The latter correlated with hypertrophy of the pectoralis muscle in
order to increase the power available for take-off andpossibility makes sense given that hummingbirds feed

mainly on sucrose-rich nectar and so during the day forward flapping flight and species-specific changes in
catabolic enzyme activities. While Marsh (1981) foundthey would have a good supply of pure carbohydrate

direct from the environment. However, for long-term no change in the premigratory activity of CS in the
pectoralis muscle of the catbird (Dumatella caroli-storage, carbohydrates are stored as glycogen which

consists of at least 75% water, thus giving it a relatively nensis), he reported a significant increase in the level
of HAD (indicating an increase in the potential forpoor energy density (4.4 kJ g21). It would not be possi-

ble, therefore, to store enough carbohydrates to fuel fatty acid oxidation). A similar increase in the ability
to oxidize fatty acids was found in the semipalmatedlong-distance flight. In fact, it is unlikely that stored

carbohydrate could support hovering flight for more sandpiper, but the level of CS actually decreased (Dried-
zic et al. 1993). However, some species of small migra-than around 5 min (Suarez et al., 1990). However in the

short-term, it is more efficient to oxidize plasma glucose tory passerine birds do appear to show an increase in
the premigratory activity of both CS and HAD (Lund-directly to support flight, due to the 16% lower net yield

of ATP resulting from the cost of synthesizing fatty gren and Kiessling, 1985, 1986), while CS activity in the
premigratory barnacle goose was around 30% greateracids from glucose for long-term storage. This led these

authors to suggest that premigratory hummingbirds than that of postmoulting birds approximately 4 weeks
earlier in the season (Bishop et al., 1995).should behave as ‘‘carbohydrate maximizers’’ by keep-
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Avian muscle capillarity and diffusion distances have the sternum) and the thoracobrachialis (TB: which
forms a deep layer lying along the sternum), and thesebeen studied in a variety of different tissues, but no

significant allometric trends with respect to different are separated by the membrana intermuscularis (Dial
et al., 1987). The SB is primarily innervated by the rostralbody masses were found for any of the variables mea-

sured (Snyder, 1990). However, Snyder (1990) did find nerve branch and the TB by the caudal nerve branch
of the brachial ventral cord. In the pigeon, the fibersa small but significant difference in the capillary to fiber

ratio (C/F) between the aerobic fiber types (1.8 caps within the SB and TB have different orientations (Dial
et al., 1987), while the SB has a lower percentage offiber 21) and the glycolytic fibers (1.4 caps fiber21). Capil-

lary density and diffusion distances are primarily deter- FOG fibers and relatively more FG fibers, and the TB
is primarily made up of FOG fibers (Kaplan and Goslow,mined by the cross-sectional area of the individual fibers,

and the author argues that there may be little selective 1989). Thus, the histochemical analysis and the neuro-
anatomy support the view that the pectoralis major isadvantage in having a C/F greater than 2.0. Studies on

avian pectoralis muscles have generally resulted in simi- made up of at least two functional subunits, each with
a potential for independent action on the wing duringlar conclusions. Mathieu-Costello et al. (1992) found

that the C/F of the rufous hummingbird (Selaphorus flight (Dial et al., 1987, 1988; Kaplan and Goslow, 1989;
Goslow and Dial, 1990). Dial et al. (1987) showed thatrufus) is only 1.55 caps fiber21 compared to that of the

pigeon, which is 2.0 caps fiber21 (Mathieu-Costello, both the SB and TB muscles of the pigeon were maxi-
mally activated during take-off or during large-1991). However, fiber diameter and the cross-sectional

area are much smaller in the hummingbirds than in amplitude wingbeats. However, during slow flight, the
SB was relatively more important and during low-pigeons and, therefore, the capillary density per unit

area is much higher in hummingbirds. Mathieu-Costello amplitude wingbeats the activity of the TB could be
almost zero. Interestingly, Dial et al. (1987) also indicateet al. (1992) consider that one of the most important

determinants of the rate of oxygen flux in aerobic fibers that there is a gradual reduction of large-amplitude elec-
tromyogram (EMG) spikes during the transition fromis the size of the capillary-to-fiber interface (i.e., the

capillary-surface-per-fiber-surface area). However, in take-off to level flight and that they reappear during
landing. This supports the hypothesis that FG fibers areorder to measure this feature accurately, it is necessary

to standardize with respect to both the sarcomere length derecruited during level flight.
Tobalske et al. (1997) studied the neuromuscular con-and the degree of tortuosity of the capillaries.

trol and wing kinematics of the black-billed magpie,
both in the wild and while flying in a wind tunnel, andC. Neurophysiology and Muscle Function
showed that this species has a particularly complex flight
style, consisting of alternating high- and low-amplitudeBirds are capable of synchronizing the extension of

the elbow and wrist joints of the wing during flapping wingbeats, and occasional brief glides. This wide-
ranging study found that the pectoralis consisted offlight, using automated coordinating mechanisms in-

volving skeletal and muscular adaptations (Vazquez, FOG and I fiber types, as in the woodpecker (see below),
and that the I fiber types were probably only recruited1994). However, the power and thrust generated during

the wingbeat cycle, and the complex kinematics of the during the high-amplitude wingbeats. EMG recordings
were made from six different wing muscles, and allwing during the flapping flight of different species, re-

quire an active neuromuscular control mechanism and showed that the relative intensity of the EMG signal
exhibited a U-shaped output with respect to flight speed.specialized adaptations of the flight muscles.

The detailed movements of the wing during flight Minimum intensity was recorded around 4.4 m sec21

and the highest were recorded during hovering and theactually involve a large number of different muscles
(Dial et al., 1991; Dial, 1992a) and their differential top speed of 13.4 m sec21. The pectoralis and the biceps

brachii muscles showed strong activity during the end(Dial, 1992a; Tobalske and Dial, 1994; Tobalske, 1995;
Tobalske et al., 1997) or regional (Boggs and Dial, 1993) of the upstroke and the beginning of the downstroke,

while the supracoracoideus, the humerotriceps, the sca-activation. For most studies, however, it is sufficient to
focus on the functioning of the largest flight muscles, pulotriceps, and the scapulohumeralis caudalis were im-

portant during the end of the downstroke and the begin-the pectoralis and supracoracoideus. Dial (1992b)
showed that birds were unable to take-off or perform ning of the upstroke.

A more detailed study of the EMG activity of 17controlled landings without the use of the muscles of
the forearm, but that they could sustain level flapping different muscles in the shoulder and forelimb of the

pigeon during five different modes of flight was con-flight following an assisted take-off.
The largest flight muscle, the pectoralis major, can ducted by Dial (1992a). He concluded that the temporal

pattern of activity did not vary much between differentbe divided into two anatomical parts (Figure 13), the
sternobrachialis (SB: which is superficial and lies along modes of flight, but that the intensity of the EMG signal
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FIGURE 13 Illustration of the superficial flight muscles of the wings of a pigeon, Columba livia. The supracora-
coideus muscles (not shown) are primarily used to power the upstroke and lie directly under the larger pectoralis
muscles, which primarily power the downstroke. [Modified from Activity patterns of the wing muscles of the
pigeon (Columba livia) during different modes of flight, K. P. Dial, J. Exp. Zool., Copyright q 1992 John
Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.]

was very important in determining the role of the differ- However, the heterogeneous scaling of the fiber type
composition of the pectoralis is likely to be one reasonent muscles during different modes of flight (Figure 14).

Tobalske (1996) studied the muscle composition and why the theoretical figures underestimate bird flight per-
formance (Tobalske, 1996). FG and I fibers have thewing morphology of six different species of woodpecker,

ranging in mass from 27 to 263 g, and related their potential to produce more force per unit area than FOG
fibers and, therefore, can produce more power for amorphology to the scaling of intermittent flight behav-

ior. Intermittent flight consists of regular alternation given degree of fiber shortening and frequency. Thus,
Tobalske (1996) argued that the positive scaling of thebetween periods of flapping and nonflapping. During

the nonflapping phases, the bird’s wings are either held percentage and cross-sectional diameter of I fibers in
the pectoralis of woodpeckers may be a direct resultfolded at its side (flap-bounding flight) or held fully

extended (flap-gliding flight). Biomechanical and physi- of the positive scaling of the power required for flight
compared to the power available from the flight musclesological analyses suggest that intermittent flight is

energetically efficient relative to continuous flapping (cf., Pennycuick, 1989; Marden, 1987; Ellington, 1991).
Interestingly, among woodpeckers, the scaling of rela-(Rayner, 1985a), particularly for small species that have

high wingbeat frequencies which are relatively ‘‘fixed’’ tive heart muscle mass is negative relative to increasing
body mass (Hartman, 1961), which matches the decline(Rayner, 1985a). Only FOG and I fiber types were found

in these six species of woodpecker, with small species in FOG content of the flight muscles. Thus, while large
woodpecker species may be able to meet the powerhaving almost exclusively FOG fibers in their pectoralis

muscles, while species .100 g tended to have significant required to perform flap-bounding flight, it is likely that
they will not be able to prolong these types of flight asamounts of I fibers. All six species were capable of

exhibiting flap-bounding behavior, although the per- easily as the smaller species.
Lewis’ woodpecker (Melanerpes lewis) was found tocentage of time spent flapping increased with increasing

body mass. The empirical observations of Tobalske be able to perform both flap-bounding and flap-gliding
flight, contrary to theoretical predictions that it should(1996) greatly exceed the theoretical considerations

(Rayner, 1985a) that the upper limit for flap-bounding not perform the former (Tobalske, 1996), and this be-
havior was not well correlated with the morphology offlight should be around 100 g of body mass.
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FIGURE 14 Electromyogram (EMG) signals recorded during level flapping flight from the various
muscles of a pigeon, Columba livia, illustrated in Figure 13. EMG activity is presented with reference
to the phase of the wingbeat cycle, with each downstroke indicated by the vertical dashed line. [Modified
from Activity patterns of the wing muscles of the pigeon (Columba livia) during different modes of
flight, K. P. Dial, J. Exp. Zool., Copyright q 1992 John Wiley & Sons, Inc. Reprinted by permission
of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.]

the wing. In addition, Tobalske and Dial (1994) found 1986a). Thus, the hypothesis that the FOG fibers of
small birds should not be used for gliding as it is ineffi-that the 35-g budgerigar was also capable of performing

flap-gliding behavior when flying slowly, but switched cient appears to be undermined by the budgerigars, with
the pectoralis being active during the gliding phases,to flap-bounding behavior during fast flight, despite the

observation that they only have a single fiber type but inactive during the bound. Tobalske and Dial (1994)
predicted that all other species that show intermittent(FOG) in their pectoralis muscles (Rosser and George,
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flight should also be facultative flap-gliders and flap-
bounders and that the choice of flight mode is simply
dependent on flight speed.

V. DEVELOPMENT OF LOCOMOTOR MUSCLES
AND PREPARATION FOR FLIGHT

The development of the locomotor muscles and
heart, together with other morphological features, have
been studied in a Svalbard population of migratory bar-
nacle geese, from hatch until it migrates to its wintering
grounds in southern Scotland at the age of approxi-
mately 12 weeks (Bishop et al., 1996). Up until the age
of 7 weeks, the goslings are unable to fly and spend
their time walking and foraging. At the age of 5 weeks,
the relative mass of the leg muscles is approximately
13% of body mass, while that of the pectoral muscles is
only 3.5% of body mass. During the first 5 weeks of
their life, there is a strong relationship between mass
of the ventricles and mass of the leg muscles (Figure
15b). During the following 2 weeks, the flight muscles
continue to grow in an exponential manner and by the
time the goslings are 7 weeks old, these muscles are an
impressive 14% of body mass, whereas the relative mass
of the leg muscles has declined to approximately 9% of
body mass. From the age of 7 weeks, the mass of the
ventricles is proportional to the mass of the pectoral
muscles (Figure 15a). At 5 weeks of age, ventricular FIGURE 15 Scatter diagram of the masses (g) of the heart ventricles
mass is 5.2% of total mass of the leg muscles and at 7 plotted aginst (a) the mass of the pectoral muscles and (b) the mass of

the total leg muscles of wild barnacle geese, Branta leucopsis. Goslingsweeks of age it is 5.5% of mass of the pectoral muscles.
of 1–5 weeks of age (d), fledgling goslings of 7 weeks of age (s),Thus, as might be expected, the output capacity of the
adult geese captured 7 weeks after the population hatch date (1), andheart is closely matched to the oxygen requirements of premigratory adult geese (u) (modified from Bishop et al., 1996, with per-

the dominant set of locomotory muscles. mission).
Choi et al. (1993) studied the skeletal muscle growth

and development of thermogenesis in the European
starling (Sturnus vulgaris), the northern bobwhite (Co-

of age and reached around 150 emol min21 g21 afterlinus virginianus), and the Japanese quail (Coturnix ja-
10 days (Marsh and Wickler, 1982).ponica). The body mass of the altricial starling devel-

A similar study of the barnacle goose found an evenoped more rapidly than that of the precocial quail
more exaggerated developmental pattern (Bishop et al.,species, although the percentage of the body mass that
1995), with CS expression showing almost no change inwas accounted for by muscle mass was quite similar.
activity from hatch (12 emol min21 g21) through toThe main differences between these groups was in the
5 weeks of age (20 emol min21 g21). Subsequently, theexpression of muscle mass-specific enzyme activities. In
activity increased rapidly to 75 emol min21 g21 atparticular, the activity of CS did not exceed 50 and
7 weeks of age and reached around 100 emol min21 g2130 emol min21 g21 in the pectoralis muscles of Coturnix
in the premigratory goslings and adults (see Figure 24).and Colinus quail, respectively, throughout develop-
The mass-specific activity of four different mitochon-ment. In the starling pectoralis muscle, CS activity in-
drial enzymes showed broadly similar patterns of activ-creased rapidly, and linearly, during development and
ity to each other during development (Bishop et al.,reached 142 emol min21 g21 around fledging at 16 days
1995) and are typified by the results obtained for HADof age and approximately 230 emol min21 g21 in adult
activity in pectoralis, cardiac, and semimembranosus legstarlings. In the bank swallow (Riparia riparia) CS activ-

ity increased from around 20 emol min21 g21 at 2 days muscle (Figure 16a). Throughout most of development,
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FIGURE 16 Mean 6 SE of maximum activities of catabolic enzymes (mol min21 g wet wt21 at 258C)
in pectoral muscle (d———d), heart muscle (s........s) and semimembranosus muscle (u------u)
plotted against age of wild barnacle geese, Branta leucopsis. (a) 3-hydroxyacyl-CoA dehydro-
genase (HAD), (b) lactate dehydrogenase (LDH), (c) hexokinase (HEX) and (d) glycogen phosphoryl-
ase (G.PHOS). n 5 2 2 8, except for a single individual at 11.5 weeks of age. Adult geese and
11.5 week old gosling are pre-migratory (see text). (Modified from Bishop et al. (1995), Am. J. Physiol.
with permission.)

the cardiac muscle had the highest relative capacity for muscle show a similar exponential increase as that for CS,
but values for HEX remain very low at all ages.aerobic metabolic flux and fatty acid oxidation. HAD ac-

tivity in the semimembranosus leg muscle was intermedi- Overall, the results suggest that the relative use of
circulating plasma glucose by the pectoralis muscle dur-ate in value prior to fledging at 7 weeks (when the birds

first begin to fly), but subsequently declined, while CS ing flight is low, while intra muscular stores of glycogen
are of primary importance during short-burst activityactivity in the pectoralis flight muscle was initially very

low, but reached a peak in the premigratory birds (see and of intermediate importance during longer-term ac-
tivity and that fatty acid oxidation is the main fuel duringFigure 24). The developmental profiles of various glyco-

lytic enzymes, lactate dehydrogenase (LDH,Figure 16b), long-distance flight (Bishop et al., 1995). In general,
moderate activity levels were detected in the semimem-hexokinase (HEX, Figure 16c), and glycogen phospho-

rylase (GPHOS, Figure 16d), were more tissue-specific branosus muscle for all the enzymes that were measured,
suggesting that the leg muscles are capable of utilizingcompared to those of the mitochondrial enzymes. Devel-

opment of LDH and GPHOS activities in the pectoralis all fuel types in almost equal amounts. However, the
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advantage that the overall protein (albumin) concentra-cardiac muscle had extremely low levels of GPHOS,
tion of the blood is kept relatively low and prevents anindicating that it can only utilize aerobic pathways and
unacceptable rise in blood viscosity. In addition, thethat metabolic fuel must be primarily supplied by the
rate of uptake of the triglycerides via the VLDL can beblood. LDH values were relatively high in the heart,
controlled by the rate of lipoprotein lipase activity atwhile pyruvate kinase levels were very low (data not
the site of demand. During the migratory period, theseshown), indicating that the heart is capable of oxidizing
birds accumulate fat in both their flight muscles and thecirculating lactate as a fuel.
adipocytes. Therefore, overnight-fasted birds were able
preferentially to metabolize intramuscular stores of tri-
glycerides, allowing a lower rate of utilization of adipo-VI. METABOLIC SUBSTRATES AND

FUEL DEPOSITS cyte fatty acids and efficient sparing of protein and car-
bohydrate stores (Jenni-Eiermann and Jenni, 1996). It
appears that this process is not as important in pigeonsThe use of fatty acids as the primary fuel during long-

distance flights is an important adaptation, as the energy (Schwilch et al., 1996) and, in the barnacle goose, the
maximum concentration of fatty acid-binding proteindensity of fat is much greater than that of other stored

fuels. As pointed out earlier, the energy density of pure (considered to act as an intracellular carrier for fatty
acids) in the pectoral muscle occurs at the same time ascarbohydrate is 17.6 kJ g21; however, the storage of

glycogen in cells involves between 3 and 5 g of water the maximum activity of HAD, just before the autumn
migration (Pelsers et al., 1999).for each gram of glycogen, giving an effective energy

density of approximately 4.4 kJ g21 compared with that Although protein stores are less energy dense than
fatty acid adipocyte stores (see above), in reality it mayfor lipids of 39.3 kJ g21 (Schmidt-Nielsen, 1997). Protein

may also be used to provide energy, but tissues such as not be possible entirely to exclude their use during peri-
ods of starvation and/or during prolonged periods ofmuscle also consist of 70–80% water, so that the energy

density of stored protein in vivo is around 5.4 kJ g21. exercise. The brain and other nervous tissues are ex-
tremely dependent on glucose metabolism for the provi-Thus, during a long flight, it is likely that the majority

of energy is provided by fatty acids. However, fatty acid sion of energy (Newsholme and Leech, 1983). As carbo-
hydrate stores are very limited in most animals, duringtransport in the plasma (from the adipocytes to the

working muscles or the liver) may be a rate-limiting starvation the major source of glucose is via protein
(amino acid) degradation to various metabolic interme-step during intense exercise (Newsholme and Leech,

1983; Butler, 1991) as it must be transported by albumin diates (called oxoacids), most of which can then enter
the gluconeogenesis pathway in the liver. In addition,and, until recently, it has not been clear how small birds

could be capable of delivering the high rates of fatty glycerol that is produced following the hydrolysis of
triglycerides can also be converted to glucose. A smallacid required by the flight muscles. Jenni-Eiermann and

Jenni (1992) measured various metabolite concentra- number of amino acids (leucine and lysine) are degraded
directly to acetyl-CoA and so can contribute to ATPtions in the plasma of three species of small night-

migrating passerines (Figure 17a), the robin (Erithacus synthesis via the citric acid cycle (CAC) or be converted
to fat, as acetyl-CoA cannot enter the gluconeogene-rubecula), garden warbler (Sylvia borin), and pied fly-

catcher (Ficedula hypoleuca). Their results indicated sis pathway. Alternatively, excess amino acid produc-
tion can provide intermediates (e.g., 2-oxalogluterate,that during long-distance flights, plasma levels of triglyc-

eride, glycerol, free-fatty acids (FFA), and very low succinyl-CoA, fumarate, and oxaloacetate) for the CAC
if these should be in short supply or be converted todensity lipoproteins (VLDL) all increased significantly

above values at rest. pyruvate and then to acetyl-CoA either to contribute
to ATP synthesis or to be converted to fat. Certainly,The rise in triglycerides and VLDL was unexpected,

but could provide a mechanism for increasing the FFA there are a number of studies which show that protein, in
the form of muscle and the intestinal tract, is catabolizedsupply to the flight muscles. FFA is reesterified to tri-

glyceride in the liver and subsequently delivered to the during long periods of flight (Jehl, 1997) or during ‘‘sim-
ulated’’ flights by starvation (Biebach, 1998).blood as VLDL. Thus, the removal of FFA from the

blood stream by the flight muscles and the liver will Associated with the premigratory increase in body
mass is, not surprisingly, an increase in food intake (hy-increase the uptake of FFA from the adipocytes. Sec-

ondly, the VLDL can be hydrolyzed by lipoprotein perphagia).Anumberof hormoneshavebeenimplicated
in these processes (Wingfield et al., 1990), but recent datalipase in the endothelium of the flight muscle capillaries,

thus allowing the uptake of the released FFA (Figure do not support a major role for prolactin in the regulation
of premigratory deposition of fat in the European quail17b). Apart from increasing the availability of FFAs to

the flight muscles, this mechanism has the additional Coturnix coturnix (Boswell et al., 1995). On the other
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FIGURE 17 (a) Means 6 SD of various fat metabolite concentrations and very low-density
lipoproteins (VLDL) in the plasma of three species of birds during overnight fasting (cross-
hatched) or during night time migratory flights (clear). **P , 0.01, Mann-Whitney U-test.
(b) Diagram illustrating the proposed pathway for fatty acid transport to the flight muscles of
small birds. Free fatty acids (FFA) are released from the triglyceride (TG) stores of the adipose
tissue and either taken up directly by the muscles or converted to TG by the liver and transported
to the muscles as VLDL. The activity of the latter pathway (double arrows) is suggested to
increase in small birds during flight. (Modified from Physiol. Zool., S. Jenni-Eiermann and
L. Jenni, with permission from The University of Chicago Press. q University of Chicago
Press 1992.)

hand, neuropeptide Y (NPY), a member of the pancre- VII. THE CARDIOVASCULAR SYSTEM
atic family of polypeptides, does cause white-crowned
sparrows (Zonotrichia leucophrys gambelii) to consume A major role of the cardiovascular system is to deliver

metabolic substrates and oxygen to the tissues undergo-more food when administered into the third ventricle of
the brain and may be a natural stimulator of feeding in ing aerobic metabolism and to remove the waste prod-

ucts of that metabolism. Thus, the cardiovascular systemthis species (Richardson et al., 1995).
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in general, and the heart in particular, must be capable (Hct, packed cell volume) and hemoglobin concentra-
tion ([Hb]) than those of good fliers (Balasch et al.,of meeting the demands of the flight muscles during

sustained, flapping flight. 1974) and weaker fliers have a slightly lower Hct than
stronger fliers (Carpenter, 1975). Wild barnacle geese
migrating from their breeding grounds in the high Arctic

A. Cardiovascular Adjustments during Flight to their wintering grounds in southern Scotland have
surprisingly low heart rates during flight (see earlier),There is only one study (Butler et al., 1977, working
which means either that the energy cost of migratoryon pigeons) in which all but one of the variables of the
flight is lower than was previously thought (maybeFick equation (see above) were measured (thus allowing
as a result of formation flight, see later) and/or thatthe absent one (Vs) to be calculated). When flying in a
(CaO2 2 CvO2) is greater in migrating geese than waswind tunnel at 10 m sec21, V? O2 in these birds was 103
assumed from the data obtained from pigeons flying inthe resting value (Table 3). The respiratory system main-
a wind tunnel (see Butler et al., 1998).tained CaO2 at slightly below the resting value, but CvO2

was halved, giving a 1.8-fold increase in (CaO2 2 CvO2).
There was no significant change in Vs, so the major B. The Cardiac Muscles
factor in transporting the extra oxygen to the muscles
was the 6-fold increase in fH. Unfortunately, all of these Studies of exercising animals have indicated that both

the locomotor and cardiac musculature are dynamicvariables were not measured simultaneously on the
same birds and Bishop and Butler (1995) have argued structures that can vary in mass seasonally and in direct

response to demand (Hickson et al., 1983; Marsh, 1984;that the original calculation of Vs at rest may have been
inappropriate. This being the case, there would have Dreidzic et al., 1993; Bishop et al., 1996). Thus, it might be

anticipated that whereadditional energetic ‘‘costs’’ occurbeen a 1.4-fold increase in Vs during flight. As mean
arterial blood pressure did not change, total peripheral seasonally (e.g., due to migratory fattening or the devel-

opment of secondary sexual characteristics) then the rel-resistance must have declined by the same proportion
as cardiac output (V? b, which is fH 3 Vs) increased. evant cardiac and locomotor musculature might also be

regulated seasonally. Bishop et al., (1996) showed thatIn general, birds have larger hearts and lower resting
heart rates than those of mammals of similar body mass both cardiac and pectoralis muscles hypertrophy during

the premigratory fattening period of the barnacle goose.(Lasiewski and Calder, 1971; Grubb, 1983). The higher
V? b in birds is an important factor in their attaining a Bishop and Butler (1995) suggest that heart mass (Mh)

can be used to model the availability of oxygen to thehigher maximum V? O2 (V? O2,max) during flight than
similar-sized mammals do when running. Bats have flight muscles of birds. Assuming that the adaptations of

the flight muscles are appropriately matched to the car-larger hearts and a higher blood oxygen-carrying capac-
ity than other mammals of similar size (Jurgens et al., diovascular system, then the relative Mh of birds of a simi-

lar body mass should be a good indicator of the relative1981) and their V? O2 during flight is similar to that of
birds of similar mass (Butler, 1991). Among birds, those aerobic power input available to the flight muscles.

Bishop (1997) calculated that maximum V? O2 (V? O2,max)that are not capable of sustained flight, such as the
Galliformes, tend to have slightly lower hematocrit of birds should scale with respect to body mass as

TABLE 3 Mean Values of Oxygen Uptake and Cardiovascular Variables Measured in the Pigeon
Columba livia and Emu Dromaius novaehollandiae a

Pigeon (0.442 kg) Emu (37.5 kg)

Rest Flying Rest Running

Oxygen uptake (ml min21 STPD)b 9.0 88.4 156.7 1807
Heart rate (beats min21) 115 670 45.8 180
Cardiac stroke volume (ml) 1.44 (1.14) 1.58 57 102.7
Oxygen content of arterial blood (vol%) 15.1 13.7 15.2 15.2
Oxygen content of mixed venous blood (vol%) 10.5 5.4 9.0 4.6

a Measurements taken at rest and after 6 min of steady level flight in a wind tunnel at a speed of 10 m sec21 for the pigeon
and after 20 min running on a treadmill at a 68 incline and a speed of 1.33 m sec21 for the emu (from Butler, 1991). Value
for cardiac stroke volume in parentheses is recalculated from Butler et al. (1977) as discussed by Bishop and Butler (1995).

b STPD, Standard temperature and pressure, dry.
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230 Mb
0.82 (ml min21), that maximum cardiac output of consist of a relatively greater proportion of FG fiber

types.birds should scale with respect to Mh as 213 Mh
0.88 (ml

min21), and that maximum aerobic power input (aerobic
Pi,max) should scale as 11 Mh

0.88 (W). Thus, for studies
VIII. THE RESPIRATORY SYSTEMof the prolonged aerobic flight performance of birds, the

estimates of V? O2,max or Pi,max based on relative Mh should
The respiratory system is not only concerned withbe of more practical value than the use of general scaling

gas exchange (i.e., the supply of oxygen to and the re-equations based on body mass alone.
moval of carbon dioxide from the circulatory systemThe mean values for Mh from selected avian families
and the metabolizing tissues), but also with the controlare plotted in Figure 18a (data from Hartman, 1961)
of body temperature and evaporative water loss.and Figure 18b (data from Magnan, 1922) and indicate

the interfamily adaptive diversity in aerobic capacity.
The very small Mh of all three species of tinamou indi- A. Ventilatory Adjustments during Flight and
cate that the members of this family have the lowest Ventilatory/Locomotor Coupling
aerobic ability of all bird species. Other relatively seden-

As for the cardiovascular system, there is a variationtary forest birds with small Mh include the guans, mot-
of Fick’s formula for convection that describes the rela-mots, puffbirds, and antbirds. This contrasts with the
tionship between V? O2 and the various components ofrelatively large Mh of other bird families that live pre-
the respiratory system:dominantly in forest, such as the parrots, trogons, king-

fishers, and hummingbirds. Interestingly, Figure 18b V? O2 5 fresp 3 VT 3 (CIO2 2 CEO2),
shows that the Mh values of the bustard family (Otidae)

where fresp is respiratory frequency (breaths min21), VTappear to range above the general allometric trend. The
is respiratory tidal volume (ml), and (CIO2 2 CEO2) isrelative Mh of the 0.83-kg little bustard and the
the difference in the oxygen content in the inspired and8.95-kg great bustard are 1.8 and 1.4%, respectively.
expired gas (milliliter of O2 per milliliter of gas). DataThese relative Mh values are even larger than those of
on ventilation are given in Table 4 for 5 species of birdsthe Anatidae which typically range from 0.8 to 1.1%.
at rest and during forward flapping flight in a windTwo other observations appear to substantiate this find-
tunnel. At relatively low ambient temperaturesing. Crile and Quiring (1940) gave the following values
(,238C), minute ventilation volume V? I (5 fresp 3 VT)for the relative heart masses of the African Kori bustard;
increases by a similar proportion as V? O2 and the propor-a 5.54-kg female Kori bustard (1.1%) and a 10-kg male
tion of oxygen extracted from the inspired gas (O2, ext,Kori bustard (1.0%). In addition, Stickland (1977) shows
effectively equal to CIO2 2 CEO2/CIO2) during flight is

that while 100% of the area of the pectoralis muscle of similar to that in resting birds. The relative contributions
the African helmeted guinea-fowl is made up of ‘‘white’’ of fresp and VT to the increase in V? I during flight vary
anaerobic muscle fibers (i.e., FG fibers), 82% of the area between species. In white-necked ravens (Corvus leuco-
of the pectoralis muscle of the similarly sized white- cephalus), VT does not change at all, whereas in fish
bellied bustard is made up of ‘‘red’’ aerobic fibers (i.e., crows and black-billed magpies it doubles and in star-
FOG fibers). This author also comments on the fact lings there is a fourfold increase. Thus, in the first three
that the European species of bustards undergo local species, fresp makes the greater contribution, but in the
migrations, which is a further indication that they are fourth, volume predominates. Respiratory frequency
capable of a ‘‘prolonged’’ mode of flight. and VT in the fish crow (Bernstein, 1976) and fresp in the

There are also some interesting intrafamily differ- barnacle goose (Butler and Woakes, 1980) are indepen-
ences in aerobic capacity indicated in the Mh data of Hart- dent of flight speed. This could mean that, like the star-
man (1961) and Magnan (1922). The different genera of ling and the fish crow, V? O2 of the barnacle goose is also
the Columbidae (pigeons and doves) have relative Mh largely independent of flight speed. However, in the
means ranging from 1.29 to 0.57%, while among the gen- budgerigar, both V? O2 and fresp change with speed in a
era of the Falconidae (falcons) these range from 1.14 to U-shaped fashion (Tucker, 1968b).
0.6%. Inboth these families, the genera withthe relatively Despite the apparent matching between the increases
small hearts occur predominantly in tropical forests and in V? I and V? O2 during flight in the four species listed in
are likely to berelatively sedentary. As intrafamily pecto- Table 4, there does appear to be an increase in effective
ralis muscle mass is fairly constant in these examples, it lung ventilation above that required by metabolic rate
is reasonable to assume that the relatively sedentary spe- (hyperventilation) during flight in starlings, as indicated
cies are more dependent on anaerobic metabolism to by a decrease in the partial pressure of CO2 (PCO2,

hypocapnia) in the anterior and posterior airsacs (Torre-support their flight activity and that their flight muscles
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FIGURE 18 Mean values for cardiac muscle mass as a percentage of body mass (%), plotted against body
mass (kg) for different families of birds. (a) Data from Hartman (1961); (b) data from Magnan (1922).
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TABLE 4 Mean Values of Respiratory Frequency, Tidal Volume, Minute Ventilation Volume, Oxygen Extraction,
and Oxygen Uptakea

Rest Flight

Mass (kg) fresp VT V
?

I O2 ext V
?

O2 fresp VT V
?

I O2 ext V
?

O2 min

Hummingbird (.208C)b 0.006 — — — — — 280 0.63 0.18 0.135 4.1
(Amazilia fimbriata fluviatilis)

Hummingbird (368C)c 0.008 — — — — — 330 0.38 0.12 0.24 5.0
(Colibri coruscans)

Budgerigar (18–208C)d 0.035 — — 0.047 0.27 2.62 199 1.15 0.232 0.26 10.9
(Melopsittacus undulatus)

Starling (10–148C)e 0.073 92 0.67 0.061 0.28 3.16 180 2.8 0.504 0.31 28.1
(Sturnus vulgaris)

Black-billed magpie f 0.165 52.4 2.95 0.154 — — 162 6.1 0.953 — —
(Pica pica)

Fish crow (12–228C)g 0.275 27.3 8.2 0.223 0.19 8.5 120 14.9 1.79 0.19 68.0
(Corvus ossifragus)

White-necked raven (14–228C)h 0.48 32.5 10.5 0.34 0.24 17.0 140 10.7 1.40 0.29 84.9
(Corvus cryptoleucus)

a Abbreviations: fresp, respiratory frequency (min21); VT tidal volume, (ml); V
?

I, minute ventilation volume (1 min21 BTPS, except for fish
crow where it is 1 min21 STPD); O2 ext, oxygen extraction; V

?
O2, rate of oxygen uptake (ml O2 min21 STPD) during rest and while hovering in

two species of hummingbirds and while flying in a wind tunnel for five other species of birds. The values for V? O2 during flight are the minima
that have been recorded and have been corrected for the drag and mass of mask etc., where necessary [see Butler et al. (1977) for further
details]. BTPS, body temperature and pressure, saturated. STPD, standard temperature and pressure, dry.

b Berger and Hart (1972).
c Berger (1978).
d,e,g,h Butler and Woakes (1990).
f Boggs et al (1997a).

Bueno, 1978a). It can also be seen from Table 4 that upon landing, the pigeons panted at a frequency identi-
cal to the mean resonant frequency of the respiratoryO2, ext for the hovering hummingbird Colibri corusans

is similar to those for the four birds during forward system (i.e., 10 Hz, Kampe & Crawford, 1973). During
flapping flight, however, fresp was slower, at approxi-flapping flight, whereas that for Amazilia fimbriata fluv-

iatilis is 50% or less. mately 7 Hz (i.e., the same as fwb).
With a 1 : 1 correspondence, it is possible to imagineEver since Marey’s (1890) pioneering studies on bird

flight, it has been known that fresp may be coordinated how contractions of the flight muscles could assist respi-
ratory air flow, but with higher ratios this is not alwayswith the beating of the wings and Marey himself sug-

gested that the flapping of the wings during flight might so obvious. Nevertheless, a correspondence of 3 : 1 has
been found in free-flying barnacle (1.6 kg) and Canadahave some impact on the airsacs. In crows (Corvus

brachyrhynchos) and pigeons there is a 1 : 1 correspon- (3.8 kg) geese (Butler and Woakes, 1980; Funk et al.,
1993) and it is clear that the wing beat is tightly lockeddence between fresp and the frequency of wing beating

( fwb), whereas ratios as high as 5 : 1 ( fwb : fresp) have been to fixed phases of the respiratory cycle during flights
of relatively long duration (Figure 19b). These phasereported for the black duck Anas rubripes, quail C.

coturnix, and ring-necked pheasant Phasianus colchicus relationships can be mantained, even following transient
changes in one of the activities (Butler and Woakes,(Hart and Roy, 1966; Berger et al., 1970b). However, as

mentioned above, the flights reported by these authors 1980). As Tucker (1968b) comments, ‘‘It is hard to be-
lieve that the contractions of the flight muscles havewere of only a few-seconds duration and it was con-

cluded that coordination was not obligatory. During no influence in ventilation. . . .’’ Recent studies have
attempted to investigate this intriguing possibility.flights of up to 10-min duration, pigeons in a wind tunnel

showed a very close relationship between these two Benzett et al. (1992) recorded respiratory airflow and
the timing of each wingbeat for three starlings flying atactivities. Wingbeats occurred in bursts and, although

fresp was often either slower or faster than the wing beat 11 m sec21 for up to 5 min in a wind tunnel. Triggering
on wingbeat and using the technique of ensemble aver-frequency ( fwb) between bursts of wing beating, there

was always close coordination between the two when the aging, these authors found that there was usually a 3 : 1
ratio between fwb and fresp, but that the effect of wingbeatwings were flapping (Figure 19a). Almost immediately
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on VT ranged from 3 to 11%. They concluded, therefore,
that wingbeat and breathing in starlings are essentially
mechanically independent. A problem with ensemble
averaging is that it examines the systems when they are
out of synchrony; that is, when there would be a low
influence of locomotion on ventilation. On the other
hand, Jenkins et al. (1988) took high-speed X-ray cine
films of starlings flying in a wind tunnel and suggested
that the lateral movement of the furcula during the
downstroke of the wing and the recoil during the up-
stroke may facilitate inflation and deflation, respec-
tively, of the clavicular airsac. They also found, however,
that the sternum is moved in an expiratory direction
during the downstroke and in an inspiratory direction
during the upstroke. As the action of the sternum will
influence the more posterior airsacs, these authors pro-
posed that the combined action of the movements of
the furcula and of the sternum, which are caused by the
beating wings, is to produce a secondary respiratory
cycling mechanism between the airsacs and the lungs
that performs independently of (the slower) inhalation
and exhalation.

Boggset al. (1997a,b) recordedpressures in, andsimul-
taneouscineradiographic imagesof, theanteriorandpos-
terior airsacs, airflow in the trachea, and EMGs of the
pectoral muscles in black-billed magpies during short
(10–20 sec) flights in a wind tunnel (Figure 20a). Al-
though they found similar patterns of movements of the
furcula and sternum in themagpie during flight as Jenkins
et al. (1988) described for the starling, they did not find
that the pressure changes in the anterior and posterior
air sacs are consistent with the internal, secondary cycling
between the airsacs and the lungs, as postulated by Jen-
kins et al. (1988). However, the downstrokes and up-
strokes of the wings do have compressive and expansive
effects, respectively, on the thoracoabdominal cavity,
most probably by way of inertial mechanisms.

It was only possible to quantify the effect of these
influences when the movements of the wings were op-
posing the action of the respiratory muscles (FigureFIGURE 19 (a) Traces from a pigeon, Columba livia (0.45 kg), flying
20b). Thus, the average change in airsac pressure causedat a speed of 10 m sec21 in a wind tunnel, showing changes in respiratory
when a downstroke occurred during inspiration wasfrequency associated with periods of wing beating and with periods of

gliding (i) at the beginning of a flight (1 min after take-off) when respira- 94%, whereas the average change caused by an upstroke
tory frequency decreased during the gliding period and (ii) later in the occurring during expiration was 41%. The correspond-
flight (6 min after take-off) when respiratory frequency increased during ing average changes in flow and volume were 75 and
the gliding period. In each series, the traces from top to bottom are:

23% and 35 and 11%, respectively. The conclusion is,Electromyogram from the pectoralis muscle, respiratory movements (up
therefore, that when the effects of the wings and theto trace, inspiration). (From Butler et al. (1977), J. Exp. Biol., Company

of Biologists, Ltd.) (b) Histogram showing the positions during the respiratory muscles are acting together (i.e., when
respiratory cycle at which the wings were fully elevated (called ‘‘events’’) downstroke occurs during expiration and upstroke dur-
during the flight of a barnacle goose, Branta leucopsis, trained to fly ing inspiration), ventilation of the lung is substantially
behind a truck. Data are from 20 respiratory cycles, which were divided

enhanced. With the normal 3 : 1 ratio between fwb andinto 10 equal parts. Below the histogram is plotted the mean position
fresp, the pattern of phasic coordination means that thereof each group of events (s). Above the histogram is a trace of one of

the respiratory cycles (inspiration, up). (From Butler and Woakes (1980), are two upstrokes during inspiration (cf. Figure 19b)
J. Exp. Biol., Company of Biologists, Ltd.) and two downstrokes during expiration, thus giving a
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FIGURE 20 (a) The relationships between interclavicular airsac pressure, tracheal airflow, and electromyogram (EMG) of a pectoral muscle during flight
of a black-billed magpie, Pica pica, in a wind tunnel. As the flow signal is not directional, inspiration is taken as that period during which pressure is
subatmospheric (below 0) and expiration is that period during which pressure is above atmospheric (above 0). The EMG of the pectoral muscle indicates the
upstrokes and downstrokes of the wings. When a downstroke occurs during inspiration, the subatmospheric pressure is driven up toward or above zero and
when upstroke occurs during expiration, the supraatmospheric pressure is reduced toward zero (from Boggs, 1997, with permission). (b) Diagram to indicate
how the average changes in airsac pressure shown in (a) were quantified in terms of the percentage change in pressure caused during inspiration or expiration
by downstroke or upstroke of the wings, respectively. [From Boggs et al. (1997a), J. Exp. Biol., Company of Biologists, Ltd.]
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net assistance to inspiration during the former and a
net assistance to expiration during the latter. This phasic
coordination is not disrupted when the birds breathe
5% CO2 during flight. When they spontaneously switch
to a 2 : 1 ratio, they shorten inspiratory time to ensure
that upstroke occurs during most of inspiration and that
downstroke corresponds with the transition to expira-
tion (Boggs et al., 1997b). Both of these phenomena
indicate that such coordination is probably of funda-
mental functional significance.

Studies with decerebrate Canada geese (Funk et al.,
1992a,b) indicate that, in the absence of peripheral feed-
back from the flapping wings, there is predominantly a
1 : 1 ratio between fresp and fwb and that peripheral feed-
back is required to create the patterns of coordination
seen in free-flying birds.

FIGURE 21 The relationship between ambient temperature and
steady-state oxygen extraction of fish crows, Corvus ossifragus, whileB. Temperature Control
at rest and while flying in a wind tunnel. (Reprinted from Resp.
Physiol. 26, M. H. Bernstein, Ventilation and respiratory evaporationAt least 70% of the total energy expended during for-
in the flying crow, Corvus ossifragus, pp. 371–382, Copyright 1976ward flapping flight is wasted as heat, and this heat load
with permission from Elsevier Science–NL, Sara Burgerhartstraat 25,has to be dissipated in some way. One possible route is
1005 KV Amsterdam, The Netherlands.)

by evaporative heat loss via the respiratory system. The
hyperventilation that occurs in starlings during forward
flapping flight (Torre Bueno, 1978a) could be the result high Ta. A high-frequency, shallow ventilatory compo-

nent is superimposed upon a deeper, lower-frequencyof the increase in body temperature (Tb), by at least 28C,
that occurs in all birds so far studied, even at low (08C) component and may serve to reduce hypocapnia during

thermal panting (Hudson and Bernstein, 1978).ambient temperatures (Ta) (Torre-Bueno, 1976; Hudson
and Bernstein, 1981; Hirth et al., 1987). However, when The physiological significance of the hyperthermia

during flapping flight, even at low Ta, is uncertain, al-the usual elevation in Tb during running is prevented in
ducks and domestic fowl, there are still signs of hyperven- though Torre-Bueno (1976) concluded that birds adjust

their insulation to allow a certain increase in Tb duringtilation (Kiley et al., 1982; Brackenbury and Gleeson,
1983). In ducks, there was an increase in lactic and hence flight in order to improve muscle efficiency and to in-

crease maximal work output. Hudson and Bernsteina slight acidosis which could have stimulated ventilation
and in the fowl, hyperventilation seemed only to occur at (1981) point out that, assuming an overall efficiency of

25%, the almost38C increase in Tb in white-necked ravenshigher work loads. Thus, it appears as if factors, other
than hyperthermia, contribute to the overall hyperventi- while flying at a speed of 10 m sec21 reflects the storage

ofuptohalfof themetabolicheatproducedduringaflightlation in birds during exercise.
At relatively low Ta (,238C), Tb does not change with of 5 min duration. At lower overall efficiencies, more heat

would be produced, so the proportion stored under thevarying Ta at constant speed in starlings, white-necked
ravens,and pigeonsflying inawind tunnel (Torre-Bueno, above conditions would be less. A similar situation exists

for the calculations of the proportion of metabolic heat1976; Hudson and Bernstein, 1981; Hirth et al., 1987).
Above a Ta of 238C, however, Tb does increase with in- lost by respiratory evaporation (see below).

Whatever the significance of the increase in core tem-creasing Ta in the same three species. In the raven, V? I

increases with increasing Tb so that, in this species and in perature during flapping flight, brain temperature is
maintained at a lower level. In fact, even in birds underthe fish crow flying at constant speed, V? I progressively

rises above that required by the metabolic demands of resting, thermoneutral conditions, there is approxi-
mately a 18C difference between brain and body temper-the bird as Ta increases above about 238C. Thus, O2, ext

falls from a value of 0.19 at a Ta of 208C to 0.13 at a Ta of atures (Bernstein et al., 1979a). This difference is at
least maintained as kestrels (Falco sparverius) become258C in the flying fish crow (Figure 21). The increased

hyperventilation at higher Ta would tend to cause further hyperthermic during flapping flight and may even in-
crease (Figure 22). The structure that appears to behypocapnia (see Torre-Bueno, 1978a) and thus alkalosis.

It has been demonstrated that the white-necked raven largely responsible for this phenomenon is the rete mira-
bile ophthalmicum (RMO) (Kilgore et al., 1979; Bern-resorts to so-called compound ventilation when flying at



4219 / c15-424 / 08-07-99 04:24:08

P. J. Butler and C. M. Bishop424

rate than it is produced metabolically (i.e., the birds
are dehydrating; Tucker, 1968b; Biesel and Nachtigall,
1987). The starling is in water balance only at Ta below
78C (Figure 23; Torrre-Bueno, 1978b). However, be-
cause of the uncertainty regarding the rate of metabolic
water production during flight, the author points out
that the critical temperature lies between 08 and 128C.
Only below a Ta of 08C was the hovering hummingbird
Amazilia fimbriata in water balance (Berger and Hart,
1972). Torre-Bueno (1978b) suggested that during mi-
grations, birds ascend to altitudes where the air is cool
enough to enable a greater proportion of heat to be
dissipated by nonevaporative means, thus keeping them
in water balance.

Some of the larger species of birds, do indeed, appear
to migrate at high altitudes, in excess of 8000 m (Swan,
1970; Stewart, 1978). However, Carmi et al. (1992) used
program 1 from Pennycuick (1989) to calculate Pi and
concluded that smaller species might be better off stay-

FIGURE 22 Mean (6 2 SE) temperatures in the colon and brain ing below 1000 m because of the greater ventilation (and
of American kestrels, Falco sparverius, before, during and after flying hence increased water loss) required by the reduced air
at a speed of 10 m sec21 and at an ambient temperature of 238C. Data

density and partial pressure of oxygen (PO2) associatedat 51 min were obtained as mean values over the period between
with higher altitudes. These authors also emphasize the5 min and 15 min after the onset of flight and represent steady-state

values. Postflight values are those obtained after reestablishment of importance of O2, ext and the temperature of the exhaled
steady-state following each flight. (From Bernstein et al. (1979a), Am. air (Texp) in water conservation during flight. The greater
J. Physiol. with permission.) the O2, ext, the lower the V? I for a given V? O2 and the

lower the Texp, the less water will be lost in expired air,
provided the birds have an effective countercurrent heatstein et al., 1979a,b). It is closely associated with the
exchanger in their respiratory passages (Schmidt-circulatory system of the eye and warm arterial blood
Nielsen et al., 1970). Thus, it should be advantageousfrom the body is thought to be cooled by the countercur-
for small migrants crossing the Sahara to fly at lowrent exchange with venous blood returning from the
altitude at night and to rest during the day. However,relatively cool beak, evaporative surfaces of the upper

respiratory tract, and eye (Midtgård, 1983). a study of the behavior of nocturnal migrants in a desert
Hyperventilation during flight no doubt serves a ther- area indicates that only tailwind speed is closely related

moregulatory function and as Ta increases, a greater to the altitude at which the birds fly (Bruderer and
proportion of total heat loss during flight is by respira- Liechti, 1995). Thus, in autumn, the birds make use of
tory evaporation. However, even at a Ta of 308C, this the northerly winds at relatively low altitudes, despite
proportion is only approximately 20% of total heat loss the high temperatures, while in the spring they fly at
for the budgerigar and fish crow (Tucker, 1968b; Bern- higher altitudes in order to take advantage of the south-
stein, 1976) and 30% for the white-necked raven and westerly winds. That there is an overall advantage of
pigeon (Hudson and Bernstein, 1981; Biesel and Nachti- flying at a given altitude with a helpful tailwind, despite
gall, 1987). In the hummingbird Amazilia fimbriata, the implications for water balance, may not be too sur-
maximum respiratory heat loss of 40% of the total oc- prising, but how nocturnal migrants are able to detect
curred at a Ta of 358C (Berger and Hart, 1972). So, most wind direction is a fascinating question.
metabolic heat must be dissipated by means other than Carmi et al. (1993) also demonstrated that when at
respiratory evaporation. Indeed, herring gulls can lose rest or during flight, birds have an ability to maintain
up to 80% of total heat production through their webbed plasma volume, despite significant reductions in body
feet during flight (Baudinette et al., 1976). In the pigeon, mass which are largely the result of water loss. This is
the value is probably less, but nonetheless significant, of obvious significance during flight, particularly during
at 50–65% (Martineau and Larochelle, 1988). long distance migratory flights, when a reduction in

plasma volume would result in an increase in viscosity
C. Respiratory Water Loss of the blood which, in turn, would increase the work

load of the heart resulting in an inadequate cardiacDuring flapping flight at Ta above 188C for the bud-
output and supply of oxygen to the metabolizing tissues.gerigar and 7.58C for the pigeon, water is lost at a greater
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FIGURE 23 Data showing the rate of loss of body mass and the ratio of the rate of evaporative cooling to
the metabolic rate (E/MR) as a function of ambient temperature in two starlings, Sturnus vulgaris, flying in a
wind tunnel at between 9 and 14 m sec21. (From Torre-Bueno (1978b), J. Exp. Biol., Company of Biologists, Ltd.)

IX. MIGRATION AND LONG-DISTANCE captive adult geese (pectoralis mass 5 0.3 Mb
0.92, r 2 5

0.90). The body mass exponents (or slopes) of the twoFLIGHT PERFORMANCE
regression equations are not significantly different be-
tween the two populations, although the coefficients areA. Preparation for Migration
slightly smaller in the captive geese). Thus, approxi-

As discussed by Fry et al. (1972), it is a reasonable mately, 92% of the pectoralis muscle mass of premigra-
expectation that there will be correlated physiological tory barnacle geese appears to be almost independent of
adaptations associated with the extra power required the experience of flight per se. This is in contrast to the
to fly due to the laying down of fat as fuel for long- conclusion of Marsh and Storer (1981) who suggested
distance flights. Their work indicated that early in the that the correlation between flight muscle mass and body
fattening process of the yellow wagtail (Motacilla flava) mass in Cooper’s hawk (Accipiter cooperii) is a natural
the flight muscles showed a small hypertrophy. Other analog of ‘‘power’’ training during flight.
studies have also found muscle hypertrophy during fat- The results of the barnacle goose study suggest that
tening for both the pectoralis muscles (Marsh, 1984; either the pectoralis muscle mass is determined by en-
Driedzic et al., 1993; Bishop et al., 1996; Jehl, 1997) and dogenous processes during premigratory fattening or
the cardiac muscles of birds (Driedzic et al., 1993; Bishop that the flight muscle is able to detect and respond
et al., 1996; Jehl, 1997). However, the mechanisms un- appropriately to the consequent increase in wing loading
derlying these processes are currently obscure. during this period. Perhaps the relatively infrequent

Bishop et al. (1997) compared the development of a bouts of wing-flapping and occasional take-offs exhib-
captive population of the barnacle goose with that of the ited by captive birds provided a sufficient mechanistic
wild migratory population in order to investigate to what link by which the birds are able to maintain the flight
extent some of the migratory specializations of the car- muscle to body mass relationship. However, Gaunt et
diac and locomotory muscles might be determined by de- al. (1990) studied the flight muscle changes of the eared
velopmental processes and to what extent they might be grebe (Podiceps nigricollis) during a staging period at
modulated by differences in relative levels of activity. Mono Lake, California, where the food resources were
Postflight increases in the masses of the pectoralis mus- not limiting. Following a postbreeding moult at the lake,
cles, of both wild and captive geese, tend to show an ap- the birds become flightless and their flight muscles show
propriate amount of hypertrophy in response to changes a slight atrophy, but due to an abundance of food the
in body mass (Figures 24a and 24b). Regression equa- birds put on a large amount of fat and body mass greatly
tions were calculated for both the wild adult premigra- increases. Just prior to departure for the winter grounds,

the birds metabolize much of the fat and it is at thistory geese (pectoralis mass 5 0.5 Mb
0.86, r 2 5 0.93) and
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FIGURE 24 Scatter diagram of the masses of the pectoral muscles (g) and the mass-specific activity of citrate
synthase (CS) in the pectoral muscles (emol min21 g wet wt21) of captive (a and c) and wild (b and d) barnacle
geese, Branta leucopsis, plotted against body mass (g). Goslings of 1–7 weeks of age (u), goslings of 12–
20 weeks of age (d), adults at 7 weeks after the population hatch date (n) and premigratory adults .10 weeks
post-hatch (1). (From Physiol. Zool., C. M. Bishop, P. J. Butler, A. J. El Haj, S. Egginton, with permission
from The University of Chicago Press. q University of Chicago Press 1998.)

time that the flight muscles hypertrophy. In this exam- (56–58 emol min21 g21), but similar to the range of wild
adult birds (92–106 emol min21 g21). The main conclu-ple, flight muscle atrophy occurs when the birds have

plenty of food, while subsequent hypertrophy occurs sion from these results is that the captive adults have
mass-specific values of activity for CS (mean 5 62.1 6 1.7while the birds are actually reducing in body mass. Thus,

there is no obvious mechanistic link between hypertro- emol min21 g21) which do not scale with body mass (CS
5 20 Mb

0.14, r 2 5 0.11) and are substantially below thosephy of the flight muscle and body mass, although the
authors did associate increased wing flapping with the of the wild premigratory birds (mean 5 98.6 6 1.9 emol

min21 g21,P ,0.0001). Results from captivegoslings agedflight muscle hypertrophy.
Figures 24c and 24d show the change in maximum between 12 and 20 weeks also appear to be closely associ-

ated with the regression line resulting from the data frommass-specific CS activity in the same barnacle geese as
for the data on pectoralis muscle mass (Figure 24a and captive adult geese.

Peak values for the activity of CS in the pectoralis24b). There is little difference between the two popula-
tions up to 7 weeks of age. Specific activities of CS in the muscles of the wild geese are found in the premigratory

birds, although there is a tendency for the mass-specificpectoralis muscles of the two wild 11.5-week-old juve-
niles are, at 103 and 116 emol of substrate min21 g21, out- activity to decline with increasing body mass (CS 5

862 Mb
20.28, r 2 5 0.33). Thus, the activity of CS in theside the range of that for the 12-week-old captive birds

(55–59 emol min21 g21) and the captive adult birds pectoralis of adult captive geese, and captive goslings
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over 11 weeks of age, is only around 60% of that mea- for it to arrive at its destination before most of its com-
sured in wild geese. In addition, CS activity in the pecto- petitors (Alerstam and Lindström, 1990). In this case,
ralis muscles of a group of postmoulting, wild, adult the optimal flight speed will be greater than Umr. In a
geese was similar to that of long-term captive birds. recent analysis of data in the literature for 48 species
Thus, it is suggested that the rise in the activity of CS during migration, Welham (1994) concluded that lighter
in the premigratory birds may be a reaction to the in- species do, indeed, fly faster than Umr, whereas heavier
crease in flight activity per se, while the rise in CS activity species tend to fly slower. However, recent modifica-
during development of the goslings up to fledging could tions to the aerodynamic model of Pennycuick (cf., Pen-
be primarily under endogenous control. In addition, nycuick 1997) indicate that previous estimates of Umr
heart ventricular mass is reduced in captive and post- may be underestimates. Both Umr and the speed for Tmin
molt wild adults compared to that in wild premigratory are similarly affected by winds; optimal speed increases
birds and is qualitatively similar to the reduction shown with headwinds and decreases with tailwinds (Penny-
in the aerobic capacity of the pectoralis muscle. It is cuick, 1978).
suggested that this reduction in ventricular mass is also It has been suggested that some species of birds, such
likely to be a direct result of the lower activity levels as geese, may be able to reduce induced drag by flying
experienced by captive birds (Bishop et al., 1998).

in V-formation (Lissaman and Scholenberger, 1970;One of the factors which may be important in the
Hummel, 1995). This would entail their maintaining po-development of the aerobic capability of the pectoral
sitions so that the tips of the wings on the inside of themuscles of barnacle geese is thyroxine (T4). Circulating
V are close to the centers of the trailing vortices fromlevels of T4 show a similar developmental profile as
the wings on the outside of the bird ahead (Hainsworth,mass and mass-specific activity of CS of the pectoral
1987). Theoretically, an ‘‘infinite’’ number of birds maymuscles (Bishop et al., 1997). While artificially accelerat-
save up to 71% of their induced power in this way anding the increase in circulating T4 did not have a signifi-
measurements of wing tip spacing (WTS) have beencant effect on either relative mass or on the mass-specific
used to indicate whether or not such savings are possi-CS activity of these muscles (Deaton et al., 1997), hypo-
ble. Assuming a fixed wing at maximum span, Hains-thyroidism during development, induced by administra-
worth (1987) found considerable variability in WTStion of the drug methimazole, did result in the retarda-
(2128 and 289 cm) both between and within formationstion of their growth, mass-specific CS activity, fractional
of Canada geese (Branta canadensis) but found thatvolume of mitochondria, and capillarity (Deaton et al.,
median WTS for 55 geese (219.8 cm) was close to the1998). There was no such effect on the mass of the

muscles of the leg. theoretical optimum (216 cm) and corresponded to an
If the mass-specific CS values for the pectoralis mus- estimated saving in induced power of 36%, compared

cles of premigratory geese are generalized to the whole with the maximum of 51% for 9 geese flying in V-
muscle, then the largest birds will have the lowest body formation. Even so, in order to achieve such savings
mass-specific aerobic capacity despite requiring the with beating wings, there would have to be a high degree
highest relative power outputs (Pennycuick, 1989). Con- of synchrony in wingbeat frequencies, as there is little
sequently, during sustained flight, the larger birds may variation in depth (the distance between adjacent birds’
have to fly nearer to their minimum power speeds than body centers, parallel to the flight path) between indi-
the smaller geese. This conclusion is also supported by viduals (Hainsworth, 1989). This author found close syn-
the data on the heart ventricular mass (Bishop et al., chrony (a difference of ,0.1 beat sec21) to be present
1996), which indicates that there is a tendency for rela- in 48% of the birds he studied and, because of the calm
tive heart mass to decline slightly with increasing body conditions at the time, concluded that this probably
mass. Thus, given that maximum oxygen consumption represents an upper limit. Indeed, even when not taking
is likely to be closely correlated with heart mass (Bishop wing beat frequency into account, Cutts and Speakman
and Butler 1995; Bishop, 1997), it is suggested that dur- (1994) calculated mean saving in induced power for 54
ing premigratory fattening, Pi available is likely to scale skeins of pink-footed geese (Anser brachyrhynchus) to
relative to body mass with an exponent value consider- be only 14% and concluded that the relationship be-
ably lower than that of the Po exponent required (Mb

1.59)
tween depth and WTS supported the communicationfor flight performance to be maintained at a similar level
hypothesis (Gould and Heppner, 1974). This contendsaccording to aerodynamic theory (Rayner, 1990).
that the birds position themselves so as to avoid colli-
sions and to maintain flock unity.

B. Migratory Behavior Gudmundsson et al. (1995) studied the migration of
brent geese (Branta bernicla) from Iceland to GreenlandWhen migrating, it might be more appropriate for
and tracked them by satellite as they flew up and acrossthe bird to minimize the time of migration (Tmin), rather

than the energy consumed, particularly if it is important the Greenland ice cap. These authors found that the
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brent geese (fitted with 60-g satellite transmitters) were a long flight, it would be expected to climb progressively
not able to fly continuously over the Greenland ice cap in order to maintain Umr (see also, Pennycuick, 1978).
and had to make frequent and long rests during the However, the evidence for this being the case is rather
climb. Gundmundsson et al. (1995) concluded that this weak (Hedenström and Alerstam, 1992).
evidence supported the biomechanical predictions of Early studies indicated that most passerines migrat-
Pennycuick (1989) that these birds were up against the ing at night fly below 2 km (Lack, 1960; Nisbet, 1963),
limit of the biomechanical power available from the although it has been demonstrated more recently
flight muscles due to negative scaling of wing beat fre- (Bruderer and Liechti, 1995) that wind direction may
quency with respect to body mass. However, the analysis cause the majority of birds crossing the south of Israel
of Bishop and Butler (1995) and Bishop (1997) suggest to fly above 1.8 km in spring. Even so, 90% were below
that the limit to the sustained climbing performance of 3.5 km. Some birds have been observed at extremely
birds, such as brent geese, is more likely to be related high altitudes. A flock of 30 swans (probably whooper,
to the biomechanical performance of the heart. As geese Cygnus cygnus) was located by radar off the west coast
have both FG and FOG fiber types in their flight muscles of Scotland at an altitude of 8–8.5 km, where the temper-
(Rosser and George, 1986a), the net effect is that during ature was 2488C (Stewart, 1978; Elkins, 1979). Bar-
‘‘prolonged’’ activity the mass of the flight muscle is headed geese, Anser indicus, have been observed flying
effectively reduced to that of the ‘‘aerobic’’ FOG fibers at altitudes of approximately 9 km (where PO2 is, at
and the Po available becomes proportional to the ability 6.9 kPa, approximately one-third of the sea-level value)
of the cardiovascular and respiratory system to supply during their migration across the Himalayas (Swan,
the working (aerobic) muscle tissue. This appears to be 1961). Thus, birds can fly at altitudes at which nonaccli-
a reasonable notion, as the idea that these birds were matized mammals can barely survive (Tucker, 1968a).
capable of flying for more than a few minutes while Unfortunately, there have been few physiological stud-
using a relatively large amount of anaerobic metabolism ies on birds flying at high altitude, real or simulated,
is difficult to accept. The additional contribution from although Tucker (1968a) did train a budgerigar wearing
the FG fibers would have meant that even with the a V? O2 mask to fly in a hypobaric wind tunnel for 30 sec
satellite transmitter attached there should have been at the equivalent of 6.1 km. Work on captive animals
plenty of potential to fly up the slope using anaerobic has indicated some of the various adaptations that may
power, but the birds would require constant stops (as be of great importance in those species that fly at
was observed). The empirical data of Gudmundsson et high altitudes.
al. (1995) actually appear to indicate that it is not the For obvious reasons, the bar-headed goose has been
biomechanical power available from the whole flight

the subject of many studies concerned with the physio-
muscles per se that is limiting, but the power available

logical adaptations for flying at high altitude. Unlikefrom the mass of the FOG fibers, which is likely to
Pekin ducks, bar-headed geese do not increase theirbe closely matched to the ability of the cardiovascular
Hct and [Hb] when exposed to simulated high altitudesystem to perfuse the flight muscle with blood.
(Black and Tenney, 1980). This means that there is no
increase in the viscosity of the blood, thus preventing
a possible reduction in its circulation. This is more thanX. FLIGHT AT HIGH ALTITUDE
counterbalanced by the higher affinity for oxygen (low
P50) of the Hb of the goose (P50 for blood of the bar-Two aspects of flying at high altitude (air temperature
headed goose at pH 7.5 is approximately 5 kPa com-and evaporative water loss) have already been men-
pared with 7.5 kPa for the duck), which allows the main-tioned. Other aspects are the effect of the decreases in
tenance of a higher CaO2 (and hence CaO2 2 CvO2) atair density and in the partial pressure of oxygen with
high altitudes than in the duck.increasing altitude. Pennycuick (1975) argues that, as

A comparison between the bar-headed goose andthe effective lift : drag ratio increases with increased
the plain-dwelling greylag goose, Anser anser, indicatesheight, birds, particularly small ones, should fly at the
that their Hb differs by only four amino acid substitu-maximum height at which they are able to maintain
tions, one of which (a119-ProRAla) may, by altering thetheir maximum range speed (Umr). However, as this
contact between the a1 and b1 chains, confer a smallspeed increases with height, so does the power required
increase in the O2 affinity of the Hb from the bar-headedto maintain it. Also, because the rate of gas exchange
goose (Perutz, 1983), and this is then amplified by theis affected by PO2, there will be a particular altitude at
interaction with inositol pentaphosphate (Rollema andwhich the bird can only just obtain O2 at a sufficient
Bauer, 1979). The complementary substitution (b55-rate to maintain Umr and this is the optimum cruising

height. As the bird uses fuel and thus loses mass during LeuRSer) at the same position may have a similar effect
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on the P50 of the Hb of the Andean goose Cloephaga to hypoxia is smaller in the bar-headed goose than in
other birds and mammals (Faraci et al., 1984b). All ofmelanoptera (Weber et al., 1993).

Temporary movements to high altitude seem to have these factors are, no doubt, very important features
when the geese are flying over the Himalayas.different effects. The natural annual movements of wild

quail from 200 to 1200 m in Catalonia is accompanied It has been suggested that the more effective lungs of
birds, compared with those of mammals, may contributeby an increase in [Hb] of 24% but a decrease in the

affinity of Hb for O2 (P50 from 3.6 to 4.2 kPa, Prats et significantly to the ability of birds better to tolerate high
altitude (Scheid, 1985). However, Shams and Scheidal., 1996). Thus, there is an increase in O2 carrying capac-

ity of the blood and an enhancement of its ability to (1989) concluded that, although the parabronchial lung
of birds does confer an advantage at a PO2 equivalentrelease O2 to the tissues.

It is clear from the data of Black and Tenney (1980) to that at the top of Mt. Everest, at the highest simulated
altitude (11.58 km) tolerated by their ducks, there wasthat the respiratory system of bar-headed geese is able

to maintain a very small difference between the PO2 of no advantage at all. The authors concluded that the
major difference between birds and mammals at theseinspired air (PIO2) and that in the arterial blood (PaO2)

when at high altitude. For example, when at sea level, extreme altitudes is the ability of the former to tolerate
lower PaCO2, thus enabling the respiratory system toPIO2 2 PaO2 in bar-headed geese is approximately

7 kPa, whereas at a simulated altitude of 10.67 km it is maintain PaO2 at as high a level as possible. An in-
triguing aspect of this for birds actually flying at theseonly 0.5 kPa. The large increase in V? I that is required

to maintain such a small difference between PIO2 and extremely high altitudes is how they protect the upper
airways from cold damage potentially caused by hyper-PaO2 also causes a decline in PaCO2 and an associated

increase in arterial pH (pHa); the bird becomes hypo- ventilating air at 2408C to 2508C.
In a subsequent paper, the same authors (Shams andcapnic and alkalotic.

In a number of mammals (dog, monkey, rat, man) Scheid, 1993) reported that when hypoxia is accompa-
nied by the appropriate hypobaria (reduced atmo-hypocapnia causes a reduction in cerebral blood flow.

This is not the case in ducks and bar-headed geese spheric pressure), V? I and PaO2 are slightly, but sig-
nificantly greater. Although the authors have no(Grubb et al., 1977; Faraci and Fedde, 1986). Also, hyp-

oxia causes a greater increase in cerebral blood flow in explanation for these differences, they would allow a
bird at the elevation of Mt. Everest to gain anotherducks than it does in dogs, rats, and man (Grubb et al.,

1978). At high altitude, of course, both of these factors 700 m in height before the ‘‘increase’’ in PaO2 was
eliminated. Gas exchange across the rete mirabile oph-occur together (hypocapnic hypoxia) and under these

conditions hypocapnia appears to attenuate the increase thalmicum, thus enhancing the supply of oxygen to the
brain (Bernstein et al., 1984) and improvement in gasin cerebral blood flow caused by hypoxia (Grubb et al.,

1979). However, these authors found that blood flow is transport as a result of acclimation to high altitude
(Weinstein et al., 1985), may be other ways in whichsimilar at a given O2 content in both normocapnic and

hypocapnic ducks. This is because during hypocapnia birds are adapted for survival and activity at high alti-
tudes.(and alkalosis), there is a leftward shift of the O2 equilib-

rium curve, as a result of the Bohr effect, so that a given Despite all of these apparent adaptations to life at
high altitude, experiments on bar-headed geese runningO2 content is achieved at a lower PO2. In fact, in bar-

headed geese, the alkalosis during severe hypoxia is on a treadmill under hypoxic conditions, similar to those
at the top of Mt. Everest, indicate severe limitations togreater than that in Pekin ducks which, together with

the higher affinity of their Hb for O2, means that at a oxygen uptake (Fedde et al., 1989). Under normoxic
conditions, running at 0.6 m sec21 at a 28 incline causedgiven (low) PaO2, CaO2 is much (at least two times)

greater in the geese (Faraci et al., 1984a). Thus, similar a doubling of V? O2 and of V? b. Under hypoxic conditions,
there was a decline in resting V? O2 and this did not(or even greater) O2 deliveries to the brain and heart

can be achieved in hypoxic bar-headed geese at lower change significantly during 6 min of exercise. V? b also
remained unchanged during exercise, although therecerebral and coronary blood flows than in hypoxic

ducks. was a significant reduction in Vs. The authors argue
that diffusion of O2 from the muscle capillaries to theUnlike the duck, this species of goose is able to main-

tain, or even to increase, its perfusion of all tissues mitochondria may limit the aerobic capacity of the leg
muscles during hypoxia, but that this would not be theduring severe hypocapnic hypoxia (Faraci et al., 1985).

Also, capillary density and capillary : fiber ratio are case for the pectoral muscles during flight at high alti-
tude. The question is, how does the heart manage togreater in the skeletal muscle (gastrocnemius) of bar-

headed geese than in that of Canada geese (Snyder et cope with the extra demands of flight at high altitude
when it appears to be at its limit during running underal., 1984) and the pulmonary vasoconstrictor response
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bungstemperaturen. J. Comp. Physiol. 81, 363–380.oxic depression of cardiac contractility, but again this Berger, M., and Hart, J. S. (1974). Physiology and energetics of flight.

cannot occur when the birds are flying at high altitude. In ‘‘Avian Biology’’ (D. S. Farner and J. R. King, eds.), Vol. IV,
It may be that the birds used in this study were stressed pp. 415–477. Academic Press, New York and London.

Berger, M., Hart, J. S., and Roy, O. Z. (1970a). Respiration, oxygenby the surgical techniques associated with the cannu-
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Z. vergl. Physiol. 66, 201–214.tainly, their resting heart rate was almost 33 higher
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interacting with receptors on the surface of the cells ported to the posterior pituitary gland through modified
axons (Table 1, Figure 1).(proteins and polypeptides) or within the cytoplasm and

nucleus (steroids, thyroid hormones). In addition to the
‘‘classical’’ endocrine glands, hormones are produced
by other organs including the pineal (melatonin), liver, III. GONADOTROPINS
(insulinlike growth factor I), and kidney (renin, 1,25-
dihydroxy vitamin D3, erythropoietin). A. Structure

Avian LH and FSH (molecular weight p30 kDa) are
glycoproteins (Burke et al., 1979a; Papkoff et al., 1982).II. ANATOMY OF THE HYPOTHALAMIC–
Avian LH and FSH consist of two glycoprotein subunits;HYPOPHYSEAL COMPLEX
an a-subunit (common to LH, FSH, and TSH) and a b-
subunit (hormone specific). Both subunits are requiredThe pituitary gland (hypophysis) is intimately con-
for biological activity (Burke et al., 1979b). The nucleo-nected to the hypothalamus at the base of the brain.
tide sequence of the cDNA for chicken and turkey a-sub-The pituitary gland has a complex structure and an
unit and the b-subunit for both chicken and Japaneseinteresting embryonic development. Primary tissue can
quail have been established and the amino acid sequencebe classified as either adenohypophysis or neurohypo-
deduced (Foster et al., 1991; reviewed Ishii, 1993).physis; each with a distinct embryonic origin. The adeno-

hypophysis is derived from Rathke’s pouch (probably
ectoderm from the roof of the mouth) and the neurohy- B. Action of Gonadotropins in the Female
pophysis is derived from the infundibulum (an out-

The roles of LH and FSH in the control of ovariangrowth of the brain). The adenohypophysis, in mam-
function in birds are becoming increasingly well estab-mals, goes on to form the pars distalis (anterior pituitary
lished.gland), the pars intermedia, and the pars tuberalis. How-

ever, in birds there is no pars intermedia, and hence the
adenohypophysis forms the anterior pituitary gland or

1. Luteinizing Hormone
pars distalis. The neurohypophysis forms the pars ner-
vosa (which is equivalent of the posterior pituitary gland A major role for LH is to induce ovulation. Prema-

ture ovulation is provoked following injection of LHin birds), the infundibular stalk, and the median emi-
nence. The structure of the hypothalamic–hypophyseal (Imai, 1973). Administration of LH is followed by a

series of effects on the most mature follicle: breakdowncomplex is shown in Figure 1. The avian pars distalis
produces a full complement of hormones: the gonado- of the germinal vesicle, dissociation of the junctions

between the granulosa projections and the oocyte sur-tropins (luteinizing hormone, LH; follicle stimulating
hormone, FSH), thyrotropin (TSH), prolactin, growth face, development of a perivitelline space, and the for-

mation of the first and then second maturation spindlehormone (GH), and adrenocorticotropic hormone
(ACTH). The induction of specific cells type involves (Yoshimura et al., 1993).

Other effects of LH include stimulation of steroido-specific transcription factors. In mammals, Pit-1 is
thought to play a role in the initial transcription of both genesis and reduction of plasminogen activator activity.

In vivo, mammalian LH increases progesterone and tes-GH and prolactin genes. The avian homolog of the
pituitary-specific transcription factor Pit-I has been tosterone production by the hen ovary (Shahabi et al.,

1975). Not only can LH stimulate the production ofcharacterized based on the cDNA sequence (Wong et
al., 1992). progesterone and androstenedione in vitro but also de-

creases both secreted and cell associated plasminogenThe anterior lobe of the pituitary gland is well sup-
plied with blood vessels, including the hypophyseal por- activator by granulosa cells for the largest follicle (F1)

(Tilly and Johnson, 1987; 1988a,b). LH also stimulatestal vessels. These latter provide a route from the neuro-
secretory nerve terminals in the median eminence to production of androstenedione by theca cells from the

next largest yellow follicle (F2) (Tilly and Johnson,the anterior pituitary gland. Indeed it is by way of the
portal blood vessels that the anterior pituitary gland 1989) and of progesterone, DHEA, androsterone, and

estradiol from theca cells from small follicles (6–8 mm)is controlled, by releasing factors (or hypophysiotropic
factors) from the median eminence (Table 1, Figure 1). (Kowalski et al., 1991; Tilly et al., 1991a). Based on

studies in the Japanese quail, 125I-LH can bind specifi-The posterior pituitary gland consists of the neurose-
cretory terminals, which release either mesotocin or ar- cally to both theca and granulosa cells with F1 theca

having much reduced numbers of binding sites (Kikuchiginine vasotocin. These hormones are synthesized in
cell bodies in nuclei in the hypothalamus and are trans- and Ishii, 1989, 1992).
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FIGURE 1 Schematic diagram of the avian hypothalamus and anterior pituitary gland. Location
of AVT (sold white shading) and MT (solid black shading) cell bodies based on Bons et al. (1980);
( • • • • • • • • • ) neurosecretory neuron; ( ) blood vessel; POA, Preoptic area;
PVN, paraventricular nucleus; SON, supraoptic nucleus.

The mechanism by which LH exerts its effect on they attain the ability to respond to LH, FSH, or cAMP
with increased progesterone production (Tilly et al.,theca cells is via adenylate cyclase and cAMP (Tilly and

Johnson, 1989). While on granulosa cells, LH acts by 1991b). This is due, at least in part, to the induction of
the P450 side-chain cleavage enzyme mRNA (Li andadenylate cyclase and cAMP ( Johnson and Tilly, 1988)

and subsequently calcium mobilization (Asem et al., Johnson, 1993).
1987; Tilly and Johnson, 1988a,b).

C. Action of Gonadotropins in the Male
2. Follicle Stimulating Hormone

Both LH and FSH are essential to controlling testicu-
Based on in vitro studies, FSH influences the func- lar functioning in the male bird.

tioning of less mature large yolky follicles and small
follicles but not the large preovulatory follicles. FSH

1. Luteinizing Hormone
stimulates both cAMP formation and progesterone se-
cretion by the granulosa of intermediate stage follicles As in mammals, LH acts primarily to stimulate the

Leydig cells to differentiate and produce testosterone.(e.g., F5 or the fifth-largest follicle) (Calvo and Bahr,
1983). In addition, FSH acutely increases cAMP, proges- The administration of chicken LH to hypophysecto-

mized Japanese quail greatly increases the number ofterone, androstenedione, and estradiol production by
theca cells from small follicles (6–8 and 9–12 mm) (Ko- mature Leydig cells and decreases the number of fibro-

blasts and transitional cell types in the interstitiumwalski et al., 1991). In addition, FSH stimulates matura-
tion of the granulosa cells of small follicles such that (Brown et al., 1975). The injection of preparations of
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TABLE 1 Hypothalamic and Extrahypothalamic Locus of Neuropeptides

Locationa

Peptide Hypothalamic Extrahypothalamic Reference

Arginine vasotocin (AVT)/mesotocin (MT)
(F) Median eminence — Bons et al. (1980); Tennyson et al.
(C) Supraoptic Nucleus (1985)
(C) Preoptic Area
(C) Paraventricular nucleus

Corticotropin releasing factor (CRF)
(F) Median Eminence (C) Dorsomedial and dorsolateral Jozsa et al. (1984); reviewed Jozsa
(C) Paraventricular thalamic nuclei and Mess (1993a)
(C) Preoptic and (C) Nucleus accumbens septi, (C) lobus
(C) Mammillary nuclei parolfactorus

Enkephalin
(C) Paraventicular (C) Paleostriatal complex in Reiner et al. (1984)

telencephalon, telencephalon lateral

Galanin
(C) Periventricular, (C) Septal nucleus hippocampus, Jozsa and Mess (1993b)
(C) Paraventricular, (C) Nucleus of solitary tract of the
(C) Dorsomedial and medulla oblongata
(C) Tuberal hypothalamic nuclei

cLHRH-I
(F) Median Eminence, (F) Hippocampus, Millam et al. (1993)
(C) Lateral hypothalamic area, (F) Nucleus subhabenularis
(C) Ventriculus lateralis,
(C) Nucleus accumbens,
(F) Nucleus ventromedialis

hypothalami

cLHRH-II
(C) Lateral hypothalamus (C) Magnocellular area,

(F) Limbic structures olfactory area

Somatostatin (SRIF)
(C) Paraventricular nuclei, (C) Telencephalon-hippocampus, Blahser et al. (1978); Jozsa and
(C) Supraoptic nucleus (C) Olfactory lobe, Mess (1993a)
(F) Median eminence (C,F) Mesencephalon,

(F) Rhombencephalon,
(F) Raphe nucleus

Thyrotropin releasing hormone (TRH)
(C) Paraventricular nucleus, (C) Mesencephalon Jozsa and Mess (1993a)
(C) Preoptic area (C) Band of Broca
Median eminence

Vasoactive intestinal peptide (VIP)
(F) Median eminence, (C) Telencephalon-septal area, Norgen and Silver (1990); Esposito
(C) Supraoptic, (C) Mesencephalon-optic lobe, dorsal et al. (1993); Kuenzel and

Magnocellular midbrain, central midbrain, ventral Blahser (1994)
Preoptic, midbrain,
Anterior medial, (C) Medula oblongata
Ventromedial hypothalamic and
Paraventricular nuclei

a Abbreviations: C, cell body; F, fibers.
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avian or mammalian LH into Japanese quail elevates deafferentation and lesioning studies (Davies and Fol-
lett, 1980).the plasma concentration of testosterone (Maung and

Follett, 1978). Similarly, the in vitro synthesis of testos- Chicken LHRH-II is considerably more (4.7-fold)
potent than cLHRH-I in stimulating LH release fromterone is stimulated by preparations of avian or mamma-

lian LH in avian testicular tissue (e.g., Maung and Fol- chicken pituitary cells in vitro (Chou et al., 1985; Millar
et al., 1986) but there is little difference in in vivo activitylett, 1977).
(Chou et al., 1985; Sharp et al., 1987). It is likely that
cLHRH-I exerts a more important role than cLHRH-

2. Follicle Stimulating Hormone
II in the control of LH secretion. This is due to their
respective anatomical location, lack of release ofThe major role for FSH is stimulation of spermato-

genesis. Avian FSH, when injected into hypophysecto- cLHRH-II from the median eminence, and the failure
of active immunization agonist cLHRH-II to influencemized quail, increases testicular size (8.8-fold) and semi-

niferous tubule diameter (2.1-fold) and promotes Sertoli LH release (Katz et al., 1990; Sharp et al., 1990). How-
ever, cLHRH-II levels do change with reproductivecell differentiation and spermatogenesis (Brown et al.,

1975). FSH has little if any effect on testosterone pro- state (see below).
duction by bird testes (e.g. Maung and Follett, 1978).

c. Control of cLHRH-I ReleaseIt would appear that FSH can upregulate the FSH recep-
tors (Tsuisui and Ishii, 1980). The cLHRH-I neurosecretory terminals in median

eminence release cLHRH-I in response to various stim-
uli. These include progesterone during the preovulatoryD. Control of Gonadotropin Release
LH surge and photoperiodic induction of reproduction.

The neurotransmitters involved directly or indirectly1. Luteinizing Hormone Releasing Hormone (LHRH)
in influencing cLHRH-I release include stimulation by

As in mammals, LH release is under the control of
norepinephrine (or epinephrine) via a1-adrenergic re-

LHRH. As the ability of this peptide to influence FSH
ceptors (Knight et al., 1982; Millam et al., 1984) and

release in birds is not fully established, the term ‘‘gonad-
also a positive effect by neuropeptide Y (Fraley and

otropin releasing hormone’’ (GnRH), will not be em-
Kuenzel, 1992; Contijoch et al., 1993a). Inhibitory neuro-

ployed.
transmitters include dopamine (Knight et al., 1982; Con-
tijoch et al., 1992) and b endorphin (Contijoch et al.,a. Chemistry of LHRH
1993b).

Two distinct forms of LHRH have been isolated from
chicken hypothalamus: d. Changes in Hypothalamic LHRH Content

The hypothalamic LHRH content appears to be re-Chicken LHRH-I (cLHRH-I)
(from King and Millar, 1982) lated to reproductive state. For instance, the hypothala-

mic content of LHRH rises in photosensitive starlingspGlu-His-Trp-Ser-Tyr-Gly-Leu-Gln-Pro-Gly-NH2

on transfer to long photoperiods but declines with the
Chicken LHRH-II (cLHRH-II)

onset of photorefractoriness (Dawson et al., 1985). Sub-
(from Miyamoto et al., 1984)

sequently, on short photoperiods, when photorefractori-
pGlu-His-Trp-Ser-His-Gly-Trp-Tyr-Pro-Gly-NH2 ness is overcome, hypothalamic LHRH levels rise with

a particularly large increase in median eminence immu-An identical situation exists in the phylogenically dis-
tant ostrich (Powell et al., 1987). This would suggest noreactive (IR)-LHRH (Goldsmith et al., 1989). Simi-

larly, the density of LHRH nerve fibers and the intensitythat cLHRH-I and cLHRH-II are found throughout the
class Aves. of LHRH immunostaining in the median eminence is

greater in Japanese quail on long daylength than short
b. Action of LHRH daylength (Foster et al., 1988).

There are changes with physiological state in the hy-Secretion of LH in birds is stimulated by cLHRH-I,
with cAMP being involved in signal transduction pothalamic contents of both cLHRH-I and cLHRH-II

in turkeys (Rozenboim et al., 1993). The LHRH-I levels(Bonney and Cunningham, 1977). It is unclear whether
the release of FSH is influenced by LHRH. Administra- are higher in laying hens compared to nonphotostimu-

lated birds (with photostimulated birds intermediate).tion of LHRH evokes either less release of FSH com-
pared to that with LH in birds (Hattori et al., 1986) or Unexpectedly if it is accepted that LHRH-II is not in-

volved in reproduction, the levels of LHRH-II are alsois completely ineffective (Scanes et al., 1977; Krishnan
et al., 1993). However, strong evidence that both LH increased by photostimulation, higher in laying hens,

but reduced in incubating and photorefractory turkeysand FSH are under hypothalamic control comes from
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(Rozenboim et al., 1993). During embryonic develop- of the domestic chicken. Preovulatory surge in plasma
ment of the chicken, there are changes in the brain LH concentrations occurs approximately 4–6 hr before
concentrations of cLHRH-I and cLHRH-II but these ovulation (Furr et al., 1973). Similar patterns of plasma
are not in a parallel manner (Millam et al., 1993). In LH concentrations occur during the ovulation cycles of
addition to the presence of IR-LHRH in hypothalamic other birds. Little (major) changes in the circulatory
neurons, IR-LHRH-containing mast cells have been re- concentrations of FSH are observed by radioimmunoas-
ported in the dove medial habenular regions with the say during the ovulatory cycle of the hen (Scanes et al.,
number and distribution depending acutely on repro- 1977; Krishnan et al., 1993).
ductive behavior (e.g., immediately after courtship be-
havior (Silver et al., 1992; Zhung et al., 1993)).

4. Seasonal Breeding

2. Negative and Positive Feedback Reproduction is restricted to a specific season in
many avian species with this being predominantly in theSex steroids influence gonadotropin secretion in
spring in temperate zone birds. The selective advantagebirds, primarily by influencing the release of LHRH
of this seasonal breeding is to maximize the chance offrom the median eminence in the portal blood vessels.
survival of the chicks due particularly to feed availabil-This is predominantly an inhibitory effect, as gonadec-
ity. In many birds from outside the equatorial zone,tomy leads to large increases in the circulating concen-
reproductive activity is induced by increasing daylengthtration of both LH and FSH. Studies in the castrated
(photoperiodism). This is followed by a period of repro-Japanese quail by Davies and colleagues (1980) demon-
ductive quiescence despite the ambient long photoperi-strated that LH secretion in the male is inhibited by
ods. This is known as photorefractoriness or failure toestrogens (estradiol) and androgens. The effectiveness
respond to what would otherwise be a stimulatory pho-of the androgens was similar irrespective of whether
toperiod. For instance, plasma concentrations of FSHthey could be aromatized to estrogens (such as testoster-
increase in temperate zone birds on exposure to longone or androstenedione) or were nonaromatizable (5-
photoperiods but subsequently the birds become refrac-a-dihydrotesterone, DHT). The secretion of FSH in
tory to the stimulation by light (photorefractory) (e.g.,quail is similarly depressed by testosterone and estra-
starlings; Dawson et al., 1985). This is discussed in morediol, but is not affected by DHT. In young male chick-
detail below.ens, it would appear that testosterone exerts a negative

feedback following aromatization to estrogens. The high
a. Photoperiodismpostcastration levels of LH are reduced by implanting

either testosterone or the readily aromatizable 19- Increasing daylengths are thought to stimulate repro-
nortesterone with the nonaromatizable DHT having duction via increasing LHRH release and hence LH
only a small inhibiting effect (Fennell et al., 1990). Secre- and FSH secretion (e.g., Japanese quail; Follett and
tion of FSH in male chick embryos is thought to be Maung, 1978). For instance, as little as 1 long day has
controlled by endogenous estrogens or androgens fol- been shown to stimulate the release of both LH and
lowing aromatization; the day 13 peak in FSH being FSH in the Japanese quail (Follett et al., 1977). These
prevented by estrogen treatment and accentuated by an mechanisms by which long daylength evokes this effect
aromatase inhibitor (Rombauts et al., 1993). involves light being detected during the photosensitive

In female birds, while estradiol exerts a negative feed- phase of the rhythm. There is evidence that this rhythm
back effect on LH secretion, progesterone can either is circadian in the white crowned sparrow (Zonotrichia
stimulate or inhibit LH release. Indeed, the preovula- leucophys gambelii) (Follett et al., 1974) but is a rapidly
tory LH surge in the hen is induced by progesterone. damping oscillator in the Japanese quail (Follett and
In the ovariectomized domestic hen, plasma concentra- Pearce-Kelly, 1991).
tions of LH are decreased by a single injection of either
progesterone or estradiol (Wilson and Sharp, 1976a,b). b. Photorefractoriness
Progesterone, acting via the hypothalamus, has a posi- Prolonged exposure of birds to long daylengths does
tive feedback effect on LH release in the intact or in not continue to be stimulatory, the birds becoming pho-
the ovariectomized hen that has been primed with pro- torefractory. A period on a short daylength is required
gesterone and estradiol (Wilson and Sharp, 1976a,b).

to overcome this photorefractoriness. Photorefractori-
ness is not immediately terminated by exposure to short

3. Female Reproductive Cycle daylengths. Rather prolonged exposure (at least 5
weeks) to short photoperiods is required to dissipateThe ovulation cycle is considered elsewhere in this
photorefractoriness ( Japanese quail: Follett and Pearse-volume. However, it is pertinent to outline briefly the

secretion of gonadotropins during the ovulation cycle Kelly, 1990).
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Thyroid hormones and sensitivity to negative feed- concentrations of T4 following hypothalamic deafferen-
back appear to be involved in refractoriness. Castration tation in quail (Herbute et al., 1984). In mammals, TSH
does not affect circulating concentrations of FSH in release is under stimulatory control by thyrotropin-
photorefractory starlings on a long daylength. Thyroid- releasing hormone (TRH) (l-pyro-glutamyl-l-histidyl-
ectomy overcomes the photorefractoriness as indicated l-proline amide).
by the ability of castration to elevate plasma concentra- A similar situation exists in birds. TRH has been
tions of FSH in starlings held for a prolonged period found in the chicken hypothalamus ( Jackson and Reich-
on long daylengths (Goldsmith and Nicholls, 1984a). lin, 1974; Thommes et al., 1985). Moreover, synthetic

TRH stimulates the release of bioassayable TSH from
c. Other Factors Influence Seasonal Breeding chicken pituitary glands incubated in vitro (Scanes,

For instance, temperature influences plasma concen- 1974). Similarly in vivo, TRH provokes TSH release in
trations of LH. The decline in plasma concentrations of chickens as indicated by increases in plasma concentra-
LH following transfer from long daylength to short or tions of T4 (Klandorf et al., 1978; Kuhn and Nouwen,
intermediate photoperiods is accelerated in Japanese 1978). The release of TSH may also be under inhibitory
quail subjected to low nocturnal temperature (Tsuyoshi control. This is based on the ability of somatostatin
and Wada, 1992). to depress circulating concentrations of T4 in young

chickens (Lam et al., 1986).
As in mammals, T3 exerts a negative feedback effect

on TSH release in birds. This is supported by the abilityIV. THYROTROPIN
of goitrogens which depress circulating concentrations
of thyroid hormones to increase thyrotroph number andA. Structure
pituitary TSH content (Sharp et al., 1979b; Thommes et

Assuming avian TSH is similar to its mammalian al., 1983).
homolog, it is heterodimer consisting of a- and a b- Environmental factors probably influence TSH re-
glycoprotein subunits; the a subunit being common to lease. For instance, cold evokes a rapid increase in TSH
LH, FSH, and TSH. An ostrich TSH has been purified release as indicated by circulating concentrations of T4which is a glycoprotein (Papkoff et al., 1982). (Herbute et al., 1984). However, prolonged exposure

to low environmental temperatures do not consistently
elevate plasma concentrations of T4 (e.g., Cogburn andB. Assay
Freeman, 1987). Fasting results in elevated plasma con-

There are no homologous radioimmunoassays for centrations of T4 in young chickens (Decuypere et al.,
avian TSH. Almeida and Thomas (1981), however, re- 1988). In view of the possible effects of fasting on T4ported that a human TSH radioimmunoassay detects clearance/monodeiodination, it is difficult to conclude
immunoreactive(IR)-TSH in the plasma of Japanese with confidence whether chronic exposure to cold or
quail. As might be expected if the assay were measuring

dietary restriction increases TSH release in birds. Physi-
TSH, plasma concentrations of IR-TSH were found to

ological state (fasting) influences the change in plasma
be elevated by the administration of TRH or a goitrogen

concentrations of T3 (resulting from monodeiodination)and depressed by injection of either T4 or T3. following T4 administration (Sharp and Klandorf, 1985).An alternative strategy to measure avian TSH has
been adopted by Berghman and colleagues (1993). This
entails estimating TSH by subtracting the LH and FSH D. Pituitary Origin of Thyrotropin
concentrations from a determination of concentration

The thyrotrophs, the cells producing TSH, are lo-of the a-subunit (common to LH, FSH, and TSH). As
cated almost entirely in the cephalic (or rostral) lobemight be expected if the system was indeed measur-
of the avian anterior pituitary gland (Figure 1). This ising TSH, plasma concentrations of this IR-TSH is ele-
based on immunocytochemistry with antisera againstvated in hypothyroid chicks, depressed by hyperthyroid
mammalian TSH b-subunit (Sharp et al., 1979). It is notchicks, and its release is stimulated by TRH in vitro

(Berghman et al., 1993). surprising, based on the stimulatory control of TSH
release by TRH, that TRH binding sites have been re-
ported for membrane preparations from cephalic lobes

C. Control of Thyrotropin Release of chicken pituitary gland (Harvey and Baidwan, 1989).
The proportion of adenohypophyseal cells which areThe release of TSH from the hypothalamus is under
thyrotrophs as been determined to range from 2% atpredominantly stimulatory control. This is supported

by the failure of cold exposure to increase circulating hatching to 6% in adult ring doves (Reichardt, 1993).
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been sequenced (chickens; Lamb et al., 1988). Recombi-E. Ontogeny of Thyrotropin
nant chicken GH has been produced (Souza et al., 1984;

Both TSH (pituitary) and TRH (hypothalamus) are Burke et al., 1987) and as with pituitary-derived native
detectible very early in the development of the chicken avian GH preparation, this is biologically active in rat
embryo (TSH at day 6.5, Thommes et al., 1983; TRH in vivo biological assays.
4.5, Thommes et al., 1985). Obviously changes in cell
number and TSH/TRH content occur during develop-
ment. There is evidence that the hypothalamo– B. Growth Hormone Variants
pituitary–thyroid axis is functional by midembryonic

Although, chicken GH is reported to have an isoelec-
development. A marked increase in pituitary (to TRH)

tric point of 7.5 and a molecular weight of approximately
and/or thyroid (to TSH) responsiveness occurs between

23,000 (Harvey and Scanes, 1977), there is evidence for
10.5 and 12.5 days of embryonic development of the

a series of charge and size variants of avian GH. Unlike
chicken, as evidenced by the change in plasma T4 con-

the situation with human GH, where there are both
centrations following TRH challenge (Thommes et al.,

multiple genes and where different splicing patterns of
1984). A second phase is the maturation of the axis

mRNA occur, GH variants in birds appear to be due
occurs at about the time of hatching when the machinery

entirely to posttranslation modification. There are re-
to 59 monodeiodinate T4 to T3 is established (e.g., De-

ports of a glycosylated GH (Berghman et al., 1987),
cuypere et al., 1988; McNichols and McNabb, 1988).

a phosphorylated GH (Aramburo et al., 1990, 1992),
dimeric, and other oligomeric forms (Houston and God-

F. Role of Thyrotropin dard, 1988) in the chicken pituitary gland.

In addition to stimulating avian thyroid growth (Rob-
inson et al., 1976), TSH acts to increase the release of C. Assay
T4 from the thyroid glands of birds. Injection of TSH

With the availability of chicken and turkey GH (ei-is followed by increases in the circulating concentrations
ther native or biosynthetic), it has been possible to es-of T3 and T4 in chickens (e.g., MacKenzie, 1981; William-
tablish radioimmunoassays for avian GH (e.g., Harveyson and Davison, 1985; McNichols and McNabb, 1988).
and Scanes, 1977). These systems appear very similarIn view of the extremely low level of T3 in the avian
in terms of sensitivity, specificity, and precision and havethyroid gland (McNichols and McNabb, 1988) together
been extensively employed to examine the physiologywith the ready conversion of T4 to T3 in vivo (Sharp
of GH secretion.and Klandorf, 1985) and in vitro with liver homogenates

Radioreceptor assays for avian GH have also been(Decuypere et al., 1988; McNichols and McNabb, 1988),
established (e.g., Leung et al., 1984; Krishnan et al.,it is likely that TSH does not directly increase T3 release
1989). In addition, effects of physiological state onfrom the thyroid. Rather TSH stimulates T4 release
chicken GH mRNA levels have been quantitated bywhich is rapidly converted to T3.
Northern blot analysis (e.g., McCann-Levorse et al.,
1993).

G. Mechanism of Thyrotropin Action

Based on analogy to the situation in mammals, TSH D. Actions of Growth Hormone
acts by binding to the TSH receptors which are linked by

1. GH and GrowthGs proteins to adenylate cyclase. Activation of adenylate
cyclase results in increased intracellular cAMP and acti- GH is required for normal posthatching growth. Lack
vation of protein kinase A. In birds, TSH increases of avian GH resulting from hypophysectomy is followed
cAMP release from thyroid tissue in vitro (chicken; To- by a dramatic decrease in the growth rate of chickens
noue and Kitch, 1978) and elevates the thyroid cAMP (e.g., King and Scanes, 1986). The effect of pituitary
content in vivo (quail: McNichols and McNabb, 1988). ablation on growth rate is partially overcome by replace-

ment therapy with either mammalian or avian GH (King
and Scanes, 1986; Scanes et al., 1986). In contrast chickenV. GROWTH HORMONE
GH does not stimulate growth, more than at most transi-
torily, in young intact chicks (Leung et al., 1986; BurkeA. Chemistry
et al., 1987; Cogburn et al., 1989). Stimulation of growth
in midgrowth phase chickens is reported when GH isSomatotropin GH has been isolated from avian pitu-

itary tissue (e.g., Harvey and Scanes, 1977; Papkoff et administered in pulsatile manner (Vasilatos-Younken
et al., 1988).al., 1982). Moreover, the cDNA for chicken GH has
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GH is thought to exert its effect on somatic growth labeled acetate by chick hepatocytes in vitro (Harvey
by increasing circulating concentrations of insulinlike et al., 1977). Pulsatile administration of GH to young
growth factor-I (IGF-I) via stimulation of IGF-I produc- pullets in vivo also reduced hepatic lipogenesis (Rose-
tion from the liver. Plasma concentrations of IGF-I in brough et al., 1991).
chicks are reduced following hypophysectomy (Huy-
brechts et al., 1985) but increased by chronic GH treat-

3. GH and Thyroid Hormonesment in either hypophysectomized chicks (Scanes et al.,
1986) or in young pullets receiving pulsatile GH admin- It is not established whether GH stimulates T4 release
istrations and in which growth is enhanced (Vasilatos- from the avian thyroid. Circulating concentrations of T4
Younken et al., 1988). In vitro, GH increases IGF-I in chickens have been reported to be elevated (MacKen-
release from chicken hepatocytes (Houston and zie, 1981) or decreased (Kuhn, 1985) following GH ad-
O’Neill, 1991). ministration. In young chicks, GH increases circulating

concentrations of T3 (e.g. Kuhn et al., 1985). It may be
2. GH and Lipid Metabolism due to GH inducing hepatic 59-monodeiodinase which

metabolizes T4 to T3 (e.g., Darras et al., 1990) and/orGH exerts short-term effects on metabolism in birds,
reducing the catabolic activity of hepatic type III mono-stimulating lipolysis, exerting an insulinlike/antilipolytic
deiodinase which metabolizes T3 to T2 (Darras et al.,effect in inhibiting glucagon-stimulated lipolysis, and
1992). This latter appears to be a physiological effectalso reducing lipogenesis. Administration of GH can
of GH as type III monodeiodinase is elevated followinginfluence adiposity of chickens with the direction of
hypophysectomy and partially restored to normal bythe effect affected by the mode of administration. For
GH replacement therapy (Darras et al., 1993).instance, body fat is increased by daily injection (Cog-

burn et al., 1989) but decreased by pulsatile administra-
tion of GH (Vasilatos-Younken et al., 1988). 4. GH and Adrenocortical Hormones
a. Lipolytic Effect of GH There is good evidence that GH can influence the

avian adrenal cortex. Plasma concentrations of cortico-Chicken GH stimulates lipolysis in vitro by adipose
sterone are increased acutely following the administra-explants of chickens, turkeys, and hypophysectomized
tion of recombinant chicken GH (Cheung et al., 1988) orpigeons (Harvey et al., 1977). Moreover, this lipolytic

effect of increased glycerol release is observed with ei- chronically following the continuous infusion of native
ther native or recombinant GH and of either mamma- chicken GH (Rosebrough et al., 1991). There are also
lian or avian origins (Campbell and Scanes, 1985; Camp- effects of hypophysectomy, in the presence or absence
bell et al., 1990). Further evidence for the specificity of of GH replacement therapy, on corticosteroidogenesis
this in vitro lipolytic effect comes from ability of a mu- in vitro (Carsia et al., 1985c).
tant form of mammalian GH with GH antagonist activ-
ity to block the lipolytic effect of GH on chicken adipose

5. GH and Immune Functioningtissue explants (Campbell et al., 1993). Moreover in vivo,
GH can increase circulating concentrations of free fatty GH is thought to exert stimulatory effects on the
acids (FFA) acutely in conscious or anesthetized chick- avian immune system. For instance, GH administration
ens (Hall et al., 1987; Scanes, 1992). Similarly, the admin- increases thymus weights in hypophysectomized chicks
istration of mammalian GH chronically elevates circu- (King and Scanes, 1986; Scanes et al., 1986), bursal
lating concentrations of FFA in hypophysectomized weight if T3 is also present in hypophysectomized chicks
ducks (Foltzer and Mialhe, 1976). (Scanes et al., 1986a) and influences peripheral white

blood cells ( Johnson et al., 1993).b. Insulinlike/Antilipolytic Effect of GH

There is evidence that GH exerts an effect on avian
adipose like that observed with insulin in mammals. In E. GH Receptor
vitro, GH reduces the release of glycerol from adipose

With the sequencing of chicken GH receptor (GHR)tissue explants from adult chicks observed in the pres-
cDNA (Burnside et al., 1991), it is possible to predict theence of either glucagon or cAMP (Campbell and Scanes,
structure of the receptor itself. As with the mammalian1987; Campbell et al., 1990).
GHR, the chicken GHR consists of three domains: ex-

c. GH and Lipogenesis tracellular, a single transmembrane domain, and an in-
tracellular domain. While the GHR is not a proteinAn inhibitory effect of GH on lipogenesis in birds is
kinase, it is likely that GH evokes its effects by proteina distinct possibility. Bovine or chicken GH prevented

insulin-stimulated synthesis of fatty acids from 14C- kinase(s) associated with the GH receptor. Sex-linked
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dwarf chickens have mutations such that the GHR is progressively less effective but if challenged with TRH,
a large increase in GH is observed (Scanes and Harvey,not expressed normally (Burnside et al., 1992). In chick-

ens, GH ‘‘down-regulates’’ the GHR; with hypophysec- 1985). In addition, GHRF increases GH mRNA in vivo
(Vasilatos-Younken et al., 1992) and in vitro (Radeckitomy increasing and GH administration decreasing 125I-

GH binding to chicken liver membranes (Vanderpooten et al., 1994).
et al., 1991a). It is not surprising, therefore, that both
hepatic 125I-GH binding (chicken; Vanderpooten et al.,

3. Somatostatin (SRIF)
1991b) and GHR mRNA expression (Burnside and
Cogburn, 1992) are low in young birds when plasma The structure of avian SRIF14 is identical to the mam-

malian homolog H-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-concentrations of GH are high.
Lys-Thr-Phe-Thr-Ser-Cys-OH (pigeon, Spiess et al.,
1979; chicken, Hasegawa et al., 1984).F. Control of GH Secretion

Somatostatin plays a inhibitory role in the hypothala-
mic control of GH release in birds. Not only are thereThe release of GH from the avian pituitary gland is

under hypothalamic control. There are at least three somatostatin neurons present in the hypothalamus of
the duck (Blahser et al., 1978), but also SRIF bindinghypophysiotropic factors in birds, of which two are stim-

ulatory. There are (1) TRH, (2) a GH releasing factor sites have been demonstrated in the chicken anterior
pituitary gland (Harvey et al., 1990). Synthetic SRIF(GHRF), and (3) somatostatin, which inhibits GH se-

cretion. depresses both the in vivo and in vitro GH response to
TRH in the domestic fowl (e.g., Harvey et al., 1978b;
Scanes and Harvey, 1989a).

1. Thyrotropin Releasing Hormone

A major physiological stimulus for GH release in
4. Hypothalamic Control of the Release of

birds is the tripeptide TRH. This is found in the avian
Hypophysiotropic Peptides

hypothalamus (see above) while TRH receptors are
found in the cells of caudal lobe of chicken pituitary Pharmacological studies indicate that (nor-)

adrenergic neurons may be playing a stimulatory rolegland (Harvey and Baidwan, 1989) where GH is pro-
duced. In the domestic fowl, TRH stimulates GH secre- in maintaining endogenous GH release (Buonomo et

al., 1984). This may be envisaged as GHRF release beingtion from the pituitary gland, both in vivo and in vitro
(Harvey et al., 1978b; Scanes and Harvey, 1984). The under (nor-)adrenergic control.
in vivo effect of TRH is most apparent in the young
chick, but is also present in the anesthetized adult

5. Other Hormones
chicken (Scanes and Harvey, 1984). In addition, TRH
potentiates GHRF induced GH release in vivo (Harvey Growth hormone secretion in birds is inhibited by

peripheral hormones. If GH is acting via IGF-I, thenand Scanes, 1985) and in vitro (Perez et al., 1987).
Marked increases in GH release with TRH are ob- negative feedback by IGF-I on GH release would seem

to be likely. IGF-I has been found to inhibit GH releaseserved with chicken pituitary cells perfused in vitro
(Scanes et al., 1986b) with a smaller effect in static incu- in vitro and in vivo in chicks (Perez et al., 1985; Buonomo

et al., 1987). Similarly as GH increases the circulatingbations (Harvey et al., 1978b; Perez et al., 1987) perhaps
due to TRH down-regulating its receptors. Evidence concentration of the active thyroid hormone, T3, then

it is probable that T3 would inhibit GH secretion. Thisthat TRH is, in fact, a physiological regulator of GH
secretion comes from the ability of antiserum to TRH is the case. The presence of elevated levels of T3 reduces

GH release from the chicken pituitary gland in vivoto suppress circulating concentrations of GH in young
chicks (Klandorf et al., 1985). (e.g. Scanes and Harvey, 1987b) and in vitro (Donoghue

and Scanes, 1991).

2. Growth Hormone Releasing Factor
6. Nutrition and GH Secretion

As yet, avian GHRF has not been isolated. However,
mammalian GHRF has been found to increase GH re- Nutritional deprivation increases the plasma concen-

tration of GH in birds. Plasma concentrations of GHlease in chickens in vivo and in vitro (e.g., Scanes et al.,
1984). This GHRF effect is not due to the TRH receptor. are elevated by a short period (1–2 days) of starvation

in chickens (Harvey et al., 1978a) and turkeys (AnthonyEvidence for this comes from the following: (1) the
GHRF effect is potentiated by TRH in vitro (Perez et al., et al., 1990); the latter reflecting an increase in the basal

GH level in the plasma and not changes in pulsatile GH1987) and (2) that repeated GHRF injections becomes
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release (amplitude or frequency). Plasma concentra- deduced (chicken: Hank et al., 1989b; Watahiki et al.,
1989).tions of GH are also increased by calorie-protein depri-

vation in chronically feed restricted young chickens and As in mammals, there is evidence that posttransla-
tionally modified variants of prolactin exist in birds. Inturkeys (Engster et al., 1979). Similarly, long-term pro-

tein deficiency is accompanied by elevated plasma con- the turkey, two glycosylated prolactin variants (one O-
and one N-glycosylated) have been identified (withcentrations of GH in young chickens (Scanes et al.,

1981). reduced radioreceptor activity) in addition to a non-
glycosylated form (Corcoran and Proudman, 1991).
Similarly, a glycosylated prolactin is reported in the

7. Ontogeny of GH Secretion chicken (Berghman et al., 1992). There is also evidence
that avian prolactin or some variants are phosphorylatedA common pattern of circulating concentrations of
(Aramburo et al., 1992).GH has been observed in all species of birds examined.

This consists of progressively rising circulating concen-
trations of GH in late embryonic development and early B. Pituitary Origin of Prolactin
posthatch development, high plasma concentrations of

The prolactin-producing cells (lactotrophs) areGH during the period of rapid posthatching growth,
largely restricted to the cephalic or rostral lobe of theand low GH concentrations are seen in older and adult
anterior pituitary gland (Figure 1) (Burke and Papkoff,birds (e.g., Harvey et al., 1979a;b). The mechanistic bases
1980; Mikami, 1980). The relative proportion of lacto-for this ontogenic profile includes changes in GH synthe-
trophs changes with physiological state. For instance,sis, somatotroph numbers (see below), and in pituitary
the proportion drops from 12% in newly hatched pi-sensitivity to secretagogues. The decline in plasma con-
geons to less than 2% in adult pigeons (Reichardt, 1993).centrations of GH in the middevelopment/growth does

not appear to be due to gonadal steroid(s) as castration
does not prevent the decrease (Scanes and Johnson, C. Assay
1984). The ontogenic profile for GH mRNA is very

Avian prolactin levels have been determined by bio-similar to that of plasma concentrations of GH
logical assay, radioimmunoassay, and radioreceptor(McCann-Levorse et al., 1993).
assay, while prolactin mRNA has been quantitated from
Northern blotting. The response of the pigeon crop sac

G. Pituitary Origin of Growth Hormone to prolactin (Nicholl, 1967) has been widely employed
to determine prolactin biological activity. The precisionThe somatotrophs are located in the caudal lobe of
of the assay can be improved by using the ratio of thethe anterior pituitary gland (Mikami, 1980; Reichardt
concentrations of two crop proteins; one induced byet al., 1993) (Figure 1). During late embryological devel-
prolactin and one decreased by prolactin (Lebovic andopment and early posthatch life, the number of somato-
Nicoll, 1992).trophs increases rapidly until a plateau level is achieved

Homologous radioimmunoassays have been devel-(S. Malamed and C.G. Scanes, unpublished observa-
oped for avian prolactin (e.g., Scanes et al., 1976; Proud-tions; Reichardt et al., 1993). There are also ontogenic
man and Opel, 1981). In addition, a heterologous prolac-changes in the structure of the somatotroph with in-
tin (McNeilly et al., 1978) has been widely employed tocreases in secretory granule number during late embry-
measure prolactin in a number of avian species includingonic development (Malamed et al., 1993) and a further
starlings (Goldsmith and Nicholls, 1984b) and dovesincrease between young and adult chickens (Malamed
(Goldsmith et al., 1987).et al., 1985, 1988).

Avian prolactin radioreceptor assays have been de-
veloped using pigeon crop sac gland membranes
(Kledyck et al., 1975) or kidney membrane preparationsVI. PROLACTIN
from either chickens or turkeys (Krishnan et al., 1991).
An in vitro bioassay for prolactin proliferation of ratA. Chemistry
Nb2 lymphoma cells has been employed to measure
avian prolactin; the circulating concentrations of prolac-Avian prolactin has been isolated from pituitary tis-

sue (e.g. Papkoff et al., 1982). In addition, recombinant tin in incubating turkeys being increased by 2.8-fold as
determined by bioassay and 2.4-fold by radioimmunoas-chicken prolactin has been purified following expression

in Escherichia coli (Hanks et al., 1989a). In addition, say (Soarses and Proudman, 1991). Changes in prolactin
mRNA expression with reproductive state have beenthe nucleotide sequence of avian prolactin cDNA has

been established and the amino acid residue sequence reported which parallel those seen with plasma concen-
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trations of prolactin (Talbot et al., 1991; Wong et al., eggs (reviewed El Halawani et al., 1988, 1993; Sharp et
al., 1988). Furthermore, the plasma concentration of1991).
prolactin falls rapidly if incubation behavior or nesting
is interrupted (reviewed El Halawani et al., 1983).

D. Actions of Prolactin Prolactin may also be involved in photorefractoriness
(i.e., the lack of ability to respond (or continue to re-Prolactin stimulates the production of ‘‘crop milk’’
spond to) a stimulating photoperiod). Plasma concentra-and the proliferation of mucosal cells of the crop sac
tions of prolactin rise gradually in starlings transferredgland in pigeons and doves. This unique feature of the
to long photoperiods with the peak temporally linkedColumbidae (pigeons and doves) has been used as the
to the onset of photorefractoriness (Goldsmith andbasis of the biologic assay for prolactin. During the latter
Nicholls, 1984b). Moreover, if the rise in prolactin canpart of the period when both male and female doves
be abolished so is photorefractoriness. For instance, nei-are incubating eggs, the crop increases in weight, and
ther the increase in prolactin not photorefractoriness isthere is a concomitant increase in the plasma prolactin
not observed following thyroidectomy (Goldsmith andconcentrations (Goldsmith et al., 1981). It is also possi-
Nicholls, 1984c). In a complimentary manner, thyroxineble that prolactin also directly influences behavior in
administration can induce photorefractoriness and en-pigeons and doves as discrete prolactin binding sites
hance prolactin secretion in starlings (Goldsmith and(receptors) have been reported in dove brains (Buntin
Nicholls, 1984c).et al., 1993).

Prolactin may also have an osmoregulatory role inThe effects of prolactin on the crop sac gland are
birds. The evidence for this comes from studies in whichthought to be enhanced by synlactin which is a prolactin
chick embryos are treated with mammalian prolactin.induced liver factor (Nicoll et al., 1985). The identify of
Allantoic concentrations of both sodium and chloridesynlactin is not established but it may be related to an
ions are depressed by ovine or bovine prolactin whileIGF or IGF-binding protein. It might be noted that
metanephric kidney Na1–K1-ATPase activity is in-relaxin, a peptide which has homologies to insulin, IGF-
creased (Doneen and Smith, 1982; Murphy et al., 1986).I, and IGF-II, can stimulate the pigeon crop sac (Bani

et al., 1990).
In birds, prolactin is involved in incubation behavior E. Receptor and Mechanism of Action

and broodiness (reviewed e.g., El Halawani and Rozen-
boim, 1993). Prolactin can act to reduce circulating con- The amino acid sequence of the avian prolactin re-

ceptor has been established based on the nucleotidecentrations of gonadotropins and to induce ovarian re-
gression in turkeys (reviewed El Halawani et al., 1988). sequence of prolactin receptor cDNA in the chicken

(Tanaka et al., 1992) and pigeon (Chan and Horseman,In turkeys, at least, prolactin appears to act centrally to
increase nesting activity and together with sex steroids 1994). The avian receptor, like its mammalian homolog

consists of extracellular, transmembrane, and intracellu-to induce incubating behavior (El Halawani et al., 1986,
1993; Youngren et al., 1991). Similarly in bantam chick- lar domains. However, the avian prolactin receptor has

a unique feature with a double-antenna structure ofens, prolactin increases incubation behavior as indicated
by the increase in nesting behavior in previously nest- two putative prolactin binding sites in the extracellular

domain. Although the prolactin receptor does not ap-deprived birds (Sharp et al., 1988). A positive feedback
loop between prolactin and incubation can be envis- pear to be a protein kinase, it is likely that a receptor-

associated protein kinase(s) is a signal transducers whichaged below.
Circulating concentrations of prolactin are elevated activates enzyme and induces specific genes. For in-

stance, prolactin evokes marked changes in the level ofduring the period when the birds are incubating their

Prolactin 

contact with eggs 

Nesting

++
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(and also synthesis of) of specific proteins in the crop also act as an antisera to either AVT or VIP (but not
epithelium. Prolactin increases the levels of proteins to MT), but it can also partially immunoneutralize the
with molecular weights of 25 and 154 kDa and decreases posterior pituitary prolactin releasing principle(s) (El
the levels of proteins with weights of 16 and 30 kDa Halawani et al., 1992).
(Pukac and Horseman, 1984; Lebovic and Nicoll, 1992).
Moreover, prolactin has been found to induce a 70- 4. Other Stimulatory Factors
fold increase on the expression of specific mRNA a

Other peptides also stimulate prolactin secretion in35.5-kDa protein (Pukac and Horseman, 1986).
birds. For instance, the peptide histidine isoleucine
(PHI) can stimulate prolactin release in turkeys (Proud-F. Control of Prolactin Release
man and Opel, 1990).

Prolactin secretion is under predominantly stimula-
tory hypothalamic control, although some inhibitory in-

5. Dopaminefluences are also probable.
Dopamine can inhibit prolactin secretion in birds (re-

1. Vasoactive Intestinal Peptide (VIP) viewed Hall et al., 1986). Further evidence that dopa-
mine exerts a physiological effect on prolactin secretionThe major hypothalamo-hypophysiotropic factor
in birds comes from the observation that there are dopa-stimulating prolactin release in vasoactive intestinal
mine receptors on cephalic lobe of chicken anterior pitu-peptide (VIP). The amino acid sequence of chicken
itary gland and that dopamine binding sites decrease inVIP is HSDAVFTDNYSRFRKQMAVKKLYNSVLT
broody bantam chickens (MacNamee and Sharp, 1989).(from Nilsson, 1975; see Figure 2 for key).

Prolactin release is stimulated by VIP in chickens (in
vivo, Macnamee et al., 1986) and turkeys (in vivo, Opel VII. ADRENOCORTICOTROPIC HORMONE
and Proudman, 1988; in vitro, Proudman and Opel, 1988;
El Halawani et al., 1990). Moreover, VIP has been iden-

A. Chemistrytified in the hypothalamus, particularly in the median
eminence (Macnamee et al., 1986). Immunoneutraliza- Adrenococorticotropic hormone (ACTH) is synthe-
tion of VIP decreases circulating concentrations of pro- sized as part of a large protein (proopiomelanocortin).
lactin in chicken (Sharp et al., 1989) and abolishes the Proopiomelanocortin also contains the sequences of b-
prolactin-releasing activity of turkey hypothalamic ex- endorphin (b-EP), which in itself is part of b-lipotropin
tracts (El Halawani et al., 1990). It might be noted that (b-LPH), together with a- and b-melanophore-
the hypothalamic VIP content varies with physiological stimulating hormone (MSH).
state in a manner which is consistent with VIP being ACTH, b-EP, and b-LPH have been purified from
the prolactin-releasing factor (Mauro et al., 1989, 1992; adenohypophyseal tissue from several avian species (see
Rozenboim et al., 1993). For instance, hypothalamic Figure 2). Avian ACTH, like its mammalian homolog,
content of VIP has been found to be elevated in photo- is a simple polypeptide containing 39 amino acids
stimulated compared to nonphotostimulated turkeys (Naude and Oelofson, 1977; Li et al., 1978; Chang et
and further increased in incubating hens (Rozenboim al., 1980, Hayashi et al., 1991). In the mammalian pars
et al., 1993). intermedia, proteolytic cleavage of proopiomelanocor-

tin results in the production of aMSH. Birds lack a
2. Thyrotropin Releasing Hormone (TRH) pars intermedia and there is little production of aMSH.

However, the presence of some aMSH has been re-Another putative prolactin-releasing factor in birds
ported in the avian pars distalis (Hayashi et al., 1991).is TRH. Synthetic TRH increases prolactin tissue in
b-LPH and b-EP have been purified from ostrich andvitro (Hall et al., 1975; Harvey et al., 1978) and in the
turkey adenohypophyseal tissue (Chang et al., 1980;turkey in vivo (Saeed and El Halawini, 1986). However,
Naude et al., 1980; 1981a,b). As in mammals, the 31-the TRH content of avian hypothalamic extracts does
amino-acid sequence of ostrich b-EP is identical to thenot account for a major proportion of the hypothalamic
C-terminal of ostrich b-LPH (see Figure 2).prolactin-releasing activity.

B. Pituitary Origin of ACTH3. Arginine Vasotocin (AVT)

ACTH is produced by acidophilic cells (cortico-Posterior pituitary extracts can provoke prolactin re-
trophs) in the cephalic lobe of the anterior pituitarylease from turkey pituitary cells; this being due to both

AVT and VIP. Not only can AVT mimic this effect and gland (Hayashi et al., 1991) (Figure 1). ACTH and
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ACTH (a MSH sequence italics)

10 20
Ostrich SYSMEHFRWGKPVGRKRRPV
Turkey SYSMEHFRWGKPVGRRKRPI
Chicken SYSMEHFRWGKPVGRKRRPI

21 30 39
Ostrich KVYPNGVQEETSEGFPLEF Li et al. (1978)
Turkey KVYPNGSVDEEQASTPVEF Chang et al. (1980);

Yamashiro et al. (1984)
Chicken KVYPNGVDEESAESYPMEF Hayashi et al. (1991)

bLPH [bEP sequence (Naude et al. (1981b) as italics]
10 20

Ostrich ALPPAAMLPAAAEEEEGEEE Naude et al. (1981a)
30 40

Ostrich EEGEAEKEDGGSYRMRHFRW
50 60

Ostrich QAPLKDKRYGGFMSSERGRA
Turkey YGGFMTSEHSQM Chang et al. (1980)
Ostrich PLVTLFKNAIVKSAYKKGO
Turkey* PLLTLFKNAIVKSAYKKGO

FIGURE 2 Structure of avian ACTH and bLPH. Abbreviations: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. An asterisk refers to the
sequence of turkey bEP only.

aMSH coexist in the same cells (Iturriza et al., 1980; D. Actions of ACTH
Hayashi et al., 1991). The chicken anterior pituitary

ACTH acts to stimulate avian adrenal cortical cells
gland has a high content of ACTH (1.6 eg) but low

to produce corticosterone (the major glucocorticoid),
levels of aMSH (10 ng) (Hayashi et al., 1991). The corti-

aldosterone (the major mineralocorticoid), and deoxy-
cotrophs are first observed on day 7 in embryonic devel-

corticosterone (e.g., Carsia et al., 1985a,b; Collie et al.,
opment in the domestic fowl ( Jozsa et al., 1979).

1992). The effect of ACTH is mediated by cAMP (Car-
sia et al., 1985a). It might be noted that the adrenal

C. Control of ACTH Release response to ACTH varies with physiological state (Car-
sia et al., 1985b). For instance, the sensitivity to ACTHThe secretion of ACTH is under the control of hypo-
declines during growth. In addition ACTH evokesthalamic–hypophysiotropic factors and glucocorticoids.
marked changes in the morphology of adrenocorticalThe releasing factor(s) is released from the median emi-
cells due to changes in the cytoskeleton (Cronshaw etnence and travels to the anterior pituitary gland via the
al., 1992). Central nervous and direct effects of ACTHportal blood vessels (Figure 1). Avian corticotrophin-
on avian behavior have been reported (Pamksepp andreleasing factor (CRF) has not yet been characterized.
Normansell, 1990).However, an IR-CRF has been observed in the avian

Despite the lack of substantial production of a-MSH,hypothalamus, particularly the median eminence ( Jozsa
there is evidence that, in birds, a-MSH can exert biologi-et al., 1984). Moreover, mammalian CRF (a 44-amino-
cal effects distinct from those evoked by ACTH. Foracid residue peptide) stimulates ACTH release in vitro
instance, a-MSH but not ACTH stimulates sodium ex-from chicken and duck pituitary cells (Carsia et al., 1986;
cretion from the nasal salt glands of ducks (Ituzziza etCastro et al., 1986). Both posterior pituitary hormones,
al., 1992).arginine vasotocin, and mesotocin also stimulate ACTH

release and also potentiate the effect of CRF in elevating
ACTH release (Castro et al., 1986).

Glucocorticoids inhibit ACTH release in vivo (Her- VIII. OTHER ADENOHYPOPHYSEAL PEPTIDES
old et al., 1992) and in vitro (Carsia et al., 1986). It
might be noted that protein-deprived chicks which have Chromogranin A is an acidic peptide which can be

secreted with protein hormones. A peptide with closeelevated circulating concentrations of corticosterone
also have reduced circulating concentrations of ACTH (p80%) homologies to mammalian chromogranin A has

been purified and sequenced for ostrich adenohypophy-(Carsia et al., 1988) presumably due to increased gluco-
corticoid negative feedback. seal tissue (Lazure et al., 1990). While its function is
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not known, fragments of chromogranin A may have neuropeptides, albeit ,0.5% that of the neurohypophy-
sis, are found in other body tissues including throughoutbiological effects.
the brain (Robinzon et al., 1988b) and in the ovary (Saito
et al., 1990).

IX. NEUROHYPOPHYSIS

C. Actions of AVT
A. Introduction

The major roles of AVT are on renal functioning
The anatomy of the hypothalamic neurosecretory and reproduction.

tracts (neurons) leading to their secretory terminals in
the pars nervosa is shown in Figure 1. It is apparent

1. Renal Functioningthat the two hormones of the neurohypophysis, arginine
vasotocin (AVT) and mesotocin (MT), are produced There is no doubt that AVT is the major antidiuretic
by and secreted from separate neurosecretory neurons. hormone in birds. The absence of AVT, following either
However, the AVT and MT cell bodies are located in surgical removal of the pars nervosa or in AVT-deficient
both separate and overlapping areas within the hypo- chicken, is accompanied by very large increases in the
thalamus; the hormones of the avian pars nervosa being volume of urine produced (Shirley and Nalbandov,
synthesized in the hypothalamic cell bodies (Goosens 1956; Dunson et al., 1972). The administration of AVT to
et al., 1977; Bons, 1980; Tennyson et al., 1985). The birds has an antidiuretic effect. In hydrated (hypotonic
embryonic development of the AVT- and MT- glucose solution-infused) chickens, AVT depresses
containing cell bodies and axons occurs during embry- urine flow while increasing urine osmolality (Ames et
onic development between days 6–17 in the chicken al., 1971). At low doses, AVT exerts its principal effect
(Tennyson et al., 1986). on tubule function, reducing renal free water clearance.

AVT and MT are transported bound to carrier pro- At higher concentrations, AVT reduces the glomerular
teins (neurophysins) by axoplasmic transport. The hor- filtration rate (GFR) (Gerstberger et al., 1985; Stallone
mones are then stored in pars nervosa prior to release. and Braun, 1985). Based on studies in the desert quail,
Two avian neurophysins have been characterized and AVT reduces GFR by decreasing both the number of
sequenced in the ostrich (Lazure et al., 1987, 1989). reptilian-type nephrons filtering and the single-nephron

In view of the similarities of their chemical structures GFR of mammalian-type nephrons (Braun and Dant-
and also, (to some extent) of their actions, the hormones zler, 1974). Marked but contradictory cardiovascular
of the pars nervosa will be considered together. effects of AVT have been reported. For instance, AVT

can have both vasodepressor and vasopressor activity
in birds, perhaps depending on how it is administered.X. ARGININE VASOTOCIN AND MESOTOCIN
Bolus injections of AVT to conscious adult chickens or
either adult or young ducks results in a marked drop in

A. Chemistry mean arterial pressure (Wilson and West, 1986; Robin-
zon et al., 1988a). In contrast, infusion of AVT canThe hormones of the avian neurohypophysis have
increase arterial blood pressure in conscious chickensbeen characterized. The avian antidiuretic hormone
(Robinzon et al., 1993). In an analogous manner, bolusis AVT and that the oxytocic principle is mesoto-
injection of AVT has been reported to elevate heartcin (Acher et al., 1970). arginine vasotocin (8-arginine
rate while infusion of AVT depressed cardiac frequencyoxytocin): CyS-Tyr-Ile-Glu(NH2)-Asp(NH2)-CyS-Pro-
(Wilson and West, 1986; Robinzon et al., 1988a, 1993).Arg-Gly(NH2); mesotocin (8-isoleucine oxytocin): CyS-

Tyr-Ile-Glu(NH2)-Asp(NH2)-CyS-Pro-Ile-Gly(NH2).
AVT differs from arginine vasopressin, the mamma- 2. Oviposition

lian antidiuretic hormone, by one amino acid residue
Oviposition, the physical process of laying eggs in(isoleucine at position 3 in place of phenylalanine),

birds, is controlled by AVT. The hen uterus contractswhile MT differs from the mammalian homolog, oxyto-
in response to AVT but not to MT (e.g., Koike et al.,cin, by the substitution of isoleucine for leucine (posi-
1988). The mechanism by which AVT provoked prema-tion 8).
ture oviposition may involve AVT stimulation of local
production of prostaglandins (probably E1) by theB. Content
uterus which, in turn, causes uterine contractions
(Rzasa, 1978, 1984).The posterior pituitary gland contains high levels of

AVT and MT (chicken 4.0 eg AVT; 0.9 eg MT) (Robin- At the time of oviposition, circulating concentrations
of AVT are greatly increased, as indicated by bioassayzon et al., 1988). In addition, significant levels of these
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TABLE 2 Factors Affecting Circulating Concentrations of AVT and MT in Birds

Bird AVT MT Reference

Chickens
Oviposition qq R Nouven et al. (1984); Koike et al. (1988)
Water deprivation q q Koike et al. (1977); Nouven et al. (1984)
Hemorrhage (anesthesized) q Q Bottje et al. (1989)
Anesthesia (pentobarbitone) Q q Bottje et al. (1989)
NaCl infusion q Koike et al. (1979)
NaCl injection q Klempt et al. (1992)
Chronic high NaCl q Arnason et al. (1986)
Angiotensin II q Goto et al. (1986)

Ducks
Atrial naturetic factor R Gray et al. (1991)
Water deprivation q Gray and Simon (1987)
Chronic high salt (NaCl) intake q Gray and Simon (1987)
Hypotonic NaCl infusion q Simon-Oppermann et al. (1980)
Cerebral hypothalamic NaCl q Simon-Oppermann et al. (1980)
Hypothalamic cooling q Simon-Oppermann et al. (1980)
Hemorrhage q Simon-Oppermann et al. (1984)
Angiotensin II R Gray et al. (1986)

Sparrows
Water deprivation q Goldstein and Braun (1988)

(Sturkie and Lin, 1966) or radioimmunoassay (Nouwen E. Control of AVT and MT Release
et al., 1984; Koike et al., 1988). No changes in MT level

Table 2 summarizes the effects of factors known toare observed, however (Nouwen et al., 1984; Koike et
influence circulating concentrations of AVT and MT.al., 1988). The pars nervosa is the likely source of AVT
Despite the relative paucity of information on circulat-at the time of oviposition but ovarian AVT may contrib-
ing concentrations of MT, the available evidence sug-ute significantly; follicular AVT levels decline immedi-
gests that the release of AVT and MT are under inde-ately prior to oviposition (Saito et al., 1990). Not only
pendent control.do circulating concentrations of AVT rise markedly at

AVT is released when blood osmolality is high inoviposition but also the sensitivity of uterus to AVT is
either chicken or ducks (see Table 2) and consequentlyincreased (Rzasa, 1978).
water loss should be prevented. Frequently, conditions
where blood osmolality is increased also reduce blood

3. Other Roles volume. The release of AVT is under osmotic rather
than volemic control (e.g., Stallone and Braun, 1986).Neurohypophyseal peptides may control secretion of

other hormones in birds. For instance, AVT stimulates
prolactin release in vitro (El Halawani et al., 1992) and F. Clearance of AVT
ACTH secretion (Castro et al., 1986).

A bolus injection of AVT is followed by a monopha-
sic exponential decline in circulating concentrations ofD. Actions of MT
AVT with a half-life of 6.3 min in chickens (Arad et

There is relatively little information on the physiolog- al., 1986) and 7 min in ducks (Simon-Oppermann and
ical role of MT in birds. Unlike its mammalian homolog, Simon, 1982). Based on infusion studies the plasma met-
MT does not appear to affect the uterus (e.g., Koike et abolic clearance rate for AVT in ducks is 25 ml ? min21

al., 1988). Infusion of MT to chickens does not influence kg21 (Gray and Simon, 1983).
the major cardiovascular indices of arterial blood pres-
sure or heart rate. MT does influence blood flow to

Referencessome organs (as indicated by reduced temperature of
the shank and comb) (Robinzon et al., 1988). In addition, Acher, R., Chauvet, J., and Chauvet, M. T. (1970). Phylogeny of the
MT infusion reduces circulating concentrations of aldo- neurohypophyseal hormones: The avian active peptides. Eur. J.

Biochem. 17, 509–513.sterone (Robinzon et al., 1988).
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organized into spherical follicles whose walls are com-I. Anatomy, Embryology, and Histology of
posed of epithelial cells that surround a lumen filledThyroid Glands 461
with colloid. The organelles present in the follicle cellsII. Thyroid Hormones 462
correspond to those in the mammalian thyroid. TheA. Synthesis and Release of Hormones by the
colloid contains thyroglobulin, the thyroid hormone-Thyroid Glands 462

B. Circulating Thyroid Hormones 463 containing protein. This extracellular hormone storage
C. Thyroid Hormone Activation and in colloid provides for a large stock of reserve thyroid

Degradation 464 hormone. Such extracellular hormone storage is unique
III. Hypothalamic–Pituitary–Thyroid Axis 466 to the thyroid gland and is considered an adaptation
IV. Mechanism of Action of Thyroid related to the scarcity of the trace element iodine which

Hormones 466 is a component of thyroid hormones (McNabb, 1992).
V. Effects of Thyroid Hormones 467 The thyroid receives a rich arterial blood supply via the

A. Thyroid Hormone Effects on Metabolism 467 thyroid arteries which branch off the carotid arteries.
B. Thyroid Hormone Effects on Development 467 The venous drainage from the thyroid enters the jugular
C. Thyroid Hormone Effects on Hatching, Molt, veins. The thyroid also contains a lymphatic network

and Reproduction 468 and autonomic nerves (Astier, 1980); the latter probably
VI. Thyroid Interactions with Other Hormones 468 function primarily in vascular control. Calcitonin cells,

VII. Environmental Influences on which are parafollicular in mammals, are lacking in the
Thyroid Function 469 avian thyroid; instead they are contained in separate
References 469 ultimobranchial organs (Astier, 1980; see Chapter 18).

The thyroid gland appears very early in incubation
(e.g., day 2 of the 21 day incubation period in chicken
embryos). As in other vertebrates, the thyroid anlage

I. ANATOMY, EMBRYOLOGY, AND arises from the ventral pharyngeal wall. This mass of epi-
HISTOLOGY OF THYROID GLANDS thelial cells is first attached to the pharynx by a stalk, but

then detaches, and the two thyroid glands assume their
Avian thyroid glands are paired, well-vascularized, mature positions (by day 5 in chicken embryos; Roman-

oval glands located ventrolaterally to the trachea, just off, 1960). Follicle formation is initiated by mid-
caudal to the junction of the subclavian and common incubation and proceeds rapidly, along with functional
carotid arteries (Figure 1). The histology and ultrastruc- maturation, during the latter half of embryonic life in pre-
ture of avian thyroids (Fujita and Tanizawa, 1966; cocial galliform birds. In contrast, in altricial ring doves,
French and Hodges, 1977) are like those of other verte- although some follicles appear equally early, little more

follicular organization occurs during embryonic life andbrate classes (Astier, 1980; Dent, 1986). The gland is

Copyright q 2000 by Academic Press.
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tional to dietary iodide intake but circulating thyroid
hormones and thyroid gland hormone contents are es-
sentially unaffected by a wide range of iodide intakes
(Newcomer, 1978; Astier, 1980; McNabb et al., 1985).

Although investigations of avian thyroid function are
less comprehensive than those on mammals, both histo-
logical and physiological data indicate that the mecha-
nisms of hormone synthesis and release by avian thyroid
glands are essentially equivalent to those in mammals.
The older literature in support of this generalization
was reviewed by Astier in 1980 and there has been
relatively little focus on the mechanisms of thyroid gland
function in birds since that review. Thyroid hormone
synthesis begins with the iodination of tyrosine residues
contained in thyroglobulin, the hormone storage protein
of the colloid. Thyroglobulin is produced on ribosomes
of the endoplasmic reticulum of follicle cells, carbohy-
drate components are added in the reticular lumen, fur-
ther modifications and additions occur in the Golgi ap-
paratus, then the thyroglobulin is transported by vesicles
to the apical cell border and extruded into the colloid by
exocytosis. Iodination of the tyrosines in thyroglobulin
requires the action of thyroid peroxidase and an oxi-
dized form of iodide. The exact oxidized form and all

FIGURE 1. Ventral view of the position of avian thyroid glands. the details of the mechanism of iodination are not fully
A, aorta; CA, common carotid artery; CVC, cranial vena cava; JV, understood. Iodination results in the formation of mo-
jugular vein; LA, left atrium; RA, right atrium; SC, subclavian artery; noiodotyrosines (MITs) and diiodotyrosines (DITs)
T, thyroid gland; TR, trachea.

within the thyroglobulin. These are coupled by thy-
roid peroxidase to yield the hormonal thyronines, T4

most further histological (as well as functional) develop- (DIT 1 DIT) and T3 (DIT 1 MIT) (Figure 2). Hormone
ment occurs after hatch (McNabb and McNabb, 1977). release from the thyroid involves endocytosis of droplets

Thyroid growth is in essentially constant proportion of colloid by the follicle cells, their fusion with lyso-
to body growth in galliform birds during both embryonic somes, digestion of thyroglobulin by lysosomal enzymes,
(McNabb et al., 1981) and posthatch growth (review and release of T4 and T3 to capillaries at the external
by Wentworth and Ringer, 1986). The thyroid glands surface of the follicle cells (review, McNabb, 1992).
comprise about .01–.05% of body weight in chickens In adult birds with adequate iodide intake, the thy-
and quail. Thyroid gland size varies with the level of roids contain primarily T4, with lesser or undetectable
pituitary stimulation (Section III). amounts of T3 (Astier, 1980; McNichols and McNabb,

1987). When iodide is limiting, the T3/T4 ratio is in-
creased and total hormone stores are decreased ( Japa-

II. THYROID HORMONES nese quail, McNabb et al., 1985; ring doves, McNichols
and McNabb, 1987). In mammals, the T3/T4 ratio of

A. Synthesis and Release of Hormones by hormones released is higher than the ratio of stored
the Thyroid Glands hormones because of intrathyroidal T4- to T3-conversion

(Leonard and Visser, 1986) and it seems likely that theIn birds, as in other vertebrates, both thyroxine (tet-
same is the case in birds.raiodothyronine or T4) and triiodothyronine (T3) are

Thyroid hormone secretion rates (TSR), measuredconsidered thyroid hormones (Figure 2). Iodide is ac-
by a number of methods, are in the range of 1–3 eg T4/tively transported into the thyroid gland from the blood,
100 g of body weight per day in chickens, quail, andresulting in extremely high iodide concentrations in the
pigeons (review Grosvenor and Turner, 1960; Went-gland. Uptake of radioiodide by the avian thyroid is
worth and Ringer, 1986). Cold temperatures increaserapid (hours) and retention time is prolonged, although
TSR, whereas iodide deficiency and aging tend to de-both these factors are influenced by the dietary iodide

availability. Iodide content of the thyroids is propor- crease TSR (review, Wentworth and Ringer, 1986).
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FIGURE 2. Thyroid hormones and their iodinated tyrosine precursors. MIT, monoiodo-
tyrosine; DIT, diiodotyrosine; T3, triiodothyronine; T4, thyroxine or tetraiodothyronine.
Numbers on the rings indicate the positions of iodine atoms.

In embryos, development of the capability for hor- gland. Adult birds of many species have plasma or serum
T4 concentrations in the range of 5–15 ng T4/ml (6–mone synthesis precedes organization of the thyroid

gland into follicles. In chicken embryos, uptake and 19 pmol/ml) and T3 concentrations in the range of 0.5–
4 ng T3/ml (0.7–1.5 pmol/ml). In comparison to mamma-concentration of radioiodide by thyroid cells occurs by

day 5; colloid droplets and the initiation of follicle for- lian plasma, avian plasma contains less T4 but similar
concentrations of T3. Plasma and serum concentrationsmation appear by day 7. Thyroxine is detectable in the

plasma by day 6.5 (review, Thommes, 1987), but it is of both hormones have been measured in many avian
species (Astier, 1980). However, generalizations aboutnot clear whether this T4 comes from the embryonic

thyroid or reflects uptake of maternal hormones stored species differences seem unwarranted because of the
variety of techniques used and because many factorsin the yolk (Prati et al., 1992; Wilson and McNabb, 1997)

or both. Review of the older literature indicates wide that influence thyroid status typically have not been
reported. Factors that influence thyroid function includevariation in the timing of development of events in-

volved in hormone synthesis as reported by different dietary iodine availability, food availability, food com-
position, seasonality, age, and time of day of blood col-investigators. It should be kept in mind that identifica-

tion of when an event first occurs is limited by the sensi- lection (reviews, Decuypere et al., 1985; Sharp and
tivity of the technique employed and must be evaluated Klandorf, 1985). Thus, to have confidence in interspecies
in that context. Thyroid gland function initially develops comparisons, the different species need to be main-
independently of hypothalamic-pituitary control. In- tained in equivalent conditions, plasma samples need
creases in the rate of radioiodide uptake and increases to be analyzed in the same laboratory (to minimize assay
in thyroid gland hormone content at about 12–13 days variation), and the RIAs need to be validated for use
of incubation in chicken embryos reflect the establish- on plasma or serum from each species.
ment of the hypothalamic-pituitary-thyroid (HPT) con- Diurnal patterns of plasma thyroid hormone concen-
trol axis (Section III; and review, Thommes, 1987). trations are readily demonstrated in birds (chickens,

quail, ducks; reviews, Wentworth and Ringer, 1986;
Cogburn and Freeman, 1987). Plasma T4 concentrations

B. Circulating Thyroid Hormones rise and peak during the dark period; T3 concentrations
rise and are highest during the light period. This patternHistorically, circulating thyroid hormones were first
is consistent with the idea that hormone release frommeasured as protein-bound iodine, then by competitive
the thyroid is highest during the dark period and extra-binding assays, and now they are determined by radio-
thyroidal conversion of T4 to T3 is highest during theimmunoassays (RIAs). Of these techniques, RIAs are
light period. Patterns of food intake are a key factorthe most sensitive and the most accurate and have been
influencing T4 to T3 conversion and its role in diurnalin common use for analyzing avian thyroid hormones
patterns of plasma thyroid hormones (Decuypere andsince the late 1970s. Thyroxine concentrations exceed
Kühn, 1984). However, several other factors also may bethose of T3 in avian plasma by severalfold although this

relationship is much less extreme than in the thyroid important (Cogburn and Freeman, 1987). For example,
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cold temperatures increase and warm temperatures de- can be followed (2 hr is required for hormone equilibra-
tion, after 24 hr labeled iodide recycling confounds thepress plasma T3 concentrations within these diurnal pat-
data; Etta et al., 1972), and (2) most studies have notterns. In general, the influences of temperature change
identified the radioactive compounds in the plasma andon plasma T4 are opposite to those on T3, although the T4

have assumed that all label in the plasma is the specificeffects are more complex (Cogburn and Freeman, 1987).
hormone injected, although this assumption is not war-Circulating thyroid hormones are transported by
ranted. Another consideration is that relatively littlebinding proteins. The major transport proteins in birds
is known about how hormone half-lives change withare albumin and prealbumin/transthyretin (review,
alterations in environmental conditions or in the physio-Wentworth and Ringer, 1986). Thyroxine-binding globu-
logical state of birds. Temperature effects on hormonelin (TBG), which is present in the blood of large mam-
half-lives have been studied; cold temperatures decreasemals, is absent in birds, and thus the binding affinity for
the T4 half-life both in the laboratory (quail; McFarlandT4 is less than that in large mammals (Larsson et al., 1985).
et al., 1966) and during winter (Hendrich and Turner,Equilibrium dialysis and column chromatography esti-
1967). This decrease in T4 half-life is consistent withmates of thyroid hormone binding have suggested higher
increases in T4 conversion to T3 that are a key part ofconcentrations of free (i.e., unbound) T4 in avian than in
the metabolic response to cold in birds (Rudas andmammalian plasma. This has led to speculation that the
Pethes, 1984).short half lives of thyroid hormones in birds result from

The ontogenic pattern of plasma thyroid hormoneshigher free thyroid hormone concentrations (i.e., lower
differs in birds with precocial vs altricial development.hormone binding capacities) in birds than in mammals
In precocial species, in which thyroid gland function(Wentworth and Ringer, 1986). However, free hormone
and its control mature before hatching, plasma T4 risesRIAs indicate similar free T4 and T3 concentrations in
several fold during the latter half of embryonic life butavian plasma to those in mammalian plasma (McNabb
plasma T3 remains very low. Reverse-T3 (rT3), an inac-and Hughes, 1983) and thus argue against this interpreta-
tive hormone analog, can be detected in the plasmation. It seems likely that the relatively low binding affinity
toward the end of embryonic life (Section II,C). Duringis more important than the binding capacity in the short
the perihatch period, plasma T4 and T3 concentrationsthyroid hormone half-lives in birds.
rise dramatically to reach some of the highest concentra-Thyroid hormone binding proteins serve several func-
tions measured in avian plasma. This pattern is consis-tions in vertebrates: they maintain an extrathyroidal hor-
tent among precocial galliform birds (e.g., chickens,mone store, they maintain tissue hormone supply if thy-
Thommes and Hylka, 1977; quail, McNabb et al., 1981;roid gland function varies, and they are a factor in the
turkeys, Christensen et al., 1982) but has not been inves-regulation of hormone supply to the tissues (review,
tigated in precocial species from other avian orders. TheRobbins and Bartelena, 1986). That binding proteins
perihatch peaks in thyroid hormones are associated withplay a role in regulating hormone supply has general ac-
the initiation of thermoregulatory responses to coolingceptance, but knowledge of free hormone concentrations
that occur in precocial species during this time (McNabb

alone is not sufficient to fully understand hormone entry
et al., 1984b). After the perihatch peak, plasma thyroid

into different tissues under different conditions (review, hormones decrease markedly, then gradually increase
McNabb, 1992). Several studies in birds suggest that during posthatch life to reach adult concentrations.
binding proteins modulate the picture of thyroid hor- In altricial species from two avian orders, plasma con-
mone availability; for example, during development in centrations of T3 and T4 are very low during embryonic
precocial quail and altricial doves (McNabb and Hughes, life andthe perihatchperiod, then gradually increase dur-
1983; McNabb et al., 1984a; Spiers and Ringer, 1984) and ing the first 2–3 weeks posthatch to approach adult hor-
in the diurnal cycle in adult ducks (Harvey et al., 1980). mone concentrations (ring doves, McNabb and Cheng,
In addition to the functions listed above, transthyretin 1985; European starlings, Schew and McNabb, 1996;
may play a more specific T4 supply role by transporting Vyboh et al., 1996). In these altricial species there is little
T4 through the choroid plexus into the brain (Chanoine thyroid development during embryonic life, endother-
et al., 1992) at stages critical to brain development in em- mic responses to cooling first appear several days to a
bryonic chickens (Southwell et al., 1991). week after hatching, and the young are homeothermic by

The half-lives of T3 and T4 are essentially identical the time of fledging (McNichols and McNabb, 1988).
and are short (3–9 hr) in birds (chickens, ducks, Japa-
nese and Bobwhite quail) relative to those in mammals C. Thyroid Hormone Activation
(see, for example, Tata and Shellabarger, 1959; Singh

and Degradationet al., 1967). This subject warrants some reinvestigation,
because of problems inherent in a number of the studies: Fundamental to the interpretation of plasma thyroid
(1) there is a limited time after injection of the labeled hormone concentrations is the need to understand the

relative potencies of the hormones. Physiological studieshormone when its disappearance from the circulation
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(during the 1950s and 1960s) of the effects of T3 and T4 deal of circumstantial evidence that T3 is responsible
for most thyroid hormone action in birds, as is the case inin chickens and quail indicated similar hormone potenc-

ies in triggering several responses. These results were mammals (review, Oppenheimer et al., 1987). However,
the reason for the apparent greater potency of T4 forin marked contrast to the picture in mammals, in which

T3 is physiologically 3–103 more potent than T4. Exam- triggering some physiological actions in birds has not
yet been revealed.ples of responses that showed equal T3 and T4 potency

in birds are goiter prevention (Shellabarger, 1955), stim- Understanding of the roles of deiodinase enzymes in
thyroid hormone activation and degradation in mam-ulation of oxygen consumption, heart rate and feather

growth in hypothyroid chickens (Newcomer, 1957; Ra- mals (Leonard and Visser, 1986) has pointed to the
value of comparable investigations in birds. In general,heja and Snedecor, 1970), and suppression of the effects

of the thyroid inhibitor methimazole (Singh et al., 1968). birds possess essentially identical deiodinase pathways
(Figure 3) to those in mammals and much of the func-A slightly different picture, namely that T4 is somewhat

more potent than T3, was suggested by studies of thyroid tional significance of these pathways appears to be the
same. Three pathways (or types) of deiodinations arehormone stimulation of oxygen consumption in the

whole animal (Singh et al., 1968) and in cardiac muscle present in birds and are important in the relative avail-
ability of T3: (1) type I deiodinase, which can degrade(Newcomer and Barrett, 1960) as well as in the amount

of hormone required to prevent goiter after thiouracil T4 to either T3 (by 59-deiodination (59D) of the outer
ring) or to inactive rT3 (by 5-deiodination (5D) of thetreatment (Newcomer, 1957; Mellen and Wentworth,

1959). Yet other studies suggested that T3 is somewhat inner ring), is present in liver, kidney, and small intestine
of chickens, quail, and doves; (2) type II deiodinase,more potent than T4; for example, in stimulating amino

acid incorporation into embryonic bone (Adamson and which converts T4 to T3, is present in the central nervous
system of chickens; and (3) type III deiodinase, whichIngbar, 1967).

The studies above that suggested approximately degrades T3 by 5D, is present in the liver of young
chickens (Borges et al., 1980, 1981; Galton and Hiebert,equal potency of T3 and T4 in birds preceded current

knowledge indicating avian thyroid receptors are ‘‘T3 1987; Freeman and McNabb, 1991; Darras et al., 1992;
Rudas et al., 1993; Suvarna et al., 1993).receptors’’ (Section IV) and that apparent T4 effects

may be due to T3 derived from T4 by deiodination (see Similarities in deiodinase reactions, as well as the
predominance of T4 in the thyroid gland, suggest thatbelow). More recently, studies of avian thyroid recep-

tors and iodothyronine deiodinases indicate that these most T3 production is extrathyroidal in birds as it is
in humans and some laboratory mammals (Engler andaspects of thyroid function are virtually identical to

those in mammals. Thus, such studies provide a great Burger, 1984). Thus, deiodination reactions play an im-

FIGURE 3. Thyroid hormone conversions by deiodinations. Numbers on the rings indicate
the positions of iodine atoms. T4, thyroxine; T3, triiodothyronine; rT3, reverse-triiodothyronine.
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portant role in the availability of circulating T3 as well of antibodies specific to avian TSH, and thus the lack
as in local intratissue T3 concentrations in some cases. of RIAs for measuring avian TSH, has been a limiting
Several aspects of the functional significance of deiodi- factor in investigations in this area. Antibodies to heter-
nases have been investigated in chickens and quail and ologous TSHs have been used in immunocytochemical
appear to play similar roles to those in mammals. During studies of HPT axis development (review, Thommes,
the latter part of embryonic development, T4 is deiodi- 1987) and recent reports of antibodies to avian TSH
nated mostly to inactive rT3 by 5D (Borges et al., 1980) offer promise for future assays (Berghman et al., 1993).
and little 59D activity is present (Darras et al., 1992). During development, the establishment of HPT axis
Hepatic type III 5D also is present at this time and control over the thyroid gland occurs between embry-
presumably degrades the small amount of T3 that is onic days 10.5 and 11.5 in chickens. The key evidence
formed. These patterns explain why plasma T3 does for this timing is that embryonic decapitation (which
not increase concurrent with T3 increases during late includes removal of the pituitary) on day 9.5 does not
embryonic life. Beginning the day before hatching, type alter T4 concentrations in the plasma until day 11.5, but
I 59D activity rises, resulting in increased T3 production prevents the normal plasma T4 increase that occurs after
(Borges et al., 1980; Galton and Hiebert, 1987; Freeman day 11.5 in chicken embryos. These findings suggest that
and McNabb, 1991; Darras et al., 1992) and the type III HPT control is established on day 11.5 and that prior
5D activity decreases resulting in decreased T3 degrada- thyroid gland development must be autonomous. How-
tion (Darras et al., 1992). In combination with the peak ever, the capability for pituitary and thyroid responses
of plasma T4 at this time, these alterations in deiodina- is present earlier, because treatment of 6.5 day embryos
tion reactions result in the perihatch peak in plasma T3 with exogenous TRH results in increased plasma T4
concentrations (in vivo evidence, Decuypere et al., 1982; concentrations. This implies that by day 6.5 the TRH
see citations above for in vitro evidence). In brain, which treatment results in pituitary TSH release, which in turn
is dependent on adequate thyroid hormone availability stimulates increased T4 release from the thyroid gland
for normal development and function, type II 59D activ- (reviews Thommes, 1987; Thommes et al., 1988).
ity plays an important role in protecting T3 supply to the The effects of environmental factors (e.g., tempera-
central nervous system when plasma thyroid hormone ture) on thyroid function may be mediated partially or
concentrations are low. Thus, type II 59D activity in completely through the HPT axis. Increased thyroid
brain is enhanced in thyroidectomized young chickens gland size provides evidence of increased pituitary TSH
and this effect is complemented by enhanced T3 and T4 release during cold exposure or winter conditions. Ex-
uptake by brain and decreased T3 and T4 losses from posure to high temperatures has the opposite effect
brain (Rudas and Bartha, 1993; Rudas et al., 1993, 1994). (review, Wentworth and Ringer, 1986). The picture of

temperature effects on circulating thyroid hormones is
more complex, because in addition to thyroid secretion

III. HYPOTHALAMIC–PITUITARY– rate, extrathyroidal deiodination (Section II,C) and
THYROID AXIS other aspects of hormone turnover may be affected (re-

view, Wentworth and Ringer, 1986).
The avian thyroid gland is primarily under the control

of the hypothalamic–pituitary–thyroid (HPT) axis. The
avian hypothalamus produces two hormones, thyrotro-

IV. MECHANISM OF ACTION OFpin releasing hormone (TRH) and somatostatin, that
THYROID HORMONEShave stimulatory and inhibitory effects, respectively, on

the pituitary. Thyroid stimulating hormone (TSH or
In birds, as in other vertebrate classes, thyroid hor-thyrotropin) produced by thyrotrophs in the anterior

mone action is mediated through nuclear receptors (re-pituitary is the major controller of the production and
view, Bellabarba et al., 1988) that are members of therelease of thyroid hormones by the thyroid gland. Nega-
steroid receptor superfamily (Lazar, 1993). These recep-tive feedback is exerted by thyroid hormones on the
tors are referred to as T3 receptors because they bindpituitary and hypothalamus.
T3 with higher affinity than they bind T4 or any otherAvian HPT control, based on investigations of chick-
functional thyroid hormone analog. The physical andens (Decuypere and Kühn, 1988), appears to be like
biochemical characteristics of avian T3 receptors in adultthat in mammals. The structure of TRH, a tripeptide,
galliform birds are virtually identical to those of otheris identical in birds and mammals. The structure of TSH,
vertebrate classes and recent work suggests the samewhich is a glycoprotein, differs in its beta chain in differ-
molecular forms are present in birds and mammals (re-ent vertebrate classes, but heterologous TSHs stimulate

thyroid function in birds (McNabb et al., 1986). The lack view, McNabb, 1992). The physiological responses me-
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diated by thyroid hormones are of two types, metabolic altricial starlings, Schew and McNabb, 1996). During
and developmental (Sections V,A and V,B). development there are positive correlations between

At present it is reasonable to assume that most thy- periods of high plasma thyroid hormone concentrations
roid hormone effects are triggered by T3 in birds as they and high metabolic activity (e.g., during the perihatch
are in mammals. The types of evidence that support this period in turkeys; Christensen et al., 1982). There also
assumption are: (1) thyroid receptors in birds, as in all are correlations between oxygen consumption and
other vertebrate classes, have their highest affinity for plasma thyroid hormones in different age groups of
T3; (2) the relative proportion of T3 to T4 is higher in chickens (Bobek, 1977).
birds than in mammals, suggesting greater potential for During late embryonic life, precocial embryos go
T3 binding; and (3) deiodinase enzymes, their character- through several stages in the development of their ther-
istics, and their functional significance are consistent mogenic capabilities (Whittow and Tazawa, 1991 and
with T3 being the primary metabolically active hormone see Chapter 12). Chicken embryos (on day 16.5) in-
(review, McNabb and King, 1993). Two key types of crease plasma T4 in response to cooling (Thommes,
experiments that have been done in mammals are lack- 1987) but neither plasma T3 nor the capability for T4 to
ing in birds. Those are: (1) the demonstration that T3 T3 conversion were measured in this study. Apparent
accounts for .90% of receptor occupancy in vivo in metabolic responses to cooling during late embryonic
some hormone responsive tissues, and (2) the strong life in precocial species vary with different studies and
correlations between T3 receptor occupancy and specific different species; there is no evidence of any response
thyroid hormone responses (review, Oppenheimer et to cooling in altricial embryos (review, Whittow and
al., 1987). These types of measurements will be neces- Tazawa, 1991). Thermogenic responses to thyroid hor-
sary for quantifying the relative importance of T3 vs T4 mones are present after hatch in precocial chickens
(and other hormone analogs) in triggering physiological (Freeman, 1970) and posthatching exposure to cold in-
responses in birds. volves both changes in extrathyroidal T3 production and

HPT axis activation (Sections II,C and III).

V. EFFECTS OF THYROID HORMONES
B. Thyroid Hormone Effects on Development

A. Thyroid Hormone Effects on Metabolism Thyroid hormones influence both aspects of develop-
ment (i.e., growth and differentiation/maturation) ofThyroid hormones are considered the key controllers
birds. Growth (i.e., increase in mass) involves primarilyof that part of metabolic heat production that is neces-
cell proliferation, but also may result from increases insary for the maintenance of high and constant body
cell size (hypertrophy). In general, thyroid hormonestemperature in homeothermic birds and mammals
appear to act permissively or indirectly, in concert with(Danforth and Burger, 1984). Many specific aspects of
other control substances, in their stimulation of growththyroid hormone-triggered metabolic effects have been
in birds (review, McNabb and King, 1993). The primaryinvestigated in birds. Administration of exogenous thy-
direct hormonal stimulation of body growth results fromroid hormones stimulates and thyroidectomy or goitro-
circulating growth factors (such as insulinlike growthgen administration depresses oxygen consumption (re-
factor-1; IGF1) that are primarily under the control ofview, Wentworth and Ringer, 1986). Likewise, altered
growth hormone (GH) from the pituitary (see Chap-thyroid hormone concentrations influence the metabolic
ter 23).energy supply, liver glycogen storage is facilitated by

A requirement for thyroid hormones in the growthincreases in thyroid hormone, and glycogen depletion
of birds has been demonstrated by the reduced growthand plasma glucose decreases are associated with de-
that results from thyroidectomy or goitrogen adminis-creases in thyroid hormones. The length of time that
tration. However, within the physiological range of cir-oxygen consumption remains elevated after thyroid hor-
culating thyroid hormone concentrations, there is littlemone administration is relatively short (hours) in birds
consistent evidence of thyroid hormone stimulation of(Singh et al., 1968) and this is consistent with the rela-
general body growth (review, McNabb and King, 1993).tively short half-lives of the hormones in birds (Sec-
At hyperthyroid extremes, growth is depressed becausetion II,B).
of high metabolic rates and a shift toward catabolismThe timing of thyroid development appears to be
(reviews, King and May, 1984; Wentworth and Ringer,critical to the development of thermoregulation in both
1986). Sex-linked dwarf chickens, which have a defi-precocial species with early maturation and in alticial
ciency in 5’D activity and consequent very low plasmaspecies with much later maturation (precocial quail, Spi-

ers et al., 1974; altricial doves, McNabb and Cheng, 1985; T3 concentrations have been an important model for
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studying the effects of thyroid hormone deficiency on tissue differentiation and maturation (e.g., in gut and
lung development) (review, McNabb and King, 1993).growth (review, Tixier-Boichard et al., 1989).

Thyroid hormones are important in triggering tissue-
specific differentiation and maturation processes in C. Thyroid Hormone Effects on Hatching,
many tissues. Typically, this involves the induction of

Molt, and Reproductionspecific structural or enyzmatic proteins that are critical
Thyroid hormones are important in several organis-to the development of new tissue functions. Thyroid

mal level processes such as hatching, molt, and repro-hormone effects on differentiation/maturation have
duction in birds. The high perihatch thyroid hormonebeen extensively studied in mammalian muscle, skeletal,
concentrations appear to be stimulating a variety ofand central nervous tissues (reviews, McNabb, 1992;
developmental and metabolic processes necessary forMcNabb and King, 1993). Less extensive information
successful hatching (Section V and review; Decuypereon birds suggests similar thyroid hormone effects on
et al., 1991).development in avian tissues. For example, in the central

Thyroid hormones and/or starvation can be used tonervous system, thyroid hormones are necessary for the
induce molt in birds and alterations in plasma thyroiddevelopment of normal brain architecture and neuronal
hormones occur in conjunction with natural molts. Inhi-connections critical to the function of brain regions (e.g.,
bition of reproductive activity (including cessation ofsee morphometric studies of Bouvet et al., 1987, in
egg laying) and molt occur concurrently in seasonallychick brain).
reproducing wild birds and in commercial poultry prac-In skeletal muscle and the skeletal system thyroid
tice. Thyroid hormones are necessary for reproductivehormones are required for both growth and differentia-
system development and reproductive function, but hightion. Posthatching growth in skeletal muscle involves
concentrations of thyroid hormones have antigonadalboth muscle fiber hypertrophy and satellite cell prolifer-
effects. Estrogen decreases appear to be important ination and fusion with muscle fibers. Thyroid hormones,
the initiation of molt, whereas an increase in the thyroidperhaps in conjunction with GH, stimulate this cell pro-
hormone/estrogen ratio appears to be important in newliferation posthatch, but do not have this effect in late
feather formation (review, Decuypere and Verheyen,embryonic life (reviews, King et al., 1987; McNabb and
1986).King, 1993). Muscle differentiation, which involves the

appearance of specific myosin isoforms critical to func-
tional maturation, also is modulated by T3 during late

VI. THYROID INTERACTIONS WITHembryonic development in chickens (Gardahaut et al., OTHER HORMONES
1992). Hereditary muscular dystrophy of chickens, in
which thyroid function is altered, has provided a useful Thyroid hormones have important interactions with
model for studying thyroid hormone effects on muscle other hormones (GH, growth factors, glucocorticoids)
development in birds (King and Entrikin, 1991). primarily in growth and development of birds. Thyroid

In skeletal tissues, in vitro studies of pelvic cartilages hormones are required for body growth, but it appears
from early chicken embryos have been useful in delimit- that they act in a permissive or indirect way, in conjunc-
ing the roles of thyroid hormones and some growth tion with GH which influences growth factors that di-
factors in growth vs differentiation. Thyroid hormones rectly stimulate cell proliferation (see Chapter 23). Thy-
trigger cartilage differentiation/maturation by stimulat- roid hormones also modulate GH production and
ing matrix production and ossification. In this case T3 release by the pituitary, by direct inhibition of pituitary
plays a role in growth by stimulating chondrocyte hyper- somatotropes and by feedback effects on TRH which
trophy, but does not influence cell proliferation (Burch stimulates somatotropes (Harvey, 1993). This picture
and Lebovitz, 1982). This effect on growth is by T3 differs from that in mammals, in which T3 consistently
enhancement of the effects of IGF1 and this growth stimulates GH production and release and is one of the
effect can be separated from the effects of T3 (even best understood actions of thyroid hormones. GH also
without IGF1) on cartilage maturation (Burch and Van influences thyroid physiology by its effects on extrathy-
Wyk, 1986). The induction of hepatic malic enzyme in roidal deiodination pathways (Section II,C, and Darras
liver by T3, during early posthatching life, provides an et al., 1993). Increased plasma GH toward the end of
example of how molecular investigations can reveal the incubation is one of the factors that contributes to the
exact step-by-step influences of thyroid hormones on increase in plasma T3 during the perinatal period. Glu-
the regulation of gene expression during development cocorticoids, which also rise at this time, may increase
(review, Goodridge et al., 1989). In some tissues thyroid 59D activity (Decuypere et al., 1991) and also have im-

portant effects on organ differentiation in lung and guthormones interact with other hormones in stimulating
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I. Introduction 473 and/or sensitivities can be quite different from those in
II. Parathyroid Hormone and Related Peptides 474 mammals (Dacke, 1979) and it is clear that avian skeletal

A. The Parathyroid Glands 474 metabolism acts at an amplified rate compared with that
B. Parathyroidectomy 474 in mammals (Gay, 1988). We now realize that other
C. Chemistry of Parathyroid Hormone and putative Ca and bone-regulating factors such as prosta-

Related Peptides 474 glandins (PGs; Dacke, 1989) and calcitonin gene-related
D. Circulating Parathyroid Hormone 475 peptide (CGRP; Dacke et al., 1993) also affect avian Ca
E. Actions of Parathyroid Hormone 475 metabolism in ways which are profoundly different from
F. Parathyroid Hormone Related Peptide 477

those in mammals. This may be partly related to en-III. Calcitonin and the Ultimobranchial Glands 479
hanced requirements for Ca during eggshell calcifica-A. The Ultimobranchial Glands 479
tion, although the requirements of bone and Ca metabo-B. Calcitonin 479
lism in growing birds are essentially similar to those ofC. Circulating Calcitonin Levels 479
growing mammals. Recent general reviews of avian CaD. Actions of Calcitonin 480
and bone metabolism include those by Taylor andE. Role of Extracellular Ca 480

F. Calcitonin Gene-Related Peptide and Amylin 480 Dacke (1984), Soares (1984), Kenny (1986), Hurwitz
IV. The Vitamin D System 481 (1989), and Gay (1996). Avian Ca metabolism shares

A. Renal Vitamin D Metabolism 481 many features found in other vertebrate classes, but is
B. Circulating Levels of Vitamin D Metabolites 482 also typified by several unique characteristics related to
C. Actions of Vitamin D 482 the ability of this class to lay large megalecithal eggs

V. Prostaglandins and Other Factors 483 with a well-developed calcified eggshell (Romanoff and
VI. Conclusions 484 Romanoff, 1963). Other species, notably extant crocodi-

References 485 lia and extinct dinosaurs, the closest relatives of modern
birds, also lay or laid eggs with some degree of shell
calcification. The amount of Ca in each egg typically
represents about 10% of the total body stores of Ca of
the bird (Kenny, 1986), an enormous amount by anyI. INTRODUCTION
measure. The Ca metabolism of an egg-laying hen in
domesticated species such as chickens and JapaneseCalcium (Ca) is one of the most efficiently regulated
quail can be compared with that of a human female inplasma constituents in birds. The classical Ca-regulating
18 months of combined pregnancy and lactation. In or-hormones, parathyroid hormone (PTH), calcitonin
der to provide a source of Ca for eggshell calcification(CT), and 1,25-dihydroxy vitamin D3 (1,25-(OH)2 D3),

are all recognized in this class, although their actions to supplement the supply provided directly from the

Copyright q 2000 by Academic Press.
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diet, egg-laying hens uniquely possess a highly labile and Sassayama, 1981; Kenny, 1986). The parathyroids
are derived embryologically from the third and fourthreservoir in the form of medullary bone, which develops

within the long bones of hens in response to the activ- branchial pouches in association with the thymus. They
are encapsulated by connective tissue and composedity of gonadal steroids. It is the most overtly estrogen-

sensitive form of vertebrate bone (Dacke et al., 1993). A mainly of chief cells, a situation similar to the rat (Roth
and Schiller, 1976). Oxyphil cells, which are presentsecond feature which may have profoundly influenced

the evolution of avian Ca metabolism is the ability to fly. in mammalian parathyroid tissues, are absent in birds.
While the ultrastructure of the avian chief cell is essen-This probably led to the development of a light but robust

skeleton in which long bones tend to be more hollowed tially similar to that in mammals, the low granular con-
tent of the avian cell is consistent with a low level ofout than in other vertebrates. Similar lightweight struc-

tures are found in fossilized bones of the flying pterosaurs PTH secretion (Kenny, 1986).
(Wellnhoser, 1991). This hollowing implies a high degree
of remodeling during the growth phase of the skeleton

B. Parathyroidectomyand has probably influenced the evolution of certain hor-
monal activities and sensitivities in birds. Details of the effects of parathyroidectomy (PTX)

Mammals given either an acute intravenous Ca load in birds were described in the previous edition (Kenny,
or ethylene glycol-bis (-amino ethyl ether) N,N,N9,N9- 1986). This procedure has been accomplished in several
tetraacetic acid (EGTA), which lowers plasma Ca levels, avian species, including pigeon, duck, starling, chicken,
respond to this challenge within tens of minutes to a and Japanese quail. Responses include hypocalcemia,
few hours, while 1-week-old chickens will correct such tetany and ultimately death, depending on factors such
challenges within a few minutes, recovery from the hy- as dietary Ca intake, the presence of accessory parathy-
pocalcaemia being dependent upon the presence of roid tissue and reproductive status. Clark and her associ-
PTH (Koch et al., 1984). An intravenous dose of 45Ca ates examined the effects of PTX on urinary Ca and
in a week-old chick is rapidly cleared from the plasma phosphate (Pi) excretion in starlings (Clark and Wide-
pool and by 15 min approximately 40% of the original man, 1977) and Japanese quail (Clark and Sassayama,
dose is located within the skeleton (Shaw et al., 1989). By 1981) and demonstrated that it leads to increased Ca
calculating the unidirectional plasma–bone clearance excretion and decreased Pi excretion. Hypocalcemia
constant (Kpb

45Ca) and hence net Ca21 influx, and by also occurred in both species while hyperphosphatemia
estimating total rate of Ca accretion into the skeleton, was observed in starlings.
we find that total skeletal outflux of Ca21 is approxi-
mately 80% of influx and that the plasma pool of Ca21

is cleared into the skeleton every few minutes. Typically, C. Chemistry of Parathyroid Hormone and
net Ca21 accumulation into the chick femur is about Related Peptides
0.28 mole min-1g-1 wet weight, although this will vary

Mammalian PTH is an 84-amino-acid polypeptide inaccording to prevailing rates of dietary Ca absorption
its native form, although there is recent evidence thatand other factors. Clearly any factor which modifies
the chicken hormone consists of 88 amino acids (Khoslaeither rapid influx or outflux of Ca21 in this system is
et al., 1988; Russell and Sherwood, 1989; Lim et al., 1991).likely to profoundly affect minute-to-minute plasma Ca
However, only the first 32–34 amino acids from the Nmodulation in the rapidly growing animal. Bronner and
terminal are necessary for biological activity and PTHStein (1992) calculated from our data (Shaw et al., 1989)
(1–34) has similar activity to PTH (1-84) (Tregear etthat the t1/2 for 45Ca uptake by the chick femur is less
al., 1973). The nucleotide sequence of chicken pre-pro-than 10 min, compared with around 30 min in rabbit,
PTH mRNA was determined from a 2.3-kb fragmentdog, and rat.
of complementary PTH DNA cloned in Escherichia coli.
The mRNA (2.3 kb) for chicken hormone precursor
was approximately 33 the size of mRNA for mamma-II. PARATHYROID HORMONE AND
lian pre-pro-PTH. The hormone sequence deducedRELATED PEPTIDES
from the DNA showed that chicken pre-pro-PTH
mRNA encoded a 119-amino-acid precursor peptide,

A. The Parathyroid Glands and an 88-amino-acid hormone which is four residues
longer than all known mammalian homologs and in-The number of parathyroids varies between two and
cludes gene deletions and insertions. There is significantfour in birds; in chickens there are two pairs slightly
homology of sequence in the biologically active 1-34caudal to the thyroid and often fused together while

one pair is found in Japanese quail (Dacke, 1979; Clark region with mammalian hormones, but much less in
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the middle and carboxyl-terminal regions (Russell and E. Actions of Parathyroid Hormone
Sherwood, 1989).

The importance of PTH in maintaining avian Ca lev-
els has been recognized for many years. PTX causes

D. Circulating Parathyroid Hormone hypocalcemia, while PTH injections into Japanese quail
or chickens increase plasma Ca levels (Kenny andFew reports exist of the circulating levels of PTH in
Dacke, 1974). The hypercalcemic effects of PTH arebirds probably reflecting the fact that they are normally
greater in egg laying hens than in cockerels due to eitherextremely low and until recently pure avian PTH was
Ca binding by yolk proteins in the plasma or additionalunavailable for purposes of antibody production. Van
PTH receptors, which may be present in medullary bonede Velde et al. (1984) measured plasma PTH-like bio-
and oviduct (Dacke, 1979). Immature birds show a veryactivity during the chickens egg-laying cycle by cyto-
rapid and sensitive reaction to an intravenous dose ofchemical bioassay. This is elevated during the period of
PTH, this response being widely used as a bioassayeggshell calcification after which it falls to a low level but
(Dacke and Kenny, 1973, Parsons et al., 1973). Primaryis slightly raised again 2 hr after ovulation. Singh et al.
targets for PTH in birds as in mammals are bone and(1986)similarly measured levels of ‘‘PTH’’during theegg
kidney. The major physiological stimulus for PTH secre-cycle of chickens using an in vitro bioassay. They found
tion from the chief cells is a fall in plasma Ca concentra-that PTH bioreactivity was higher in hens fed Ca deficient
tion, while a rise in Ca suppresses it (Brown, 1991).diets than in those on a high Ca diet. The levels were high-

est during the phase of shell calcification than shortly
1. Skeletal Actionsafter ovulation in both groups of hens, furthermore, they

showed an inverse relationship with plasma-ionized Ca PTH has multiple catabolic and anabolic effects on
levels (Figure 1), suggesting that changes in bioactive the skeleton. It causes a slow hypercalcemic response
PTH play an important role in the Ca metabolism of the in mammals involving recruitment and activation of os-
chicken during this physiological Ca stress. At least part teoclasts, mediated via receptors located in osteoblasts
of the PTH-like activity measured in these studies was (Hurwitz, 1989). It has been recognized for more than
probably PTHrP and it will be useful in the future to dis- 35 years (Polin et al., 1957) that birds are exquisitely
tinguish between the two peptides using specific antibod- sensitive to PTH. Furthermore the hypercalcemic re-
ies to ascertain their respective roles in the avian egg cycle sponse occurs in egg-laying hens as early as 8 min after

administration (Candlish and Taylor, 1970), a time scaleas well as in their Ca metabolism in general.

FIGURE 1 Blood levels of PTH-like bioactivity (column graph) and ionised Ca (line graph)
during the egglay cycle of the chicken. Ovulation (Ov). (Redrawn from Singh et al. (1986), Gen.
Comp. Endocrinol. with permission.)
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too brief for significant osteoclastic resorption (Hurwitz, been observed, while others have reported either no re-
sponse in intracellular Ca [Cai] concentration or a net Ca1989) and unlikely to be accounted for by the relatively

slow changes in intestinal or renal transport mecha- efflux from bone cells, at least in embryonic chick bone
in vitro (Hurwitz, 1989; Malgaroli et al., 1989). At leastnisms. Using a technique of acute 45Ca labeling, it was

demonstrated that the initial (0–30 min) response to two types of voltage-controlled ionic channels were de-
scribed, using patch clamp techniques in cultured embry-PTH involved inhibition of plasma Ca21 clearance

(Kenny and Dacke, 1974). The basis for this response onic chick osteoblasts by Ypey et al. (1988), who pre-
dicted a role for these channels in the response to PTH.remained obscure for more than a decade, until a

method for temporal microwave fixation of injected ra- PTH also affects cell spread area in avian osteoclasts
as shown by Miller (1977, 1978), who used electrondioisotopes in skeletal and other tissues was developed

(Shaw and Dacke, 1985; Shaw et al., 1989). This enabled microscopy to determine responses of medullary bone
osteoclasts in egg-laying Japanese quail in vivo duringthe demonstration that decreased plasma 45Ca clearance

in chicks is partly accounted for by an inhibition of the inactive phase of their eggshell calcification cycle.
PTH induced the osteoclasts to form ruffled bordersnet Ca uptake into the skeleton. These dose dependent

responses were elicited using the active bPTH(1-34) bounded by filamentous-rich clear zones within 20 min
of hormone treatment, these changes being characteris-fragment, but could also be seen following intravenous

injection of a PGE2 analog, 16,16-dimethyl PGE2 (Table tic of ‘‘active’’ bone resorbing cells found during shell
calcification. Similarly, Sugiyama and Kusuhara (1996)1). They are extremely rapid and most apparent in the

femur and, to a lesser extent, calvaria (Dacke and Shaw, demonstrated that PTH induces ruffled border forma-
tion in osteoclasts located within hen medullary bone1987). Phosphodiesterase inhibitors (i.e., caffeine or 3-

isobutyl-1-methylxanthine) mimic the effects of PTH on maintained in culture. Zambonin-Zallone et al. (1982)
adopted a procedure whereby domestic hens are prefedskeletal 45Ca uptake in chicks, suggesting a possible role

for cAMP in this response (Shaw and Dacke, 1989). a Ca-deficient diet in order to increase cell yield and
then a prolonged isolation technique is used consistingOxidation of bPTH(1-34) with hydrogen peroxide abol-

ishes Ca uptake and reduces the concurrent cAMP acti- of unit sedimentation and filtration. More recently, us-
ing tibiae from Ca deficient chicks, osteoclasts in situvation, but not the hypercalcemic response. The analog

[Nle8, Nle18, Tyr34]-bPTH(1-34) gives a much-reduced were shown to increase their cell spread area by 40%
within 2–4 min of PTH challenge (Pandala and Gay,hypercalcemic response and slightly reduces effects on

plasma 45Ca clearance and bone uptake, which suggests 1990). Whether this response represents direct or indi-
rect effects of the hormone on these cells, it is remark-that the initial hypercalcemic response to PTH is not

merely a reflection of its acute effects on net skeletal ably fast compared with classical responses to PTH
(Dacke, 1979; Hurwitz, 1989). This led Bronner (1996)Ca uptake (Dacke and Shaw, 1988).

PTH receptors are located on osteoblast surfaces but to speculate that an important mechanism underlying
the minute-to-minute regulation of blood Ca levels inhave been considered absent in osteoclasts (Hurwitz,

1989), although this is disputed (Pandala and Gay, 1990; both birds and mammals is an ability of bone lining
cells, osteoclasts as well as osteoblasts, to alter their sizeTeti et al., 1991; May et al., 1993). Considerable evidence

exists to suggest that PTH can induce rapid changes in and shape and migrate to and from areas of the bone
surface where high- or low-affinity binding sites for Ca21Ca transfer by osteoblasts and osteocytes. Thus PTH-

stimulated increases in Ca uptake by these cells have are located (Figure 2). This is an interesting hypothesis

TABLE 1 Acute Effects of Calcitrophic Agents on Chick Ca Metabolism

Osteoclast cell
Agent Plasma CA Plasma 45Ca Bone 45Ca spread area

bPTH(1-34) qq qq QQ qq
bPTHrP(1-34) q q QQq —
PGE2 qqq qqq QQQ —
CT 0 — QQ QQ
CGRP qq QQ q —
Amylin 0 0 — —
Ca21 qq — — QQ

Note. q, increase; Q, decrease; 0, no change from control value; —, not measured. See text for abbreviations.
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by 30 min associated with an increased venous/arterial Ca
gradient and hypercalcemia ( Boelkins et al., 1976).

2. Renal Actions

Mechanisms of renal Ca and Pi regulation were re-
viewed by Laverty and Clark (1989). In immature males
and egg-laying females, intravenous injection of PTH
transiently reduces plasma Ca and Pi levels, followed by
anincreasepeaking20–30min after the injection.Bycon-
trast, adult cockerels seldom show any variation in
plasma Ca or Pi levels. In all birds PTH increases glomer-
ular filtration rate, urine flow rate, and Pi and Ca clear-
ance. Infusion of CT decreases plasma Ca only in PTX
chickens but in all birds increased GFR, urine volume,
and Ca excretion, and in parathyroid-intact birds renal Pi

FIGURE 2 Effect of calcitrophic agents on spatial relationships of clearance also increased (Figure 4). These data suggest
osteoclasts and osteoblasts on a bone surface. s 5 high, d 5 low

that renal Ca and Pi homeostasis in the chicken, as in theaffinity Ca21 binding sites. Km51.2 normocalcemic situation with an
mammal, depends on a balanced release of PTH and CT.equal number of high and low affinity Ca21 binding sites, Km5 0.9

hypocalcaemic situation where agents cause exposure of high affinity However, in the chicken, the response time is faster, thus
binding sites due to osteoclast shrinkage, and Km51.5 hypercalcaemic minimizing the fluctuations in plasma Ca and Pi levels
situation where exposure to agents cause exposure of low affinity resulting from exogenous hormone administration. This
binding sites due to shrinkage of osteoblasts . Apparent Km values

rapid homeostatic response is less effective when Ca de-are given in terms of total extra cellular Ca concentration (m moles
mands by the body are high as in growing or laying birdsliter-1) for convenience. Modified after Dacke et al. (1993).
(Sommerville et al., 1987).

which at the time of the writing this chapter remains to F. Parathyroid Hormone Related Peptide
be tested experimentally.

Recent clinical research in bone and Ca metabolismThe biochemical mechanisms underlying avian osteo-
has focused on PTHrP, which is found in the circulationclast function are essentially similar to those of mamma-
of certain patients with malignancy-associated hypercal-lian osteoclasts, although in some respects they are func-
cemia and also as the predominant peptide in fetal mam-tionally distinct from the latter variety (Gay, 1988). Thus
mals. PTH and PTHrP genes are located on differentthe ruffled border contains a proton pump-ATPase and
chromosomes but share common organizational fea-an Na1,K1-ATPase. It also contains carbonic anhydrase

which is closely associated with the cytoplasmic side of
the membrane. Ca21-ATPase has been found on the
plasma membrane of the narrow side of osteoclasts but
is absent in the ruffled borders; its role is presumably
to direct the outward flow of transmembrane Ca21 flux.
Using chick osteoclasts, May et al. (1993) demonstrated
a direct effect of PTH resulting in increased acid produc-
tion by these cells. The mechanism involves activation
of adenylate cyclase via a Gs type-protein. Stimulation of
acidification by PTH and cAMP is blocked by estradiol.
Estradiol was inhibitory to the same extent as CT; these
effects were not additive. Estradiol-17 b in micromolar,
but not in nanomolar amounts, blocked proton pumping
in isolated plasma membrane vesicles (Gay et al., 1993). FIGURE 3 Diagrammatic representation of sites of regulation of
The actions of PTH and other calciotrophic factors on avian osteoclastic bone resorption. Inorganic phosphate (Pi), preosteo-

clast (PreOC), osteoclast (OC), osteoblast (OB), tartrate-resistantbone cell function are summarized in Figure 3.
acid phosphatase (TRAP), pump (P), 1,25-dihydroxy vitamin D3 (1,25-PTH also has potent hypotensive activity in a variety
(OH)2D3), calcitonin (CT), parathyroid hormone (PTH), prostaglan-of vertebrates including birds. In the domestic hen a PTH din E2 (PGE2), paracrine and cytokine factors (PF/C), podosomes

bolus caused a drop in bone blood flow by 3 min, associ- (PO), lysosymes (LYS), ruffled border (R), solid lines 5 controlling
factors, dotted lines 5 secretions/ion fluxes.ated with transient hypocalcemia, followed by hyperaemia
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They localized the cycle-associated fluctuations in
PTHrP mRNA and immunoreactive PTHrP levels to the
shell gland serosal and smooth muscle layer, which sug-
gests that the peptide may modulate vascular smooth mus-
cle activity. In support of this hypothesis, synthetic chicken
PTHrP (1-34)NH2 was found to relax the resting tension
of isolated shell gland blood vessels in a dose-dependent
manner. Together, these data indicate that expression of
the PTHrP gene in the avian oviduct is both temporally
and spatially regulated during the egg-laying cycle and
that PTHrP may function as an autocrine/paracrine modu-
lator of shell gland smooth muscle activity. The vasorelax-
ant property of N-terminal fragments of PTHrP supports
a role for this molecule in the temporal increase in blood
flow to the shell gland during egg calcification.

Both PTH and PTHrP enhance cAMP and inhibit col-
lagen synthesis in avian epiphysial cartilage cells, an ef-
fect which is blockadeable by the PTH antagonist PTH
(3-34) (Pines, 1990). PTHrP(1-34) was tested in the chick
hypercalcemic assay and showed only slight PTH agonist
activity with respect to either plasma Ca levels or 45Ca
clearance. In femur the peptide caused a substantial de-
crease in 45Ca uptake while in calvarium the opposite ef-
fect apparently occurred (Dacke et al., 1993). Fenton et
al. (1994) studied carboxyl-terminal peptides from
PTHrP for their effect on bone resorption by embryonic
chick osteoclasts. Basal bone resorption was directly in-

FIGURE 4 Renal responses to injection of 12 IU PTH/kg, or 30 min hibited by chicken and human PTHrP-(107-139) and by
infusion of 1-12 U CT/Kg. to PTH/CT in adult cockerels. Data are the pentapeptide PTHrP-(107-111). The number of re-
volume of urine excreted, GFR, Ca/creatinine and net Ca and Pi/

sorption pits and total area resorbed per bone slice werecreatinine and net Pi clearances expressed as % saline injected/ infused
reduced by PTHrP-(107-139) while resorption stimu-control birds. * P , 0.05, ** P , 0.01, *** P ,0.001, v controls.

(Redrawn from Sommerville and Fox (1987), Gen. Comp. Endocrinol. lated by hPTH-(1-34) in cocultured chicken osteoclasts
with permission.) and osteoblasts was also inhibited by cPTHrP-(107-139).

These results suggest that C-terminal PTHrP may be a
paracrine regulator of bone cell activity.

tures, and the peptides show much structural homology, Schermer et al. (1994) studied the functional proper-
suggesting a common ancestral gene. PTHrP exists in ties of synthetic chicken PTHrP fragments in avian
three known forms ranging in size from 139 to 173 amino (chicken renal plasma membranes and 19-day chick em-
acids, as the result of alternative gene splicing. It has a bryonic bone cells) and mammalian (canine renal
wide spectrum of actions in mammals, many in common plasma membranes and rat osteosarcoma cells [UMR-
with PTH; these range from stimulation of osteoclastic 106-H5]) systems. The biologic activities of human
bone resorption to enhancement of placental mineral PTHrP(1-34) and bovine PTH(1-34) are remarkably
transport (Mallette, 1991). PTHrP is expressed in a vari- similar despite marked sequence divergence in their
ety of tissues in chick embryos, this molecule having a primary binding domain, residues 25–34. In both avian
highly conservative structural homology with the human and mammalian systems the binding affinity of [36Tyr]c-
sequence, the first 21 residues being identical (Schermer, PTHrP(1-36)NH2 is half that of hPTHrP(1-34)NH2. Po-
1991). It is also expressed in the isthmus and shell gland tencies of [36Tyr]cPTHrP(1-36)NH2 and hPTHrP(1-
of the hens’ oviduct where it has a potential role as a 34)NH2 for activation of adenylate cyclase were similar
local modulator of vascular smooth muscle tension and in canine renal membranes and chick bone cells. In
shell gland motility during the egg-laying cycle (Thiede UMR-106 cells and chicken renal membranes, the po-
et al., 1991). They followed the expression of PTHrP in tency of [36Tyr[cPTHrP(1-36)NH2 for activation of ade-
the shell gland at different times in the laying cycle and nylate cyclase was half that of [36Tyr]hPTHrP(1-
found levels of PTHrP to transiently increase as the egg 36)NH2. Binding of 125I-[36Tyr]cPTHrP(1-36)NH2 to
moves through the oviduct, gradually returning to basal chick bone cells and chicken renal membranes was com-

pletely displaced by bPTH(1-34) and hPTHrP(1-levels in the 15-hr calcification period (Figure 5).
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FIGURE 5 Expression of PTHrP mRNA and bioreactive PTHrP-like activity by
the oviduct shell gland in chickens during the egglay cycle. PTH mRNA values are
redrawn to an arbitrary scale while PTHrP-like activity is represented in terms of a
cAMP activation assay. During phases 1-4 the egg was passing through the isthmus
and magnum of the oviduct, before entering the shell gland. Phases 5-9 represent the
period when the egg is undergoing shell calcification. Phase 10 represents the period
following oviposition. [Redrawn from M. A. Thiede, S. C. Harm, R. L. McKee,
W. A. Grasser, L. T. Duong, and R. M. Leach; Expression of the parathryoid hor-
mone-related protein gene in the avian oviduct: potential role as a local modulator
ofvascularsmoothmuscletensionandshellglandmotilityduring theegg-layingcycle,
Endocrinology, 129, 1958–1966 (1991) q The Endocrine Society.]

34)NH2; thus, there is no evidence for a distinct chicken dicated the presence of CT-immunoreactive molecules in
both secretory cell types of the chicken ultimobranchialPTHrP N-terminal receptor.
gland (Treilhou-Lahille et al.,1984)

B. CalcitoninIII. CALCITONIN AND THE
ULTIMOBRANCHIAL GLANDS CT is a polypeptide hormone of 32 amino acids and

a seven membered N-terminal ring. The entire chain is
A. The Ultimobranchial Glands necessary for biological activity. There are variations in

amino acid sequence of CT from different species whichBirds possess anatomically distinct, asymmetrical
give rise to differences in bioactivity; CT from fish originpaired ultimobranchial glands, which in the chicken lie
appears to be particularly potent (Dacke, 1979). Structuresposterior to the parathyroids and caudodorsal to the base
of different CTs including that from chicken are reviewedof the brachiocephalic artery into the common carotid
by Zaidi et al. (1990a), who also give detailed considerationand subclavian arteries (Kenny, 1986). Embryologically
to structure activity relationships of the various CTs.CT secreting C cells derive from the sixth branchial

CT secretion is regulated primarily by rising plasmapouch, although their ultimate origin lies in the neuro-
Ca levels leading to increased secretion from the C cellsectoderm of the neural crest. Avian C cells contain poorly
(Dacke, 1979). Eliam et al. (1993) studied influences ofdeveloped rough endoplasmic reticulum and specific se-
Ca- and vitamin D-deficient diets on CT gene expressioncretory granules surrounded by a single membrane. Nu-
in the ultimobranchial cells of the developing chicken.merous mitochondria, a well defined Golgi apparatus,
These chicks exhibited a striking reduction of CT bio-and abundant free ribosomes are present (Pearse, 1976).
synthesis by decreasing the number of secretory cells

The avian ultimobranchial gland is particularly rich in and not by triggering modifications of the biosynthetic
CT, the principal cells having a striking resemblance to activity of the ultimobranchial endocrine cells.
mammalian C-cells (i.e., theypossess small intracytoplas-
micdense-coresecretorygranules)150–300nmindiame-

C. Circulating Calcitonin Levelster. The gland also contains a second, morphologically
distinct endocrine cell type with larger granules, 500– High levels of circulating CT are present in submam-
800 nm in diameter. A sensitive immunocytochemical re- malian species including birds and are detectable in the

plasma of Japanese quail using bioassays (Dacke, 1979).action developed using antibodies against salmon CT in-
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They are higher in adult males than egg-laying females also increased during 3 days of limited exposure (i.e.,
4 hr/day) to CT. The proliferative action/s of CT alsoexcept for a brief period immediately before the com-

mence of lay. In egg-laying quail hens they are at their occur in cultures of newborn mouse calvaria.
Bouizar et al. (1989) studied the distribution of renalhighest shortly after ovulation and fall as eggshell calci-

fication proceeds, rising at the end of calcification. In this CT binding sites in vertebrates. No renal 125I-sCT binding
sites were detected in fish, amphibians, or reptiles. In thespecies at least, gonadal steroids, especially androgens,

appear to have a major influence on circulating CT levels rat, chicken, and quail, binding sites were observed in the
medulla and in the cortex. The pattern seemed to follow(see Taylor and Dacke, 1984; Kenny, 1986). In chickens

plasma, CT levels positively correlated with dietary Ca the distribution of the glomeruli and/or the collecting tu-
bules, suggesting that CT renal receptors appeared lateintake and thus to circulating Ca levels (Taylor and

Dacke, 1984), while in chick embryos they are extremely in evolutionand regulationof renal function byCT isonly
effective in birds and mammals. As mentioned pre-low until just prior to hatching (Abbas et al., 1985).
viously, CT has effects on renal Ca and Pi excretion which
are most pronounced in PTX chickens.D. Actions of Calcitonin

Despite the discovery of CT more than three decades E. Role of Extracellular Ca
ago, its role in bone and Ca metabolism remains an

It was recently reported that freshly isolated quailenigma. Only in mammalian species has CT been shown
medullary bone osteoclasts, unlike those from neo-to regulate plasma Ca levels, the basis of its hypocalce-
natal rats, do not respond to elevated extracellular Camic action lying in an ability to inhibit osteoclastic bone
[Ca21]e by a rise in intracellular Ca [Ca21]i (Bascal etresorption (Copp and Kline, 1989). Plasma Ca levels in
al., 1992). Unlike rat cells, cultured chicken osteoclastssubmammalian vertebrates are refractory to dosage
are sensitive to changes in membrane voltage and towith CT (Dacke, 1979). Whether this is due to the high
dihydropyridine-type Ca21 channel blockers (Miyauchicirculating levels of biologically active hormone causing
et al., 1990). When medullary bone osteoclasts are cul-receptor down-regulation is not clear. Initial studies in
tured away from bone substrata for several days they re-avian osteoclasts showed no response to CT in terms
cover an ability to respond to elevated [Ca21]e but neitherof postreceptor events (Miyaura et al., 1981; Ito et al.,
the fresh nor cultured cells exhibit any response to CT in1985; Nicholson et al., 1986; Dempster et al., 1987); how-
terms of raised [Ca21]i (Arkle et al., 1994). Freshly iso-ever, cAMP responses were demonstrated in osteoclasts
lated quail medullary osteoclasts are also refractory tofrom chicks maintained on low Ca or rachitogenic diets
[Ca21]e in terms of cell spread area. However, unlike neo-(Eliam et al., 1988; Rifkin et al., 1988). Moreover, osteo-
natal rat cells, they respond to ionomycin (a Ca21 iono-clasts from Ca-deficient chicks responded to CT in vitro
phore) with a modest reduction in cell spread area. Thiswithin 4 min by a 58% reduction in cell spread area
suggests that the quail cells retain intracellular mecha-(Pandala and Gay, 1990) and also by an inhibition of
nisms necessary for elaboration of the aforementionedtheir bone resorptive activity (de Vernejoul et al., 1988).
responses, but lack receptor mechanisms for detectingCalcitonin also causes disappearance of ruffled borders
changes in [Ca21]e. When medullary bone osteoclasts arein cultured medullary bone osteoclasts (Sugiyama and
cultured for several days, the stimulus causes a reductionKusuhara, 1996). These findings are consistent with the
in cell spread area similar to that in fresh rat cells (Bascalidea that CT receptors are down regulated under normal
et al., 1994). These results indicate that the putative Ca21physiological conditions in the chick. We recently found
‘‘receptors’’ on freshly isolated quail medullary bone os-that dosing heavily (22-hr) fasted chicks with salmon CT
teoclasts are normally down-regulated but that this dis-in vivo caused a rapid (10 min) but variable inhibition of
appears upon culturing the cells for several days. Thisnet 45Ca uptake into the skeleton (Table 1), the femur
suggests that during the eggshell calcification cycle whenbeing most affected (Ancill et al., 1991). This effect is
resorption of medullary bone prevails and raised localsimilar to that of PTH and PGE2, but its physiological
Ca21 levels are generated by intense osteoclastic activity,significance is obscure.
the osteoclasts become insensitive to inhibitory factorsFarley et al. (1988) studied the acute effects of salmon
such as elevated [Ca21]e (Figure 3).CT on bone formation indices in chick embryos in vitro.

It increased calvarial cell proliferation, [3H]thymidine
incorporation into DNA, [3H]proline incorporation into F. Calcitonin Gene-Related Peptide
bone matrix collagen, and [3H]hydroxyproline in intact and Amylin
calvaria and tibiae. The increased [3H]hydroxyproline
incorporation was associated with proportional in- Calcitonin gene-related peptide (CGRP) is a 37-

amino acid neuropeptide derived from the same genecreases in alkaline phosphatase activity in the bones.
[3H]Proline incorporation in embryonic chicken calvaria as CT, both belonging to the amylin super family (Ro-
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senfield et al., 1983). Unlike CT, which is expressed well developed in fasted chicks but absent in fed ones;
the greatest were in calvaria and vertebrae. Further-mainly within the avian ultimobranchial body, it is found
more, with low doses of CGRP reversal of the responsewithin the central and peripheral nervous system, in-
was noticed in calvaria but not other bone types, whilecluding the chicken retina (Kiyama et al., 1985), carotid
in fed animals this was the only response seen, again inbody (Kameda, 1989), spinal cord motoneurons of de-
calvaria. These findings indicate that CGRP may haveveloping embryos and post-hatch chicks (Villar et al.,
a variety of effects on bone and Ca metabolism in the1988), and bone neurones (Bjurholm et al., 1985), where
chick, which involve acute effects on net movementits distribution corresponds with that of substance P
of Ca into and out of the skeleton. However, while(Mallette, 1991). It is also expressed within the dense
consistent with changes in plasma 45Ca clearance, theydistributions of peptidergic neurones found within the
seem too transient to account for them and would notchick ultimobranchial gland (Kameda, 1991). CGRP
account for the hypercalcemic responses found, al-molecules from man, rat, cow, salmon, and chicken have
though some alternative target site such as the kidneybeen sequenced; the structure is well conserved with
(Zaidi et al., 1990b) may be responsible for these. Inaround 90% structural homology between chicken and
a preliminary experiment, the effect of amylin on Cahuman CGRPs, compared with only 50% between the
metabolism was tested in chicks in vivo and found torespective CT molecules (Zaidi et al., 1990a). CGRP
be lacking (Dacke et al., 1993).presence in bone neurones coupled with the interaction

Mixed bone cell cultures obtained by sequential col-of this peptide with osteoclastic CT receptors (Goltzman
lagenase–trypsin digestion of newborn chick and rodentand Mitchell, 1985; Zaidi et al., 1987) suggests a para-
calvaria responded to CGRP with dose-dependent in-crine role, modulating bone turnover and hence Ca ho-
creases in cAMP formation (Michelangeli et al., 1989).meostasis. A further member of the CT/CGRP family,
This effect was not the result of an action as a weak CTamylin, a peptide from the pancreatic islet cells, is the
agonist, since in most instances a CT effect was notmost potent non-CT peptide thus far discovered, at least
observed. They concluded that chick, rat, and mousein mammalian assay systems (Zaidi et al., 1990a). CGRP
bones contain cells in osteoblast-rich populations thathas several putative physiological functions. It is a po-
respond specifically to CGRP by a rise in cAMP.tent vasodilator and is implicated in central and periph-

eral neurotransmission and modulation (Zaidi et al.,
1990a). Only recently has its role in bone and Ca metab-

IV. THE VITAMIN D SYSTEMolism been recognized. CGRP shares the acute hypocal-
cemic effects of CT albeit at around 1000-fold less po-

Hou (1931) reported that removal of the preen glandtency in rodents and in inhibiting bone resorption,
from chicks causes rickets even when they are fed astimulating cAMP production in mouse calvaria, and
normal diet and exposed to sunlight. He concluded thatinhibiting neonatal rat osteoclastic spreading (Zaidi et
birds must secrete provitamin D3 from the preen glandal., 1990a). In the rabbit in vivo CGRP causes transient
onto their feathers where it is converted into vitaminhypocalcemia followed by a more sustained hypercalce-
D3. It is no surprise that in the intervening period muchmia (Tippins et al., 1984) and in the same paper a prelim-
of our knowledge of vitamin D3 metabolism in generalinary report of the in vivo hypercalcemic effect of the
has been obtained from avian species. The laying henpeptide in chicks was given. These findings in chicks
requires large amounts of Ca for eggshell formationwere repeated and extended (Bevis et al., 1990; Ancill et
which is met ultimately by the large Ca fluxes whichal., 1990). The former paper gave details of comparative
occur from the intestine with subsequent storage anddose–response curves for CGRP and PTH in chicks,
resorption from bone and across the uterus into thethe two peptides being approximately equipotent on a
eggshell. The active vitamin D3 metabolite 1,25-molar basis. In the latter report we investigated the
(OH)2D3 is of the utmost importance in controllingeffect of the peptide on a simultaneously injected 45Ca-
these processes.label in the plasma. Intravenous injection of rat CGRP

gave a rapid hypercalcemic response which was sus-
tained for at least 1 hr. This was most evident in nonfas- A. Renal Vitamin D Metabolismted chicks. Fasted chicks by contrast gave a hypophos-
phatemic response and also showed an increased plasma The control of vitamin D3 metabolism in birds was
45Ca clearance. The effect of CGRP on 45Ca uptake into reviewed by Taylor and Dacke (1984) and more recently
the chick skeleton was subsequently investigated (Ancill by Norman (1987), Hurwitz (1989), and Nys (1993).
et al., 1991). Both rat and chicken CGRP sequences The renal vitamin D endocrine system of chickens and
caused transient (10 min) increases in 45Ca uptake into Japanese quail has been widely studied. It is well estab-

lished that chickens metabolize vitamin D3 to 25-(OH)-a variety of bone types (Table 1). These responses were
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D3 and 1,25-(OH)2 D3 in their liver and kidneys, respec- do not show the cyclical fluctuation in 1,25-(OH)2D3

levels. Circulating levels of 1,25-(OH)2D3 increase intively (Holick, 1989). However, unlike mammals, birds
discriminate between vitamin D2 and D3 and chickens laying hens during the prelaying period and again at the

onset of egg production (Nys, 1993). Using Ca-deficientare unable to utilize vitamin D2 as efficiently as D3 (Tay-
lor and Dacke, 1984). This appears to be due to the birds, Bar and Hurwitz (1979) demonstrated that the

stimulatory effect of estrogen on renal 25-(OH)D3-fact that in birds plasma vitamin D binding protein has
relatively low affinity for vitamin D2, which is thus more hydroxylase is eliminated, suggesting that increased

1,25-(OH)2D3 production results from Ca deficiency in-rapidly broken down (Holick, 1989). The avian kidney,
like that in mammals and other vertebrates, synthesises duced by estrogens.
and secretes 1,25-(OH)2D3. Numerous factors stimu-
late production of 1,25-(OH)2D3 including PTH,

C. Actions of Vitamin D1,25(OH)2D3 itself, and prolactin (Kenny, 1981; Henry
and Norman, 1984). There are contradictory reports as 1. Intestine and Oviduct
to whether CT influences 1,25-(OH)2D3 production by

1,25-(OH)2D3 regulates intestinal absorption of Caavian kidney but Kenny (1986) concludes that CT is not
by inducing RNA transcription and synthesis of proteinsa major regulator of vitamin D3 in birds.
such as calbindin D28k. The physiological function ofIt has been known for several years that egg yolk is
calbindin D28k is not well established but its concentra-a rich source of vitamin D, of which 90% is in the form
tion in the intestine is reflected by the ability to absorbof vitamin D3 and 5% in the form of 25-(OH)D3. More
Ca. Three forms of calbindin D28k with varying size havethan 90% of this vitamin D is in the yolk and is probably
been identified in the chicken intestine, the smallestderived from the hen rather than the embryo. (Fraser
being most abundant (Nys, 1993). In vitamin D-deficientand Emtage, 1976).
chicks, intestinal calbindin mRNA is barely detectable
but increases dramatically following 1,25-(OH)2D3 in-

B. Circulating Levels of jection (Mayel-Afshar et al., 1988). The onset of ovula-
Vitamin D Metabolites tion in hens is associated with increased intestinal Ca

absorption and elevated concentrations of calbindinVitamin D3 and its metabolites are transported in
D28k (Nys, 1993) (Table 2), coinciding with increasedassociation with plasma albumins (DBP) and in some
plasma 1,25-(OH)2D3 concentrations (Castillo et al.,avian species with a- and b-globulins as well. The DBP
1979; Nys et al., 1992). A similar or identical protein isexists as two 4S forms which differ in the number of
present in the avian uterus (Fullmer et al., 1976). Theneuraminic acid residues present. DBP probably has a
uterus of the laying hen contains receptors for 1,25-single binding site for all vitamin D metabolites and its
(OH)2D3 although a large part of the calbindin appearsaffinities for 25– and 24,25-(OH)2D3 are similar,
to be independent of this metabolite (Cory, 1981). Uter-whereas 1,25-(OH)2D3 has a 10–fold lower affinity. The
ine calbindin and its mRNA concentration increase inconcentration of DBP was more than twice as high in
immature pullets treated with estrogen and is higher inthe plasma of laying hens than in immature birds or
hens laying shell-less eggs (Navickis et al., 1979). How-adult males (Taylor and Dacke, 1984).
ever, the effect of the sex steroid on uterine calbindinLevels of circulating vitamin D3 metabolites in Japa-
appears to be an indirect one, probably related to thenese quail and egg-laying chickens have been deter-
general development and maturation of the oviductmined. The increase in intestinal Ca absorption occur-
(Nys, 1993). Although concentrations of uterine calbin-ring after sexual maturity and during eggshell formation
din and its mRNA rise during formation of the first andis related to renal 25-hydroxycholecalciferol-1-hydroxy-
subsequent eggs in chickens and quail, they are notlase activity (Kenny, 1976), which in turn enhances circu-
directly related to the activity of 1,25-(OH)2D3 (Bar etlating 1,25-(OH)2D3 levels (Castillo et al., 1979) and the
al., 1992; Nys, 1993). The function of uterine calbindinaccumulation of this metabolite in the intestinal mucosa
is not precisely established but its presence is indicated(Bar et al., 1978). Increases in 25-(OH)D3-1-hydroxylase
wherever there is a physiological requirement for Caactivity are induced by injecting estrogen into immature
translocation across the uterine wall (Hurwitz, 1989).birds (Baksi and Kenny, 1977; Sedrani et al., 1981). Abe

et al. (1979) reported that plasma concentrations of 25-
(OH)D3 and 1,25-(OH)2D3 but not 24,25-(OH)2D3 in

2. Bone Actions
egg-laying hens fluctuate during the eggshell calcifica-
tion cycle (Table 2). Feeding laying hens vitamin D deficient diets results

in resorption of medullary bone while in nonlaying birdsThese results were confirmed by Nys et al. (1986),
who also demonstrated that hens laying shell-less eggs osteodystrophy results (Wilson and Duff, 1991). 1,25-
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TABLE 2 Time Course for Changes in Circulating Levels of Vitamin D Metabolites and Duodenal Calbindin and Calbindin mRNA
during the Eggshell Calcification Cycle of the Egg-Laying Hen

Hr after ovulationa

0 4 6 12 15 22

Duodenal calbindin (e/mg protein) — 112 6 7 — 82 6 4 — —
Duodenal calbindin mRNA % — 838 6 142 — 1135 6 181 — —

nonlaying value)
Plasma vitamin D metabolites (ng/ml)

25-(OH)D3 17.0 6 2.5 12.0 6 1.5 10.0 6 1.5 — 16.5 6 2.5 18.0 6 3.5
24,25-(OH)2D3 1.5 6 0.03 1.0 6 0.02 1.0 6 0.02 — 1.0 6 0.02 1.2 6 0.03
1,25-(OH)2D3 0.13 6 0.03 0.11 6 0.03 0.12 6 0.04 — 0.30 6 0.04 0.12 6 0.04

Note. Data are means 6 standard errors for 5–6 birds. From Abe et al. (1979) and Nys et al. (1992).
aShell calcification occurs between 6 and 22 hr.

(OH)2D3 appears to facilitate bone formation by in- tained from egg laying hens. They demonstrated that
these cultures could respond to 1,25-(OH)2D3 by a dose-ducing biosynthesis of osteocalcin (bone c-carboxy-

glutamic acid protein). The biological function of this dependent inhibition of [3H]proline uptake.
Clark (1991) measured serum and renal clearancenon-collagenous vitamin D binding protein in skeletal

mineralization is obscure although it appears to be a values of Pi and Ca and compared these in vitamin D-
deficient and vitamin D-replete chickens She observedspecific product of osteoblasts during bone formation.

This small (MW, 5500) protein has been purified from that most renal functions studied after Ca loading,
PTH administration, or PTX are unaltered by vitaminbone and sequenced for several species including

chicken. Its precise function is unknown but it binds D deficiency in the chicken. The major significant
finding was that vitamin D-deficient chickens do notCa and shows affinity for hydroxyapatite, suggesting its

involvement in the mineral dynamics of bone (Hauschka excrete increased amounts of Pi in response to PTH
stimulus.et al., 1989). Osteocalcin is released into the circulation

where it provides a convenient index of bone turnover,
reflecting new osteoblast formation rather than release
of matrix protein during bone resorption (Nys, 1993). V. PROSTAGLANDINS AND

OTHER FACTORS1,25-(OH)2D3 stimulates osteocalcin synthesis by bind-
ing to promotor elements and enhancing osteocalcin
gene transcription. However unlike intestinal calbindin, The role of prostaglandins (PGs) and other eicosa-

noids in vertebrate (including avian) Ca and bone me-there is substantial osteocalcin synthesis in vitamin D-
deficient chicks (Lian et al., 1982). tabolism was reviewed by Dacke (1989). PG effects on

mammalian bone cells are essentially similar to thoseApproximately 30–40% of eggshell Ca is derived
from medullary bone. Formation of medullary bone ma- of PTH in that they stimulate cAMP production, cause

transient increases in Ca21 influx, activate carbonic an-trix is induced by sex steroids regardless of the vitamin
D status of the bird, although this bone only becomes hydrase, release lysosomal enzymes, and may inhibit

collagen synthesis. They also elicit morphological re-fully mineralized when both vitamin D3 and the sex
steroids are present (Takahashi et al., 1983). Nys (1993) sponses in osteoclasts and osteoblasts similar to those

with other osteolytic agents (Dacke, 1989). It was dem-reports that changes in blood osteocalcin levels parallel
those of 1,25-(OH)2D3 in laying hens so that concentra- onstrated that a stable methylated PGE2 analog, 16,16–

dimethyl PGE2, is hypercalcemic when injected intotions of blood osteocalcin rise in hens fed a low Ca diet
and decrease in hens laying shellless eggs. It is possible chicks, the response being more profound than that in

mammals (Kirby and Dacke, 1983). Indomethacin, athat increased osteocalcin levels in response to estrogen
are a reflection of increased vitamin D receptor expres- drug which interferes with synthesis of PGs, produces

hypocalcemia in egg-laying chickens (Hammond andsion by osteoblasts (Liel et al., 1992). However osteo-
clasts from medullary bone as well as from rat bone Ringer, 1978) and quail (Dacke and Kenny, 1982). In

chickens this is accompanied by a considerable delayappear to be devoid of 1,25-(OH)2D3 receptors and the
effects of the metabolite are considered to be mediated in oviposition and thicker eggshells. PGE2 and other

eicosanoids rank alongside PTH and 1,25-(OH)2D3 asvia the osteoblasts (Merke et al., 1986). Harrison and
Clark (1986) succeeded in culturing medullary bone ob- powerful stimulators of bone resorption (Dacke, 1989).
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The effects of CT, PTH, and PGE2 on cyclic AMP pro- sponses are often more explicit than the equivalent ones
in mammals; for example, the hypercalcemic responsesduction were studied in osteoclast-rich cultures derived

from avian medullary bone and long bones of newborn to PGs. Other factors such as PTHrP and CGRP are
represented in birds and the next few years can be ex-rats. PGE2 increased cAMP production in both types

of osteoclasts, suggesting essentially similar mechanisms pected to provide a fertile ground for new research on
their role in bone and Ca metabolism in general, to(Nicholson et al., 1986; Arnett and Dempster, 1987).

In addition to PTH, CGRP, and possibly CT, PGs can which avian models are likely to make an important
contribution. The interactions of these novel agents withacutely influence Ca exchange between avian blood

and bone (Table 1). We previously published a simple more classical hormones in avian bone remain to be
elucidated. Their interactions with gonadal steroids inmodel (Shaw et al., 1989) in which the rapid effects

of PTH and PGE2 on skeletal 45Ca uptake could be forming and maintaining avian medullary bone may
prove a particularly rewarding area for future studies.explained in terms of cAMP mediated inhibitions of

outwardly directed Ca21 pumps located in the mem- Medullary bone represents the most overtly estrogen
sensitive of all vertebrate bone types. It forms in malebranes of bone lining cells. Such a model has its disad-

vantages; it would be metabolically wasteful since the birds dosed with estrogens within a matter of days and
this process can be blocked by the simultaneous admin-intracellular free Ca level would have to remain undis-

turbed in the face of a high rate of bidirectional transcel- istration of antiestrogenic compounds such as tamoxifen
(Williams et al., 1991). Upon cessation of estrogen treat-lular Ca21 flux. An alternative model (Figure 2) would

involve rapid changes in shape and location of bone- ment medullary bone resorbs just as rapidly. Medullary
bone represents an excellent rapidly responding modellining cells as hypothesized by Bronner (1996).
for studies of the effects of antiosteoporotic drugs such
as bisphosphonates. Preliminary studies indicate that
the bisphosphonate alendronate can protect structuralVI. CONCLUSIONS
bone and inhibit medullary bone formation if given to
hens before the commence of egglay. When given duringFigure 6 summarizes our present understanding of

the regulation of avian Ca and bone metabolism. Within egglay the drug reduces medullary bone volume and,
at higher doses, eggshell quality (Thorp et al., 1993). Itthe past decade it has become apparent that a variety

of nonclassical factors can influence bone and Ca metab- is anticipated that this model will become exploited to
a much greater extent than hitherto.olism in birds as well as in mammals. The avian re-

FIGURE 6 Summary of Ca metabolism in egg laying birds. Plasma Ca levels are very
high in hens due to binding by yolk protein precursors. Transfer of Ca (and Pi) between
dietary, plasma, structural and medullary bone pools and across the oviduct may be
influenced by a variety of recognised and putative hormonal factors (see text).
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F. Other Secretory Products 498 Although their intraclass shape is highly variable, they
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centrated centrally in the gland where the vasculature is
particularly enriched. As in mammals, clusters of 10–12
chromaffin cells are innervated by a single nerve bundle,
although in birds, the clusters do not fuse to become a
definitive adrenal medulla. One neuronal terminal may
synapse with up to three chromaffin cells of the same
type, i.e., norepinephrine (NE) or epinephrine (E) chro-
maffin cells (Unsicker, 1973a).

Estimates of the relative abundance of adrenocortical
and chromaffin tissues comprising the avian adrenal
gland must be interpreted with caution due to the ex-
trapolation of volume ratios from camera lucida areaFIGURE 1 The position of the left adrenal gland and its vascular
ratios of sections and the shape and dimesions of thesupply in the female gull (Larus argentatus). (Preparation and drawing

by I. Carthy and J. G. Phillips.) gland. Nevertheless, area ratios suggest that adrenocor-
tical and chromaffin tissues roughly comprise 58 and
42%, respectively, of the parenchyma (Holmes and Phil-
lips, 1976). Indeed, in preparations of collagenase-avian adrenal gland is also innervated by parasympa-
digested chicken adrenal tissue, adrenocortical andthetic fibers, presumably from the vagus nerve via the
chromaffin cells comprise 60 and 40%, respectively, ofceliac plexus (Freedman, 1968; Bennett, 1974). Indeed,
the total intact adrenal cell isolate (Carsia et al., 1985a).blood vessels in the gland receive both cholinergic and

Based on ultrastructural and cytochemical studies,adrenergic endings (Unsicker, 1973b). Synaptic endings
two chromaffin cell types exist in the avian adrenal glandappear in the vicinity of adrenocortical cells but rarely
containing either norepinephrine (NE) or epinephrineform direct connections (Unsicker, 1973c).
(E) (Carmichael, 1987). However, there is some contro-
versy as to the relative proportion of the cell types.

A. Microanatomy Ghosh (1980) reported a greater number of NE chro-
maffin cells in all birds studied (except passerines), whileThe avian adrenal parenchyma is composed of an
Unsicker (1973d) considered the E chromaffin cells pre-intermingling of adrenocortical and chromaffin tissues

(Figures 2A and 3), the latter tending to be more con- dominate. Recent work with the chicken adrenal gland

FIGURE 2 Microanatomy of a typical avian adrenal gland (Florida quail, Colinus virginianus
floridanus). (A) Distribution of chromaffin (C) and adrenocortical (A) tissue. (B) Structure
of the looped cords of adrenocortical cells with intermingled chromaffin cell islets. The outer
connective tissue (adrenal capsule) is also indicated (OCC). (Taken from Chester Jones and
Phillips, 1986.)
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FIGURE 3 Light micrographs of portions of sections through the adrenal gland of the immature (4 weeks
old) domestic turkey (Meleagris gallopavo). (A) Pericapsular adrenal ganglion (AG) and adjacent subcapsular
zonal cell cords (SCZ); (B) outer connective tissue capsule (OCC) with subcapsular zonal cell cords (SCZ),
inner zonal cell cords (IZ), and sinusoid (S); (C) inner zonal cell cords (IZ) with sinusoid (S) and chromaffin
cell islet (CC); (D) chromaffin cell islet (CC) with ganglion cell (GC, inset), inner zonal cell cords (IZ) and
sinusoid (S) (3250). (Micrographs courtesy of R. G. Nagele, Ph.D., Department of Molecular Biology, UMDNJ-
School of Osteopathic Medicine.)

indicates that 70% of the chromaffin cells are E cells Adrenocortical cells are arranged in cords (Figures
2B and 3) that radiate from the center of the gland,(Ohmori et al., 1997). There is some consistency in the

location of the NE chromaffin cells at the periphery of branching and anastomosing frequently, and at the pe-
riphery, looping against the inner surface of the connec-the chromaffin cell clusters, whereas the E chromaffin

cells are more central (Unsicker, 1973d; Holmes et al., tive tissue capsule. Each cord is composed of a double
row of adrenocortical cells orientated with their long1991).
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axes perpendicular to the cord. Overall, with some in- logical significance of results with tissue fragments and
isolated cells should be considered with caution sincetraclass variation, their nuclei are eccentrically located

toward the common, absinusoidal basal lamina of the steroidogenic responses from gland tissue and isolated
cells, anatomically removed from neural and polyhor-cord axis (Hartman and Brownell, 1949). The micro-

scopic and ultrastructural heterogeneity of these cells monal influences with disruption of paracrine and juxta-
crine interactions, may be considerably different fromalong the cords suggests a rudimentary zonation. Cells

at the periphery of the gland are said to be large, binucle- responses of the intact gland in vivo (see Vinson et
al., 1985).ated and replete with lipid droplets whereas cells toward

the center of the gland tend to be smaller, more elon-
gated, and contain less lipid (Hartman and Brownell,
1949; Chester Jones and Phillips, 1986). Additions to this II. ADRENOCORTICAL HORMONES
theme are exemplified in the duck (Anas platyrhynchos)
adrenal gland (Pearce et al., 1978, 1979; Holmes and A. Corticosteroid Secretory Products
Cronshaw, 1980, 1984), in which two regions of adreno-
cortical tissue are apparent: a subcapsular zone (SCZ), The glucocorticoid corticosterone is the principal cor-

ticosteroid released by the avian adrenal gland (deRoos,40–60 cells thick, composed of cells having irregularly
shaped nuclei, relatively little smooth endoplasmic retic- 1961; Assenmacher, 1973). The mineralocorticoid aldo-

sterone is produced in considerably less quantity in ma-ulum, and mitochondria bearing regularly arranged tu-
bular cristae, some of which bridge the inner mem- ture birds (see Vinson et al., 1979). In vitro studies with

chicken adrenal tissue (deRoos, 1961, 1969), duck adre-branes, reminiscent of mammalian zona glomerulosa
cells, and an inner zone (IZ) composed of cells having nal tissue (deRoos, 1961; Klingbeil et al., 1979; Cron-

shaw et al., 1985; Klingbeil, 1985a), and isolated adreno-rounded nuclei, more abundant smooth endoplasmic
reticulum and mitochondria bearing tubulovesicular cortical cells from the duck (Collie et al., 1992), chicken

(Rosenberg et al., 1986, 1987, 1988a,b; Carsia et al.,cristae, reminiscent of mammalian zona fasciculata/re-
ticularis cells (Malamed, 1975). To varying extent, these 1987a, 1988a; Collie et al., 1992), and turkey (Kocsis

and Carsia, 1989; Kocsis et al., 1994a, 1995a) suggest anfeatures are also apparent in the brown pelican (Peleca-
nus occidentalis) (Knouff and Hartman, 1951) and aldosterone-to-corticosterone secretion ratio of about

1 : 19. Taking into consideration varying sampling stresschicken (Gallus gallus domesticus) (Kondics and Kjaer-
heim, 1966; Taylor et al., 1970). The IZ cells, but not and corticosteroid half-life, if is not surprising that the

average ratio of basal circulating aldosterone to cortico-the SCZ cells, are susceptible to adrenocorticotropic
hormone (ACTH) withdrawal (adenohypophysec- sterone is about 1 : 100 in mature birds in which both

corticosteroids were measured (Table 1).tomy), in which the ultrastructural features convert to
the SCZ type. However, IZ ultrastructural features are It should be pointed out that other steroids are syn-

thesized and secreted in significant quantities by therestored with ACTH replacement (Pearce et al., 1979;
Holmes and Cronshaw, 1980). avian adrenal gland, particularly in the embryonic and

perinatal periods. These include cortisol and cortisoneFunctional studies with duck SCZ and IZ tissues cor-
roborate the structural evidence for a zonation and the (Kalliecharan and Hall, 1974, 1976, 1977; Idler et al.,

1976; Nakamura et al., 1978; Kalliecharan, 1981; Carsiapresence of distinct steroidogenic cell types. These indi-
cate a relatively greater production of aldosterone by et al., 1987a). The physiological significance of the ap-

pearance and decline of these glucocorticoids is unclearSCZ tissue in response to ACTH (Klingbeil et al., 1979)
and an exclusive aldosterone response of the SCZ tissue but may reflect their differential efficacy of action or

the differential sensitivity of developing and maturingto angiotensin II (Klingbeil, 1985a). By contrast, a
greater corticosterone response to ACTH is apparent target tissues (Marie, 1981; Kalliecharan and Buffett,

1982). In addition, the adrenal appears to an importantfor the IZ tissue (Klingbeil, 1985a). In addition, recent
evidence is provided for functionally distinct subpopula- source of testosterone (Nakamura et al., 1978; Tanabe

et al., 1979, 1983, 1986) and possibly estradiol (Tanabetions of adrenocortical cells in the domestic turkey (Mel-
eagris gallopavo) (Kocsis et al., 1995a; Carsia and McIl- et al., 1979) during the embryonic and perinatal period.

Indeed, the adrenal may be a more important sourceroy, 1998). However, it should be pointed out that this
concept of zonation and functionally distinct adrenocor- of testosterone than the gonad in the chick embryo

(Tanabe et al., 1979). Furthermore, in the chick embryo,tical cells in the avian adrenal gland, in terms of ratios
of corticosteroids secreted and responsiveness to tropic the female adrenal gland synthesizes more testosterone

than the male adrenal gland (Tanabe et al., 1986). This,hormones, is supported by evidence from studies on a
limited number of precocial species (for review, see together with the overall greater sex-steroidogenic ac-

tivity of the ovary (Tanabe et al., 1979, 1983, 1986), mayHolmes and Cronshaw, 1993). Furthermore, the physio-
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form an important ‘‘adrenal-ovarian unit’’ for the high rone in that specific stimulators of aldosterone synthe-
sis, K1 and angiotensin II, do not alter cholesterolcirculating levels of estradiol needed for feminization

(Tanabe et al., 1979, 1986). side-chain cleavage (Kocsis et al., 1995a). The conver-
sion of corticosterone to aldosterone requires two 18-
hydroxylations forming an unstable intermediate thatB. Synthesis of Corticosteroids
decomposes to form a C18-aldehyde (aldosterone) and
free water. In mammals, this conversion proceeds viaThe synthetic pathways of the major steroids secreted

by the avian adrenal gland during the life cycle are two modes: a zonal-specific alteration in the activity and
substrate specificity of P-45011b (porcine-bovine mode)shown in Figure 4. It is assumed that the pattern of

enzymes carrying out these synthetic steps is highly con- or the zonal-specific expression of a distinct mitochon-
drial enzyme, aldosterone synthase (termed CYP11B2,served among the vertebrates and homologous to that

characterized in the mammal (Miller, 1988; Nebert et P-450C18, or P-450ALDO) (rodent–human mode) (Ta-
kemori et al., 1995). It is yet to be determined whetheral., 1991; Kawamoto et al., 1992; Mukai et al., 1993;

Takemori et al., 1995). It is interesting to note that there enzymatic counterparts exist in avian species.
Other enzymatic activities are also apparent duringare substantial differences in the primary structure of

steroidogenic enzymes studied thus far between mam- the embryonic and neonatal periods. Formation of
cortisol is predominantly, if not exclusively, viamalian and avian species. However, indistinguishable

conserved domains, thought to be enzymatically active 17a-hydroxylation of progesterone to form 17a-
hydroxyprogesterone (mediated by CYP17A1, a micro-sites, are apparent (Nakabayashi et al., 1995; Nomura

et al., 1997). In this steroidogenic scheme, mitochondrial somal P-45017a), 21a-hydroxylation to form 11-
deoxycortisol (CYP21A1; microsomal P-450C21), andcytochrome P-450SCC (or CYP11A1) mediates 20a-/22-

hydroxylation and scission of the C20-22 carbon bond, then an 11b-hydroxylation step (mitochondrial P-45011b)
to form cortisol. In avian species it is not clear whetherproducing pregnenolone and isocaproaldelhyde, a set

of reactions traditionally called ‘‘20,22-desmolase.’’ It a CYP11B1 carries out the 11b-hydroxylation for the
formation of both cortisol and corticosterone or thatis largely thought that pregnenolone is converted to

progesterone by a non-P-450 microsomal dehydroge- corticosterone is preferentially formed from the activity
of a CYP11B2, which in man is linked to aldosteronenase–isomerase complex (HSD3B) which mediates 3b-

hydroxysteroid dehydrogenase and isomerase (D5 dou- synthesis. There is some evidence for the potential to
form 11b-hydroxyprogesterone to serve as a precursorble bond to D4 double bond) activities. However, recent

work indicates that this enzyme also resides in the mito- for corticosterone (via a 21-hydroxylation step) and cor-
tisol (via 17a- and 21-hydroxylation steps), albeit thesechondria of adrenocortical cells (Cherradi et al., 1994;

Sauer et al., 1994). Microsomal P-450C21 (CYP21A1) pathways appear to be remote (Sandor et al., 1963; Na-
kamura et al., 1978; Freeman, 1983). In addition, micro-then mediates a 21-hydroxylation step sequence con-

verting progesterone to 11-deoxycorticosterone. As somal P-45017a (CYP17) has 17,20-lyase activity, and
thus its further action on 17a-hydroxyprogesterone pro-stated previously, 11-deoxycorticosterone is a signifi-

cant secretory product of the avian adrenal gland. duces androstenedione, a precursor for testosterone
synthesis (via a microsomal, non-P-450 enzyme, 17-However, corticosterone is the predominant cortico-

steroid product. Corticosterone is formed from 11- ketosteroid reductase) (Nakamura et al., 1978; Tanabe
et al., 1979, 1983, 1986). In this regard, a chicken P-deoxycorticosterone by an 11b-hydroxylation via a mi-

tochondrial enzyme (CYP11B1; P-45011b). This pathway 45017a has been cloned and is expressed in the neonatal
adrenal gland (Ono et al., 1988). Furthermore, there isto corticosterone appears to operate in the avian adrenal

gland (Sandor et al., 1963; Kalliecharan and Hall, 1977; some evidence that testosterone is aromatized to estra-
diol (microsomal P-450AROM) in the embryonic adrenalNakamura et al., 1978), albeit avian-specific enzymes

await molecular characterization. In this connection, the gland (Tanabe et al., 1979).
Other pathways collectively regarded as ‘‘degrada-primary structures of chicken 3b-hydroxysteroid dehy-

drogenase (Nakabayashi et al., 1995) and chicken adre- tion’’ pathways deserve attention, because evidence sug-
gests that the resulting steroid metabolites have intra-nal P-450SCC (Nomura et al., 1997) have been deter-

mined. and extraadrenal function. Two pathways of interest are
the conversion of progesterone via 5b- and 5a-reductionAlthough most of the synthesized corticosterone is

immediately released, some of the corticosterone is the to predominantly 5b-pregnanedione and to a lesser
extent 5a-pregnanedione (5b- and 5a-pregnan-3,20-precursor for aldosterone synthesis (Pedernera and

Lantos, 1973; Lehoux, 1974; Aupetit et al., 1979). In- dione) during the embryonic period and the conver-
sion of corticosterone to 5a-reduced metabolitesdeed, with isolated turkey adrenocortical cells, aldoste-

rone synthesis is dependent on the available corticoste- (adrenal 5a-reductase), 5a-dihydrocorticosterone
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FIGURE 4 Steroidogenesis in the avian adrenal gland. Axis from cholesterol is the predominant pathway posthatching (postnatally). Left pathway branches
are significant pathways during the embryonic period. Right pathway branch is a possible degradation pathway. Bolded pathway arrows indicate predominant
pathway. See text for details. (Pathway scheme prepared by H. Weber, Department of Cell Biology, UMDNJ-School of Osteopathic Medicine.)
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(5a- pregnan-11b, 21-diol-3,20-dione), and 5a-tetrahy- steroidogenic enzymes in membrane domains of the
mitochondria and smooth endoplasmic reticulum. Ste-drocorticosterone (5a-pregnan-3b,11b,21-triol-20-one).

The former pathway may have a role in embryonic syn- roidogenic P-450 enzymes require intact membranes for
function and studies suggest that they exhibit a direc-thesis of proteins in developing organs and hemoglobin

synthesis (Gonzalez et al., 1983; Aragonés et al., 1991). tional orientation that orders the flow of steroid prod-
ucts among the membranes of these organelles (seeFor example, in the chick embryo, the conversion of

progesterone to 5b-pregnanedione is greater than that Miller, 1988; Stocco and Clark, 1996). Yet, despite much
progress in understanding steroidogenic enzymes at theto corticosterone, but this declines approaching hatch

(Pedernera and Lantos, 1973; Gonzalez et al., 1983). In molecular level, there is little information on the mecha-
nisms of steroid compartmentalization and movementaddition, both the former and latter pathways may be

inactivating pathways. Such inactivating pathways may during steroidogenesis. This appears to be accomplished
by proteins that bind steroids with relative specificityserve to coordinate adrenal steroid synthesis with target

tissue demands and to prevent hypersecretion of corti- and that may serve as shuttles and by the close associa-
tion of the steroidogenic organelle membranes drivencosteroids and subsequent deleterious effects at target

sites. Equally plausible is that these pathways reduce by the cytoskeleton (see Stocco and Clark, 1996). For
example, there appears to be a family of cholesterolhigh corticosteroid concentrations that are thought to

inhibit adrenal protein synthesis (Morrow et al., 1967), trafficking molecules such as the Niemann-Pick type C
disease gene product (see Pennisi, 1997). How this fam-mitochondrial function (Burrow, 1969), and to damage

adrenal steroidogenic enzymes through the induction ily functions in shuttling cholesterol for steroidogenesis
is unclear. Nevertheless, it is generally agreed that theof free radical formation (Hornsby and Crivello, 1983).

For example, in experiments with isolated chicken adre- delivery of cholesterol to P-450SCC in the inner mito-
chondrial membrane is the regulated rate-limiting stepnocortical cells, exogenous corticosterone acutely re-

duces endogenous corticosterone production (Carsia et of steroidogenesis (Karaboyas and Koritz, 1965; Koritz
et al., 1977; Crivello and Jefcoate, 1980; Jefcoate etal., 1983, 1984, 1987b) through the stimulation of 5a-

reductase activity (Carsia et al., 1984). This activity is al., 1987). A promising intracellular transporter of free
cholesterol to serve this function is sterol carrier proteinenhanced by low, subthreshold steroidogenic concentra-

tions of ACTH (Carsia et al., 1987b). It is, however, 2 (McNamara and Jefcoate, 1989; also see Stocco and
Clark, 1996), which appears to have an avidity for mito-acutely counteracted by prolactin (Carsia et al., 1984,

1987b). This is in keeping with the observation that chondria. Facilitators of movement of cholesterol to the
inner mitochondrial membrane include steroidogenesisvarious stressful stimuli in domestic fowl (chickens and

turkeys) rapidly increase circulating levels of prolactin activator polypeptide, the peripheral benzodiazepine re-
ceptor (PBR), and steroidogenic acute regulatory pro-(Harvey et al., 1979; Harvey et al., 1984b; Opel and

Proudman, 1986). Although there appear to be species tein (StAR) (Clark and Stocco, 1996; Stocco and Clark,
1996). Although controversy exists concerning the im-differences in this prolactin response to various stressors

(Opel and Proudman, 1984), the overall pattern of re- portance of PBR (Amri et al., 1997), StAR has gained
preeminence because it is inducible by tropic hormone,sponse suggests that in times of stress, this intraadrenal

mechanism of corticosterone metabolism can be over- has a short half-life, and is sensitive to cycloheximide. Its
precursor form has a mitochondrial targeting sequence,ridden.

Steroid biosynthesis involves depots of cholesterol. and expression of this protein in a competent cell line
or in a cell-free system containing mitochondria, in theAvian adrenocortical cells are laden with cholesterol-

ester-rich lipid droplets (Pearce et al., 1979; Holmes and absence of tropic hormone, is sufficient for steroid syn-
thesis. However, beyond the movement of cholesterol,Cronshaw, 1980; Carsia et al., 1985a; Holmes et al., 1991)

and thus, not surprisingly, their intrinsic ability to syn- little is known about the mechanisms regulating the
shuttling of steroid intermediates among the mem-thesize cholesterol is normally low (Lehoux et al., 1977).

Cholesterol stores for steroidogenesis are apparently branes of the smooth endoplasmic reticulum and the
mitochondria in the synthesis of corticosteroids. It isinitially derived from plasma lipoproteins (Hertelendy

et al., 1992; Latour et al., 1995). Although it is generally thought that part of the movement of cholesterol and
steroid intermediates is facilitated by the close associa-thought that these cholesterol stores are mobilized di-

rectly to the steroidogenic pathway with tropic hormone tion of steroidogenic organelles. Indeed, the close asso-
ciation of mitchondria, smooth endoplamic reticulum,stimulation, there is evidence suggesting that cholesterol

for acute steroidogenesis traffics via the plasma mem- and lipid (cholesterol-ester-rich) droplets is conspicuous
in mammalian (Malamed, 1975) and avian (Pearce etbrane (Freeman, 1989; Nagy and Freeman, 1990). Re-

gardless of trafficking mode, free cholesterol ultimately al., 1979; Holmes and Cronshaw, 1980; Carsia et al., 1984;
Holmes et al., 1991) adrenocortical cells. The frameworkenters the steroidogenic pathway which is composed of
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and modulation of this association appears to be di- A number of factors affect the circulating concentra-
tion of CBG, presumably by affecting its synthesis byrected by the cytoskeleton (reviewed in Feuilloley and
the liver. For example, it appears to vary with embryonicVaudry, 1996) and in avian adrenocortical cells, espe-
(Siegel and Gould, 1976; Martin et al., 1977; Gasc andcially microfilaments (Cronshaw et al., 1984, 1992a) and
Martin, 1978) and post embryonic (Gould and Siegel,intermediate filaments (Carsia et al., 1985a, 1987c).
1974) age, and with sex (Gould and Siegel, 1978). InStudies with isolated adrenocortical cells from avian
the sparrow (Zonotrichia albicollis) (Meier et al., 1978)species suggest wide variations in steroidogenic activity,
and Japanese quail (Kovács and Péczely, 1983), therealbeit strong conclusions concerning the relevance of
is a positive correlation between plasma corticosteronethese differences in steroidogenic activity to differences
and CBG concentrations. However, at night, during thein circulating values cannot be drawn, due to the differ-
plasma corticosterone nadir, there is a peak in plasmaent ages of the birds from which the cells were derived.
CBG which correlates well with increased locomotoryIt might be noted, however, that corticosteroidogenic
activity in this species (Meier et al., 1978). It is postulatedactivity of avian adrenocortical cells is considerably less
that this CBG peak maintains the delivery of corticoste-than that of rat adrenocortical cells. For example, on
rone to metabolically active tissues, facilitated by thean equivalent cell concentration basis, maximal ACTH-
increase in tissue temperature and reduction in tissueinduced corticosterone production by adult rat adreno-
pH. In addition, both endocrine and nutritional statuscortical cells is 10–40 times that of adult chicken adreno-
affect CBG concentration. For instance, it is decreasedcortical cells (Carsia et al., 1985, 1987b,c).
by hypophysectomy in embryos (Gasc and Martin, 1978)
by the administration of thyroxine or testosterone (Péc-

C. Transport of Corticosteroids zely, 1979; Péczely and Daniel, 1979; Kovács and Péc-
zely, 1983) and by dietary protein restriction (Carsia et

In birds, most circulating corticosterone is trans-
al., 1988a). However, a largely unexplored area is the

ported bound in dynamic equilibrium to plasma pro-
extrahepatic synthesis of CBG in avian species during

teins. Two components of these transport proteins are development and posthatch maturation that is becoming
apparent: a specific binding protein, transcortin or increasingly obvious in mammals (Hammond et al.,
corticosteroid-binding globulin (CBG) (that has a high 1995). Extrahepatic synthesis may contribute to the cir-
affinity and low binding capacity for corticosterone), culating concentration. In addition, differential tissue
and a low-affinity, nonspecific binding protein (presum- synthesis may finely regulate the local concentration of
ably albumin) with a very high capacity (Wingfield et glucocorticoids and hence their bioavailability/action.
al., 1984). A CBG, with physicochemical properties sim- Moreover, an understanding of the developmental/mat-
ilar to that of other vertebrates (for details, see Wing- urational expression of CBG isoforms, having different
field et al., 1984), has been identified in the plasma specificities/affinities for cortisol, corticosterone, and
of 23 avian species, in which it has different affini- other glucocorticoid metabolities might explain the
ties (Kd 5 1029–1027 mol/liter) and capacities (1029– shifting pattern of glucocorticoid metabolite secretion
1028 mol/liter). Avian CBG binds with corticosterone by the adrenal gland during developmental, neonatal,
and progesterone and, in some species, there is signifi- and maturational periods.
cant (.20%) cross-reaction with testosterone and 5a-
dihydrotesterone. In chickens, it is reported that CBG

D. Circulating Concentrationshas a Kd of 5.6 3 1028 to 8.2 3 1028 mol/liter and a
of Corticosteroidscapacity of 1.4 3 1028 to 2.2 3 1027 mol/liter (Gould

and Siegel, 1978; Wingfield et al., 1984; Carsia et al., Radioimmunoassays have largely replaced complex
1988a). The binding of corticosterone to CBG and other chromatographic (Phillips and Chester Jones, 1957),
plasma proteins influences the availability of the cortico- double-isotopic (e.g., Stachenko et al., 1964), fluorescent
steroid for target cells. Thus, CBG and other plasma (Nagra et al., 1963a), high-pressure liquid chromato-
proteins may provide stabilization of the concentration graphic (Fowler et al., 1983), and competitive protein-
of free hormone through inhibition of clearance by the binding (Wingfield and Farner, 1975) methods for the
kidney and liver (Siiteri et al., 1982). It has been thought measurement of avian corticosteroids, especially that
that protein-bound steroids enter cells less rapidly than of aldosterone (see Table 1). In general, the greater
free steroids and hence appear less active (Slaunwhite et precision, sensitivity, and specificity of radioimmunoas-
al., 1962; Mendel, 1989). However, recent work suggests say over other techniques has yielded lower cortico-
that CBG selectively enters and/or is selectively cleaved sterone concentrations. Overall, corticosterone is in
by glucocorticoid target cells, thus accentuating gluco- the nanograms-per-mililiter range whereas aldosterone

is in the picogram-per-mililiter range. However,corticoid bioavailability/action (Hammond, 1995).



4219 / c19-497 / 08-07-99 04:36:58

Chapter 19. Adrenals 497

TABLE 1 Basal Peripheral Plasma Concentrations of Corticosterone and Aldosterone in Selected Avian
Species in which Both Corticosteroids Were Determined in the Same Samples by Radioimmunoassay

Species (age) Corticosterone (ng/ml) Aldosterone (pg/ml) Reference

Chicken
hatch (0) 11 33 Holmes et al. (1992)
2 weeks 1.5 21 Rosenberg and Hurwitz (1987)
9 weeks 0.6 31.6 Radke et al. (1984)
10 weeks 11.6 51.5 Weber et al. (1990)
adult 2.6 22 Skadhauge et al. (1983)
adult 1.5 7 Arad and Skadhauge (1984)
adult 1.8 33 Radke et al. (1985a)

Turkey
5 weeks 23.4 100.8 Carsia and McIlroy (1997)
6 weeks 32.2 62.6 Kocsis et al. (1995a)
13 weeks 5.3 21 Rosenberg and Hurwitz (1987)

Japanese quail
adult 1.5 25 Kobayashi and Takei (1982)

Duck
hatch (0) 11.7 234 Holmes et al. (1989)
hatch (0) 15–20 35–45 Holmes et al. (1992)
1 day 11.6 460 Holmes et al. (1989)
4 days 10.3 362 Holmes et al. (1989)
1 week 5.8 427 Holmes et al. (1989)
2 weeks 6.8 423 Holmes et al. (1989)
3 weeks 10.3 403 Holmes et al. (1989)
9 weeks 2.6 51.3 Radke et al. (1984)
10–16 weeks 9.6 32 Klingbeil (1985b)
adult 25.8 105.8 Gray et al. (1989)
adult 8.8 250 Holmes et al. (1989)

subnanogram-per-mililiter values of corticosterone clearance and metabolism in competent cells as for ex-
have been reported for the chicken (Scott et al., 1983; ample the kidney and liver (Hansson et al., 1974; Siiteri
Radke et al., 1984). et al., 1982). Indeed, the half-life (t1/2) of corticosterone

and aldosterone is about 15 min in avian species (see
Table 2). Not surprisingly, corticosteroid concentrationsE. Secretion, Clearance, and Metabolism
which are initially high in the adrenal gland (Assen-

of Corticosteroids macher, 1973; Cronshaw et al., 1989) and adrenal venous
effluent (Phillips and Chester Jones, 1957; Brown, 1960;Circulating concentrations of glucocorticoids are
Nagra et al., 1960; Urist and Deutsch, 1960; Taylor etmaintained by the dynamic balance between metabolic
al., 1970) (in micrograms per milliliter) and that areclearance and adrenal secretion. Transmembrane pas-
secreted at about a microgram per minute per kilogramsage of corticosteroids is rapid for all cells (p1024 cm/

sec) (Giorgi and Stein, 1981), thus facilitating rapid (Assenmacher, 1973; see Table 2), are then rapidly

TABLE 2 Secretion and Clearance Dynamics of Adrenal Corticosteroids

Species Half-life (min) Metabolic clearance rate (ml/min/kg) Secretion rate (mg/min/kg) Reference

Corticosterone
Chicken 22 — — Birrenkott and Wiggins (1984)
Chicken 8 10.5 0.4 Carsia et al. (1988a)
Duck 11.2 44.6 1.03 Gorsline and Holmes (1982)
Japanese quail 10 — — Kovács and Péczely (1983)
Pigeon 18.4 — — Chan et al. (1972)

Aldosterone
Duck 12.6 87.1 0.2 Thomas and Phillips (1975)
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diluted in the circulation and distributed to the extracel- 1984a) as well as the mechanisms of its activation in
lular fluid. response to stressors (Harvey and Hall, 1990). Activa-

The volume in which corticosterone is distributed tion of adrenocortical function, in terms of corticoste-
varies with the physiological status of birds; it is in- rone secretion (Beuving and Vonder, 1978, 1986; Radke
creased in hypophysectomized (Bradley and Holmes, et al., 1985a,b) and probably aldosterone secretion as
1971) and saline-loaded (Donaldson and Holmes, 1965) well (Radke et al., 1985a,b), through this axis is mediated
ducks. Similarly, the metabolic clearance rate for corti- primarily by pituitary ACTH. As in mammals, ACTH
costerone varies with physiological status; it is decreased is a 39-amino-acid peptide released from the avian pitu-
with age (Holmes and Kelly, 1976) and by thyroidec- itary in response to stress (Kovács and Péczely, 1991).
tomy (Kovács and Péczely, 1983). In addition, it appears There is strong neuroanatomical (Jozsa et al., 1984, 1986;
to be influenced by nutritional status. For example, in Mikami and Yamada, 1984; Péczely and Antoni, 1984;
chickens subjected to dietary protein restriction it is Yamada and Mikami, 1985; Ball et al., 1989) and physio-
increased 85%, which translates to a four fold increase logical (Carsia et al., 1986; Romero and Wingfield, 1998;
in secretion rate (Carsia et al., 1988a). Clearance from Romero et al., 1998a,b) evidence that corticotropin-
the circulation is facilitated by intracellular binding and releasing factor (CRF) is an avian secretagog for ACTH.
sequestration and ultimately metabolism, primarily by It should be pointed out that in addition to CRF, argi-
the liver. The metabolizing enzymes include 5a- nine vasotocin (AVT), which has a distribution similar
reductase and convert corticosterone to presumably in- to CRF in the median eminence (Mikami and Yamada,
active metabolites such as 11-dehydrocorticosterone 1984), is a significant ACTH secretagog in some avian
and 5a-tetrahydrocorticosterone; the activity of this 5a- species (Castro et al., 1986; Westerhof et al., 1992) and
reductase appears to be augmented by acute stress there is evidence that the relative responses of avian
(Daniel and Assenmacher, 1971). pituitary glands to CRF and AVT change with physio-

logical status (e.g., molt) (Romero et al., 1998a). Given
F. Other Secretory Products what is known in the rat concerning the shifting preemi-

nence of CRF and vasopressin depending on the typeRecent evidence indicates that the embryonic
of chronic stress (Ma et al., 1997; Chrousos, 1998), thechicken adrenal gland is a major source of inhibin during
shifting secretagog strengths of CRF and AVT may alsodevelopment (Rombauts et al., 1994; Decuypere et al.,
operate in avian species under different ecological and1997). The inhibin content (expressed per milligrams of
physiological conditions. Therefore, it may be necessarytissue) of the embryonic chick (day 18) adrenal gland

is about four times that of the ovary and nearly half to use both exogenous CRF and AVT to test the pitu-
that of the testis. Interestingly, dexamethasone de- itary component of the avian HPA axis. Mesotocin also
presses inhibin release in ovo, whereas ACTH elicits a appears to be an ACTH secretagog (Castro et al., 1986),
dose-dependent release (about five fold over basal) of but its effect in vivo is inconsistent. There is less evi-
inhibin that parallels corticosterone release in primary dence for inhibitory control of ACTH release (Harvey
cultures of embryonic chick adrenal cells. It also appears and Hall, 1990). Recent work with the chicken suggests
that inhibin may be regulated differently in various body that ACTH release from the pituitary is negatively mod-
compartments of the chick embryo (Rombauts et al., ulated by somatostatin (Cheung et al., 1988a) and by
1992). Accumulating evidence suggests a role of this opioids (Peebles et al., 1997).
dimeric glycoprotein in embryonic and fetal develop- The pituitary content of ACTH in the chicken is
ment of birds and mammals (see Rombauts et al., 1994 estimated to be 1600 ng/gland (Hayashi et al., 1991).
and Decuypere et al., 1997). Although the ovary is the The hormone is thought to be exclusively confined to
major source of inhibin in the hen, the adrenal continues some parenchymal cells of the cephalic lobe of the ante-
to be a significant extragonadal source (Vanmontfort et rior pituitary (Kalliecharan and Buffet, 1982; Mikami
al., 1997; Decuypere et al., 1997). The role of extrago- and Yamada, 1984). Apparently, ACTH-like activity is
nadal inhibin postnatally remains to be investigated; also present in the avian brain (Ng and Ng, 1987; Kovács
however, the direct inhibition of inhibin release from et al., 1989). In chickens, turkeys, and geese, ostensibly
chicken adrenal cells by dexamethasone (Vanmontfort unstressed, plasma ACTH concentrations range from
et al., 1997) suggests a paracrine role within the adrenal 20 to 150 pg/ml (4.0 3 10212 M to 3.3 3 10211 M)
gland (see Figure 5). and can more than double with various stressors (Carsia

et al., 1988; Harvey and Hall, 1990; Kovács and Péczely,
G. Hypothalamo-Pituitary-Adrenal Axis 1991; Hendricks et al., 1995a; Kocsis et al., 1995a). Endo-

crine manipulations appear to influence resting plasmaEvidence for the presence of a hypothalamo-
ACTH levels; e.g., it is increased by castration (Kovácspituitary-adrenal (HPA) axis in birds has been reviewed

extensively (Holmes, 1978; Baylé, 1980; Harvey et al., and Péczely, 1991) and decreased by thyroidectomy
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FIGURE 5 (A) Regulation of the hypothalamo–pituitary–adrenal axis in birds. Cp, cephalic lobe of adenohy-
pophysis; Cd, caudal lobe of adenohypophysis; CRF, corticotropin-releasing factor (hormone); AVT, arginine
vasotocin; MT, mesotocin; SRIF, somatostatin; GH, growth hormone; ACTH, adrenocorticotropin; PRL,
prolactin; PTH, parathyroid hormone; MN, melatonin; BN, bursin; BASP, bursal anti-steroidogenic peptide;
BFs, other bursal factors; T3, 3,5,39-triiodothyronine; ANP, atrial natriuretic peptide; B, corticosterone. (B) Some
intraglandular interactions. PGST, a preganglionic sympathetic terminal or, PST, a postganglionic sympathetic
terminal; CC, adrenal chromaffin cell; AC, adrenal steroidogenic (adrenocortical) cell; PACAP, pituitary
adenylyl cyclase-activating peptide; ACh, acetylcholine; GAL, galanin; VIP, vasoactive intestinal peptide;
5-HT, serotonin; CAs, catecholamines; EK, enkephalin; SRIF, somatostatin; CCK, cholecystokinin; NPY,
neuropeptide-Y; IN, inhibin; NPs, other natriuretic peptides; PGs, prostaglandins; B, corticosterone. See text
for details. [From Hormones and stress in birds: Activation of the hypothalamo–pituitary–adrenal axis, S.
Harvey and T. R. Hall, Progress in Comparative Endocrinology (A. Epple, C. G. Scanes and M. H. Stetson,
eds.), Copyright q 1990 by Wiley-Liss, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John
Wiley & Sons, Inc. Modified by H. Weber, Department of Cell Biology, UMDNJ-School of Osteopathic Med-
icine.]
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(Kovács and Péczely, 1991; Carsia et al., 1997). Peak sectomized rats (Assenmacher, 1973; Carsia et al.,
1985c). In contrast, hypophysectomy in the duck resultsplasma ACTH concentrations are achieved within 5–

10 min after stress (Kovács and Péczely, 1991). In addi- in substantial adrenal atrophy (Pearce et al., 1979) and
depression in plasma corticosterone (Holmes et al., 1974;tion, there is an excellent temporal relationship between

plasma levels of ACTH and corticosterone in response Pearce et al., 1978). Clearly, other hypophyseal-derived
factors (prolactin? growth hormone?) and hypophyseal-to stress (Harvey and Hall, 1990; Kovács and Péczely,

1991) and between stress and ACTH infusion-induced dependent factors (thyroid hormones?, gonadal hor-
mones?) are also lost with hypophysectomy. In otherplasma corticosterone (Beuving and Vonder, 1978, 1986;

Rees et al., 1983; Radke et al., 1985b) and aldosterone words, an adequate number of definitive studies with
hypophysectomized birds and ACTH replacement is(Radke et al., 1985b) responses. Furthermore, in chick-

ens, ACTH infusion stimulates the release of corticoste- lacking. Thus, the preeminence of ACTH as an avian
adrenal maintenance factor is not clear. In keeping withrone and aldosterone rapidly (within 5 min) and in a

dose-dependent manner (Radke et al., 1985b; Beuving this notion, ACTH does not influence the pattern of
cell proliferation in primary cultures of cells derivedand Vonder, 1986). By contrast, in turkeys there apears

to be a substantial delay (30 min) in plasma corticoste- from embryonic Pekin duck adrenal glands, (Cronshaw
et al., 1992b). Moreover, in hypophysectomized chick-rone response to infusion of ACTH (Davis and Siopes,

1987). Interspecies differences in adrenocortical re- ens, ACTH replacement maintains plasma free fatty
acids but does not maintain plasma corticosterone andsponses to various ACTH peptides may be due to the

fact that there may be differences between the primary adrenocortical cell function (R. V. Carsia, C. G. Scanes,
and D. B. King, unpublished observations). The rolessequences of ACTH secreted and their respective cog-

nate receptors on adrenocortical cells. For example, the of growth hormone and the thyroid hormone, 3,5,39-
triiodothyronine (T3) as possible adrenal trophic hor-chicken ACTH sequence has greater identity with an

amphibian ACTH (Xenopus laevis) than with that of mones is discussed herewith (vide infra).
Corticosterone and other glucocorticoids appear toanother galliform (turkey, Meleagris gallopavo) and that

of a ratite (ostrich, Struthio camelus) (Hayashi et al., exert a negative feedback influence at all levels of the
hypothalamo-pituitary-adrenal axis in birds. For exam-1991). However, it should be pointed out that both

chicken and turkey adrenocortical cells exhibit similar ple, exogenous corticosterone suppresses basal and pho-
tostimulated corticosterone secretion in ducks (Péczelydifferential steroidogenic sensitivities to mammalian

and avian ACTH peptides (Carsia et al., 1988a; Kocsis and Daniel, 1979). Also, dexamethasone blocks basal
and exercise stress-induced corticosterone release inand Carsia, 1989); thus, the reasons for interspecies dif-

ferences in circulating corticosteroid responses to chickens (Etches, 1976; Harvey and Hall, 1990). In addi-
tion, endogenously high plasma corticosterone concen-ACTH infusion require further exploration.

Whereas stimulation of corticosteroidogenesis in the trations in response to food deprivation stress suppress
plasma ACTH levels with chronic dietary protein re-avian adrenal gland by ACTH is well documented, the

role of ACTH in adrenal steroidogenic cell growth and striction (Carsia et al., 1988a) and plasma corticosterone
response to exercise (Harvey and Hall, 1990). Further-proliferation is less clear. For example, various chronic

stressors (Holmes et al., 1978; Carsia et al., 1988a; Weber more, dexamethasone is a potent suppressor of plasma
ACTH in chickens (Herold et al., 1992) and of CRH-et al., 1990) and exogenous ACTH (Pearce et al., 1979;

Davison et al., 1979, 1985) induce adrenal hypertrophy. induced ACTH release by chicken pituitary cells (Carsia
et al., 1986a). Evidence for a direct effect of glucocorti-In addition, studies with the duck suggest that inner zone

cells are selectively sensitive to these manipulations and coids on adrenocortical function in vivo is equivocal.
For example, endogenously high plasma corticosteronestimuli (Pearce et al., 1978, 1979). Thus, in vivo, a pattern

for ACTH regulation of avian adrenocortical cell concentrations and dexamethasone suppress plasma
corticosterone response to exogenous ACTH (Harveygrowth is apparent. However, an alternative interpreta-

tion of these studies is that exogenous ACTH or stress- and Hall, 1990). However, earlier work suggests that
adrenocortical responsiveness to ACTH is unaffectedinduced increases in ACTH augment the trophic action

of other factors. One of these ‘‘factors’’ might be the by various stressor paradigms that elevate plasma corti-
costerone (Rees et al., 1983, 1985).autonomic nervous system; e.g., vagotomy in the pigeon

results in hypertrophy of adrenocortical tissue and re-
gression of chromaffin tissue (Verma et al., 1984). Fur- H. Stress and Adrenocortical Function
thermore, while the withdrawal of trophic hormone
(ACTH?) support by hypophysectomy induces adrenal Various environmental and metabolic stimuli of suf-

ficient intensity that require major adjustments in oratrophy and an associated fall in plasma corticosterone,
this is of lesser magnitude than that induced in hypophy- are threats to homeostasis are known as stressors. In
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addition, psychological stimuli perceived as threats to a larger plasma corticosterone response compared to
ducks given fresh water (Redondo et al., 1988).well-being (i.e., the perception of stress, allesthesia) may

The adrenocortical stress response is modulated bybe stressors (Figure 5). Birds have a repertoire of central
a number of factors. Apparently, genetic backgroundnervous pathways that mediate the integrated stressor
has a role: in vivo studies with turkeys (Brown andinformation and the activation of the HPA axis (Harvey
Nestor, 1973, 1974), chickens (Gross and Colmano,and Hall, 1990). Homeokinetic mechanisms in response
1971; Edens and Siegel, 1975; Dantzer and Mormede,to a particular stressor may be specific for that stressor
1985; Carsia and Weber, 1986; van Mourik et al., 1986),or may be general; that is, the ‘‘nonspecific stress re-
and Japanese quail (Satterlee and Johnson, 1988) sug-sponse.’’ Invariably, adrenocortical activation and corti-
gest an enhanced adrenal responsiveness to stressorscosterone secretion are hallmark characteristics of the
(Brown and Nestor, 1973; Gross and Colmano, 1971;nonspecific stress response in birds (Siegel, 1980; and
Dantzer and Mormede, 1985; Carsia and Weber, 1986;for details see Harvey et al., 1984a). Thus, behavioral
Satterlee and Johnson, 1988) and exogenous ACTHand adrenocortical responses tend to be tightly coupled
(Brown and Nestor, 1973; Edens and Siegel, 1975; vanwith environmental and metabolic stressors. This ap-
Mourik et al., 1986) with breeding of disparate breedspears to be true for psychological stressors, e.g., fear-
(van Mourik et al., 1986), selection for high plasmarelated behavior and adrenocortical activation in re-
(Brown and Nestor, 1973; Gross and Colmano, 1971;sponse to immobilization (Jones et al., 1992a,b, 1994;
Edens and Siegel, 1975; Dantzer and Mormede, 1985)Jones, 1996; Jones and Satterlee, 1996; Satterlee et al.,
or serum (Satterlee and Johnson, 1988) corticosterone1993a,b; Satterlee and Jones, 1997), albeit there is evi-
response to various stressors and selection for dwarfismdence that adrenocortical activation and behavioral dis-
(Carsia and Weber, 1986). With enhanced or depressedplays can be experimentally dissociated in response to
adrenal responsiveness to stress there is respectively anpsychological stressors (Satterlee et al., 1993b, 1994;
increase or decrease in relative adrenal weight com-Jones et al., 1996).
pared to the genetic control (Carsia and Weber, 1986;Parallel increases in the plasma concentration of al-
Carsia et al., 1988b). In addition, there are alterationsdosterone occur in response to some stressors; for exam-
at the cellular level which may manifest as alterationsple, handling (Radke et al., 1985b) and dietary protein
in corticosteroidogenic capacity (Carsia et al., 1988b)restriction (Weber et al., 1990). However, divergent
and/or alterations in cellular sensitivity to ACTH (Car-changes in plasma corticosterone and aldosterone con-
sia and Weber, 1986). Further understanding of the co-centrations can sometimes occur in response to stressors
selection of positive management traits with advanta-that affect electrolyte balance and hemodynamics. For
geous adrenocortical responses to stress, such as social

example, changes in sodium (Na1) balance (Kobayashi
stress, may be of value in improving domestic fowl well-

and Takei, 1982; Skadhauge et al., 1983; Radke et al., being in a commercial setting (Hester et al., 1996).
1984; Rosenberg and Hurwitz, 1987), hemorrhage and Elegant studies with the rat indicate that the activity
saline loading (Radke et al., 1985a) and dehydration of the hypothalamo-pituitary-adrenal axis is a compo-
and hyperthermia (Arad and Skadhauge, 1984) appear nent of a larger hypothalamic system that regulates calo-
to have a differential influence on aldosterone secretion. ric flow (Akana et al., 1994; Dallman et al., 1994). For
Presumably, this differential effect on aldosterone secre- example, whereas activation of both mineralocorticoid
tion is mediated by the renin–angiotensin system (RAS) and glucocorticoid receptors restores energy acquisition
(Wilson, 1984) (see Regulation of Aldosterone behavior in diabetic, adrenalectomized rats (Santana et
Secretion). In contrast to these divergent mineralocorti- al., 1995), it is the activation of the latter that selectively
coid and glucocorticoid responses, in many anseriform maintains or increases fat stores, probably at the ex-
species, changes in RAS status and the HPA axis are pense of protein stores (Challet et al., 1995; Santana et
integrated to influence an overall stress response (see al., 1995). Therefore, it is not surprising to find that
Holmes et al., 1992). Thus, electrolyte status can influ- nutritional status modulates adrenocortical activity.
ence the pattern of adrenal corticosteroid synthesis and With regard to fat stores, the adipose hormone leptin
corticosteroid response to stressors (Figure 5). For ex- not only inhibits neuropeptide-Y and other factors af-
ample, in ducks given hyperosmotic drinking water (sim- fecting food intake (Sahu, 1998), but also appears to
ulating adaptation to saltwater or alkali lake environ- negatively modulate stress-induced CRF release (Hei-
ments), there is a hypophysiotropic ACTH response man et al., 1997) and adrenocortical cell function directly
and subsequent increase in circulating corticosterone, (Bornstein et al., 1997). Furthermore, circulating levels
which becomes the principal mineral-regulating hor- of leptin are inversely related to levels of ACTH and
mone (Holmes and Phillips, 1985). Thus, activation of corticosteroids (Licinio et al., 1997). A similar system

may operate in birds (Figure 5), but it is complex andthe HPA axis to a superimposed novel stressor elicits
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must be viewed in the physiological, behavioral and adrenal gland is the dominant effector that is activated
after integration of nutritional information against aecological contexts (vide infra). However, some broad

generalizations can be made. In diverse avian species, background of physiological, behavioral, and ecologi-
cal factors.corticosterone enhances feeding behavior (Nagra et al.,

1963b; Bartov et al., 1980; Gross et al., 1980; Gray et al., Two circulating hormones, growth hormone and T3,
may be involved in adrenocortical activation and in me-1990) and fat storage (Nagra et al., 1963b; Pilo et al.,

1985; Silverin, 1986; Wingfield and Silverin, 1986; Buyse diating the adrenocortical response to protein status.
These hormones, apparently independently of ACTH,et al., 1987; Saadoun et al., 1987; Kafri et al., 1988; Siegel

et al., 1989). Furthermore, in some species that experi- interact to maintain corticosteroidogenic capacity and
cellular sensitivity to ACTH (Carsia et al., 1985c). Alter-ence periods of limited food availability, there is an

inverse relationship between fat stores and stress re- ations in adrenocortical function correlate well with an-
ticipated alterations in response to known changes insponse. For example, maximal plasma corticosterone

response to capture stress is inversely related to fat the circulating concentrations of these hormones with
protein restriction (Lauterio and Scanes, 1987a,b). Bydepots in snow buntings (Plectrophenax nivalis) and

Lapland longspurs (Calcarius lapponicus) (Wingfield et contrast, protein restriction in the domestic turkey is
not associated with changes in circulating T3. Thus, theal., 1994). However, this relationship may not be seen

in species with unlimited food supplies [e.g., the Florida influence of this stressor on this galliform species is
quite different compared to its influence on chickenscrub-jay, Aphelocoma coerulescens) (Schoech et al.,

1997)], in species that may prioritize the protection of adrenocortical function; whereas circulating corticoste-
rone levels are increased, aldosterone levels are de-protein stores [e.g., the American kestrel, Falco sparver-

ius (Heath and Duffy, 1988)], and in different life stages pressed. Furthermore, there is remodeling of the adre-
nocortical cell composition of the turkey adrenal glandof various species (vide infra). Given these correlates,

it is plausible that a similar relationship between the and adrenocortical cell hypofunction (Casia and McIl-
roy, 1998).hormonal regulation of fat stores and the regulation of

the HPA axis exists in some birds or is restricted to a
particular life stage of some species. Indeed, one of the

I. General Regulation oftargets of leptin action, neuropeptide-Y, is emerging as
a dominant factor regulating food intake in some avian Adrenocortical Function
species (Richardson et al., 1995).

1. ACTH
Other nutriture stimuli appear to affect the avian

HPA axis as well. In both altricial (ring dove) and preco- The most efficacious stimulator of avian corticoste-
roid secretion is ACTH. Studies in vivo (Radke et al.,cial species (chicken, quail, duck, king penguin), food

restriction, of sufficient duration, almost uniformly in- 1985b; Beuving and Vonder, 1986) and in vitro with
isolated adrenocortical cells from several species [e.g.,creases circulating corticosterone levels (Harvey et al.,

1984a; Rees et al., 1985a; Bartov et al., 1988; Cherel et duck (Vinson et al., 1979; Collie et al., 1992; Holmes et
al., 1992), chicken (Carsia et al., 1985a, 1987a, 1988a;al., 1988a,b; Le Ninan et al., 1988; Lea et al., 1992).

Similar responses are seen with isolated protein restric- Collie et al., 1992), turkey (Kocsis and Carsia, 1989;
Kocsis et al., 1994a, 1995), and Japanese quail (Carsiation. In chickens, transient protein restriction not only

enhances adrenocortical activity (Carsia et al., 1988a; et al., 1988b)] demonstrate a dose-dependent and rapid
(less than 5 min) corticosteroid response to ACTH.Weber et al., 1990) but also entrains a long-term en-

hancement of activity after removal of this nutritional Studies with isolated chicken adrenocortical cells sug-
gested that ACTH operates through specific receptorsstressor (Weber et al., 1990). Although plasma ACTH

is depressed in restricted birds, there is an increase in composed of high- and low-affinity forms and that are
present at concentrations of about 2000–3000 sites/cellrelative adrenal weight (Carsia et al., 1988a; Weber et

al., 1990), enhanced cellular steroidogenic capacity and (Carsia and Weber, 1988). Characterization of a partial
complementary DNA encoding an ACTH receptor ex-corticosteroidogenic responsiveness and sensitivity to

ACTH (Carsia et al., 1988a; Carsia and Weber, 1988; pressed in the turkey adrenal gland suggests an 89%
identity with mammalian forms (R. V. Carsia, K. I. Tilly,Weber et al., 1990), and an increase in the affinity and

concentration of cellular ACTH receptors (Carsia and and J. L. Tilly, unpublished data). Despite this high
identity there are differences in receptor-mediated ste-Weber, 1988). Furthermore, there are alterations in sig-

nal transduction components and a decrease in cortico- roidogenic responses between rat and chicken adreno-
cortical cells. A notable difference is that, unlike ratsterone negative feedback in adrenocortical cells de-

rived from protein-restricted chickens (McIlroy et al., adrenocortical cells, chicken adrenocortical cells fail to
distinguish between mammalian aACTH1-24 and its 9-1998). Thus, in the HPA axis of birds it may be that the
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tryptophan-(O-nitrophenylsulfenyl) derivative (Carsia chickens failed to change aldosterone concentrations in
the adrenal venous effluent (Taylor et al., 1970). Never-et al., 1985a). However, as with rat adrenocortical cells,

human ACTH7-38 is a complete antagonist of ACTH in theless, in vivo studies and in vitro work with adrenal
tissue and cells suggest that angiotensins, notably Angchicken adrenocortical cells (Carsia and Weber, 1988).

In addition, unlike rat adrenocortical cells, isolated II, play a direct role in adrenocortical regulation. This
topic is discussed in detail under the section ‘‘Regulationchicken adrenocortical cells undergo sensitization in re-

sponse to ACTH (McIlroy et al., 1988), which is consis- of Aldosterone Secretion’’.
tent with the lack of decay in elevated corticosterone
values in response to a continuous infusion (1 week) of

3. Other Putative Regulators
ACTH (Latour et al., 1996). Longer treatments with
exogenous ACTH in chickens have, nevertheless, been Since the last edition of this textbook, studies suggest

that avian adrenocortical function may be modulatedshown to cause adrenocortical desensitization to ACTH
(Kalliecharan, 1981; Davison et al., 1985). Obviously, by secretory products of peripheral immune, neural,

and endocrine organs and by other circulating factorscloning and expression of avian ACTH receptor iso-
forms will aid in elucidating the molecular basis for (Harvey and Hall, 1990). Interpretations of results de-

rived from these studies should be viewed cautiouslythese differences (Kapas et al., 1996). Dissemination of
the ACTH signal in avian adrenocortical cells appears since these studies are restricted to anseriform and galli-

form species and in many instances are based on into be via the cyclic AMP (cAMP)-dependent pathway,
involving a stimulatory guanine nucleotide binding pro- vitro systems that have not been substantiated in vivo.

Nevertheless, these studies deserve attention. Such pe-tein (Rosenberg et al., 1986, 1988a; McIlroy et al., 1998),
adenylyl cyclase (McIlroy et al., 1998), cAMP (Ro- ripheral agents may directly stimulate or inhibit adreno-

cortical function or may act as positive or negative mod-senberg et al., 1986, 1987, 1988a, 1989a,b; Carsia et al.,
1988a; Kocsis and Carsia, 1989; Weber et al., 1990), and ulators of tropic-hormone induced responses (see

Figure 5).cAMP-dependent protein kinase (Rosenberg et al.,
1988a). In contrast, the role of the calcium (Ca21)-

a. Stimulators and Positive Modulatorsphosphoinositide/lipid-protein kinase C pathway is con-
troversial. For example, one study suggests that acutely The pituitary secretory products prolactin and

growth hormone appear to have a positive influence oninducible (ACTH) steroidogenesis of chicken adreno-
cortical cells is refractory to agonists and antagonists of avian adrenocortical function. The effect of prolactin is

not surprising, considering its temporal synergism withthis pathway (Rosenberg et al., 1988b). Conversely,
other work with chicken adrenocortical cells suggests corticosterone in regulating migratory and reproductive

parameters (Meier, 1973). Intravenous injections of re-that both basal and ACTH-induced corticosterone pro-
duction, and their augmentation by prolactin, are en- combinant chicken prolactin into chick embryos dra-

matically raises plasma corticosterone within 2 hr (Kühnhanced by extracellular Ca21 (Carsia et al., 1987b). In
addition, physiological concentrations of Ca21 are criti- et al., 1996). As mentioned above, prolactin counteracts

the self-induced degradation of corticosterone and in-cal for optimal sensitivity of turkey adrenocortical cells
to ACTH (Kocsis et al., 1994a). Furthermore, a back- hibitory actions of corticosterone on corticosteroido-

genesis (Carsia et al., 1984, 1987b). In isolated chickenground level of calmodulin activity appears to be re-
quired for steroidogenesis in turkey adrenocortical cells adrenocortical cells this effect of prolactin is acute, Ca21-

dependent, and occurs with a half-effective concentra-(Kocsis et al., 1995b).
tion (EC50) of 55 ng/ml (Carsia et al., 1987b), a concen-
tration that is well within the physiological range (Har-

2. Angiotensins
vey et al., 1979). Indeed, chicken adrenocortical cells
are four times more sensitive to prolactin than are adre-There is now a strong body of evidence supporting

the role of angiotensins in the regulation of avian adre- nocortical cells from hypophysectomized rats (Carsia et
al., 1987b).nocortical function (reviewed in Holmes and Cronshaw,

1993). Infusions or bolus injections of angiotensin II The actions of growth hormone are less clear. Intra-
venous injections of recombinant chicken growth hor-(Ang II) increased plasma aldosterone and corticoste-

rone concentrations in the duck (Gray et al., 1989) and mone increase circulating concentrations of corticoste-
rone in posthatch chickens (Cheung et al., 1988b) butJapanese quail (Kobayashi and Takei, 1982). However,

there is a paucity of studies with hypophysectomized not in chick embryos (Kühn et al., 1996). In addition,
purified native chicken growth hormone fails to acutelybirds to preclude an indirect effect via the release of

ACTH (Chan and Holmes, 1971). For example, infusion induce corticosterone release from isolated adrenocorti-
cal cells (Carsia et al., 1985c). Nevertheless, the impor-of chicken kidney extracts into hypophysectomized



4219 / c19-504 / 08-07-99 04:38:37

R. V. Carsia and S. Harvey504

tance of growth hormone in avian adrenocortical main- paracrine interactions (see Figure 5) in addition to the
‘‘conventional’’ neural and humoral (ACTH, Ang II,tenance is indicated by its hyperstimulation of cellular

steroidogenic capacity after hypophysectomy in the ab- K1) influences, respectively (for review, see Hinson,
1990; Edwards and Jones, 1993; Ehrhart-Bornstein et al.,sence of ACTH replacement (Carsia et al., 1985c). Addi-

tionally, both prolactin and growth hormone are in- 1996). Even in the highly organized mammalian adrenal
gland, sufficient evidence indicates that catecholaminescreased with various stressors (Harvey et al., 1979;

Harvey et al., 1984b) and presumably these hormones are important paracrine stimulators of glucocorticoid
release from adrenocortical cells (detailed by Haidan etmay assist in the maintenance of stress-induced cortico-

sterone release. al., 1998). Alternatively, chromaffin cells or adrenal
nerve fibers may release other substances that influenceIn mammals, a corticotropic action of parathyroid

hormone has long been suspected because of its calcio- corticosteroid production, as for example, vasoactive
intestinal peptide (VIP) (Cunningham and Holzwarth,tropic actions on many tissues and because of sequence

similarities with mammalian ACTH (cf. Carsia et al., 1988; Leboulenger et al., 1988) and galanin (Gasman
et al., 1996). Unfortunately, there is little information1981; Rafferty et al., 1983; Rosenberg et al., 1987). Very

high concentrations (10 eM) of human parathyroid hor- concerning avian species. On the one hand, there is
some evidence suggesting that catecholamines via b-mone stimulate cAMP and corticosterone production

in rat adrenocortical cells (Rafferty et al., 1983) and adrenergic receptors directly increase chicken cortico-
sterone release in vivo (Freeman and Manning, 1979;more physiological concentrations (0.1–10 nM) stimu-

late aldosterone secretion and potentiate Ang II- Rees et al., 1985b) and in vitro in isolated fowl adreno-
cortical cells (Mazzocchi et al., 1997a). Along these lines,induced aldosterone secretion by bovine adrenal glom-

erulosa cells, presumably through increases in cytosolic another amino acid-derived neurotransmitter, serotonin
(5-hydroxytryptamine; 5-HT), has been shown to be aCa21 (Isales et al., 1991). The action of parathyroid hor-

mone is via receptors distinct from those for ACTH potent and efficacious stimulator of corticosteroid secre-
tion by duck adrenocortical cells (Vinson et al., 1979).(Isales et al., 1991). Primary sequence differences in

avian (chicken) parathyroid hormone preclude any pos- In addition, VIP stimulates corticosterone production
by turkey and chicken adrenocortical cells (three to foursibility of ‘‘spill-over’’ to the ACTH receptor (Khosla

et al., 1988; Russell and Sherwood, 1989) and this has times basal) with an EC50 of about 30 nM (R. V. Carsia,
unpublished observations). In this connection, pituitarybeen verified with chicken adrenocortical cells, using

chicken parathyroid extracts containing PTH (Rosen- adenylyl cyclase-activating peptide (PACAP) may also
be a positive modulator (Mazzocchi et al., 1997b). Otherberg et al., 1987). In chicken adrenocortical cell prepara-

tions, chicken parathyroid hormone is a potent stimula- recent evidence suggests that opioids facilitate circulat-
ing corticosterone response to ACTH in the chickentor of cAMP, corticosterone and aldosterone secretion,

and although its potency is 0.4 that of ACTH, at physio- (Peebles et al., 1997). On the other hand, catecholamines
(dopamine, norepinephrine, and epinephrine) and ace-logical concentrations it is as efficacious as ACTH (Ro-

senberg et al., 1987, 1988a). It is interesting to note that tylcholine repress basal (but not inducible) corticoste-
rone and aldosterone release from duck adrenal tissue,the parathyroid hormone EC50 for aldosterone produc-

tion is one half to one seventh that for corticosterone albeit this effect is not dose-dependent (Holmes et al.,
1991). In addition, some evidence suggests that vagalsecretion (Rosenberg et al., 1988a, 1989a). It is impor-

tant to point out that the latter studies used purified tone directly or indirectly represses corticosterone re-
lease (Viswanathan et al., 1987). Another neuropeptide,extracts derived from chicken parathyroid glands. A

recent study with recombinant chicken PTH did not galanin, has contrasting influences on adrenocortical
function in mammalian species (stimulation) and am-demonstrate this novel steroidogenic action (Lim et al.,

1991). However, overall, these studies suggest that para- phibians (inhibition) (see Gasman et al., 1996). Al-
though galanin exists in chromaffin cells, adrenal nervethyroid hormone is a prominent avian corticotropic

agent and that the aldosterone pathway may be the fibers, or both, depending on avian species (Zentel et al.,
1990), its role in the regulation of avian adrenocorticalprime target for PTH action. Conceivably, preferential

aldosterone release vs corticosterone release may aid function is unknown.
There is evidence suggesting that the humoral im-to offset any parathyroid hormone-induced natriuresis,

which is primary to phosphaturia, during challenges to mune system may exert trophic and tropic influences
on the avian adrenal gland. Activated immune cellscalcium homeostasis (e.g., egg formation). This and

other postulates raised here await in vivo investigations. elaborate a potent releaser of ACTH in chickens (Her-
old et al., 1992), which is presumably interleukin (IL)-The varying degree of intermingling of chromaffin

and steroidogenic tissues within the adrenal (interrenal) 1 (Mashaly et al., 1993). Although a large part of the
ACTH is from the pituitary, it appears that significantgland of higher vertebrates provides the opportunity for
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quantities of ACTH are released from activated lym- be direct at the adrenocortical cell level (Carsia et al.,
phocytes. For example, an antigen challenge or CRH 1997). However, the combined replacement of growth
induces the release of ACTH from chicken lymphocytes hormone and T3 in hypophysectomized chickens main-
that is sufficient to elicit a corticosterone response from tains adrenocortical cell sensitivity to ACTH (as indi-
co-incubated chicken adrenocortical cells (Siegel et al., cated by the ACTH EC50) but results in an exaggerated
1985; Hendricks et al., 1991; 1995a; Mashaly et al., 1993). corticosterone response (Carsia et al., 1985c). Thus, the
This direct effect of CRH on chicken leukocyte ACTH presence of other pituitary factors may modulate the
release is inhibited by corticosterone (Hendricks et al., influence of T3 on adrenocortical function.
1995b). It is thought that this humoral immune– In keeping with this notion that other pituitary–target
endocrine axis facilitates the redistribution of circulating organ axes influence adrenocortical cell function are
T lymphocytes to secondary lymphoid tissues during the studies of the pituitary–gonadal axis. Early work sug-
immune response (Mashaly et al., 1993). In addition, gests that gonadal steroids tonically suppress adrenocor-
the bursa of Fabricius may elaborate substances neces- tical function in chickens (Kar, 1947; Nagra et al., 1965).
sary for adequate corticosteroidogenic capacity during However, other work with orchiectomized chickens has
development and maturation (Pedernera et al., 1980) produced equivocal results since the effect of orchiec-
and for normal corticosterone response of adrenocorti- tomy appears to be modified by age, strain, and duration
cal cells to ACTH (El-Far et al., 1994). However, a of the orchiectomized state (Chester Jones, 1957; see
bursal suppressive factor has recently received more pp. 203–205). Nevertheless, more recent work with or-
attention (vide infra). chiectomized cockerels suggests that although androgen

(testosterone and 5a-dihydrotesterone) replacementb. Inhibitors and Negative Modulators
suppresses adrenocortical cell response to ACTH, it

A bidirectional link between the immune system and maintains relative adrenal weight (Carsia et al., 1987d).
the adrenal gland, similar to that which exists in mam- Interestingly, orchiectomy is required to demonstrate
mals (Bateman et al., 1989), is likely to be present in the effects of androgens on adrenocortical function in
birds. The secretion of ACTH by chicken lymphocytes both rats (Kitay et al., 1966) and domestic fowl (Nagra
and the requirement of the bursa of Fabricius for normal et al., 1965). Thus, it is quite possible that the testis
adrenal development (vide supra) are examples. How- elaborates both inhibitory and trophic substances that
ever, there is evidence for suppressor substances as well. influence avian adrenocortical function (Carsia et al.,
Highly purified extracts of prepubescent chicken bursae 1987d).
suppress inducible steroid synthesis from chicken granu-
losa and adrenocortical cells and from mammalian adre- c. Biphasic Modulators
nocortical cells. The active principle has been termed

Whereas the use of isolated adrenocortical cells hasbursal antisteroidogenic peptide (BASP) (Byrd et al.,
a caveat when extrapolating findings to in vivo physiol-1993, 1994). BASP appears to be a late-pathway inhibi-
ogy, it is amenable to gaining insights into the fine regu-tor in that it stimulates cyclic AMP production but inhib-
lation of adrenal steroidogenic function that would beits cAMP analog stimulated steroidogenesis. This pep-
difficult or impossible to obtain from in vivo studies.tide awaits full characterization.
An example is the understanding that adrenal-targetedA growing body of work suggests that the thyroid
factors may elicit biphasic influences on steroidogenichormone, T3, is an important modulator of avian adre-
function. Thyroid hormones may fall into this categorynocortical function. For example, protein deficiency
since T3 suppresses corticosteroidogenic capacity but(Lauterio and Scanes, 1987a,b; Scanes and Griminger,
preserves cellular sensitivity to ACTH in the hypophy-1990) and genetic selection (Scanes et al., 1983) resulting
sectomized chicken (Carsia et al., 1985c). In contrast,in altered plasma T3 concentrations are associated with
T3 replacement influences cellular steroidogenic capac-alterations in relative adrenal weight and adrenocortical
ity but does not alter cellular sensitivity to ACTH infunction (Carsia and Weber, 1986; Carsia et al., 1988a).
the thyroidectomized chicken (Carsia et al., 1997). Thus,In many cases, there is an inverse relationship between
other pituitary factors may be involved in the regulationcirculating T3 concentrations and adrenocortical func-
of cellular sensitivity to ACTH. Along these lines, theretion. For example, in hypophysectomized cockerels, T3
is increasing evidence for significant crosstalk betweenreplacement reduces cellular corticosterone production
the various endocrine axes in birds, e.g., the recent evi-more than that due to hypophysectomy (Carsia et al.,
dence suggesting that CRF stimulates thyrotropin-1985c). In addition, thyroidectomy in chickens results
releasing activity and increases circulating thyroid hor-in a marked enhancement in adrenocortical function
mones (Geris et al., 1996) and prolactin (Hall et al.,and this is normalized with T3 replacement (Carsia et

al., 1997). At least part of this effect of T3 appears to 1986).
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Prostaglandins also seem to fall into this category. behavior that influences heat-promoting evaporation
(Willoughby and Peaker, 1979). The impact of this di-Prostaglandins appear to be potent and efficacious stim-

ulators of avian adrenocortical function. In the Japanese versity on water and Na1 balance calls for variations in
homeostatic mechanisms, which include the RAS andquail (Coturnix coturnix japonica), prostaglandin E2 is

more than six times greater than immobilization stress the control of aldosterone secretion.
As in other vertebrates (see for review Wilson, 1984),in raising circulating corticosterone. In addition, it syn-

ergizes with immobilization stress to rapidly increase the avian kidney contains juxtaglomerular cells capable
of producing a reninlike substance and ion-sensitiveplasma corticosterone (Satterlee et al., 1989). A large

part of the effect of prostaglandins appears to be due (Na1 depletion) and hemodynamic (hemorrhage) re-
sponses have been demonstrated (Taylor et al., 1970;to their interaction with prevailing concentrations of

ACTH. In both chicken and turkey adrenocortical cells, Chan and Holmes, 1971; Nishimura, 1980; Nishimura et
al., 1981; Nishimura and Bailey, 1982). In chickens, thisprostaglandins exert a biphasic influence on corticoste-

rone production, depending on their concentration. At substance is capable of cleaving fowl angiotensinogen
([Asp1, Val5, Ser9]tetradecapeptide renin substrate) tolow concentrations (1028 M to 1025 M) they synergize

with submaximal concentrations of ACTH, whereas at form the decapeptide angiotensin I (Nakayama et al.,
1973). The Ang II octapeptide produced from this deca-high concentrations (1025 M to 1023 M) they are inhibi-

tory. The most potent and efficacious prostaglandin for peptide ([Val5]Ang II; Mr 5 1031.53) is that of most
vertebrates including ovine and bovine species, whereasstimulation is prostaglandin E2, whereas prostaglandin

A2 is the most potent for inhibition. Prostaglandins have other mammalian species produce [Ile5]Ang II (Gorb-
man et al., 1983). In several species studied thus fara similar but considerably weaker biphasic influence on

basal corticosterone secretion (Kocsis et al., 1998). (Japanese quail, duck, and turkey), plasma Ang II con-
centrations range from 30 to 70 pg/ml (2.9 3 10211 M
to 6.8 3 10211 M) but can increase to 100–400 pg/ml

J. Regulation of Aldosterone Secretion (9.7 3 10211 M to 3.9 3 10210 M) with perturbations to
electrolyte and hemodynamic balance and with adapta-1. Role of the Renin–Angiotensin System
tion to saltwater (Kobayashi and Takei, 1982; Gray and

It should be pointed out that for some time, the Simon, 1985a; Gray et al., 1989; Kocsis et al., 1995a).
role of renin–angiotensin system (RAS) and its active As mentioned above, the role of the RAS in avian
product, Ang II, in the regulation of avian adrenal ste- aldosterone secretion appears less precise than that
roidogenic function was controversial. This was largely which exists in mammals. This, in part, may be due to the
due to the fact that essentially all earlier investigations lack of a distinct organization of adrenal steroidogenic
were on the principal avian model, the domestic chicken tissue and thus a concomitant lesser precision of regula-
(Gallus gallus domesticus). Experiments in vivo and in tion of mineralocorticoid and glucocorticoid secretion
vitro with various adrenal preparations demonstrated (Vinson et al., 1979). However, ultrastructural and histo-
that this species exhibits a pronounced aldosteronogenic logical studies of the adrenal gland of several avian
tachyphylaxis to Ang II (for review, see Holmes and species suggest a rudimentary organization of steroido-
Cronshaw, 1993). This is perplexing since standard li- genic tissue, thus providing a basis for a functional segre-
gand binding isotherms with isolated chicken adreno- gation of cell types (Holmes and Phillips, 1976). For
cortical cells (R. V. Carsia, J. F. Kocsis, and P. J. McIlroy, example, cytologically distinguishing features for sub-
unpublished data) and recent in situ hybridization stud- capsular zonal vs inner zonal steroidogenic cells are
ies with a cloned chicken adrenal Ang II receptor evident in the adrenal gland of the brown pelican (Pele-
(Kempf et al., 1996) indicate that chicken adrenocortical canus occidentalis) (Knouff and Hartman, 1951), the
cells possess high-affinity Ang II receptors. It was pre- domestic chicken (Gallus gallus domesticus) (Kondics
sumed that this well-studied species was representative and Kjaerheim, 1966; Taylor et al., 1970), and the duck
of avian species in general. It is now clear that the (Anas platyrhynchos) (Pearce et al., 1978; Klingbeil et
misconceived generalizations derived from studies with al., 1979; Holmes and Cronshaw, 1984). Also, with duck
the chicken concerning the actions of Ang II on avian adrenal tissue, there is a relatively greater production
aldosterone synthesis will require modification. of aldosterone compared to corticosterone by the sub-

In the regulation of aldosterone secretion in birds, capsular tissue and vice versa by inner zone tissue, both
the RAS does not appear to have the preeminence that it basally and in response to ACTH (Klingbeil et al., 1979;
has in mammals (for review, see Holmes and Cronshaw, Cronshaw et al., 1985; Klingbeil, 1985a).
1993). One can anticipate a range of its importance Clearly, there is some role of the RAS in avian aldo-
when considering differences in avian feeding strategies sterone secretion. Perturbations in homeostasis that af-

fect the RAS also affect aldosterone secretion. For ex-(Bentley, 1971) and the breadth of environment and
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ample, alterations in dietary sodium (Na1) influences and Catt, 1979), tropic hormones may stimulate differ-
ent parts of the steroidogenic pathway in avian adreno-the thickness of the subcapsular zone without affecting

the inner zone (Kondics, 1963; Kondics and Kjaerheim, cortical cells, resulting in different proportions of corti-
costeroid end-products.1966; Taylor et al., 1970), and Na1 restriction-induced

hypertrophy can be correlated with increased juxta- The manifestation of Ang II action in the avian adre-
nal gland is most apparent when the predominant targetglomerular cell granulation and renal pressor activity

(Taylor et al., 1970). In addition, increases in plasma cells are isolated and studied. Thus, it seems clear that
the subcapsular zone (SCZ) of the duck contains thealdosterone (often exclusive of increases in plasma corti-

costerone) occur in response to stressors against hemo- zona glomerulosalike cells that give a clear aldosterone
response to Ang II (Klingbeil, 1985a; Holmes et al.,dynamics and Na1 balance, such as dehydration (Kobay-

ashi and Takei, 1982), dehydration plus hyperthermia 1991). In other species, this distinction may be less ap-
parent or absent. For example, in studies with isolated(Arad and Skadhauge, 1984), hemorrhage (Kobayashi

and Takei, 1982; Radke et al., 1985a), dietary Na1 re- adrenocortical cells from normal turkeys, there are few
functional differences between density-separated sub-striction (Skadhauge et al., 1983; Radke et al., 1984;

Klingbeil, 1985b; Rosenberg and Hurwitz, 1987; Kocsis populations. However, after dietary Na1 restriction, one
subpopulation, which comprises about 5% of the totalet al., 1995a), and saltwater adaptation (Gray and Simon,

1985a). Some evidence suggests that the effect of ther- adrenocortical cell population, exhibits disproportion-
ately exaggerated aldosterone responses to Ang II andmoregulation perturbation may be mediated by plasma

arginine vasotocin, which has a role in thermoregulation potassium (K1) but not to ACTH (Kocsis et al., 1995a).
It may be that in other avian species, perturbationsand a relationship with plasma aldosterone (Robinzon

et al., 1988). Also, in some studies, increases in plasma in electrolyte and hemodynamic homeostasis or other
stressors are required to induce zona glomerulosalikealdosterone are correlated with increases in plasma Ang

II (Kobayashi and Takei, 1982; Gray and Simon, 1985a; function in a subpopulation of adrenal steroidogenic
cells.Kocsis et al., 1995a). Furthermore, in ducks and chick-

ens, dietary Na1 restriction or hyponatremia increases
plasma aldosterone response (but not plasma corticoste-

2. Mechanism of Ang II Action
rone response) to exogenous ACTH (Radke et al., 1984)
and Ang II (Gray et al., 1989). Studies with duck adrenal membrane preparations

(Gray et al., 1989) and isolated turkey (Kocsis et al.,In addition to this correlative work, there is evidence
for the direct regulation of aldosterone production by 1994a,b, 1995a,b,c; Carsia and McIlroy, 1998) and

chicken (R. V. Carsia, J. F. Kocsis and P. J. McIlroy,Ang II. An intraperitoneal injection of Ang II into Japa-
nese quail (Kobayashi and Takei, 1982) and infusions of unpublished data) adrenocortical cells indicate that the

avian adrenal gland possesses high-affinity Ang II recep-Ang II into ducks (Gray et al., 1989) increases circulating
aldosterone; the latter study showing a dose-dependent tors, having a Kd of 0.9–2 nM and a concentration of

about 30,000–150,000 sites/cell. Cellular concentrationsaldosterone response exclusive of alterations in circu-
lating corticosterone. In addition, an exclusive, dose- vary among cell subpopulations comprising the turkey

adrenal gland and appear to be differentially modulateddependent aldosterone response to Ang II has been
demonstrated with duck adrenal tissue, specifically from by dietary Na1 restriction (Kocsis et al., 1995a) and

protein restriction (Carsia and McIlroy, 1998). Turkeythe subcapsular region (Klingbeil, 1985a; Holmes et al.,
1991). Interestingly, Ang II stimulates both aldosterone (Carsia et al., 1993; Murphy et al., 1993) and chicken

(Kempf et al., 1996) adrenal Ang II receptors have alsoand corticosterone production from isolated adrenal
cells prepared from duck adrenal tissue (Vinson et al., been cloned. They are both 359-amino-acid proteins

(sharing 99.7% identity) and exhibit a 75% sequence1979; Collie et al., 1992). Thus, as with the rat adrenal
gland (Vinson et al., 1985), the level of cytoarchitectural identity with the mammalian type 1 receptor, albeit

there are frank differences in pharmacological and phys-integrity of the avian adrenal gland may influence the
specificity of Ang II action. It should be pointed out, icochemical properties between mammalian and avian

forms. Both avian forms have been shown to couple tohowever, that isolated turkey adrenocortical cells ex-
hibit an exclusive aldosterone (compared to corticoste- the phospholipase C signaling pathway (Murphy et al.,

1993; Kempf et al., 1996). However, several differencesrone) response to Ang II (Kocsis et al., 1994b, 1995a),
largely because Ang II does not stimulate cholesterol in amino acid sequence and tissue expression exist be-

tween turkeys and chickens. For example, the turkeyside-chain cleavage in these cells (Kocsis et al., 1995a).
Presumably, the prevailing basal corticosterone produc- receptor appears to have two unique cysteine residues

at positions 92 and 99 of the first extracellular loop andtion is sufficient to support aldosterone synthesis. It may
be that, as in mammalian adrenocortical cells (Aguilera is exclusively expressed in the adrenal gland (Carsia et
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al., 1993), whereas the chicken receptor has a broader sterone secretion is influenced by the hypothalamo-
tissue expression (Kempf et al., 1996). In support of pituitary unit. Immobilization (Klingbeil, 1985b), han-
ligand binding isotherms with turkey adrenal cells (Koc- dling, and bleeding (Radke et al., 1985b) stressors in-
sis et al., 1995b), the galliform adrenal Ang II receptor crease plasma aldosterone in ducks (Klingbeil, 1985b)
is not expressed in adrenal chromaffin cells but is ex- and chickens (Radke et al., 1985b). In addition, with the
pressed in the postganglionic catecholaminergic cells of exception of an earlier study with chickens (Taylor et al.,
the ganglia adjacent to the gland (Kempf et al., 1996). 1970), exogenous ACTH in a dose-department manner
Furthermore, it is expressed in chicken vascular endo- increases circulating concentrations of aldosterone in
thelial cells but not in vascular smooth muscle cells ducks (Radke et al., 1984) and chickens (Radke et al.,
(Kempf et al., 1996). These observations support the 1984, 1985b). Furthermore, an augmentation in the al-
model proposed by Nishimura et al. (1994) to explain dosterone response but not the corticosterone response
the biphasic action of Ang II on chicken vascular tonus: to stress or exogenous ACTH occurs with perturbations
the rapid vasorelaxation after infusion is due to the in electrolyte balance (Radke et al., 1984; Klingbeil,
response of vascular smooth muscle cells to cGMP sub- 1985b). Also, in chickens, pretreatment with dexameth-
sequent to nitric oxide generation by Ang II-stimulated asone blunts basal plasma aldosterone and hemorrhage-
endothelial cells; the later, a-adrenergic-dependent va- induced increases in plasma aldosterone (Radke et al.,
soconstriction is due to the more delayed catecholamine 1985a).
release from Ang II-stimulated postganglionic neu- This apparent role of ACTH in aldosterone secretion
ronal endings. is supported by in vitro studies with duck adrenal tissue

In turkey, adrenocortical cells Ang II induces a rapid (Klingbeil, 1985a; Holmes et al., 1991) and adrenocorti-
and sustained increase in cytosolic Ca21 (Kocsis et al., cal cells from duck (Collie et al., 1992; Holmes et al.,
1994b; Kocsis et al., 1995b). However, demonstrating a 1992) and turkey (Kocsis et al., 1994a,b, 1995a; Carsia
link between increases in cytosolic Ca21 and aldosterone and McIlroy, 1998) adrenal glands. Overall, there is a
production has been difficult. As stated previously, 2- to 10-fold greater aldosterone response to ACTH
avian corticosteroidogenesis is fairly refractory to ago- than to Ang II. However, the potency of Ang II is about
nist and antagonists of the calcium (Ca21)-phosphoino- 3 times that of full-length ACTH (Kocsis et al., 1994a,b,
sitide/lipid-protein kinase C pathway (Rosenberg et al., 1995a; Carsia and McIlroy, 1998). In addition, with
1988b; Kocsis et al., 1995b). However, extracellular Ca21

chicken adrenocortical cells (Rosenberg et al., 1988a;
is required for optimal Ang II-induced aldosterone se- Carsia et al., 1988a, 1997) and possibly duck adrenocorti-
cretion (Kocsis et al., 1994a) and calmodulin activity cal cells (Collie et al., 1992), the potency of ACTH for
appears to be essential for aldosterone synthesis in tur- stimulating aldosterone production is about 2.5–3 times
key adrenocortical cells (Kocsis et al., 1995b). Even that for stimulating corticosterone production. These in
more puzzling is the action of K1. Extracellular K1 does vivo and in vitro studies showing the actions of ACTH
nothing to aldosterone secretion in chicken adrenocorti- on avian aldosterone secretion raise further questions
cal cells (Rosenberg et al., 1988b). By contrast, it is an concerning the importance of Ang II. However, the
absolute requirement for Ang II-induced aldosterone specificity and importance of Ang II reside in its ability
production by turkey adrenocortical cells (Kocsis et al., to link alterations in electrolyte and hemodynamic bal-
1994a; Kocsis et al., 1995b), having a maximal effect at ance to aldosterone secretion, a role that is not fulfilled
a physiological concentration (about 5 mM; Rosenberg by ACTH. Furthermore, with turkey adrenocortical
and Hurwitz, 1987). However, this effect of K1 in turkey cells, threshold and suboptimal concentrations of
adrenocortical cells is not linked to changes in cytosolic ACTH greatly augment (nearly 7 times) the efficacy of
Ca21 (Kocsis et al., 1995b). In addition, in turkey adreno- Ang II in stimulating aldosterone secretion (Kocsis et
cortical cells, Ang II-induced increases in cytosolic Ca21

al., 1994a). Thus, in vivo (against an ACTH back-
and aldosterone production appear to be dissociated ground), Ang II probably stimulates aldosterone secre-
(Kocsis et al., 1995b). Thus, the scheme of Ang II action tion to a magnitude that exceeds what is revealed in
in mammalian zona glomerulosa cells (for review, see

vitro.
Holmes and Cronshaw, 1993) may have to be signifi-
cantly modified when extrapolated to avian adrenal ste-
roidogenic cells. 4. Inhibitors and Negative Modulators of

Aldosterone Secretion
3. Role of ACTH and Other Positive Modulators In general, there are few studies on the regulation

of aldosterone secretion in avian species, but even lessStudies comparing the efficacy of ACTH and Ang II
is known about interacting factors in its regulation. Thein increasing circulating aldosterone in avian species are

lacking. Nevertheless, some work suggests that aldo- in vitro effects of serotonin (Vinson et al., 1979) and
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catecholamines (Holmes et al., 1991) on corticosteroid must not compromise the unique functions of the stages
within the life cycle of a particular species (Wingfield,release, mentioned previously, also include aldosterone

release. In addition, somatostatin has been shown to 1984; Wingfield et al., 1995, 1997a,b). In some cases, the
response parameters are unchanged, but at the CNSinhibit Ang II-stimulated, but not ACTH-stimulated,

aldosterone production by turkey adrenocortical cells level, there are changes (reduction) in the perception
of stress (allesthesia). In other cases, the setpoints of(Mazzocchi et al., 1997c). However, more attention has

been paid to the role of atrial natriuretic peptide (ANP) the HPA axial components that integrate and respond
to normal and stressful stimuli are changed. In morein avian aldosterone secretion.

Avian ANP was originally demonstrated as a diuretic extreme cases, there is an uncoupling of the HPA axis
and temporary failure (Wingfield et al., 1992) or anagent in extracts from chicken hearts (Gregg and Wide-

man, 1986). It is a 29-amino-acid peptide (Mr 5 3158.45) augmentation (Astheimer et al., 1994; Wingfield et al.,
1995a,b) of stress response; e.g., during the expressionthat has significant structural homology to mammalian

ANPs (Miyata et al., 1988). Avian ANP is stored and of physiological and behavioral traits associated with
reproduction in some avian species. This is necessaryreleased from both atrial and ventricular cardiocytes

(Toshimori et al., 1990). In ducks and chickens, the because each HPA axial component ‘‘crosstalks’’ with
other neuroendocrine axes, the latter having their ownplasma concentration of ANP is about 70–80 pg/ml

(p2.5 3 10211 M) and is inversely related to changes in parameters and limits of stimulation. Work with mam-
malian species suggests that supervention of the balanceblood volume in response to hemodynamic and electro-

lyte perturbations (Gray et al., 1991a; Gray, 1993). ANP of component setpoints between the HPA axis and the
other neuroendocrine axes may result in disruption inreceptors are found in both renal and adrenal tissue of

the duck (Gray et al., 1991b). In turkey adrenocortical reproduction or energy flow and partitioning, early com-
ponent demise, or acute component failure during thecells, it is present at a concentration of p90,000 sites/cell

(Kocsis et al., 1995c). The receptors have an apparent Kd life cycle (see Sapolsky, 1996, 1997; and De Kloet et al.,
1997). Still another function of setpoint alteration ofof 1–3 nM (Gray et al., 1991b; Kocsis et al., 1995c). In

the duck (Anas platyrhynchos), infusions of avian ANP the HPA axis components during the avian life cycle
may be to permit responses to novel stressors (Grossinhibit plasma aldosterone responses to Ang II without

affecting circulating corticosterone (Gray et al., 1991b). and Siegel, 1985; Rees et al., 1985a). Given the vast
diversity of avian species, the integrated setpoint thresh-In addition, in chicken adrenocortical cells, ANP is a

potent (EC50 p1 nM) and efficacious inhibitor (.90%) old at which the HPA axis responds to novel stressors,
triggering a corticosteroid stress response, will varyof maximal ACTH and parathyroid hormone-induced

aldosterone secretion without affecting corticosterone greatly (Wingfield et al., 1997). However, it follows that
a given novel stressor, of sufficient intensity and/or dura-secretion (Rosenberg et al., 1988b, 1989a). ANP appears

to act at several intracellular loci (Rosenberg et al., tion, will reach the threshold and elicit a corticosteroid
stress response. This section addresses some of these1989a) and cyclic GMP appears to be its second messen-

ger (Rosenberg et al., 1988b, 1989a). Interestingly, in issues regarding the modulation of the avian HPA axis.
turkey adrenocortical cells, ANPs are as efficacious as
Ang II in stimulating aldosterone production and actu-

1. Diurnal Rhythm of Plasma
ally augment maximal aldosterone production induced

Corticosterone Concentrations
by Ang II, K1, and ACTH (Kocsis et al., 1995c). Obvi-
ously, further work with diverse avian species are re- Circulating corticosterone concentrations show a dis-

tinct daily pattern of variation in birds [e.g., Japanesequired to resolve this inconsistency and to understand
its physiological relevance. quail (Boissin and Assenmacher, 1968; Assenmacher

and Boissin, 1972; Kovács and Péczely, 1983), pigeons
(Joseph and Meier, 1973; Sato and George, 1973; West-K. Adrenocortical Function in Physiological
erhof et al., 1994), ducks (Wilson et al., 1982), chickensand Ecological Contexts
(Siegel et al., 1976; Etches, 1979; Koudela et al., 1980;
Tanaka and Kamiyoshi, 1980; Johnson and van Tienho-Activation of the HPA axis in birds is not an ‘‘all-

or-none’’ event. The HPA axis, through its interaction ven, 1981; Wilson and Cunningham, 1981; Wilson et al.,
1984; Webb and Mashaly, 1985; Smoak and Birrenkott,with other neuroendocrine axes, plays an essential role

in supporting mechanisms by which birds adjust their 1986; Lauber et al., 1987), and turkeys (El Halawani et
al., 1973; Davis and Siopes, 1989)]. Diurnal maximalmorphology, physiology, and behavior in response to

overarching environmental cues during their life history and minimal concentrations approximate a sine function
or otherwise, a unimodal increase over baseline is ob-stages. Whereas it must retain some plasticity to respond

to acute threats to homeostasis, the response parameters served without a detectable trough. In general, maxima
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are found at the dark–light (scotophase–photophase) of circulating corticosterone (Assenmacher and Boissin,
1972; Assenmacher and Jallageas, 1980; Koudela et al.,interface or at some time during the scotophase. This

acrophase (increase over baseline to maximum) in circu- 1980; Davis and Siopes, 1989). The rhythm persists for
about 24 hr in ‘‘free-running’’ situations (i.e., in constantlating corticosterone during scotophase is thought to

serve an energy flow function in homeotherms during light or dark) (see Assenmacher and Jallageas, 1980).
In addition to the light–dark cycle, duration of foodnocturnal periods of locomotory inactivity and nonfeed-

ing (Wilkinson et al., 1979; Miyabo et al., 1980). How- access may also be an important zeitgeber as it appears
to be for behavioral rhythms (Hau and Gwinner, 1996,ever, it should be pointed out that there are discrepanc-

ies in reports of the time of the acrophase in domestic 1997). For example, in chickens, fasting-induced in-
creases in circulating corticosterone are rapidly restoredfowl. On the one hand, acrophases during photophase

have been reported for chickens (Siegel et al., 1976; to normal values with presentation of food, irrespective
of nutritional value (S. Harvey, unpublished observa-Johnson and van Tienhoven, 1981; Smoak and Birren-

kott, 1986; Lauber et al., 1987) and turkeys (El Halawani tions). In addition, the diurnal rhythm of corticosterone
is nearly eliminated with severe food restriction (Savoryet al., 1973), which correlate well with a circulating

ACTH acrophase during photophase in chickens (Her- and Mann, 1997) or fasting (S. Harvey, unpublished
observations). Under constant light, meal-fed birds, butold et al., 1992). On the other hand, acrophases during

scotophase have also been reported for chickens not birds having free access to food, regain a robust
corticosterone diurnal rhythm (S. Harvey, unpublished(Etches, 1977; Koudela et al., 1980; Tanaka and Kami-

yoshi, 1980; Wilson and Cunningham, 1981; Wilson et observations). However, at least for behavioral rhythms,
there does not appear to be a distinct food-entrainableal., 1984) and turkeys (Davis and Siopes, 1989). These

discrepancies might be explained by the posthatch on- circadian oscillator in birds that exists in mammals (Hau
and Gwinner, 1997); thus, both light and food are inte-togeny of the diurnal rhythm. For example, in immature

chickens (,11 weeks old), there are reports of no or grated by an overarching circadian system. These find-
ings suggest that the circadian system of birds can beweak diurnal variations in circulating corticosterone

(Freeman and Flack, 1980; Freeman et al., 1981; Webb finely adjusted by simultaneous periodic environmental
cues. Thus, the disparate ecological requirements of var-and Mashaly, 1985; Renden et al., 1994). However, con-

trasting reports suggest diurnal variations do exist in ious avian species during their life stages will establish
the important zeitgebers that impinge on the integratingimmature chickens [16 days (Koudela et al., 1980); 6

weeks (Siegel et al., 1976)] and as early as 10 days in circadian system. In this connection, in some nocturnal
species (e.g, the western screech-owl, Otus kennicottii),turkeys (Davis and Siopes, 1989). In addition, one report

suggests that the occurence of the acrophase shifts from the daily variation in circulating corticosterone is corre-
lated with activity period rather than with the light–darkthe photophase to the scotophase in chickens approach-

ing sexual maturity (Webb and Mashaly, 1985). Another cycle (Dufty and Belthoff, 1997).
The dominant avian hypothalamic pacemaker isvariable adding to the complexity in understanding the

circadian rhythm of circulating corticosterone is the evi- thought to be the visual suprachiasmatic nucleus which
is highly retinorecipient and demonstrates circadiandence that the sensitivity of the chicken adrenal to

ACTH (Beuving and Vonder, 1986; Smoak and Birren- rhythmic activities (see King and Follett, 1997). Indeed,
in mammals, the circadian drive to CRF neurons is sup-kott, 1986) and to stress (Smoak and Birrenkott, 1986)

varies diurnally, being nearly two times greater in the plied by the suprachiasmatic nucleus and ablation of this
region destroys the circulating corticosterone acrophasemorning than in the evening.

The daily variation in circulating concentrations of (see Dallman et al., 1987a,b). The visual suprachiasmatic
nucleus, the retina, and the pineal gland are thought tocorticosterone is not only dependent on corticosterone

secretion but also on the peripheral disappearance. comprise the overarching avian circadian system (see
King and Follett, 1997) and evidence suggest that mela-Variation in corticosterone secretion is presumed to

reflect changes in ACTH (Herold et al., 1992), CRF tonin (N-acetyl-5-methoxytryptamine) is the effector
molecule coordinating this system (Cassone and Men-(Sato and George, 1973), and the activity of hypothala-

mic aminergic neurons (Martin et al., 1982). Indeed, aker, 1984; Chabot and Menaker, 1992; Heigl and Gwin-
ner, 1995; Kumar, 1996; Kumar et al., 1996; Tosini andinhibition of the adrenergic and serotoninergic systems

disrupts the corticosterone diurnal rhythm (Boissin and Menaker, 1996). Circulating concentrations of melato-
nin, depending on species, range from 150 to 300 pMAssenmacher, 1971; Martin et al., 1982). This central

neuronal regulation is in turn driven by a highly con- in the midphotophase to 550 to 2400 pM in the midscoto-
phase [chicken (Doi et al., 1995); duck (Song et al., 1993);served, endogenous circadian clock (Reppert and

Weaver, 1997). In Aves, the light–dark cycle may be pigeon (Poon et al., 1993)]. Circumstantial evidence sug-
gests that this system regulates the circadian rhythm ofthe predominant factor regulating the circadian rhythm
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circulating corticosterone in birds (also see Chapter 21). building, postnuptial molting, and neonatal rearing (al-
tricial vs precocial young). The possible increases inFirst, the visual suprachiasmatic nucleus exhibits circa-

dian rhythmicity of melatonin binding (Lu and Cassone, corticosterone with these pressures may require either
a facilitating role of corticosterone in reproduction or1993). Second, the night rise in melatonin is associated

with a coordinated increase in melatonin uptake in the an uncoupling of changes in circulating corticosterone
from various reproductive parameters in order for thehypothalamus and concomitant increase in hypothala-

mic serotonin synthesis (Cassone et al., 1983; 1986). This reproductive phase to survive. There is evidence sup-
porting each of these strategies.in turn may drive the HPA axis. In support of this

postulate, cranial sympathectomy and superior cervical Corticosterone clearance and glucocorticoid receptor
function and the interaction of various steroid receptorsganglionectomy suppress the circadian ACTH rhythm

in rats (Siaud et al., 1994) and circulating ACTH in pigs at the target organs will contribute to the diverse effects
of any one steroid and whether or not physiological(Minton and Cash, 1990). In addition, the avian adrenal

gland possesses melatonin receptors (Brown et al., 1994; ‘‘costs’’ are incurred (see Wingfield et al., 1997a,b).
Given the widely broadcasted effects of glucocorticoidsPang et al., 1994) that may positively modulate the

function of the gland (John et al., 1986). Furthermore, and their central role in energy flow, it is not surprising
to find a role for corticosterone in reproduction, some-exogenous melatonin results in acute and long-lasting

increases in adrenal corticosterone content in passeri- times functioning as an auxiliary reproductive hormone.
For example, in mammals, elevated corticosteroids mayform and columbiform species (Mahata and De, 1991).

However, this postulated role of melatonin in the modu- be necessary to enhance or maintain excitatory amino
acid receptors in the brain that drive the hypothalamo-lation of the avian HPA axis requires further investi-

gation. pituitary-gonadal axis in the face of negative feedback
from elevating circulating reproductive steroids (seeIt is thought that the diurnal rhythmicity in circulating

corticosterone is also modulated, in part, by corticoste- Brann and Mahesh, 1997). In this connection, earlier
work assigned the importance of changes in the circa-rone feedback. Glucocorticoid binding sites are present

in several brain regions of the Japanese quail and the dian rhythm of plasma corticosterone in modulating
seasonal reproductive and migratory parameters (Meierdaily fluctuation in available sites is antiphase with and

synchronized by the plasma corticosterone concentra- and Fivizzani, 1975). In addition, there is evidence for
a parallel relationship between plasma corticosteronetions (Kovács and Péczely, 1986; Kovács et al., 1989).

Furthermore, in the chicken, dexamethasone treatment and plasma luteinizing hormone (LH) (Lea et al., 1986;
Meijer and Schwabl, 1989) and gonadal function (Ghoshdestroys the plasma ACTH rhythm (Herold et al., 1992).

In addition, the peripheral disappearance in corticoste- et al., 1996) and augmentation of corticosterone levels
with breeding (Hegner and Wingfield, 1986a,b; As-rone, which also exhibits a rhythm, cannot be over-

looked and has been poorly studied. Clearly, this can theimer et al., 1994; Logan and Wingfield, 1995; Romero
et al., 1997; Romero and Wingfield, 1998). This breeding-play a role in the development of the corticosterone

daily rhythm (Kovács et al., 1983). Indeed, phase shifts associated augmentation in circulating corticosterone is,
in part, due to reduced glucocorticoid negative feedbackin the circadian rhythmicity of circulating corticosterone

induced by perturbations in physiological status [e.g., on the HPA axis (Astheimer et al., 1994) and enhanced
adrenocortical response to ACTH (Romero and Wing-thyroid status (Kovács and Péczely, 1983)] may be

largely due to changes in metabolic clearance of cortico- field, 1998). Furthermore, there is evidence that high
plasma concentrations of corticosterone can differen-sterone.
tially inhibit behavioral components of reproduction
(e.g., territoriality) without affecting the adenohypoph-
yseal–gonadal axis (e.g., LH and testosterone) (Wing-

2. Reproductive Parameters and Plasma
field and Silverian, 1986). Even stress levels that de-

Corticosterone Concentrations
crease body weight may leave LH and reproductive
hormones unaffected (Wingfield, 1984). By contrast,The notion of corticosteroids being inhibitors of re-

productive parameters is a simplistic one (see Wingfield during the nonbreeding migration period, adrenocorti-
cal response is limited (Romero and Wingfield, 1998).et al., 1992; and Astheimer et al., 1995). Whether high

corticosteroids are detrimental has to be viewed in the In addition, during normal molt (which involves the
energetically costly replacement of feathers), the regres-ecological and physiological contexts. For example, re-

productive strategies in wild avian species sometimes sion of the reproductive system is associated with a
decreased adrenocortical function via a variety of mech-require adjustments in the interaction with the environ-

ment. Pressures (stressors?) will vary depending on anisms: a decreased hypothalamic capacity or central
nervous upstream signals to secrete CRF and AVT (Ro-species-related mating behavior, territoriality, nest
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mero et al., 1998a,b), a decreased pituitary ACTH re- given at least 14 hr prior to ovulation (Soliman and
Huston, 1974). Even though these studies are pharmaco-sponse to hypothalamic signals (Romero et al., 1998c),

and a decreased adrenal capacity to secrete corticoste- logical, they raise the possibility that a physiological
corticosterone surge precedes an LH surge, ovulation,rone in response to ACTH (Romero et al., 1998a,b,c).

Furthermore, in the king penguin (Aptenodytes pata- or both. This postulate has evaded resolution. There
are contrasting reports even from the same investiga-gonica) in which molting is associated with long-term

fasting, adrenocortical function is suppressed presum- tors. On the one hand, there appears to be no physiologi-
cal role of corticosterone for these parameters of theably to spare protein (Cherel et al., 1988b). However,

there is some suggestion that high-enough circulating ovulatory cycle (Sharp and Beuving, 1978; Etches, 1979;
Tanaka and Kamiyoshi, 1980). On the other hand, othercorticosterone can inhibit the adenohypophyseal–

gonadal axis (Wingfield and Silverin, 1986). For exam- studies suggest the presence of ovulatory cycle-related
surges or more gradual increases in circulating cortico-ple, with food/water deprivation-induced molting in the

domestic hen, regression of the reproductive system sterone (Beuving and Vonder, 1977, 1981; Johnson and
van Tienhoven, 1981; Wilson and Cunningham, 1981).(Heryanto et al., 1997; Yoshimura et al., 1997) is associ-

ated with an increase in circulating corticosterone In addition, it should be pointed out that a more robust
surge in corticosterone occurs with the act of oviposition(Brake et al., 1979; Hoshino et al., 1988). In addition,

under severe environmental stresses that exceed the (i.e., irrespective of the presence of an egg) (Beuving
and Vonder, 1981).limits of adaptation of some wild avian species, there is

disruption of the endocrine and behavioral components
of reproduction (Astheimer et al., 1995). Furthermore,

3. Seasonal Parameters and Plasma
physiological concentrations of corticosterone sup-

Corticosterone Concentrations
press chicken luteinizing hormone-releasing hormone-
induced LH release from quail pituitary cells (Connolly Niche diversity requires that the physiological param-

eters of a bird’s life-history stages adapt to accommo-and Callard, 1987). Not surprisingly, some species that
experience the synergistic insult of more than one stres- date the seasonal parameters of that ecological niche.

An important component of season that entrains circu-sor (e.g., excessive heat and restricted access to water)
possess an additional adaptation of uncoupling the lating corticosterone parameters appears to be photope-

riod (Lea et al., 1996), albeit food availability (Hau andstress–response components of the HPA axis and reduc-
ing the corticosterone response to stress (Wingfield et Gwinner, 1996, 1997) may also be important. In addi-

tion, cold ambient temperature may potentiate theal., 1992). However, it should be pointed out that
the postulate that high circulating corticosterone, in photoperiod-entrained, season-related pattern of

plasma corticosterone (Rintamaki et al., 1986). How-the appropriate physiological context, augments the
hypothalamo-pituitary-gonadal axis of some avian spe- ever, once established, season-related patterns of corti-

costerone secretion are driven by seasonal physiologicalcies, has not been directly tested.
This relationship between the HPA axis and the HP– changes and not by changing local weather conditions

(Romero et al., 1997).gonadal axis is also evident in the domestic fowl, al-
though the nature of the interaction is unclear. Most Not surprisingly, season-related changes in cortico-

sterone reflect and help support reproductive status,notably, in the hen, sexual maturity is associated with
a near abrogation of the corticosterone diurnal rhythm, diurnal rhythm shifts, feed availability/foraging, migra-

tion, molting, and territoriality (reviewed by Meier,especially during the time of maximal plasma LH (Wil-
son et al., 1984). Indeed, there appears to be an inverse 1975; Assenmacher and Jallageas, 1980; Deviche, 1983;

Wingfield, 1980, 1984; Wingfield et al., 1995a, 1997a,b).relationship between the plasma concentrations of LH
and corticosterone (Wilson and Cunningham, 1980). For example, corticosterone may play an essential role

in the season-related changes in physiology and behav-This relationship is thought to be mediated by progester-
one, since exogenous progesterone (but not estradiol ior (Meier and Fivizzani, 1975; Wingfield et al., 1997b).

In addition, the seasonal interaction of corticosteroneor testosterone preparations) rapidly reduces plasma
corticosterone (Wilson and Cunningham, 1980). How- and prolactin acrophases in controlling gonadal func-

tion, fat stores, and migratory parameters in the white-ever, pharmacological doses of corticosterone (van
Tienhoven, 1961; Etches and Cunningham, 1976; Sharp throated sparrow (Zonotrichia albicollis) is an example

(Meier, 1973). However, during molt in such diverseand Beuving, 1978) and ACTH (van Tienhoven, 1961)
can induce a preovulatory LH surge (Sharp and Beuv- species as the king penguin (Aptenodytes patagonica)

(Cherel et al., 1988b), an arctic-breeding song bird (Car-ing, 1978) and ovulation (Etches and Cunningham, 1976;
van Tienhoven, 1961). In addition, the potent synthetic duelis flammea) (Romero et al., 1998a), Lapland long-

spurs (Calcarius lapponicus) (Romero et al., 1998b), andglucocorticoid dexamethasone blocks ovulation when
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the snow bunting (Plectrophenax nivalis) (Romero et tained circulating levels are not apparent until later.
It is interesting to note that the ability to synthesizeal., 1998c), in which there are extreme adjustments in

energy partitioning for feathering, there is dampening corticosteroids antedates histological identification of
the adrenal anlage (Cronshaw et al., 1989). At aroundof the HPA axis a different points, depending on the

species, presumbably to spare protein. Some juvenile day 9 in the chick embryo, the presumptive adrenocorti-
cal tissue undergoes disproportionately rapid growth.stages also have a dampened HPA axis (Le Ninan et

al., 1988a,b; Romero et al., 1988a), even with associated The cells show ultrastructural features indicative of ste-
roidogenic potential such as increases in smooth endo-extreme fasting (Le Ninan et al., 1988a,b). The previous

sections of this chapter have addressed other important plasmic reticulum and lipid droplets (Hall and Hughes,
1970), the latter containing cholesterol stores (Sivaram,functions of corticosteroids in life-history stages of some

avian species. 1969). Similar ultrastructural features are apparent in
the duck adrenal anlage at about days 12 or 13; however,Against this background of the supporting role of

corticosteroids, an avian species, irrespective of life- definitive cords are not apparent until day 15 (Cronshaw
et al., 1989; Holmes et al., 1992). Up to about days 12–16history stage, must respond to acute seasonal stressors

that are of sufficient intensity and/or duration to disrupt in the chick embryo, these changes in adrenocortical
tissue, and a sustained concomitant low level of ste-the life-history stage. Apparently, different strategies of

HPA axis activation and corticosterone response max- roidogenesis which begins by day 8 (Pedernera, 1972),
occur in both intact and decapitated embryos and thusimize the chances of survival and preserve the mecha-

nisms supporting that life-history stage (Wingfield et al., are thought to be independent of ACTH (Woods et al.,
1971; Domm and Erickson, 1972; Girouard and Hall,1997b). Recent evidence suggests that there is restricted

plasticity in the genetic changes supporting this adapta- 1973; Wise and Frye, 1973; Kalliecharan and Hall, 1974,
1976; Avrutina et al., 1985), even though pituitarytion. It appears that genetic changes that supported ad-

aptation and speciation early in evolution, under ecolog- ACTH is present from day 8 (Pedernera, 1972). This
also seems to be true for the turkey embryo (Wentworthical pressures that were obviously different from those

of the present, are retained if they fit well with recent and Hussein, 1985) and the duck embryo (Cronshaw et
al., 1989) up to about day 15. Not surprisingly, givenecological pressures (Klicka and Zink, 1997).
the early appearance of ACTH, the precise time of
transition to pituitary control of the adrenocortical tis-

L. Changes in Development, sue is equivocal, but it is postulated to occur between
12 and 16 days in these precocial species and is associ-Maturation, and Senescence
ated with an increase in adrenocortical mitotic activity

1. Changes in Development
(Hall, 1970; Girouard and Hall, 1973; Cronshaw et al.,
1989). A number of studies of adrenal corticosteroidIn vertebrates, the development of the hypothalamo-

pituitary-gonadal and -adrenal axes is initiated by a content in ovo (Kalliecharan and Hall, 1976; Marie,
1981; Tanabe, 1982; Tanabe et al., 1986; Cronshaw ethighly conserved, orphan nuclear receptor, steroido-

genic factor-1 (SF-1) (Parker and Schimmer, 1997), al., 1989; Holmes et al., 1992), corticosteroid concentra-
tion in allantoic fluid (Woods et al., 1971), and the em-whereas the final pattern of adrenocortical development

is dependent on additional ACTH-regulated transcrip- bryonic circulation (Woods et al., 1971; Kalliecharan
and Hall, 1974; Nakamura et al., 1978; Marie, 1981; Ta-tion factors (Li and Lau, 1997). It is reasonable to expect

that these conserved factors operate in the development nabe, 1982; Wentworth and Hussein, 1985; Tanabe et
al., 1986; Holmes et al., 1992) and in vitro with embryonicof the avian adrenal gland. However, much of what is

known about the development of the avian adrenal adrenal tissue (Gonzalez et al., 1983; Tanabe 1982; Ta-
nabe et al., 1983, 1986; Cronshaw et al., 1989; Holmesgland, and maturation and senescence as well, is re-

stricted to precocial species. et al., 1992) and with isolated adrenocortical cells (Carsia
et al., 1987a) indicate a robust increase in adrenocorticalIn the chick embryo, presumptive adrenocortical cells

arise from the dorsal coelomic epithelium by day 4 of activity approaching hatch, with a disproportionate
surge at day 15 in the chick embryo (Woods et al.,incubation and form paired solid masses on each side

of the aorta by day 6 (Bohus et al., 1965; Adjovi, 1970; 1971; Marie, 1981), days 17–19 in the turkey embryo
(Wentworth and Hussein, 1985) and day 21 in the duckDomm and Erickson, 1970). Earlier work with the chick

embryo suggests that presumptive adrenocortical tissue embryo (Cronshaw et al., 1989). This enhanced activity
is accompanied by a decrease in corticosterone bindinghas the steroidogenic machinery to secrete corticoste-

rone as early as day 4 in the chick (Pedernera, 1971, capacity (Siegel and Gould, 1976; Martin et al., 1977;
Gasc and Martin, 1978), which is thought to permit more1972; Siegel and Gould, 1976) and by day 9 in the duck

(Anas platyrhynchos) (Cronshaw et al., 1989), but sus- free corticosterone necessary for organ differentiation
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and maturation, as, for example, the intestinal epithe- at the end of the embryonic, in ovo period (Holmes et
al., 1992).lium (Siegel and Gould, 1976), in preparation for hatch-

Overall, a limited number of studies indicate a grad-ing and neonatal life (Wentworth and Hussein, 1985).
ual decline in adrenocortical function with posthatchThe chicken and duck embryos have similar patterns of
age (Avrutina et al., 1985). For about 1–3 weeks afteradrenal growth (about 0.2 mg/day) and both show a
hatching, adrenocortical function remains fairly stabledisproportionate adrenal growth spurt in the last 24 hr
or shows a slight increase in function in the duckprior to hatch (Holmes et al., 1992). The embryonic
(Holmes and Kelly, 1976). Indeed, adrenocortical cellsperiod of adrenocortical activity enhancement appears
derived from chickens over this period have similar pat-to be under the control of ACTH (Woods et al., 1971)
terns of corticosteroid response to ACTH (Carsia et al.,and the embryonic adrenal is responsive to stressful
1985b). However, from about 3 weeks of age to sexualstimuli (Wise and Frye, 1973; Avrutina et al., 1985),
maturity, there is a decrease in relative adrenal weightindicating a period of integration of the adrenal gland
(about 80%) and adrenal weight-specific secretion rateinto HPA axis. During the embryonic period, 21-
(about 45%). This is compensated for by a decreasehydroxylase and attendant corticosterone secretion
in metabolic clearance rate (about 80%) (Holmes andpredominate with the appearance of aldosterone secre-
Kelly, 1976). Nevertheless, resting (Schmeling andtion somewhat delayed (see Carsia et al., 1987a; Cron-
Nockels, 1978; Wentworth and Hussein, 1985; Carsiashaw et al., 1989; Holmes et al., 1992). In addition 17a-
and Weber, 1986; Davis and Siopes, 1987; Holmes et al.,hydroxylase activity and attendant cortisol secretion are
1989), stress-induced (Davis and Siopes, 1987; Gorsline,significant (see Carsia et al., 1987a and references
and Holmes, 1982; Holmes et al., 1989) and ACTH-therein). Work with cellular or tissue preparations of
induced (Schmeling and Nockels, 1978; Davis and Si-chicken and duck adrenal glands indicate an order of
opes, 1987) plasma corticosterone concentrations, andsecretion: corticosterone . aldosterone . cortisol. The
the rate of plasma corticosterone response to ACTHsignificance of other steroid metabolites, such as the
(Beuving and Vonder, 1978) tend to decline with post-products of 5b-reductase activity and the role of the
hatching age. In chickens, this decline, in part, may beembryonic adrenal as a significant extragonadal source
due to an age-dependent decrease in adrenocortical cellof testosterone, have been mentioned previously (see
sensitivity to ACTH (Carsia et al., 1985b). Despite thisprevious sections under ‘‘Adrenocortical Hormones’’).
apparent decline in function, there is an apparent poten-
tial temporal window for imprinting of the adrenocorti-

2. Changes in Maturation cal tissue to an enhanced setpoint of function (Avrutina
et al., 1985). In the chicken, this appears to be at aboutHere again, most of what is known about the post-
2–4 weeks posthatching. For example, subjecting cock-hatch changes in adrenocortical function is restricted to
erels to transient dietary protein restriction over thisthe precocial neonates; that is, the duck and chicken.
time period induces long-term potentiation of adreno-Even between these two precocial species there are
cortical function (Weber et al., 1990).differences in the first few days after hatch. In the

chicken (21-day embryonic period), there appears to be
3. Changes in Senescencea stress ‘‘nonresponsive’’ period for about 48 hr after

hatch that is thought to be largely due to transient hypo- After sexual maturity, the status of adrenocortical
thalamo–hypophyseal deficiency (Wise and Frye, 1973; function is unclear. It is thought that the decline in
Freeman and Manning, 1977, 1984; Freeman and Flack, function, if any, is modest. Furthermore, in the chicken,
1980, 1981; Freeman, 1982). Careful reexamination there appear to be no senescent changes in adrenocorti-
indicates that the stress response is actually severely cal function. Indeed, in a comparison of chickens, 36
blunted, thus, hyporesponsive (Holmes et al., 1990). In weeks old and 126 weeks old, there was no difference
support of hypothalamo–hypophyseal deficiency is the in the maximal plasma corticosterone response to infu-
fact that adrenocortical cells from 1-day-old chicks ex- sions of ACTH (Beuving and Vonder, 1978).
hibit the greatest sensitivity and corticosteroid respon-
siveness to ACTH compared to other posthatch (post-

III. PHYSIOLOGY OF ADRENOCORTICALnatal) ages (Carsia et al., 1987a). In contrast, a
HORMONEShyporesponsive period does not occur in the duck (27-

day embryonic period) (Holmes et al., 1990). Interest-
A. Corticosteroid Receptorsingly, the plasma corticosterone response to stress in a

1-week-old chicken is similar to that of a neonatal duck Corticosteroids pass freely through the plasma mem-
(Holmes et al., 1990). These differences may reflect the brane of cells. Although there is evidence for plasma

membrane receptors for corticosteroids (Trueba et al.,respective developmental ages of the duck and chicken
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1987; Wehling, 1997), it is largely assumed that the major 10211–1029 M. In this connection, the mammalian GR
and progesterone receptor antagonist, RU486, exclu-effects of mineralocorticoids (e.g., aldosterone) and glu-

cocorticoids (e.g., corticosterone and cortisol) on target sively renders the avian GR inactive due to a mutation
in the avian progesterone receptor (Groyer et al., 1985;cells are mediated by cognate nuclear receptors: the

mineralocorticoid receptors (MRs) and the glucocorti- Benhamou et al., 1992).
coid receptors (GRs). Unliganded GRs and MRs are
primarily in the cytoplasm and exist as monomers B. Corticosteroid Action in Target Cells
(p94 kDa) in a multiprotein complex with several chap-
erones, such as heat-shock proteins (hsp) (e.g., hsp90 Target cells of corticosteroid action exhibit disparate

biological response. The mechanisms underlying thisand hsp70) and immunophilins (e.g., hsp56) (Bamberger
et al., 1996). Thus, the cytosolic multiprotein complex diversity of response is complex. What is clear is that

they are downstream from nuclear translocation. Aviancould be quite large (6S-9S form; p300 kDa). The chap-
erone proteins have a role in stabilizing multiprotein- and mammalian components of the cytosolic, multipro-

tein–receptor complex can be mixed to confer full bind-complexing with the receptor, assisting in high-affinity
binding and appear to assist in receptor turnover and ing function (Cadepond et al., 1994). In addition, nuclear

translocation of avian GRs is neither tissue specific ortrafficking (Pratt and Toft, 1997). However, most of
these proteins dissociate from the receptor with cortico- age dependent (Charest-Boule et al., 1978; Saad and

Moscona, 1985). Also, during conditions and treatmentssteroid binding (3.5S-4.6S; p94 kDa), which is a require-
ment for further downstream events including binding that facilitate receptor downregulation (Gould and

Siegel, 1984; DiBattista et al., 1985) during developmentto corticosteroid response elements in DNA (Pratt and
Toft, 1997). The hormone–receptor complex translo- (Bellabarba et al., 1983; Lehoux et al., 1984; Fassler et

al., 1986; Gendreau et al., 1987) in response to electrolytecates to the nucleus, and after forming homo- or hetero-
dimers or associating with other proteins (Bam- stressor (Charest-Boule et al., 1978; DiBattista et al.,

1985) and in avian muscular dystrophy (Sabeur et al.,berger et al., 1996), initiates either activation or suppres-
sion of specific genes (Boumpas et al., 1993). 1993), changes in the magnitude of corticosteroid re-

sponses are due to changes in receptor concentrationMany of these features of receptor–protein inter-
actions also appear to be true for the highly con- and not to changes in the affinity and specificity of recep-

tors. Furthermore, although corticosteroid receptorsserved corticosteroid receptors found in avian spe-
cies (Rafestin-Oblin et al., 1989; Cadepond et al., 1994). from diverse avian tissues exhibit very similar binding

characteristics, corticosteroids elicit disparate responsesSpecific receptors have been identified in preparations
from a number of avian tissues including the brain in avian organs and target cells. For example, the potent

glucocorticoid cortisol cannot substitute for corticoste-(Koehler and Moscona, 1975; Saad and Moscona, 1985),
liver (Tu and Moudrianakis, 1973), kidney (Charest- rone in the induction of lung surfactant formation for

neonatal life (Hylka and Doneen, 1983) and is 10 timesBoule et al., 1978, 1980; Beaudry et al., 1983; Bellabarba
et al., 1983; Gendreau et al., 1987; Lehoux et al., 1984, less potent in stimulating transcecal Na1 transport

(Grubb and Bentley, 1992). By contrast, cortisol may1988), lung (Hylka and Doneen, 1983), intestine (DiBat-
tista et al., 1985, 1989; Rafestin-Oblin et al., 1989), muscle be more important than corticosterone in inducing the

differentiation of the gastrointestinal tract (Tur et al.,(Sabeur et al., 1993), thymus (Gould and Siegel, 1984;
Krajcsi and Aranyi, 1986), cloacal bursa of Fabricius 1989) and the retina (Saad and Moscona, 1985; Vardi-

mon et al., 1988). Progesterone is an inhibitor of(Sullivan and Wira, 1979; Fassler et al., 1986), and salt-
activated nasal gland (Sandor et al., 1977, 1983). In the glucocorticoid-induced chick osteogenesis (Tenenbaum

et al., 1995), but converges with corticosterone on thebursa, the resident lymphocytes express the glucocorti-
coid receptors whereas the epithelial cells express go- GR to induce somatotroph differentiation (Morpurgo

et al., 1997). Other examples are the differential effectsnadal steroid receptors (Sullivan and Wira, 1979). As
in mammals, avian corticosteroid receptors appear to of two glucocorticoids, corticosterone and dexametha-

sone, on organ growth (Joseph and Ramachandran,group into two types: the type I, MR and the type II,
GR. The high amino acid identity of the ligand binding 1993) and carbohydrate metabolism (Joseph and Rama-

chandran, 1992) in the posthatch chick. It appears thatdomains permits cross-binding (White et al., 1997).
Thus, it is not surprising to find both high- and low- target cells for corticosteroid action have different inter-

actions of nuclear transactivating factors and transcrip-affinity sites, albeit under more stringent conditions,
with purer receptor preparations and with appropriate tion initiation complexes in response to subtle changes

in receptor conformation upon ligand binding and thatantagonists [e.g., blocking the GR in order to isolate the
MR (Lehoux et al., 1988; Rafestin-Oblin et al., 1989)], a recognize and activate specific deoxyribonucleic acid

(DNA) hormone response elements for the initiationsingle class of sites is observed with an apparent Kd of
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of gene transcription (Bamberger et al., 1996; Beato et al., 1989). It should be pointed out that aldosterone
also undergoes extensive, cytosolic 5b-reduction in theand Sánchez-Pacheco, 1996). Furthermore, each target

tissue may have unique cellular factors that confer speci- avian kidney (Charest-Boule et al., 1978), albeit the role
of this activity in modulating GR and MR action is un-ficity of glucocorticoids vs mineralocorticoids in various

target tissues (Lim-Tio et al., 1997). Finally, the interac- clear.
In summary, there is little known about the modu-tion of thyroid, corticosteroid, and sex steroid receptors

in certain target tissues, e.g., the uropygial (preen) lation of steroids and their receptors in avian target
tissues. As pointed out by Wingfield and co-workers,gland, can be quite complicated in the diverse life stages

of avian species (Daniel et al., 1977; Bandyopadhyay et information on this modulation is important for
understanding the diverse patterns of HPA axis andal., 1990; Asnani and Ramachandran, 1993).

The interaction of GRs and MRs in target tissues HP–gonadal axis regulation for appropriate behavioral
and physiological responses expressed in the life stagesdeserves further attention. The ‘‘spillover’’ of corticoste-

rone to the MR has survival value, yet the unfettered, of disparate avian species (Wingfield et al., 1997a,b).
specific responses of tissues to aldosterone is important
for optimal water and electrolyte balance. The interplay C. Corticosteroids and
between corticosterone and aldosterone in the regula- Intermediary Metabolism
tion of kidney, intestine, and possibly nasal gland func-
tion is exemplified in anseriforms that encounter hypo- Some studies on the role of glucocorticoids in inter-

mediary metabolism should be viewed with caution be-osmotic and hyperosmotic water environments (for
discussion, see Holmes et al., 1992). However, in the cause of the differential effects of the molecular species

of glucocorticoid employed (Joseph and Ramachan-face of much greater circulating concentrations of corti-
costerone compared to aldosterone (vide supra), what dran, 1992, 1993) and the route of administration. As

mentioned previously, exogenous corticosterone andconfers mineralocorticoid specificity in avian target tis-
sues? First, there is some suggestion that the avian MR other glucocorticoids increase food intake. In addition,

they increase gastrointestinal transit time (Tur et al.,has a greater affinity than the GR for aldosterone (Le-
houx et al., 1984, 1988; Rafestin-Oblin et al., 1989). Sec- 1989). Despite these increases in alimentation parame-

ters, there is a dramatic decrease in growth and bodyond, the avian MR appears to have about a half-log
order greater affinity for corticosteroids compared to weight (Davison et al., 1983a, 1985; Saadoun et al., 1987;

Kafri et al., 1988; Hayashi et al., 1994) that is largelythe GR (DiBattista et al., 1985, 1989). Thus, if there were
mechanisms to isolate the MR from glucocorticoids, e.g., due to an increase in net muscle protein catabolism (De

La Cruz et al., 1981; Simon, 1984; Saadoun et al., 1987;by degrading the local concentration of glucocorticoid,
the MR would be able to specifically respond to low Takahashi et al., 1993; Hayashi et al., 1994). Similar

effects are seen in immature chickens undergoing long-circulating concentrations of aldosterone. In the rat,
which also secretes corticosterone as the predominant term (weeks) administration of ACTH (Davison et al.,

1979; Davison et al., 1983a). Interestingly, the suppress-glucocorticoid, and in other mammals, an 11b-
hydroxysteroid dehydrogenase enzyme fulfills this role ive effect of exogenous glucocorticoids on the rate of

body growth can be passed on to the offspring of treatedin the kidney and is colocalized with the MR (Funder,
1995; White et al., 1997). A similar enzymatic activity breeders (De La Cruz et al., 1987).

Accompanying this decrease in body weight is anexists in avian tissues, e.g., the duck nasal gland (Sandor
et al., 1983) and chicken cecum (Grubb and Bentley, increase in fat deposition (vide supra), largely in the

abdomen (Davison et al., 1983a, 1985; Pilo et al., 1985;1992). In the nasal gland, this activity may serve to
terminate corticosterone action since aldosterone is Saadoun et al., 1987; Kafri et al., 1988; Takahashi et al.,

1993; Hayashi et al., 1994; Buyse et al., 1997). It appearswithout effect (Holmes and Phillips, 1985). In the cecum,
it is unclear whether this activity assists MR action. that peripheral, extraabdominal fat and abdominal fat

are regulated differently, the latter being more sensitiveHowever, in the duck intestine, a cytoplasmic C-20
oxidoreductase enzyme also appears to be a good can- to b-adrenergic agonists (Takahashi et al., 1993). This

increase in abdominal fat is supported by slight periph-didate for this role. The resultant corticosterone deg-
radation product, 20b-dihydrocorticosterone, binds eral lipolysis (Harvey et al., 1977) and enhanced lipogen-

esis (Pilo et al., 1985; Saadoun et al., 1987; Kafri et al.,to the GR but not to the MR and is not competed
off the GR by aldosterone. Furthermore, the 20b- 1988) by an enlarged liver (Davison et al., 1983a, 1985;

Buyse et al., 1987; Kafri et al., 1988).dihydrocorticosterone-GR complex is translocated to
the nucleus. Thus, it is thought that this mechanism Exogenous corticosterone in the chicken increases

plasma glucose concentrations (Davison et al., 1983a,effectively removes corticosterone, ‘‘silences’’ the GR,
and permits aldosterone binding to the MR (DiBattista 1985; Simon, 1984; Saadoun et al., 1987; Joseph and
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Ramachandran, 1992; Thurston et al., 1993). However, (Gross et al., 1980; Davison and Flack, 1981; Trout et
this does not appear to be true for the domestic turkey al., 1988). Thus, heterophil/lymphocyte ratios increase
in which an adrenergic control may predominate (Thur- with glucocorticoid treatment (Gross et al., 1980; Davi-
ston et al., 1993). Corticosterone-induced hyperglycemia son et al., 1983b; Donker and Beuving, 1989; Gross,
in chickens is, in part, supported by enhanced tissue 1992) and vary directly with the level of glucocorticoid
glycogenolysis and hepatic glucose-6-phosphatase (Jo- treatment (Gross, 1992). Moderate levels of circulating
seph and Ramachandran, 1992). Corticosterone also in- glucocorticoids favor a decrease in inducible cellular
creases circulating insulin (Simon, 1984; Bisbis et al., cytotoxicity (Thompson et al., 1980), a decrease in
1994), but this is counteracted by downregulation of lymphoproliferation, and a decrease in IL-2 and c-
insulin receptors in the liver (Taouis et al., 1993) and interferon production (Isobe and Lillehoj, 1992, 1993).
suppression of postreceptor (after kinase activity) The overall reduction in circulating leukocytes is, in
events in muscles and kidney (Taouis et al., 1993; Bisbis part, explained by the redistribution or trapping of cells
et al., 1994). in secondary lymphoid organs. For example, in the

These effects of exogenous corticosterone on inter- chicken spleen, although the total number of lympho-
mediary metabolism may be mediated directly by spe- cytes is reduced, the percentage of cytotoxic-suppressor
cific receptors in the relevant target tissues. In addition, T cells is reduced, whereas the percentage of helper T
the effects may be indirect in that exogenous corticoste- cells is increased (Isobe and Lillehoj, 1992, 1993; Mas-
rone produces changes in other hormones of intermedi- haly et al., 1993), favoring antibody production. How-
ary metabolism such as thyroid hormones, growth hor- ever, since antibody production follows lymphocyte
mone, prolactin, somatomedin C, and norepinephrine numbers, there is an overall suppression in antibody
(Buyse et al., 1987; John et al., 1987; Saadoun et al., 1987). response (Gross, 1992). This, together with a decrease

in cell-mediated immunity, may increase susceptibility
to viral infections (Gross et al., 1980; Thompson et al.,D. Corticosteroids and Immune Function
1980) and coccidioosis (Isobe and Lillehoj, 1993). By

Some aspects of the interaction between the humoral contrast, the relative increase in heterophils may confer
immune system and adrenocortical function have been increased resistance to bacterial infections (Gross,
addressed elsewhere (see Chapter 26). Other neuroen- 1992). In the respiratory system, resistance to such infec-
docrine–immune interactions have been recently re- tions may be assisted by the glucocorticoid-induced en-
viewed (Marsh and Scanes, 1994). The present section hancement of tracheal mucociliary clearance (Kai et
addresses the influence of glucocorticoids on the avian al., 1990).
immune system. Since the components of the system
possess glucocorticoid receptors (vide supra), it is not
surprising that they are influenced by circulating gluco- E. Corticosteroids and Behavior
corticoids. Exogenous glucocorticoids or increases in

It is clear that corticosteroids influence behavior. Thecirculating concentrations of corticosterone in response
mechanism of this influence is less clear. Exogenousto ACTH uniformly cause involution of the thymus,
corticosterone can disrupt behavior associated withspleen, and cloacal bursa (of Fabricius) (Davison et al.,
breeding, rearing of young, and territoriality in several1979, 1983a, 1985; Gross et al., 1980; Edens, 1983;
species and this effect is independent of the HP–gonadalDonker and Beuving, 1989; Joseph and Ramachandran,
axis (Silverin, 1986; Wingfield and Silverin, 1986; also,1993). Much of the involution occurs by programmed
see Wingfield et al., 1997a,b). However, as mentionedcell death (apoptosis) (Compton et al., 1990a,b, 1991).
previously, several aspects of reproduction and associ-Noteworthy is the effect of glucocorticoids on the bursa
ated behavior are unaffected by high circulating concen-in that the bursal hormone, bursin, or bursopoetin, an
trations of corticosterone. Possibly, treatment with ex-amidated tripeptide (Lys-His-Gly-NH2), influences the
ogenous corticosterone at times when the CBG is fallingdevelopment of the pituitary–adrenal axis. Embryonic
(Silverin, 1986) results in supraphysiological concentra-bursectomy results in precocious stress response in chick
tions of free corticosterone that can impinge on theembryos and loss of the stress hyporesponsive period
neural components of behavior. Indeed, exogenous tes-in neonatal chicks; however, in early adult life, chickens
tosterone (Klukowski et al., 1997), and possibly otherare stress hyporesponsive. Normal development of HPA
sex steroids, increase CBG and thus total plasma corti-axis function can be restored with exogenous bursin
costerone. Presumably, this bound corticosterone can(Guellati et al., 1991).
be made available in metabolically active target tissuesExogenous glucocorticoids influence the composition
but is less available for neural centers controlling be-of circulating leukocytes. In general, the numbers of all

circulating leukocytes are reduced except heterophils havior.
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Corticosteroids also have an influence on learning- and Phillips, 1985). The adrenocortical hormones play
an important role in supporting these sites of osmoregu-induced neural plasticity. They have a positive influence

on long-term avoidance behavior in chicks (Sandi and lation. Their importance for electrolyte balance is
evinced by the profound negative Na1 balance (andRose, 1994a,b). Furthermore, MRs and GRs appear to

mediate different aspects of information processing and eventually death) in adrenalectomized birds and its res-
toration by their replacement (Thomas and Phillips,storage (Sandi and Rose, 1994b). The learning of avoid-

ance strategies in response to stressors (i.e., experience), 1975; Butler and Wilson, 1985). Whereas corticosteroids
increase Na1 reabsorption in the renal tubule, aldoste-should, in turn, eliminate or reduce corticosterone stress

responses to those stressors. rone favors potassium excretion and this is reduced by
corticosterone.Ample evidence indicates a relationship between

plasma corticosterone and fearfulness (see Jones, 1996). The distal intestine and cloaca are important extrare-
nal sites for osmoregulation in birds. CorticosteroidsFor example, in the Japanese quail (Coturnix coturnix

japonica), selection for divergent plasma corticosterone increase the level of solute-linked water uptake across
the intestinal and hindgut mucosa (Crocker and Holmes,responses to immobilization stress is directly related to

the magnitude of expression of fear-related behavior 1971, 1976; Skadhauge et al., 1983; Thomas et al., 1980;
Thomas and Skadhauge, 1982, 1989). With the exception(e.g., freezing, crouching, and tonic immobility) (Jones

et al., 1992a,b, 1994; Jones and Satterlee, 1996; Satterlee of a recent study (Elbrønd and Skadhauge, 1992), the
balance of studies suggests that aldosterone is the pre-et al., 1993a,b; Satterlee and Jones, 1997). Interestingly,

dietary supplementation with vitamin C can attenuate dominant corticosteroid inducer of Na1 transport across
the intestine and hindgut (Thomas et al., 1980; Claussfear-related behavior without affecting adrenocortical

response to stress (Satterlee et al., 1993b, 1994; Jones et al., 1987; Grubb and Bentley, 1992), albeit different
regions of the gut exhibit different sensitivities to aldo-et al., 1996). Furthermore, exogenous corticosterone ap-

pears to enhance fearfulness (Jones et al., 1988). sterone (Skadhauge et al., 1983; Grubb and Bentley,
1987). As in the kidney, aldosterone appears to favorExogenous corticosterone also enhances oral stereo-

typic behavior, e.g., drinking and pecking (Savory and potassium secretion in the lower intestine (Thomas and
Skadhauge, 1989).Mann, 1997). In addition, increased feather pecking is

correlated with stress-induced increases in circulating In birds that have hyperosmotic water environments
as one of their habitats, the salt-activated nasal glandcorticosterone (Vestergaard et al., 1997). It is unclear

whether this pecking behavior has survival value or is plays an important role in osmoregulation. In these envi-
ronments, birds must maintain water uptake that isdisplacement behavior used in an attempt to reduce

plasma corticosterone and attendant corticosterone- linked to electrolyte uptake. Interestingly, in the duck,
there is a positive correlation between plasma osmolal-induced fearfulness. In this connection, chickens, se-

lected for low tendency for feather pecking, have sig- ity and plasma Ang II concentrations (Gray and Simon,
1985a). This is due to the fact that maintenance of thenificantly greater resting and stress-induced plasma

corticosterone concentrations compared to a high extracellular fluid compartment, which is decreased with
increased plasma osmolality in saltwater-adapted ducksfeather-pecking line (Korte et al., 1997). However, exog-

enous corticosterone, which induces protein catabolism, (Gray and Simon, 1985b), prevails over maintenance of
plasma osmolality. However, the ratio of aldosteronemodifies the food pattern of chickens toward a high-

protein diet (Covasa and Forbes, 1995). Thus, pecking, to corticosterone secretion in this state is low (Klingbeil,
1985b; Redondo et al., 1988). In addition, the increaseassociated with high circulating corticosterone levels,

may facilitate appropriate nutriture to redress impeding in plasma osmolality is a homeostatic stressor that leads
to an increase in plasma ACTH and hence corticoste-protein loss. A similar behavior pattern is seen with

aldosterone, that in synergy with Ang II, evokes salt rone. Thus, there is a shift in corticosteroid osmoregula-
tory predominance to corticosterone in the hyperos-appetite in pigeons (Massi and Epstein, 1990).
motic water environment (see Holmes et al., 1992). By
secreting Na1 solution through the salt-activated nasalF. Corticosteroids and Electrolyte Balance
gland, which is supported predominantly by corticoste-
rone (Holmes and Phillips, 1985), the birds maintainOrgans that regulate electrolyte balance (see Chapter

11) include the kidney, large intestine, and cloaca electrolyte and hemodynamic balance and retain free
water for evaporation and for excretion of nitrogenous(Holmes and Phillips, 1976; Skadhauge, 1980; Holmes

et al., 1983). In addition, numerous anseriform species wastes (see Gray snd Simon, 1985a). Although the nasal
gland possesses corticosteroid receptors (Sandor et al.,have a salt-activated nasal gland that serves to excrete

electrolyte in response to hyperosmotic water environ- 1977, 1983), the action of corticosterone appears to be
indirect. In salt-adapted, adrenalectomized ducks, thements (Harvey and Phillips, 1982; Butler, 1984; Holmes
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gland undergoes hypertrophy and maintains a fairly nor-
mal pattern of sodium chloride secretion (Butler, 1984,
1987). However, with cardiovascular deterioration there
is secretory failure. Thus, corticosterone is required to
maintain adequate perfusion pressure of the nasal gland
for normal function.

IV. ADRENAL CHROMAFFIN HORMONES

A. Catecholamine Synthesis

NE is widely synthesized throughout the postgangli-
onic sympathetic nervous system which includes the ad-
renal chromaffin tissue. Studies with adrenalectomized
ducks suggest that about half of the circulating NE and
essentially all of the circulating E is derived from the
adrenal gland (Wilson and Butler, 1983a,b; Butler and
Wilson, 1985). The biosynthetic pathway for the adrenal
catecholamines is outlined in Figure 6.

The three methods employed [fluorometric method,
radioenzymatic assay, and high performance liquid
chromatography followed by electrochemical detection
(HPLC-ECD)] to estimate the circulating concentra-
tions of catecholamines in avian species have yielded
disparate and conflicting values. However, the consen-
sus of opinion is that the latter two methods are more
specific and verifiable. Table 3 lists the basal circulating
concentrations of E and NE in some avian species as
determined by radioenzymatic assay or HPLC-ECD. It
should be pointed out that dopamine also exists at vari-
able but relatively significant concentrations (Wilson
and Butler, 1983a,c; Rees et al., 1984; Butler and Wil-
son, 1985). FIGURE 6 Biosynthesis of norepinephrine and epinephrine.

B. Control of Catecholamine Synthesis
Ghosh, 1985). However, splanchnic nerve integrity isand Release
essential for NE synthesis and NE and E resynthesis
after secretion (Mahata et al., 1988; Mahata and Ghosh,There is no preferential release of E or NE from

isolated chicken chromaffin cells in response to musca- 1990, 1991a,b,c). Furthermore, depending on the type
of secretory stimulus, splanchnic nerve activity differen-rinic activation by acetylcholine analogs (Knight and

Baker, 1986). In vivo, however, the secretion of E and tially directs NE and E content status (Mahata et al.,
1988; Mahata and Ghosh, 1985, 1989, 1990, 1991a,b,c).NE from the avian adrenal gland is finely regulated by

a number of neural-derived and blood-borne factors In addition to its possible direct effect on TH ac-
tivity, ACTH, largely via intraglandular glucocor-and hormones. Although well established in mammals

(Axelrod and Reisine, 1984), a predominant role of ticoid production, increases phenylethanolamine
N-methyltransferase (PNMT) activity and thus the con-preganglionic (splanchnic) neuronal activity in regulat-

ing tyrosine hydroxylase (TH), the rate-limiting enzyme version of NE to E (Wassermann and Bernard, 1971;
Zachariasen and Newcomer, 1974). Here again, splanch-in catecholamine synthesis in the avian adrenal is less

clear. For example, there is evidence that ACTH can nic nerve activity facilitates glucocorticoid-induced E
synthesis (Mahata and Ghosh, 1991a), albeit vagal tonedirectly influence TH of the avian adrenal chromaffin

cell (Manelli et al., 1973; Accordi et al., 1975). In addi- may also play an important role in regulating PNMT
activity (Viswanathan et al., 1987). The picture is furthertion, adrenal catecholamine content is not appreciably

altered with splanchnic denervation (Mahata and complicated in that a bursal factor may also play a role in
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TABLE 3 Basal Peripheral Plasma Concentrations of Epinephrine (E) and Norepinephrine (NE) in
Selected Avian Species

Plasma concentration
(ng/ml)

Species Sex E NE Method Reference

Chicken F 0.19 0.44 Radioenzymatic Nishimura et al. (1981)
M 0.47 0.71 Radioenzymatic Rees et al. (1984)
F 0.53 1.2 HPLC–ECD John et al. (1987)
F 0.35 1.7 HPLC–ECD Fujita et al. (1992)
F 0.09 0.23 HPLC–ECD Korte et al. (1997)

Duck
0.68 1.4 Radioenzymatic Hudson and Jones (1982)

M NDa–0.03 0.25 Radioenzymatic Wilson and Butler (1983a)
M 0.08 0.81 Radioenzymatic Wilson and Butler (1983c)
M 0.12 0.66 Radioenzymatic Butler and Wilson (1985)
M 0.27 0.76 HPLC–ECD Lacombe and Jones (1990)

Pigeon
0.60 0.73 Radioenzymatic Hissa et al. (1982)
5.1 1.2 HPLC–ECD Viswanathan et al. (1987)
6.6 9.2 HPLC–ECD John et al. (1990)

aND, not detectable.

facilitating early, stress-induced catecholamine release response to brief forced submergence, come from the
adrenal gland (Lacombe and Jones, 1990). Yet, in mam-and subsequent catecholamine resynthesis, especially E

synthesis (Mahata et al., 1990). mals, avians, and other vertebrates as well it is not
known how the differential adrenal secretion of E andNot surprisingly, stressors in the environment will

elicit differential activation of the HPA and sympatho- NE occurs in response to disparate stressors. For exam-
ple, avian genetic lines, in which there is more activechromaffin axes and probably the RAS as well. Thus,

the short-term stress response involves increases in both coping strategy upon exposure to alarming stimulation,
have greater circulating concentrations of NE comparedcorticosteroids and catecholamines (Brown and Nestor,

1973; El-Halawani et al., 1974; Buckland et al., 1974; to E (Satterlee and Edens, 1987; Jones and Satterlee,
1996; Korte et al., 1997). In addition, other contrastingHoward, 1974; Davison, 1975; Edens and Siegel, 1975;

Zachariasen and Newcomer, 1975; Jurani et al., 1978; responses have been noted with anesthesia in ducks
(drop in plasma NE; Wilson and Butler, 1983c) andHarvey et al., 1984a; Rees et al., 1984). Given extraadre-

nal sources of catecholamines, what proportion of circu- hypoglycemic stress after insulin administration (Pitt-
man and Hazelwood, 1973).lating catecholamines is contributed by the adrenal

gland in the short-term stress response? First, as men-
tioned previously, studies with adrenalectomized ducks C. Physiological Actions of Epinephrine
suggest that about half of the circulating NE and essen- and Norepinephrine
tially all of the circulating E is derived from the adrenal
gland (Wilson and Butler, 1983a,b; Butler and Wilson, A discussion of the diverse effects of catecholamines

on avian tissues is beyond the scope of this chapter (see1985). Second, ACTH stimulates E and NE release
(Zachariasen and Newcomer, 1974). Third, with some Chapter 7). However, their role in coordinated stress

response and in an effector limb of the RAS deservestressors (e.g., immobilization stress), plasma E re-
sponse is attenuated with blockade of ACTH secretion some attention. It should be pointed out, however, that

studies with exogenous catecholamines should be(Zachariasen and Newcomer, 1975). Fourth, there is a
tight temporal relationship between the rise in circulat- viewed with caution in that the circulating levels

achieved may exceed physiologic limits and thus gener-ing catecholamines and their depletion from the adrenal
gland with exercise stress (Rees et al., 1984). Finally, ate effects that are not representative of true endo-

crine events.studies with intact and adrenalectomized ducks, sub-
jected to brief forced submergence, indicate that essen- One effect of catecholamines is the augmentation of

the HPA axis. Catecholamines, through the activationtially all of the circulating E and 70–80% of NE, in
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of b- and a-adrenergic receptors, can, respectively, aug- 1982; Sugano et al., 1982) via a-adrenergic receptor acti-
vation of intracellular calcium mobilization. It is proba-ment or suppress plasma corticosterone responses to

both endogenous and exogenous ACTH (Freeman and ble that the effects of E on glycogenolysis, gluconeogen-
esis, and also lipogenesis (vide infra) are physiologicalManning, 1978, 1979; Rees et al., 1985b). There is some

suggestion that this effect is direct at the level of the roles for adrenal E, as these metabolic parameters are
influenced by concentrations of E that are found in theadrenocortical tissue (Rees et al., 1985b). As mentioned

previously, in vitro studies, with isolated chicken adre- circulation of a stressed bird. However, the effect of
catecholamines in ultimately increasing blood glucosenocortical cells, support a direct stimulation of cortico-

steroid secretion (Mazzocchi et al., 1997a,b), albeit in levels may be species specific, in that turkey appears
to have a greater glycemic response compared to theduck adrenocortical tissue there is a suggestion that

catecholamines exert a suppressive effect (Holmes et chicken (Thurston et al., 1993). Furthermore, in some
species, melatonin plays a vital role in glucose homeo-al., 1991).

Although postganglionic sympathetic NE release stasis in that it influences adrenal catecholamine status
and, depending on species and age, has differential ef-plays a role in mediating the pressor response to Ang

II (Nishimura et al., 1994), blood-borne adrenal cate- fects on circulating glucose (Mahata et al., 1988).
In chickens, during periods of behavioral inactivity,cholamines also play a significant role (Nishimura et

al., 1981; Wilson and Butler, 1983a,c). Adrenalectomy there is a positive relationship between circulating cate-
cholamines and free fatty acids. Thus, as mentionedabolishes plasma E (Wilson and Butler, 1983a; Butler

and Wilson, 1985) and nearly abolishes the rise in plasma above, catecholamines, at least in the liver, may be phys-
iological regulators of lipid metabolism. The synthesisNE in response to exogenous Ang II (Wilson and But-

ler, 1983a). However, the a-adrenergic-mediated in- of fatty acid (lipogenesis) by liver tissue and cells is
inhibited by E and to a lesser extent by NE (Prigge andcrease in blood pressure (Bulter et al., 1986) is only

attenuated (Wilson and Butler, 1983a) because of the Grande, 1971; Capuzzi et al., 1975; Cramb et al., 1982;
Campbell and Scanes, 1985). This effect is mediatedAng II-induced NE release from adrenergic nerve end-

ings. A similar attenuation of Ang II-induced pressor via both a- and b-adrenergic receptors and, at least
partially, by cyclic AMP acting as the intracellular mes-response is seen after adrenal catecholamine depletion

with reserpine (Wilson and Butler, 1983c). Complete senger (Campbell and Scanes, 1985). Lipolysis in fat
cells is stimulated by E in several species of birds in-blockade of the pressor effect elicited by exogenous

Ang II is accomplished with adrenalectomy and treat- cluding chickens (Langslow and Hales, 1969), pigeons
(Goodridge and Ball, 1975), geese, and owls, but not inment with the adrenergic-ending, NE-depleting agent

6-hydroxydopamine (Wilson and Butler, 1983b). ducks (Prigge and Grande, 1971). The effect of E ap-
pears to be mediated via b-adrenergic receptors andCatecholamines have diverse effects on immune cells.

For example, continuous infusion of physiological con- cyclic AMP (Langslow and Hales, 1969; Campbell and
Scanes, 1985). There is some evidence suggesting thatcentrations of NE and E enhance chicken leukocyte

migration and differentially affect the phytohemaggluti- different regional fat depots (e.g., abdominal vs. periph-
eral fat) respond differently to b-adrenergic stimulation.nin wattle response (McCorkle and Taylor, 1993). In

addition, NE and E, in vivo and in vitro, have contrasting In view of the very high concentrations of E required
(10eM or p1,750 ng/ml) to stimulate lipolysis in vitro,effects on immunoglobulin plaque-forming cells from

splenic lymphocytes, and these contrasting effects are it is unlikely that E and NE of adrenal origin are in-
volved in the physiological control of lipolysis. However,probably mediated by a- and b-adrenergic receptors

(Denno et al., 1994). Catecholamines also differentially it is quite possible, that adrenergic innervation of fat
(Freeman, 1971; Langslow, 1972) could produce region-affect macrophage effector functions in vitro (Ali et

al., 1994). ally high local concentrations of NE.
Catecholamines also influence carbohydrate and lipid

metabolism (see Chapter 13). For example, exogenous
D. Changes in Development, Maturation,insulin dramatically increases plasma E in the chicken

(Pittman and Hazelwood, 1973) and stimulates adrenal and Senescence
catecholamine release and synthesis in the pigeon (Ma-

1. Development
hata and Ghosh, 1990). E stimulates glycogenolysis in
chicken hepatocytes (Cramb et al., 1982; Picardo and Experiments with precocial species indicate that the

adrenal chromaffin cells are derived from caudal tho-Dickson, 1982) via b-adrenergic receptor activation and
cyclic AMP production, which, in turn, activates glyco- racic (region of somites 18–24) populations of neural

crest cells (sympathoadrenal progenitor cells) (Coup-gen phosphorylase. Catecholamines (NE and presum-
ably E) also stimulate gluconeogenesis (Cramb et al., land, 1965; LeDouarin and Teillet, 1971; Teillet and
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LeDouarin, 1974). The primitive sympathetic cells report indicates that E in the chick embryonic circula-
tion is not detectable before day 13 (Dragon et al., 1996).(lacking chromaffin granules) and their progeny are di-

rected to the cortical primordia through interactions Nevertheless, evidence suggests that PNMT activity and
hence E synthesis increases during development in re-with the somitic and ventral neural tubular cells (Norr,

1973; Teillet and LeDouarin, 1974; Black, 1982). In chick sponse to the maturation of the HPA axis (Wassermann
and Bernard, 1971). The importance of the adrenal(Hall and Hughes, 1970) and duck (Cronshaw et al.,

1989) embryos, the primitive sympathetic cells become gland in providing catecholamines for embryonic ho-
meostasis is unclear since catecholamines can comeassociated with the cortical primordia at about day 10

and day 14, respectively. With migration, cell interac- from both adrenal and neuronal sources. However, a
consistent observation is that NE predominates overtion, and intraadrenal clumping, the primitive sympa-

thetic cells acquire increasing transmitter specificity and dopamine and E in the plasma of chicken and turkey
embryos (Christensen and Edens, 1989; Epple et al.,lose much of their mutability (Black, 1982). About 2

days later in each species, the early chromaffin cells 1992; Dragon et al., 1996) and dramatically increases
approaching hatch (Dragon et al., 1996). This rise isform synapses with preganglionic neuronal terminals.

There is some suggestion that the terminals may be essential for mediating the hypoxic stimulation of red
blood cell enzymes (Dragon et al., 1996). In addition,different for NE and E cells (Unsicker, 1973a). Initially,

as in other vertebrate species, it appears that the pheo- NE appears to be an important catecholamine that as-
sists the embryo during the hypoxic transition from dif-chromoblasts (initiation of chromaffin granule forma-

tion) and early pheochromocytes (definitive chromaffin fusive to convective respiration and that activates intes-
tinal glycolytic enzymes for the change from lipid-basedcells) are of the norepinephrine (NE) type (Hall and

Hughes, 1970; Black, 1982; Cronshaw et al., 1989). In to carbohydrate-based metabolism during the perihatch
period (see Christensen and Edens, 1989). The impor-chick (Hall and Hughes, 1970) and duck (Cronshaw et

al., 1989) embryos, ultrastructurally definitive NE and tance of NE is also suggested by its differential recruit-
ment from the allantois in response to various stressorsepinephrine (E) cells are not apparent until day 12 and

day 18, respectively. In general, in NE cells, the granules (Epple et al., 1992; Gill et al., 1994; Tenbusch et al., 1997).
are compact, electron opaque, and eccentrically placed,
not completely filling the vesicles, whereas in E cells,

2. Maturation and Senescencethe granules are more rarefied, less electron opaque,
and fill the vesicles (Lewis and Shute, 1968; Kuramoto, There appears to be an extreme range of variation
1987; Holmes et al., 1991). Many of these developmental in the adrenal NE and E content of birds of different
events are driven by fibroblast growth factor-2 (FGF- phylogenetic groups (Ghosh, 1977, 1980). In addition,
2), which is elaborated by the chromaffin cells. FGF-2 the content varies in relation to age (Mahata and Ghosh,
serves as a differentiation factor for the primitive sympa- 1986). Furthermore, the catecholamine content re-
thetic cells, as a target-derived neurotrophic factor for sponse of the chromaffin tissue to endocrine alterations,
the preganglionic sympathetic terminals and as an auto- as for example, in response to melatonin (Mahata et
crine/paracrine factor (Grothe and Meisinger, 1997). al., 1988), may vary among different species with age.
The intraglandular environment directs a pattern of However, a consistent finding that is shared with the
neurotransmitter/neuropeptide expression in the sym- limited number of vertebrate species studied thus far
pathoadrenal progenitor cells that is distinct from that (see Carsia and Malamed, 1989) is that sympatho-adre-
of cells destined to form the paravertebral sympathetic nomedullary (-chromaffin) activity increases with age
ganglia (Garcı́a-Arrarás and Martinez, 1990; Garcı́a- in disparate avian species (Mahata and Ghosh, 1986).
Arrarás et al., 1992; Barreto-Estrada et al., 1997). In
the chick, in addition to catecholamines, a variety of
peptides are elaborated by the adrenal chromaffin cells References
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Boissin, J., and Assenmacher, I. (1971). Implication des mécanismesGarcı́a-Arrarás, J. E. (1997). Development of galanin- and
aminergiques centraux dans le determinisme du rythme circadienenkephalin-like immunoreactivities in the sympathoadrenal lin-
de la corticosteronemie chez la caille. Cr. R. Hebd. Seances Acad.eage of the avian embryo—in vivo and in vitro studies. Dev. Neu-
Sci. 273, 1744–1747.rosci. 19, 328–336.

Bornstein, S. R., Uhlmann, K., Haidan, A., Ehrhart-Bornstein, M.,Bartov, I., Jensen, L. S., and Veltmann, J. R. (1980). Effect of dietary
and Scherbaum, W. A. (1997). Evidence for a novel peripheralprotein and fat levels on fattening of corticosterone-injected
action of leptin as a metabolic signal to the adrenal gland. Diabetesbroiler chicks. Poult. Sci. 59, 1328–1338.
46, 1235–1238.Bartov, I., Bornstein, S., Lev, Y., Pines, M., and Rosenberg, J. (1988).

Boumpas, D. T., Chrousos, G. P., Wilder, R. L., Cupps, T. R., andFeed restriction in broiler breeder pullets: Skip-a-day versus skip-
two-days. Poult. Sci. 67, 809–813. Balow, J. E. (1993). Glucocorticoid therapy for immune-mediated



4219 / c19-524 / 08-07-99 04:59:07

R. V. Carsia and S. Harvey524

diseases: Basic and clinical correlations. Ann. Inter. Med. 119, Capuzzi, D. M., Lackman, R. D., and Reed, M. A. (1975). Species
differences in the hormonal control of lipogenesis in rat and1198–1208.

Bradley, E. L., and Holmes, W. N. (1971). The effects of hypophysec- chicken hepatocytes. Comp. Biochem. Physiol. B 50, 169–175.
Carsia, R. V., and Malamed, S. (1989). The adrenals. In ‘‘Develop-tomy on adrenocortical function in the duck (Anas platyrhynchos).

J. Endocrinol. 49, 437–457. ment, Maturation, and Senescence of Neuroendocrine Systems:
A Comparative Approach’’ (M. P. Schreibman and C. G. Scanes,Brake, J., Thaxton, P., and Benton, E. H. (1979). Physiological changes

in caged layers during a forced molt. 3. Plasma thyroxin, plasma eds.), pp. 353–380. Academic Press, San Diego.
Carsia, R. V., and McIlroy, P. J. (1998). Dietary protein restrictiontriiodothyronine, adrenal cholesterol, and total adrenal steroids.

Poult. Sci. 58, 1345–1350. stress in the domestic turkey (Meleagris gallopavo) induces hypo-
function and remodeling of adrenal steroidogenic tissue. Gen.Brann, D. W., and Mahesh, V. B. (1997). Excitatory amino acids:

Evidence for a role in the control of reproduction and anterior Comp. Endocrinol. 109, 140–153.
Carsia, R. V., and Weber, H. (1986). Genetic-dependent alterationspituitary hormone secretion. Endocr. Rev. 18, 678–700.

Brown, K. I. (1960). Response of turkey adrenals to ACTH and stress in adrenal stress response and adrenocortical cell function of the
domestic fowl (Gallus domesticus). Proc. Soc. Exp. Biol. Med.measured by plasma corticosterone. Anat. Rec. 137, 344.

Brown, K. I., and Nestor, K. E. (1973). Some physiological responses 183, 99–105.
Carsia, R. V., and Weber, H. (1988). Protein malnutrition in theof turkeys selected for high and low adrenal response to cold

stress. Poult. Sci. 52, 1948–1954. domestic fowl induces alterations in adrenocortical cell adrenocor-
ticotropin receptors. Endocrinology 122, 681–688.Brown, K. I., and Nestor, K. E. (1974). Implications of selection for

high and low adrenal response to stress. Poult. Sci. 53, 1297–1306. Carsia, R. V., Segre, G. V., Clark, I., and Malamed, S. (1981). Cortico-
steroidogenesis in vitro: Effects of parathyroid hormone, ACTH,Brown, G. M., Pang, C. S., and Pang, S. F. (1994). Binding sites for

2-[125I]iodomelatonin in the adrenal gland. Biol. Signals 3, 91–98. and calcium. Proc. Soc. Exp. Biol. Med. 167, 402–406.
Carsia, R. V., Macdonald, G. J., and Malamed, S. (1983). SteroidBuckland, R. B., Blagrave, K., and Lague, P. C. (1974). Competitive

protein binding assay for corticoids in peripheral plasma of the control of steroidogenesis in isolated adrenocortical cells: Molecu-
lar and species specificity. Steroids 41, 741–755.immature chicken. Poult. Sci. 53, 241–245.

Burrow, G. N. (1969). A steroid inhibitory effect on adrenal mitochon- Carsia, R. V., Scanes, C. G., and Malamed, S. (1984). Self-suppression
of corticosteroidogenesis: Evidence for a role of adrenal 5a-dria. Endocrinology 84, 979–985.

Butler, D. G. (1984). Endocrine control of the nasal salt glands in reductase. Endocrinology 115, 2464–2472.
Carsia, R. V., Scanes, C. G., and Malamed, S. (1985a). Isolated adreno-birds. J. Exp. Zool. 232, 725–736.

Butler, D. G. (1987). Adrenalectomy fails to block salt gland secretion cortical cells of the domestic fowl (Gallus domesticus): Steroido-
genic and ultrastructural properties. J. Steroid Biochem. 22,in Pekin ducks (Anas platyrhynchos) adapted to 0.9% saline drink-

ing water. Gen. Comp. Endocrinol. 66, 171–181. 273–279.
Carsia, R. V., Scanes, C. G., and Malamed, S. (1985b). Loss of sensitiv-Butler, D. G., and Wilson, J. X. (1985). Cardiovascular function in

adrenalectomized Pekin ducks (Anas platyrhynchos). Comp. Bio- ity to ACTH of adrenocortical cells isolated from maturing domes-
tic fowl. Proc. Soc. Exp. Biol. Med. 179, 279–282.chem. Physiol. A 81, 353–358.

Butler, D. G., Wilson, J. X., and Graves, L. E. (1986). a- and b- Carsia, R. V., Weber, H., King, D. B., and Scanes, C. G. (1985c).
Adrenocortical cell function in the hypophysectomized domesticadrenergic mechanisms mediate blood pressure control by norepi-

nephrine and angiotensin in ducks. Gen. Comp. Endocrinol. 61, fowl: Effects of growth hormone and 3,5,39-triiodothyronine re-
placement. Endocrinology 117, 928–933.323–329.
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overnight in the postabsorptive state, playing volleyball, A. Liver: Anatomical Considerations
engaged in a chess match, doing arithmetic computa- and Function
tions, or sleeping, the healthy brain will require about

As in mammals, the avian liver plays a near central6 g of glucose per hour. Because the demand for fuel
role to the regulation of carbohydrate metabolism inis constant, and our ability to deliver it is intermittent
birds. It’s strategic location, between absorptive gut and(due largely to our meal-eating habits), we must rely
the ascending vena cava, allows the hepatocyte to absorbon a highly integrated series of regulatory mechanisms
the newly digested food products from an extension ofto sustain normal tissue-cell activity. The mammalian
the portal vein before this nutrient-rich perfusateand avian organism must store fuel in various body
reaches any other organ or tissue complex in the body.compartments for future, though constant, use. Thus,
Similarly, after hepatic modulation the nutrients or theirpotential fuel is stored for subsequent utilization when
metabolites are sent quickly to the right heart via thedietary intake does not meet the demands of the tissues
hepatic veins and vena cava for general, systemic distri-and when prolonged absence of fuel obtains (as during
bution. As seen in Chapter 12, the avian liver differsan overnight fast). Such stored fuel takes the form of
little from that of mammals, although it does, indeed,fat (by far the greatest source of energy), protein (at
receive an extra allotment of blood from vessels thatone-sixth the amount of potential fuel as that of fat),
leave the renal portal system, thereby dumping bloodand glycogen, both hepatic and muscle depots (collec-
directly into the portal vein. This bypass of the lowertively, the total being less than 0.5% the energy of fat
vena cava, therefore, dilutes the otherwise nutrient-richdepots). Clearly in humans, glycogen stores are ade-
perfusate from the gut prior to entering the liver. Aquate at best to support (the otherwise falling) blood
complete battery of hepatic enzymes exists to carry outglucose levels during the night after the evening meal
the mechanisms of glycogenesis, protein synthesis, andbut before breakfast. Such glucose production is the
lipogenesis in the well-fed bird. In contrast to the situa-responsibility of the liver (total glycogen available about
tion in mammals, most triglycerides (TG) are synthe-300 kcal or 1255 kJ energy), not the skeletal muscles
sized in the avian liver before being transported to vari-(about 500 kcal or 2072 kJ total).
ous peripheral deposit sites. The high plasma glucoseGlucoregulation, therefore, is essential for the fore-
levels resulting from feeding trigger release of insulingoing reasons in all higher mammals, and the over-
from the pancreatic B-cell, which in turn aids the enzy-whelming evidence at hand indicates that this dictum is
matic machinery of the liver to carry out the anabolictrue for birds also.
processes just mentioned, as well as similar ones in both
muscle and fat tissue (Hazelwood, 1986a).

During periods of fasting, nutrients must be retrievedII. ORGANS OF IMPORTANCE
from deposits built up around the body by former feast-IN GLUCOREGULATION
ing periods. During such fasting periods in both mam-
mals and birds, insulin levels are low and glucagon levels

While all tissues rely on glucose metabolism to a are high. Thus, a catabolic mode exists. The enzyma-
large extent for proper function, the liver and pancreas tic machinery activated by glucagon at the liver under
play a major role in the ultimate distribution and utiliza- these conditions is directed toward producing glucose, glu-
tion of nutrients, including glucose. The liver is an im- cose that will be released to the circulation and ulti-
portant site of glycogen synthesis and storage; it also mately serve the various peripheral tissues. Such
is responsible for glucose production and accelerated metabolic pathways include glycogenolysis, gluconeoge-
gluconeogenesis during times of nutrient deprivation. nesis, glucose-6-phosphatase systems, and lipolytic path-
In humans, the liver appears to make available approxi- ways. All tend to buffer a decreasing blood glucose by
mately 70–75% of all glucose released to the plasma. releasing the hexose to the circulation. Obviously, the
This figure is slightly higher in Aves. Contrary to the liver plays a central role in glucose production in both
liver, the pancreas does not serve as a site for glycogene- birds and mammals. Degradation of lipid (TG) in adi-
sis. Rather, its task appears to be that of releasing the pose tissue and muscle protein and glycogen both con-
proper mixtures of insulin and glucagon to the portal tribute to the substrate that the liver employs to form
vein added to the most recently absorbed nutrients (po- de novo glucose.
tential fuel) from the gut. Thus, the liver gets ‘‘first
chance’’ at distributing the nutrients while the coexistent B. Pancreas: Anatomical Considerations
pancreatic hormones act at the liver to direct the end-

and Functionproducts of digestion (amino acids, hexoses, monoglyc-
erides and glycerol) into metabolic (anabolic and cata- Strategically, it seems, the avian pancreas lies sus-
bolic) pathways important to the organism at the pended by vascular elements between the limbs of the

descending and ascending duodenum, poised, as it were,moment.
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to contribute a hormonal mix to the portal vein that meet the needs of the organism at any given moment
(Hazelwood, 1989). Avian pancreatic insulin is a veryhas just been loaded with recently absorbed nutrients

(Figure 1). The discrete, lobular avian pancreas (Hazel- powerful anabolic hormone; in fact, on a per unit weight
basis it is many times more potent than equal amountswood, 1986b) supplies ample digestive juice through

ducts to aid small intestinal digestion, a process that of mammalian insulins in producing glycogenesis, hypo-
glycemia, and lipid formation.follows initial chemical breakdown that started in the

proventriculus (see Chapter 12). The endocrine portion Glucagon is a linear 29-amino-acid polypeptide, dif-
fering by one or two (duck) residues from that of all mam-of the pancreas of birds occupies considerably more

tissue mass than it does in mammals, and the distribution malian glucagons and is a powerful catabolic hormone in
birds as well as in experimental systems. The hormoneof cell types differs considerably also. A-, B-, D-, and F-

(i.e., PP) cells comprise the avian endocrine islet, but circulates at levels 6–8 times higher than those observed
in humans. Somatostatin concentrations in avian pan-the distribution within the islet as well as within different

pancreatic lobes appears more random than the almost creas range from 2 to 150 times greater than that found
in mammalian pancreata (Gerich, 1983), but its functionlogical distribution found in discrete mammalian pan-
remains identical in both classes of animals, namely thecreata. A-cells synthesize and release glucagon; B-cells
suppression of islet hormone release, adjusting the I/Gsynthesize and release insulin; D-cells somatostatin; and
molar ratio, and slowing nutrient absorption (especiallyF-cells (sometimes called PP-cells) pancreatic polypep-
that of glucose and lipid) in the small intestine.tide (PP). Stimuli to the A- and B-cells have been hinted

Pancreatic polypeptide, the product of the avianat above, namely increasing blood glucose levels stimu-
F(PP)-cell, circulates at levels 20–40 times greater thanlate B-cell activity; decreasing blood glucose levels in-
that of human PP (HPP). Its action is primarily to inhibitcrease the release of the ‘‘retrieval’’ hormone glucagon.
GI motility and secretion, and gallbladder and exocrineAbsorbed nutrients stimulate the D-cell as does A-cell
pancreatic secretion, as well as to induce a sense ofactivity. And gut peptides such as cholecystokinin
satiety (see below) by an action on the central nervous(CCK), secretin, gastrin, as well as absorbed amino acids
system (CNS).are excellent stimuli to the F-cell. Further, by sharing the

same ECF within the islet itself, paracrine modulation of
endocrine secretion also occurs in the avian pancreas.

III. AVIAN CARBOHYDRATEThus, the A-cell stimulates both B-cell and D-cell activi-
METABOLISM: DIFFERENTties and thereby closes a short-loop negative feedback,

FROM MAMMALS?and D-cells appear to inhibit all other islet cells. In fact,
the D-cell most probably regulates the proportion of

This question has been raised by numerous physiolo-insulin (I) secreted to that of glucagon (G) secreted
gists over the past 100 years, largely due to two observa-simultaneously; that is, it adjusts the I/G molar ratio to
tions: early—and most—attempts to depancreatize birds
did not result in a diabetic condition, and second, the fast-
ing blood glucose levels of most Aves is 150–300% above
that of fasting mammals. Attempts to explain these dif-
ferences, as well as to explain how normal birds can sur-
vive ‘‘chronic hyperglycemia’’ equal to that of uncon-
trolled diabetes in mammals, have not been plentiful.
Neither have they been convincing. Yet differences do
exist, and one should be soundly aware of them. Embry-
onic Aves present quite a different metabolic ambiance;
protected in the shell with a large yolk sac, as opposed to
the human embryo/fetus, which is attached to its mother
via the placenta and thereby shares its mother’s circulat-
ing nutrients. Additionally, in adult forms, insulin has
been established to be the dominate pancreatic hormone
in mammals while current evidence would indicate that
glucagon is the dominate hormone in Aves. This is not to
say that glucagon is impotent in mammals; to wit, notice
should be made of the hyperglucagonemia that persists
afterB-cell reduction inmostmammals.Similarly, insulin
is not to be ignored in normal avian metabolism as indi-
cated by the observation that anti-insulin antibodies pro-FIGURE 1 Anatomy of the avian pancreas.
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duce long-lasting hyperglycemia in ducks. Fasting glu- ous. Other metabolic differences, of a less significant
nature, occur between chick and mammals and thecose metabolism in birds (10–13 mg/min/kg body wt) is

approximately twice that of fasting mammals (Hazel- reader is referred to an earlier edition of this text for a
review (Hazelwood, 1986a).wood, 1986a).

In addition to use of the uridine diphosphate (UDP)
pathway in glycogenesis, birds use this path to synthesize
a related sugar acid, namely ascorbic acid (vitamin C). IV. CENTRAL ROLE OF THE
Mammals are incapable of such synthesis and most rely PANCREATIC ORGAN
on dietary intake of the vitamin to prevent connective
tissue abnormalities and the onset of increased capil- A. Embryogenesis
lary fragility.

As in mammals, the embryonic avian pancreas arisesGluconeogenic pathways may appear less active in
from two outpocketings of the early gut. The dorsalbirds than in mammals, but, still, they are extremely
evagination appears first, usually on day 3, arising fromimportant as is evidenced by the fact that a 24- to 48-hr
the embryonic duodenum just anterior to the area thatfast lowers plasma glucose only 10–15% from nonfasted
will give rise to the liver. The ventral pancreatic evagina-levels of 210–250 mg/dl. Actually, even though there is
tion also arises from the duodenum on day 4 and isan absolute decrease in plasma glucose, when the latter
more ventral and posterior to that of the liver. A singleis expressed in terms of unit body weight, glucose levels
and discrete lobular pancreatic organ is formed by theremain almost constant. Thus, considerable recycling of
fusion of the two embryonic analgen. Pancreatic ductsglucose and glucose substrate must occur (Simon, 1989).
that carry digestive juices to the duodenum are largerKidney may provide up to 30% of the glucose by gluco-
and better developed in the ventral lobes of the fusedneogenesis, employing pyruvate, lactate, amino acids,
pancreas. These ducts are lined with columnar-type epi-and glycerol as substrates. Cytosolic phosphoenolpyr-
thelium, interspersed with mucus-secreting type cells.uvate carboxykinase (PEPK), the most important gluco-
However, unlike mammals, there is no evidence thatneogenic enzyme in kidney, is an adaptive form that
ductile cells ultimately give rise to endocrine-type cells.adjusts (is induced by) to the nutritional state of the
Whether future generations of islet cells arise from duc-bird. Also, there may be a low utilization of citric acid
tile elements in birds is yet to be established.cycle intermediates for de novo glucose formation, and

that from pyruvate is modest at best. Therefore, inavail-
ability of cytosolic-reducing equivalents may have a sig- B. Cytodifferentiation and Cell Distribution
nificant impact. In contrast to kidney, liver cells use
mainly dihydroxyacetone and lactate in gluconeogenic The larger of two cell masses occupying the epithelial

bud appears uncommitted either to endocrine or to aci-production of glucose. Liver PEPK enzyme is restricted
to the mitochondria and thereby is not adaptive. nar cell types. Presumably, these are stem cells that may

develop into either of the two basic pancreatic types ofProbably of all metabolic pathways studied in birds
in comparison with mammals that of the hexomono- cells. The smaller, distinct embryologic cell type consists

of obvious endocrine (islet)-type cells and other cellsphosphate [pentose] shunt is best understood. This
‘‘direct oxidative’’ pathway makes available pentoses, associated with them. As far as acinar tissue morphogen-

esis is concerned, evidence exists indicating digestivethree-carbon phosphates, NADPH, and CO2 for synthe-
sis of nucleotides and nucleic acids, recombination into juice secretion as early as days 3–4 in duck embryos.

Single-membrane bound zymogen granules are presentglucose-6-phosphate, and both steroidogenesis and lipo-
genesis, respectively. While this shunt activity varies at the same time. Of particular interest is the appearance

of clear ‘‘glycogen cells,’’ which are very numerous dur-from embryonic tissue to embryonic tissue, it peaks dur-
ing the period of days 8–15 of embryonic life, only ing days 3–7. Their function has never been established.

Gradually, during embryonation, they disappear as anto decline to barely detectable levels by day 21. After
hatching, it contributes very little to the metabolic econ- entity. In fact, in chicks and ducks, they vanish almost

completely by days 14–16.omy of the growing bird. Neural, cardiac, and intestinal
embryonic tissue appear to be most dependent on the The islet endocrine-type cells appear before the acinar

cells in avian pancreata, the first of which being the A-activity of the pentose shunt in birds. In contrast, the
mammalian liver relies heavily on pentose shunt activity, cells that release glucagon. Using the chick as a reference,

the A-cell appears early on the third day of incubation,as does the mature RBC (Hazelwood, 1986a). Even
though over 95% of the bird’s lipid synthesis occurs in while the B-cells appear in the dorsal bud late on the same

day. Late on day 4, more commonly on day 5, both D-the liver, it does so in the relative absence of the pentose
pathway. The importance of malic enzyme thus is obvi- cells and PP(F)-cells appear. By day 7, the two analgen
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have fused and the splenic lobe of the pancreas exhibits mone in membrane-lined vesicles to the Golgi area,
where cleaving, insertions, folding, and final conforma-true endocrine islet formation. Islet formation in the

other three lobes takes place during the period of days 8 tional changes to the molecule take place. Most of
the prohormone at this stage has been modified to ato 13 (see Table 23-1 in Hazelwood, 1986b).

Islet tissue appears to be more sparsely distributed smaller, biologically active hormone and incorporated
into secretory granules that are membrane-lined andamong the sea of acinar cells in avian pancreata than

is found in mammalia. Partly, this is due to the fact that as such move to the plasma membrane. The vesicular
membranes fuse with the cell membrane and becomeof all vertebrates, Aves have much more PP-cell tissue

arranged as aggregates of F-cells located outside of the incorporated within them. In doing so, vesicular con-
tents are extruded via exocytosis into the ECF andislet, buried in the exocrine tissue. Another consider-

ation is the splenic lobe, which appears to be quite subsequently become intravascular. Glucagon levels
in avian plasma are reported to be 10–80 times thatdifferent in many ways from other regions of the avian

pancreas. Here, islet cell population may be very great of mammals (0.05–0.10 ng/ml vs 1–4 ng/ml plasma).
Structurally, and from an evolutionary point of view,(40% of total mass) and cell size, especially of the A-

cell, is exceptionally large. Species variations exist. the glucagon molecule has been remarkably conserved
over millions of years.Classically, two types of islets have been described

for the avian pancreas: large, dark islets containing many Insulin has been identified in homogenized 1- and 2-
day-old chick embryos. This observation suggests thatA-cells, and smaller, lighter (staining) islets that contain

predominately B-cells. The ‘‘dark’’ islets appear largely maternal contributions may be important in the early
developing chick embryo. In particular, the process ofrestricted to one longitudinal half of the organ. A pau-

city of PP(F)-cells is found wherever the A-cell mass is myogenesis is known to require insulin; this process is
initiated on days 1–2. Once the preprohormone islarge. Frequently, D-cells occupy a central position in

the dark islet. Unlike the dark islets, the ‘‘light’’ islets formed, it is cleaved to a prohormone (84 amino acids)
and thence at the Golgi area to a biologically active,are scattered much more uniformly throughout the four

lobes of the pancreas. Again, splenic lobe B-cells are two-chain hormone of 51 amino acids. When exocy-
tosed, insulin molecules are accompanied by other vesic-very large, resulting frequently in islet dimensions 5–6

times that found in other regions. ular components such as equimolar concentrations of
connecting peptide, small amounts of uncleaved proin-PP-cells appear to be fairly uniformly distributed

throughout the pancreas as clusters, single cells, or in- sulin, ATP, Zn21, and so on. Although plasma levels of
insulin vary somewhat from avian species to species,corporated within the islet itself. Extraislet-located PP-

cells are found frequently throughout the acinar mass. they are consistently much higher than levels found in
normal mammals.One striking similarity of Aves with mammals is the

fact that wherever there is a heavy preponderance of PP in birds emanates only from the pancreatic PP(F)-
cell. (In mammals, there exist small, auxiliary sourcesA-cells, PP-cells are few in number (Table 23-2 in Hazel-

wood, 1986b). of PP.) Avian PP (APP) is synthesized as the other
peptide hormones, namely as a preprohormone, then
modified to a prohormone, and finally as a biologicallyC. Hormonogenesis and Secretogenesis
active, 36-amino-acid hormone released to the plasma.
The hormone circulates at levels some 40–80 timesPlasma levels of glucagon are approximately the same

as that of insulin from day 5 through day 12–15 in the higher than those found in mammals, including man.
Fed chickens have plasma levels of APP approximatingembryonic chick, even though whole pancreas values

may increase 10 fold during this time, and pancreatic glu- 6–8 ng/ml.
Somatostatin (SRIF), like insulin, remains at low lev-cagon content may increase 25 times (insulin: 9 ng to

100 ng; glucagon: 11 ng to 250 ng). Secretory granules in els in the embryonic pancreas from day 7 to day 13,
after which both hormones increase in concentrationthe islet cells appear as early as the third day of incubation

(A-cells followed by B-cells), and as late as the seventh greatly. Pancreatic tissue levels of SRIF vary from lobe
to lobe, for example from 3 ng/mg tissue in the ventralday (PP-cells). The D-cell falls in step on day 4. By the

time of hatching (11 day), the pancreatic content of the lobe to as high as 22 ng/mg tissue in the splenic lobe
(Hazelwood, 1986b). D-cells make up as much as 30%four polypeptide hormones (chick data) has been esti-

mated as: glucagon, 750–800 ng; insulin, 250–300 ng; of the dark islets and are amply supplied with cholinergic
neural elements. Pigeon pancreatic SRIF levels haveAPP, 225–260 ng; and somatostatin, 210–240 ng.

All four hormones are synthesized as ‘‘giant’’ mole- been reported to be 100–200 times greater than human
levels, and the very few reports on various avian plasmacules that lack biological activity. From the rough

endoplasmic reticulum, each is conveyed as a prohor- levels of this tetradecapeptide indicate levels (about
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1.3 ng/ml) that also are much higher than those reported to events that occur in mammals. The two a-subunits are
connected to two b-subunits that traverse the membranefor mammals.
and which are connected by disulfide bonds to the a-
units. That portion of the b-subunit that is cytosolicD. The Insulin/Glucagon [I/G] Molar Ratio
contains a ‘‘kinase domain’’ that undergoes autophosph-

Although discussed more thoroughly below, the I/ orylation as a result of conformational changes induced
G molar ratio is more than a concept and should be by insulin attachment to the external a-subunits (Simon
introduced at this point of the chapter. The fact that and Taouis, 1993). In general, properties of the insulin
all islet cells may be contiguous with each other and, receptor in avian tissues are similar to those described
additionally, that each shares intraislet ECF with the in mammals (see Section V,D below).
others makes probable the direct influence that one cell Autophosphorylation of tyrosine [and possibly of
type could exert on the others. Gap junctions as well serine] residues on the avian insulin receptor results
as paracrine mechanisms, therefore, allow interactions in a widely diverse response, depending on the tissue
between and among islet A-, B-, D-, and F-cells. SRIF involved. Increased transfer of glucose from the ECF
from the D-cell inhibits secretion from all other islet to the cytosol (muscle, adipose tissue), increased protein
cells, with the A-cell being most sensitive and the F- and glycogen synthesis (muscle, liver), increased mem-
cell the least sensitive to D-cell action. As a result, the brane potentials (most tissues), and increased facilita-
D-cell is thought to play a critical role in controlling tive diffusion of glucose (muscle; liver indirectly), oc-
the relative secretion of other islet hormones. Of most curs. Thus, insulin is an anabolic hormone, a hormone
importance in glucoregulation are the hormones insulin of feasting. At the muscle and adipocyte level, insulin
and glucagon, and thus the D-cell through SRIF regu- exerts its effects by increasing the availability of (pro-
lates the I/G molar ratio. Adjusting this ratio to meet tein) glucose transport carriers, called GLUT-4. These
the momentary needs of the avian organism is critical carriers, of a proteinacious nature, are normally seques-
to glucohomeostasis. tered to a large degree away from the plasma membrane

and deep within the cytosol and are recruited to the
plasma membrane as a result of insulin action whereV. MECHANISMS OF PANCREATIC HORMONE
they increase the transport of free glucose (from theACTION: MOLECULAR EVENTS
ECF) to the inside of the cell, where the sugar is re-
leased. In liver, avian insulin increases the activity ofA. Insulin
glucokinase, thus phosphorylating glucose at the 6-
position and thereby reducing the amount of free glu-The biologically active insulin molecule released from

the avian B-cell is a two-chained, 51-amino-acid polypep- cose that had freely entered the hepatocyte. In doing
so, the hormone increases the downhill gradient, fromtide wherein the A-chain (20 aa) is connected to the B-

chain (31 aa) by two disulfide bonds that must remain ECF to ICF, of free glucose, making it easier for ECF-
located glucose to enter the cell. The ultimate result isintact for full biological action. Additionally, the A-chain

has an intrachain disulfide bond connecting a CYS at a reduction of ECF glucose levels, that is, hypoglycemia.
Although insulin is also antigluconeogenic in birds, itposition 6 with another CYS at position 11 (Figure 2).

Overall, B-cell release of insulin in birds is similar to is not antilipolytic.
that reported in mammals, though a few exceptions ex-
ist. Glucose is not a major trigger of insulin release in B. Glucagon
birds, the B-cell being far more sensitive to cholecystoki-
nin, glucagon, and a mixture of absorbed amino acids. The hormone of fasting, glucagon, is a linear polypep-

tide containing 29 amino acids and is the final productActually, a certain synergism appears to exist between
glucose and amino acids in regulating insulin secretion of the A-cell’s synthesis, originally as preproglucagon

(179 aa), then cleaved to proglucagon (96-100 aa), andin birds. Epinephrine, fatty acids, and the hormone se-
cretin appear to be without significant effect on avian finally to the biologically active 29-residue structure.

The structure is invariant in mammals; no substitutionsinsulin release. In summary, the release of insulin from
the avian islet is the result of a complex of inputs, namely can be made without considerable loss of biological

activity. The structure of chicken glucagon is presentedendocrine, exocrine, paracrine, neural, and humoral.
Circulating insulin levels of insulin in ducks and chickens in Figure 3. All mammals have an ASN at position 28,

and the duck differs from most Aves by also having aapproach 3–4 ng/ml plasma and are little affected by
short-term fasting. THR replace the SER at position 16.

As released from the avian pancreas, glucagon circu-At its receptor, avian insulin interacts with the exter-
nal a-subunit of the tetrameric receptor protein, similar lates in the plasma of most birds at levels of 2–4 ng/ml
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FIGURE 2 Structure of chicken insulin. Several mammalian insulin structures also are shown for comparison.
Turkey insulin is identical with that of chicken, and duck insulin differs only at positions 8 and 10 where GLU
and PRO, respectively, are substituted, as well as at position 30 on the B-chain where THR is inserted.

plasma (chicken, duck, pigeon, and goose). These levels receptor complex interacts with a regulator protein of
the G-series which increases activity of adenylate cy-increase 100–200% during a 48- to 72-hr fast. Triggers

of glucagon release from the avian pancreas include free clase, an enzyme system that appears to be bound to the
interior margin of the plasma membrane. This enzymefatty acids and cholecystokinin (CCK). SRIF has been

reported to increase duck glucagon as has insulin. Both cyclizes ATP to cAMP which, in turn, activates a spe-
cific protein kinase, usually protein kinase A. A cas-of these latter observations are in stark contrast to find-

ings in other avian species and, especially, in mammals. cade of events follows, all based on phosphorylation–
dephosphorylation reactions that ultimately lead toGlucose has a profound inhibitory effect on glucagon

release from the avian A-cell. A possible feedback regu- specific biological effects. Thus, at the liver, glucagon
activates glycogen phosphorylase while inhibiting glyco-lation involving plasma free fatty acids and glucagon

release has been suggested (Hazelwood, 1986a). gen synthase. Glycogenolysis and hyperglycemia follow.
In liver and muscle, glucagon activates gluconeogenicGlucagon exerts its major action via a classic second

messenger system, as described in mammals. After bind- enzymes, resulting in conversion of amino acid sub-
strates to glucose and hyperglycemia. And in adiposeing to its fixed membrane receptor, the hormone–

FIGURE 3 Structure of avian glucagon. Substitutions in mammalian glucagon are shown.
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tissue, the hormone inhibits LPLipase while stimulating active 36-amino-acid structure is encased in secretory
vesicles at the Golgi apparatus of the F-cell and subse-the hormone-sensitive lipase, thereby adding more fatty

acids to the plasma. Interestingly, glucagon receptors quently released via exocytosis to the ECF. The primary
structure of APP is totally distinct from all other gutappear in far greater numbers than do insulin receptors

on the same tissue, an observation that possibly supports and pancreatic hormones (Figure 5) and, as such, pre-
cludes it from being included in the gastrin, secretin, orthe suggestion that glucagon is the dominate hormone

of avian metabolism (also see below). insulin family of polypeptides. The other two members
of the PP-family, PPY and NPY, emanate from the L-
cell of the lower colon and various hypothalamic nucleiC. Other Hormones
and some sympathetic neural elements, respectively.

Somatostatin (SRIF) from the avian D-cell appears as All three of these PP-type hormones have receptors
a tetradecapeptide, with an internal disulfide bond con- on the exocrine pancreas, intestinal crypts, gall bladder,
necting positions 3 and 14 (Figure 4). The basic 14-residue and various brain structures. Only APP has been dem-
structure appears to be invariant among mammals, al- onstrated to have a metabolic effect, exercised via recep-
though a larger, 28-residue molecular species is known to tors and cAMP on the avian adipocyte, where the poly-
have slight modifications throughout the animal kingdom. peptide acts as an antilipolytic agent. This may be very

Avian pancreata contain from 20 (chicken) to 300 important since insulin is not antilipolytic in birds. The
(pigeon) times the amount of SRIF found in mammalian precise mechanism of action of APP relative to its en-
tissue, and plasma levels in birds are generally 200–400% teric, vascular, and hypothalamic effects awaits further
greater than those in mammals. The role of SRIF in investigation (also see below).
avian metabolism lies outside that of a direct action
on carbohydrate metabolism. Most likely, the hormone D. Receptor Considerations
effectively suppresses the activity of neighboring pan-
creatic islet cells. The task of adjusting the I/G molar Unlike investigations of a similar nature in mammals,

intensive studies of avian receptors to the four pancre-ratio falls to SRIF, thereby preparing the avian organism
for a catabolic or an anabolic mode as the metabolic atic polypeptides have not been carried out or reported.

An exception is that of the avian insulin receptor in asituation of the moment dictates. The precise mecha-
nism by which SRIF exerts its suppressive action at the limited number of avian tissues and where several good

review papers exist (Simon and LeRoith, 1986; Adamocellular level is yet to be established. At the gut, where
this hormone delays the absorption of glucose and lipids, et al., 1987, 1988; Simon and Taouis, 1993). Most such

work has been done on chickens only and that of inten-cAMP does not appear to be the means by which SRIF
exerts its effect(s). However, the hormone may lower sity restricted to liver, muscle, and brain tissue.

Insulin receptors have been described for avian liver,cAMP levels in adipocytes to decrease lipolysis.
Avian pancreatic polypeptide was the first of the pan- brain, cardiac and skeletal muscle tissue, myoblasts,

chondrocytes, fibroblasts, and erythrocytes. Their on-creatic polypeptide family to be isolated, characterized,
and studied metabolically by Kimmel et al. (1968). Syn- togeny during embryogenesis differs with each tissue

but usually they can be detected as early as days 2–3 inthesized originally as a preprohormone, the biologically

FIGURE 4 Structure of pigeon somatostatin-14 (SRIF). An additional 14-amino-acid extension to the N-
terminus of SRIF-14 is shown also.
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FIGURE 5 Structure of avian pancreatic polypeptide (APP). A comparison with other species is shown. BPP,
bovine PP; HPP, human PP; RPP, rat PP.

the embryo. Insulin binding is highest in neural-related Insulin attaches to the externally exposed a-subunit,
initiating autophosphorylation processes in the b-sub-structures by day 8, but its distribution throughout is

not in accord with that of IGF-1, indicating possibly a units. Activation of constitutive tyrosine (TYR) kinase
follows, thus giving rise to the ‘‘insulin signal’’ (Simondifferent role for insulin during the development of the

nervous system (Simon and Taouis, 1993; Goddard et and Taouis, 1993). Receptor kinase has been reported
to be active in the chick embryo as early as day 2.al., 1993). Injection of insulin antibodies or receptor

antibodies as early as days 2–3 impairs development of The autophosphorylation process occurs within seconds
(even at room temperature) and probably involves TYRthose structures normally aided by insulin presence. The

relatively low number of insulin receptors in liver and 1146, 1150, and 1151 in the kinase domain (Adamo
et al., 1987). Interestingly, fasting—which is likely to in-other tissues in birds probably contribute to the docu-

mented insulin insensitivity that exists as compared to duce increased resistance to insulin—reduces insulin-
stimulated phosphorylation by the liver receptor, but ismammals. Fasting increases insulin receptor number (in

liver but not brain), but not affinity; feeding lowers the without effect on the muscle or brain insulin receptor.
Avian insulin has been reported by many laboratoriesreceptor number to normal (Simon and Taouis, 1993).

Inhibitors of lysosomal proteases do not alter the half- to be 2–4 times more potent than equivalent amounts
of other (species) insulins employed under identical con-life of chicken insulin receptors (about 10 hr), indicating

that after internalization the receptor remains intact and ditions. Also, the bird has been reported to be very
resistant to exogenous insulin, both of avian and mam-is recycled back to the plasma membrane. This is in

contrast to internalized insulin, which is degraded malian sources, though still the avian hormone is more
effective. Growing chicks have decreased insulin recep-readily, indicating separate pathways for handling the

hormone and the receptor in the cytosol (Simon and tors on their hepatocytes and thymocytes (Simon, 1989).
However, there exists a very high affinity for insulinTaouis, 1993).

The structure of the avian insulin receptor has been binding concomitant with a very prolonged delay in
dissociation of the hormone-receptor complex, featuresstudied thoroughly (Simon and LeRoith, 1986; Adamo

et al., 1987) and has been found to be essentially the that may well explain a good part of the so-called ‘‘insu-
lin resistance’’ to exogenous hormone. The latter phe-same as that described in mammals; that is, a heterotet-

rameric form consisting of two a- and two b-subunits. nomenon appears to be due to the HIS occupying posi-
tion 8 on the A-chain of the avian insulin moleculeFrom a biosynthesis point of view, the proreceptor pre-

cursor is first glycosylated in the endoplasmic reticulum, (Simon, 1989).
Genetic obese chickens are more sensitive to insulinonly to be glycosylated further in the Golgi region (fol-

lowing cleaving to form the final a- and b-subunits). than are lean chickens, a situation quite opposite to
that found in most mammals. Further studies in obeseDifferent sizes of the a-subunit exist, and that for the

muscle receptor is intermediate in size between those chickens (Simon and Taouis, 1993) have indicated that
functional coupling between insulin binding to theof brain and liver.
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a-receptor subunit and the activation of the b-subunit VI. PANCREATIC–ENTERIC REGULATION OF
kinase is not always the same, that is, it may vary among CARBOHYDRATE METABOLISM
different tissues. Overall, it would appear that insulin
resistance, as observed and expressed in Aves, involves The fact that embryogenesis of the pancreas com-
both altered receptor/receptor–kinase as well as postre- mences with two evaginations from the foregut (near the
ceptor events intimate to the signal transduction pro- hepatic anlagen) suggests strongly that an anatomical
cess. Despite the differences cited above, the avian insu- relationship between gut (enteric) and pancreatic tissue
lin receptor appears to exist and function in a manner mass exists. The fact that exocrine pancreatic secretions
much similar to that described for mammals (Adamo are released (via ducts) to the small intestine to aid the
et al., 1987, 1988; Simon and Taouis, 1993). process of digestion suggests a functional relationship

Insulinlike growth factors (IGF-1, IGF-2) have been between the two organs, also. That a functional interre-
identified and characterized in birds, as have their recep- lationship exists between gut and pancreas is even more
tors. The cloning, isolation, and characterization of obvious when one considers the humoral secretogogs
chicken IGF-1 cDNAs have been described, and the from the upper gut that release a battery of pancreatic
nucleotide sequence encoding the mature peptide has digestive enzymes. And tying all of this together would
been established (Goddard et al., 1993). IGF-1 is promi- be absorbed nutrient stimulation of the islet cells as
nent during embryogenesis and during the rapid-growth well as gut peptides (especially gastric inhibitory peptide
post-hatch phase, but its expression differs according (GIP)) releasing islet hormones even before (that is, in
to tissue. Thus, after day 10 of embryogenesis, IGF-1 anticipation of) nutrients have been absorbed into the
mRNA is readily detectable in both pancreas and brain, blood stream. Indeed, a true pancreatic-enteric func-
but not liver. However, by 50 days post-hatch, liver IGF- tional axis exists and, to a great extent, it is oriented
1 mRNA is spectacularly increased (Goddard et al., toward the organism’s glucoregulation.
1993). A certain amount of IGF-1 expression, but not
all, is growth hormone dependent. In mammals, two
types of receptors for the IGFs have been described, A. General Considerations
with the type 1 receptor being structurally related to

Glucose homeostasis requires organismic coopera-the insulin receptor. Type 1 receptor definitely has been
tion in all vertebrates. In particular, the gut and theidentified in chickens, even as early as day 2 of develop-
pancreas must work together in evaluating the needs ofment. The biological action of IGF peptides in the em-
the organism at any given time, and then respond withbryonic chicken is mediated by the type 1 receptor and
the appropriate adjustments to effect glucoregulation.probably in the early post-hatch period as well. No
Such maneuvers range from modulating the absorptiveevidence of the existence of a type 2 receptor in chick-
process to arranging the proper mix of islet hormonesens has been offered, although a chicken liver cation-
to be added to the freshly absorbed nutrients in theindependent mannose-6-phosphate receptor has been
portal vein. Passing through the liver, then, this admix-isolated and purified. However, it does not bind IGF-
ture of islet hormones, amino acids, free fatty acids and2. Apparently, the biological actions of IGF-2 in Aves
glycerol, and glucose are presented to the hepatocyteare initiated by the type 1 or related receptor (Goddard
for subsequent handling. In both mammals and birds,et al., 1993).
insulin is a powerful anabolic hormone, a ‘‘hormone ofFinally, the only other receptor data available ger-
feasting.’’ Yet only in mammals is this hormone themane to binding pancreatic islet hormones appears to be
dominant hormone of metabolism, of glucoregulation.the chicken APP receptor, particularly the brain plasma
Glucagon is a powerful catabolic hormone in both mam-membrane receptor (Adamo and Hazelwood, 1990).
mals and birds. It is a ‘‘hormone of fasting.’’ While it(Considerably more work in this arena has come from
plays a significant role in mammals in buffering decreas-laboratories studying receptor requirements and charac-
ing plasma glucose levels, glucagon’s role appears to beteristics of other members of the PP-family, namely that
secondary to that of insulin in overall glucoregulation.of PYY and NPY. Again, of all tissues, the brain
Contrarily, in Aves, glucagon plays the major role inreceptor appears most studied (Hazelwood, 1993a,b).
directing the distribution and destination of nutrientCharacteristics of the APP receptor in plasma mem-
substrates, and insulin is secondary. Possibly, this is duebranes prepared from chicken cerebellum include pos-
to the fact that the rate of avian metabolism (particularlysession of disulfide bonds that are important in ligand
in passerines) demands a constant (high) supply of car-binding. Further, thiol groups are essential for specific
bohydrate, regardless of physical activity, and glucagonbinding to the membranes. Considerably more work is
plays a major role in retrieving/converting potential fuel.needed in this area to complete our knowledge of islet

cell receptor-signaling phenomena in Aves. Totally depancreatized birds usually die in hypoglyce-
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mic crises, advising us once again that secretions of the exists species differences in susceptibility. The chicken,
for example, is extremely resistant to insulin-inducedA-cell are life preserving in Aves.

Interestingly, the peripheral administration to birds convulsions, the pigeon much less so. Fasting increases
insulin sensitivity in birds. In addition to the insulinof substances that inhibit glucose metabolism, or cen-

trally of heavy metal-toxic substances that lesion specific receptor characteristics discussed above, a plasma pro-
teinaceous component in all probability contributes tohypothalamic nuclei associated with hunger-satiety, do

not cause hyperphagia and/or obesity as they do in mam- avian insulin resistance. Nonetheless, the resulting hy-
poglycemia is the result of increased uptake and utiliza-mals (Simon, 1989). Quite possibly, hypothalamic, glu-

costatic control over food intake may not be important tion of free glucose at the level of liver, muscle, and
adipose tissue. The mechanisms by which insulin in-in birds. Frequently, exogenous insulin has little or no

effect on food intake in birds. Recent studies indicate duces contramembrane glucose transport are discussed
above (Section V,A).that portal vein infusion of glucose or glucagon clearly

depresses food intake, an observation that may suggest Similar to its effects on plasma glucose, insulin aids
the transport of both metabolizable and nonmetaboliz-the liver to be a prominent organ which signals the CNS

of the nutritional state of the organism. This may involve able amino acids into cells of a wide variety of tissues
ranging from myocardial cells to osteoblasts. Its effectthe vagus nerves, as it has been known for over 50 years

that hepatic glycogen levels and glucose production in appears to be mainly an action directed at the influx
processes, not the efflux counterparts. Although the hor-birds are seriously altered by vagal activity. The avian

hypothalamus may, indeed, exert direct control over the mone also increases plasma uric acid levels, it still re-
duces circulating amino acid levels by about 30–40%pancreatic islets. Lesions of the ventral medial hypothal-

amic (VMH) nuclei lead to a hyperinsulinemia in geese and thereby induces a positive nitrogen balance. Appar-
ently, this anabolic action requires de novo protein syn-and chickens, as well as hyperphagia and occasional

obesity (Simon, 1989). thesis (Simon, 1989). Protein anabolic effects have been
demonstrated in depancreatized ducks and geese, also.Somatostatin’s regulatory role is not a direct role as

far as carbohydrate is concerned, but it may play a Additionally, although delayed in response, insulin in-
duces an increase in plasma free fatty acids, a responsesubsidiary role at the absorbing surface of the avian gut

where it tends to smooth out over a protracted period of that is largely attributable to glucagon release. It is de-
batable whether the release of glucagon is a direct resulttime the absorption of both glucose and lipid fragments.

Pancreatic polypeptide (APP) remains somewhat of an of insulin presence or whether it is a homeostatic re-
sponse to the induced hypoglycemia. Increased plasmaenigma to students of avian carbohydrate metabolism,

even though the first reports on it indicated a prominent free fatty acids can easily be inhibited by glucose load-
ing, indicating very likely a feedback mechanism involv-glycogenolytic and hypocholesterolemic action. Its pre-

cise role in avian carbohydrate metabolism is yet to ing glucose–glucagon–fatty acids. In summary, there-
fore, insulin has direct effects in removing both glucosebe established.
and amino acids from the circulation and by an indirect
action adds lipid substrates to the plasma.B. Tissue Effects of Pancreatic Hormones

in Birds
2. Liver

As in mammals, most of the pancreatic islet hor-
Liver cells are not dependent on insulin presence formones’ effects are expressed through actions at the level

ECF free (nonphosphorylated) glucose to cross theof muscle, liver, adipose tissue, and to a much lesser
plasma membrane; that is, glucose transport is not a rate-extent, the erythrocyte, chondrocyte, thymocyte, and
limiting feature of the hepatocyte. Evidence at handother tissues.
strongly indicates that in chickens, as in mammals, insulin
exerts its major effect on liver by increasing the activity

1. Plasma Effects
of the enzyme glucokinase, not hexokinase. In doing so,
the phosphorylated form of glucose, namely glucose-6-Plasma glucose is the ultimate source of intracellular

glucose in the aforementioned tissues. Insulin is a pow- phosphate, reduces the levelof freeglucose in thecytosol,
which in turn steepens the downhill concentration gradi-erful hypoglycemic agent in mammals but birds usually

require administration of considerably larger amounts ent for free glucose from outside to inside the cell. Simul-
taneously, the phosphorylated glucose is at the metabolicof the hormone to achieve the same (quantitative per-

centage) degree of hypoglycemia. In particular, convul- crossroads, ready to move in any one of three directions,
two of which are most important to our discussion. Insive doses of insulin in mammals are usually found to

be moderately hypoglycemic in Aves, although there embryos as well as in growing birds, physiological con-
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centrations of insulin favor glycogen synthesis and stor- able adequate lipid-derived substrate to meet the needs
of the bird. Egg laying, simple fasting, and migratoryage by an action on the rate-limiting enzyme, glycogen

synthase. At the same time, the hormone inhibits phos- flight of hundreds of miles all place special demands on
the organism to provide fuel to satisfy the metabolicphorylase activation (to break down glycogen, or glyco-

genolysis) and glucose-6-phosphatase, thereby keeping needs of the moment. Insulin stimulation of lipogenesis
in avian adipocytes appears quite modest, indeed, whenglucose-6-phosphate within the metabolic arena. IGF-1

has similar properties (as above) to that of insulin. And compared to that seen in mammals. Further, epineph-
rine, a powerful lipolytic agent in mammals, is weaklyglucagon has strong counter action in that it inhibits glu-

cokinase and glycogen synthase activities while augment- lipolytic in Aves. Again, the major contribution to fat
metabolism in birds appears to be that of glucagon,ing phosphorylase and glucose-6-phosphatase activities.

Thus, glucagon promotes hyperglycemia by its action on especially during times of metabolic stress and irrespec-
tive of the presence of insulin. Recall that insulin is notthe liver. Insulin’s contribution to the usual induced hy-

poglycemia, therefore, is not due to liver membrane antilipolytic in birds; however, APP is antilipolytic in
vitro. Prolonged flight, even in trained pigeons, invari-transport phenomena, but rather due to shutting down

hepatic glucose production. ably releases free fatty acids, epinephrine, norepineph-
rine, glucagon, and growth hormone (George et al., 1989;Insulin’s effect on avian liver to reduce gluconeogen-

esis, as is well established in mammals, has not been John et al., 1989). Mobilized fatty acids form the chief
fuel during sustained flight and because the catechola-established with certainty. However, by increasing the

activity of liver phosphofructokinase, insulin maintains mines are not lipolytic in birds to any great extent, their
role may be to stimulate glucagon release. As a stressthe flow of glucose through the glycolytic pathway, an

antigluconeogenic action. On the other hand, glucagon hormone, growth hormone elevation would support the
lipolytic action of glucagon.decreases the flux through this pathway, thereby favor-

ing the formation of ‘‘new’’ glucose and releasing it to
the plasma. 4. Muscle Tissue

Hepatic lipid metabolism during embryogenesis is
Muscle metabolism in birds has not received the at-relatively low, the lipids being provided by oocytes, yolk

tention that other tissues have and in part this is due tosac, and related tissues. With the change to dry food
the difficulty in preparing and working with this systemafter hatching, hepatic lipogenic enzymes increase in
experimentally. The role of insulin in transportation ofactivity and are responsible for producing at least 95%
amino acids is mentioned above. Additionally, it shouldof all lipids in birds, preparatory to their transfer to
be stated that the de novo synthesis of protein is en-peripheral deposit sites. Adipocytes, therefore, and un-
hanced by insulin presence, as is the inhibition of proteinlike the situation in mammals, synthesize less than 5%
degradation. At low concentrations, insulin has beenof the usable lipid in birds. Again, the islet hormones
shown to increase hepatic production of albumin, alpha-of importance in the lipogenic–lipolytic sequence are
1 globulin, fibrinogen, lipoproteins, and so on, while atinsulin and glucagon. Insulin stimulates synthesis and
the muscle level the hormone is responsible for rapidactivation of the lipogenic enzymes malic enzyme, acetyl
myogenesis in the embryo and muscle structural pro-CoA carboxylase, and fatty acid synthase leading to lipid
teins in the adult. In final analysis, however, the anabolicformation in the avian hepatocyte. Thyroid hormones
effects of insulin via protein metabolism appear greatlypotentiate these effects, particularly in the embryo.
overshadowed by the anabolic effect of the hormone onAfter hatching, insulin’s effects on lipogenesis are more
lipid metabolism, wherein lipogenesis and fat depositiondifficult to observe. Still, it would appear that in the
are highly stimulatable (Simon, 1989).liver, insulin is essential for the induction of lipogenic

enzymes, maintenance of active lipogenesis, and the
latter’s restimulation following inhibition induced by a C. Role of the Insulin/Glucagon [I/G]
fasting period (Hazelwood, 1986a; Simon, 1989). On Molar Ratio
the other hand, avian lipolysis is under the control of
glucagon, especially during fasting, where this hormone Considering the vagaries of the metabolic demands

confronting birds such as being fully fed, or confrontedblocks synthesis of malic enzyme mRNA, activates
hormone-sensitive lipase, and blocks LPL activities. by scarce availability of food during various annual

seasons or the breeding season, clutch egg-laying peri-
ods, and prolonged migratory flight patterns, to name

3. Adipose Tissue
but a few common examples, it is reasonable to believe
that homeostatic regulators must exist to ensure theAdipocytes in birds are under an enormous ‘‘meta-

bolic pressure’’ to assist the liver to produce/make avail- organism of adequate energy (fuel) to carry out its
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activity. To the islet D-cell falls the onus of regulating VII. CARBOHYDRATE METABOLISM IN
OTHER TISSUESthe proper mix of hormones entering the portal vein

that will ensure the proper utilization, distribution
The effects of various avian pancreatic hormones,and/or channeling of nutrients to meet the required

especially insulin, have been discussed in relation tometabolic needs (Hazelwood, 1989). It is obvious that
effects on liver, muscle, and adipose tissue metabolism.the requirements for metabolism (especially of carbo-
Casual reference also has been made to effects of thesehydrate) differ during a feeding period from that of
hormones and the IGF’s on fibroblasts, myoblasts, lensa moderate fasting period. In the first case, the bird
cells, chondrocytes, neural cells, and thymocytes as well.is metabolically ‘‘concerned’’ with the storage of excess
Three other structures of interest should now be men-calories for future use. The organism is in an anabolic
tioned, namely, heart, erythrocytes, and the unique gly-mode. In the case of fasting, however, the concern is
cogen body.one of providing adequate fuel to sustain the bird

even though little or no nutrients are entering the
A. Heartorganism. In a sense, the bird must go to its (endoge-

nous) nutrient bank and withdraw deposits made at Embryonic chick hearts have exceedingly high glyco-
an earlier time. It is in a catabolic mode. As stated gen levels as compared with other tissues at the same
earlier, insulin is a hormone of feasting; glucagon is stage of development. At day 3, the myocardiocyte may
a hormone of fasting. And the molar ratio of these be 15–20 times richer in glycogen than either the myocyte
two hormones largely dictates the proportional mixture or the hepatocyte. Up to day 7 of embryogenesis, cardiac
added to the portal vein, blood that first perfuses the muscle is insensitive to the presence of insulin, glucose
liver before being distributed elsewhere in the body. uptake being a function of its availability. After day 8,

Release of somatostatin (SRIF) from the avian pan- however, chick hearts are remarkably sensitive to insulin,
creatic D-cell is under the regulation of neural, hor- as the hormone greatly increases glucose uptake and gly-
monal, humoral, and paracrine control. SRIF suppresses cogen synthesis. Thus, between days 7 and 8 of chick de-
all pancreatic hormones (as well as delaying intestinal velopment, receptor binding of insulin by the cardiocyte
absorption), but to varying degrees. Glucagon appears is functionally active. At later stages of embryonic devel-
to be most sensitive to the inhibitory action of SRIF, and opment, exogenous insulin has a negative chronotropic

effect on the heart, probably due to the hormone’s abilityAPP appears to be the least sensitive. The adjustment of
to hyperpolarize cardiac muscle cells. After hatching, thethe appropriate insulin to glucagon (i.e., I/G) molar
hormone has little effect on cardiac glycogen levels.ratio by SRIF, therefore, assures the bird of hormones

Levels of cardiac glycogen continue to increase untilnecessary to meet the needs of an anabolic or a catabolic
aboutday13inthechickembryo,afterwhichtheygraduallymode at that time. Normal I/G ratios in the postabsorp-
decrease to ‘‘adult’’ levels of approximately 180–200 mg/tive state in primates approximate 2.5 to 3.5. Normal
100 g wet tissue weight at hatching. Interestingly, these gly-avian (duck, goose, chicken, pigeon) I/G molar ratios
cogen levels double or even triple during a 48- to 96-hr fast.are half or less than half of those of mammals. Any
As seen also in fasted mammals, virtually all other tissues’catabolic state in mammals (such as fasting, exercise,
glycogen deposits are depleted while those of the heart in-injury, diabetes mellitus) lowers the I/G ratio as insulin
crease. The pituitary gland must be functionally intact fordecreases in face of increased glucagon secretion. (Most
the increase in cardiac glycogen to occur, growth hormonecatabolic states are stressful; glucagon is one of several
being central to this effect. Metabolism of avian cardiac tis-stress hormones.) Such a change favors the retrieval of
sue is similar to that of mammalian cardiac cells; that is,nutrients previously stored but needed at the current
birds draw a disproportionate amount of their metabolicmoment. By comparison, then, normal birds appear to
fuel from plasma free fatty acids and lactate. Fasting in-be in a continuous catabolic mode, that is, they appear
creases this ‘‘sparing’’ of carbohydrate reserves, largely byto be very similar to diabetic mammals. Studies in 99%
the lipolytic action of both growth hormone and glucagon,depancreatized ducks, geese, and chickens appear to
the secretions of which are increased in the fasting state.verify such a conclusion (Laurant and Mialhe, 1978;
Insulin has little or no effect on adult avian heart glycogen,

Hazelwood, 1986c). Such animals have an immediate and neither SRIF nor APP have been shown to affect the
decrease in I/G ratio for 4–5 days following surgery, heart in any way.
followed by reattainment of normalcy thereafter. The
role of SRIF, therefore, is not a direct one on carbohy-

B. Erythrocytes (RBC)drate metabolism, but rather is reflected by its ability
to modulate other islet hormone secretions in order Turkey erythrocytes have been candidates for consid-
to achieve the desired and most efficacious mixture of erable study mainly in characterizing the insulin recep-

tor. (Turkey insulin and chicken insulin are identicalinsulin and glucagon.
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in structure, function, and potency.) In vitro, insulin a veterinarian who is treating a pet for polyuria, polydip-
sia, and weight loss. Invariably, when found, this condi-hyperpolarizes the erythrocytic membrane; it also en-

courages the uptake of potassium but has no effect on tion occurs in budgies (Melopsittacus undulatus, the so-
called ‘‘love bird’’). The afflicted birds have an exceed-glucose transport. Insulin decreases plasma levels of

phosphorous, magnesium, and calcium in turkeys, but ingly high blood glucose level, often well above 800 mg/
dl plasma. Concomitant with this severe hyperglycemiain chickens the effect on Ca21 is one of hypercalcemia

due (probably) to increased bone resorption (Simon, is a marked ketonemia, one that is readily lethal if the
victim is not treated daily with insulin. Data are severely1989). Species differences and physiological status make

direct comparisons difficult. Studies on the effects of missing on the nature and the progress of this disease
in birds.glucagon, SRIF, and APP on various avian erythrocytes

are yet to be reported.

B. Pancreatic Chemocytotoxins
C. The Glycogen Body Early reports that cobaltus chloride and related sub-

stances selectively destroyed the avian A-cell have comeOriginally described by Italian anatomists over 120
under close scrutiny and re-evaluation. These metalsyears ago, the avian glycogen body was initially called
cause a general toxic effect, affecting liver and adrenal‘‘the corpora sciatica’’ because, anatomically, it is posi-
medulla as well as causing spurious pancreatic damage,tioned dorsal to the spinal cord at the level of the emer-
and thereby induce an hyperglycemic state. Use ofgence of the sciatic plexus in all birds examined (see
Synthalin-A, a biguanide, to achieve a similar effect alsoChap. 1 in Hazelwood, 1986a, for details). The gland is
has come under severe review, largely due to its toxicsomewhat pea shaped, gelatinously opaque in texture
effects on the glycolytic pathway. Surgical extirpationand color, and is 80% glycogen on a lipid-free basis.
of the third pancreatic lobe and the splenic lobe appearsCells are so loaded with glycogen that the nucleus is
to be the best way to achieve selective A-cell deficiency,pushed entirely to the side in juxtaposition with the
one that leads to severe hypoglycemia and early deathplasma membrane. Glycolytic enzymes common to
in birds.other avian tissues are located within the glycogen body

Chemical destruction of the insulin-secreting cells ofbut attempts to alter the glycogen content by nutritional
the pancreas is a favorite experimental tool used inmeans, hormones, temperature, or other techniques
mammals to examine various aspects of Type 1 diabeteshave failed. In contrast with other tissues in the body, the
mellitus. However, birds appear to be impervious to thehexosemonophosphate shunt appears to be extremely
beta-cytotoxic action of these agents. Insulin releaseactive. Could this mean that the NADPH produced by
and early B-cell depletion does occur in young chickensthis oxidative pathway is of significant functional value
treated with ascorbic acid. Glucose intolerance resultsto the nearby CNS? Surgical attempts to remove the
and attempts to release additional insulin from the pan-glycogen body have been made, but the surviving birds
creas by use of pancreatropic drugs are without success.do not appear to suffer any defects. Despite its name,
Thus, the ‘‘diabetic state,’’ transitory as it is, appears tothe avian glycogen body remains an enigma to students
be due to the parent compound, not to its oxidationof avian carbohydrate metabolism. Possibly, studies of
product, dehydroascorbic acid. The latter is known tothe anatomical counterpart area in related but lower
be diabetogenic in rats, guinea pigs, and humans.forms, such as fish, amphibia, and reptiles, may divulge

Successful experimental diabetes has been estab-the secret that the avian glycogen body holds.
lished in mammals by use of alloxan, a derivative of
pyrimidine, since the mid-1940’s, and streptozotocin, an
antibiotic, since the mid-1960’s. To a large extent, useVIII. ALTERED AVIAN
of the latter in mammals has replaced use of the formerCARBOHYDRATE METABOLISM
due to its higher degree of selectivity in destroying the
pancreatic B-cell. Alloxan actually damages several en-A. Spontaneous Diabetes Mellitus
docrine tissues, as well as the liver, but with time, only
that of the pancreas appears permanent. Alloxan is with-This condition, well known in humans, appears spon-

taneously in a wide variety of animals, mostly mammals. out diabetogenic effect in birds such as chickens, pi-
geons, geese, crows, kingfisher, black munia, parakeets,Classical signs of Type 1 diabetes (insulin dependent)

have been reported in monkeys, dogs, cats, sheep, pigs, etc. (Hazelwood, 1986a; Ghosh, 1991). Regardless of
dose, alloxan is ineffective in altering basal insulin levels,beef, and horses to name but a few examples. In birds,

however, the disease appears to be a clinical rarity. What glucose-stimulated insulin release patterns, or glucose
tolerance (Hazelwood, 1986a). Similarly, streptozotocincase reports do exist, usually come to the attention of
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equals alloxan’s ineffectiveness in birds, although it does hypertrophy and experience altered sensitivity to islet
challenges. Summarizing, in those preparations with as-hinder the insulin response to a glucose load. Obviously,

different cellular mechanisms underlie the avian re- sured 100% pancreas removal, the bird suffers a severe
hypoglycemic crises, requiring repeated glucagon and/sponse to alloxan and streptozotocin, yet neither of

these potentially diabetogenic agents leads to diabetes or glucose infusions to prevent moribund convulsions.
Glucagon is essential to life, especially during a fastingin Aves. Infusion of glucose along with, or shortly be-

fore, the injection of alloxan to rats prevents B-cell period. Still, anti-insulin antibodies cause hyperglyce-
mia in depancreatized ducks, an observation indicatingdamage. Could the normally high (by mammalian stan-

dards) avian blood glucose (200-250 mg/dl, i.e., double that insulin, also, is essential for glucoregulation (Hazel-
wood, 1986a, 1986b; Simon, 1989). This is emphasizedthat of normal mammals) act to buffer the otherwise

damaging effects of alloxan? Or could the excessively further when periods of feeding are studied in such
operated ducks. Also, these observations suggest that ahigh levels of glutathione in the avian pancreas (about

10 times that of mammals) offer protection against the secondary source of insulin, other than the pancreas,
may exist in birds, especially since there is a persistencebeta-cytotoxic agents? The only mammal reported to

be refractive to alloxan and streptozotocin is the guinea of circulating insulin for as long as 10 days following
surgery (Colca and Hazelwood, 1982; Hazelwood,pig and, interestingly, this specie has a very high pancre-

atic content of glutathione (Ghosh, 1991). There are no 1986a). This suggestion has been made many times by
many workers but it is a statement still awaiting finalreports on the attempts (or effects of) at destroying

either the pancreatic D- or F-cells. verification (Colca and Hazelwood, 1982; Simon, 1989).
In birds that undergo 99% surgical pancreatectomy,

metabolic alterations vary with the specie involved. Sub-C. Surgical Extirpation of the Pancreas
total pancreatectomy apparently results in a transient
diabetic state in ducks, the birds becoming euglycemicExperimental removal of the avian pancreas dates

back at least to the classic studies of vonMering and two weeks later. In geese, however, permanent diabetes
results and is attended by low plasma insulin levels andMinkowski in the 1890’s when they included several

species of birds in their survey on the effects of pan- progressively rising glucagon levels (Laurant and Mi-
alhe, 1978; Karmann and Mialhe, 1982; Hazelwood,createctomy in a wide variety of vertebrates. In fact,

these early studies identified the pancreas as the major 1989). The diabetic state is characterized by hyperglyce-
mia, low plasma insulin and glucagon levels, and highorgan controlling normal carbohydrate metabolism in

mammals. vonMering and Minkowski’s efforts led to amino acid levels. The maintenance of normal respon-
siveness to glucose by the avian islet A-cell requiresthe belief that birds could not be made diabetic perma-

nently by surgical removal of the pancreas. Either their the presence of insulin (Karmann and Mialhe, 1982;
Hazelwood, 1989; Simon, 1989).birds did not become diabetic at all after surgery, or

they demonstrated a temporary diabetic state and died Of all experimental results obtained from surgical
extirpation of the pancreas in birds, the one basic, under-(after a severe bout of anorexia) within 10 days of the

operation. The suggestion was made, however, that lying feature all data emphasize, appears to be that
glucagon is very important to Aves for proper gluco-carnivorous birds were more likely to show ‘‘diabetic

symptoms’’ than other avian forms. This perception per- regulation, although insulin is necessary for complete
normalcy. Further, glucagon is more important in thesists even today, although there is little concrete evi-

dence to support such a suggestion. The functional role fasting bird, while insulin is more important in the
fed state.of the pancreatic splenic lobe (see Fig. 1) appears to be

the basis of most discrepant reports over the last 70-90
years relative to inducing diabetes in birds by removal D. Pancreatropic Agents
of the organ (Hazelwood, 1986b; Simon, 1989). In some
species (duck), removal of this lobe of the pancreas is Oral anti-diabetic agents, used clinically in diabetic

humans, are effective hypoglycemic and hypofattyacid-relatively simple and the resulting pancreatectomy is
complete. In other avian forms (goose), the splenic lobe emic agents in birds, also. Actually, the plasma free

fatty acid levels decrease prior to glycemic levels whenis moderately accessible and pancreatectomy is usually
95-100% complete. In chickens, however, this lobe is tolbutamide or chlorpromamide is injected into domes-

tic fowl. Interestingly, a hypoglycemic response to tolbu-very inaccessible and complete pancreatectomy is rarely
achieved. Thus, discordant results over the years ema- tamide administration occurs also in pancreatecto-

mized–hepatectomized chickens, once again raising thenating from attempts at pancreatectomy are most likely
due to the degree of completeness of surgery. Remnants question of the possible existence of a secondary source

of insulin in Aves. Apparently, there is no peripheralof pancreatic tissue left behind after surgery, rapidly
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inhibition of lipid synthesis in depot fat sites when birds In summary, avian carbohydrate metabolism is regu-
lated by a complex integration of neural, hormonal,are given tolbutamide.
humoral, and nutrient components. In this context,
mammals and birds are similar. Pancreatic hormones

E. Role of Other Hormones play a dominant role in this regulation, the I/G molar
ratio being central to maintaining metabolic homeosta-Of all other avian hormones, growth hormone (GH)
sis. This ratio of insulin to glucagon appears set in birdsand prolactin (PRL) appear to have the most impact on
to ‘‘favor’’ catabolic, or retrieval, reactions, thereby as-normal avian carbohydrate metabolism. The injection of
suring the animal of plentiful fuel supplies to sustain aGH is without effect on glycemic levels in birds, even
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by severe fasting, egg laying, and/or sustained migra-generalized, systemic obesity. Avian GH is a very potent
tory flight.agent—much more so than equivalent amounts of mam-

malian GH—in promoting lipolysis and glycerol release
in turkey, chicken, and pigeon adipocytes, even in the References
absence of supportive glucocorticoids. Fundamentally,

Adamo, M. L., and Hazelwood, R. L. [1990]. Characterization ofGH stimulates basal lipolysis, inhibits hormone-
liver and cerebellar binding sites for avian pancreatic polypeptide.stimulated lipolysis [similar to that of insulin in mam- Endocrinology 126, 434–440.

mals], and stimulates glucose uptake in birds (Rudas Adamo, M., Simon, J., Rosebrough, R. W.., McMurtry, J. P., Steele,
and Scanes, 1983; Scanes, 1992; Scanes et al., 1993). N. C., and LeRoith, D. (1987). Characterization of the chicken

muscle insulin receptor. Gen. Compar. Endocrinol. 68, 456–465.Thus, the absence of insulin’s anti-lipolytic effect is alle-
Adamo, M. L., LeRoith, D., Simon, J., and Roth, J. (1988). Effect ofviated by the action of both GH and APP in birds. In

altered nutritional states on insulin receptors. Ann. Rev. Nutr.
all probability, the different effects of GH in Aves are 8, 149–166.
modulated by different signal transduction systems Colca, J. R., and Hazelwood, R. L. (1982). Persistence of immunoreac-

tive insulin, glucagon, and pancreatic polypeptide in the plasma(Scanes et al., 1993). Furthermore, as has been found
of depancreatized chickens. J. Endocrinol. 92, 317–326.with different species of mammalian GH, different re-

George, J. C., John, T. M., and Mitchell, M. A. (1989). Flight effectsgions (specific domains) of the avian molecule are re-
on plasma levels lipid, glucagon, and thyroid hormones in homing

sponsible for the many different effects that are ob- pigeons. Horm. Metab. Res. 21, 542–545.
served when the entire structure is administrated to Gerich, J. (1983). Somatostatin and analogues. In ‘‘Diabetes Mellitus’’

(M. Ellenberg and H. Rifkin, eds.], 3rd ed., pp. 225–254. Med.birds (Scanes et al., 1993).
Exam. Pub., New York.Prolactin (PRL) injection into birds results in diverse

Ghosh, A. (1991).New therapeutic modalities of diabetes: Avian endo-
biological effects that probably are mediated by PRL crinological approach. Proc. Zool. Soc. (Calcutta) 44, 65–68.
variants. Some birds have more than 10 forms of plasma Goddard, C., Butterwith, S. C., Roberts, R. D., and Duclos, M. J.

(1993). Insulin-like growth factors and IGF binding proteins. InPRL, ranging in size from 23 to 75 kDa (Nicoll et al.,
‘‘Avian Endocrinology’’ (P. J. Sharp, ed.), pp. 275–284. J. Endocri-1986). Glucagon injections increase PRL release from
nology, Bristol.the pituitary gland, simultaneously with a decrease in

Hazelwood,R. L. (1986a). Carbohydrate metabolism. In‘‘Avian Physi-
GH secretion. These opposite effects are attributed to ology’’ (P. D. Sturkie, ed.), 4th ed., pp. 303–325. Springer-Verlag,
the hyperglycemia induced by glucagon. Fasting has the New York.

Hazelwood, R. L. (1986b). Pancreas. In ‘‘Avian Physiology’’ (P. D.opposite effect on these two pituitary hormones. PRL
Sturkie, ed.), 4th ed., pp. 494–500. Springer-Verlag, New York.is lipogenic in birds, especially in liver tissue. PRL, too,

Hazelwood, R. L. (1986c). Are birds normally diabetic? In‘‘ACTAis anti-insulin in most of its metabolic actions. Its fluctu- XIX Congress Intl. Ornithologica’’ (H. Ouellet, ed.), Vol. 2, pp.
ating plasma levels during stressful times in a bird’s 2223–2233, Univ. Ottawa Press, Ottawa.

Hazelwood, R. L. (1989). Somatostatin: Regulator of I/G molar ratios.(normal) life suggest that PRL is important in shifting
In ‘‘The Endocrine Pancreas,’’ pp. 144–146. Prentice-Hall, New‘‘metabolic gears’’ to provide fuel at times of crises
Jersey.(Hazelwood, 1986a). Thus, PRL is to be added to the

Hazelwood, R. L. (1993a). The pancreatic polypeptide [PP-fold] fam-
fraternity of stress hormones in birds. ily: vascular, gastrointestinal, and feeding behavioral implications.

In addition to GH and PRL, other hormones have Proc. Soc. Exp. Biol. Med. 202, 44–63.
Hazelwood, R. L. (1993b). From avian pancreatic polypeptide tocounter-regulatory actions (to those of insulin) in birds,

mammalian neuropeptides: Carbohydrate implications. In ‘‘Avianand therefore fall into that group of hormones called
Endocrinology’’ (P. J. Sharp, ed.), pp. 189–201. J. Endocrinology‘‘stress hormones.’’ A brief treatment of these (gluco- Ltd., Bristol.

corticoids, catecholamines, thyroxine) is presented in John, T. M., Viswanathan, M., George, J. C., and Scanes, C. G. (1988).
Flight effects on plasma levels of free fatty acids, growth hormone,Hazelwood (1986a).



4219 / c20-555 / 08-04-99 15:09:12

Chapter 20. Pancreas 555

and thyroid hormones in homing pigeons. Horm. Metabol. Res. Scanes, C. G. (1992). Lipolytic and diabetogenic effects of native
and biosynthetic growth hormone in the chicken: A re-evaluation.20, 271–273.

Karmann, H., and Miahle, P. [1982]. Progressive loss of sensitivity of Comp. Biochem. Physiol. A 101, 871–878.
Scanes, C. G., Aramburo, C., Campbell, R. M., Kopchick, J. J., andthe A-cell to insulin in geese made diabetic by subtotal pancreatec-

tomy. Horm. Metab. Res. 14, 452–458. Radecki, S. V. (1993). Chemistry and physiology of poultry growth
hormone. In ‘‘Avian Endocrinology’’ (P. J. Sharp, ed.), pp. 261–Kimmel, J. R., Pollock, H. G., and Hazelwood, R. L. (1968). Isolation

and characterization of chicken insulin. Endocrinology 83, 1323– 274. J. Endocrinology Ltd., Bristol.
Simon, J. (1989). Chicken as a useful species for the comprehension1330.

Laurant, F., and Mialhe, P. (1978). Effect of free fatty acids and amino of insulin action. In ‘‘CRC Critical Reviews in Poultry Biology,’’
Vol. 2, pp. 121–148. CRC Publ., Boca Raton, FL.acids on glucagon and insulin secretions in normal and diabetic

ducks. Diabetologia 15, 313–321. Simon, J., and LeRoith, D. (1986). Insulin receptors of chicken liver
and brain. Characterization of alpha and beta subunit properties.Nicoll, C. S., Mayer, G. L., and Russell, S. M. (1986). Structural

features of prolactins and growth hormones that can be related Eur. J. Biochem. 158, 125–132.
Simon, J., and Taouis, M. (1993). The insulin receptor in chickento their biological properties. Endocr. Rev. 7, 169–203.

Rudas, P., and Scanes, C. G. (1983). Influences of growth hormone on tissues. In ‘‘Avian Endocrinology’’ (P. J. Sharp, ed.), pp. 177–188.
J. Endocrinology Ltd., Bristol.glucose uptake by avian adipose tissue. Poult. Sci. 62, 1838–1845.



WHITTOW - AP - 4219 / c21-557 / 08-04-99 15:09:46

C H A P T E R

21

The Pineal Gland, Circadian Rhythms,
and Photoperiodism

EBERHARD GWINNER AND MICHAELA HAU
Max-Planck-Institut für Verhaltensphysiologie

D-82346 Andechs
Germany

I. Anatomy of the Pineal Gland 557 pineal anatomy and function is apparent (Quay, 1965;
Menaker and Oksche, 1974; Binkley, 1988).II. Pineal Hormones 558

A. Melatonin 558 The majority of diurnally active birds examined have
B. Extrapineal Melatonin Production 559 a well-developed pineal organ. However, rudimentary

III. Physiological Effects of the Pineal Gland 560 pineals have been described for some nocturnal and
A. Circadian System 560 crepuscular species; for example, owls (Strigiformes)
B. Photoperiodism and Endogenous and night-active shearwaters and petrels (Procellari-

Circannual Cycles 564 iformes; Quay, 1972).
C. Thermoregulation 565 In general, the avian pineal gland consists of a distal
D. Sleep 565 enlargement, the pineal vesicle, which is exposed to the
References 565 skull and adheres to the dura mater, and a proximal

slender pineal stalk, which is connected to the dorsal
wall of the third ventricle (Figure 1, bottom). In the
domestic chicken (Gallus domesticus), the pineal is ap-I. ANATOMY OF THE PINEAL GLAND
proximately 1.8 mm wide and 2.8 mm long (Sato and
Wake, 1983). According to morphological criteria, avianThe pineal gland (epiphysis cerebri) of birds is lo-
pineals have been classified as (1) saccular (passerinecated at the dorsal surface of the brain, where it is
birds), (2) tubulofollicular (pigeon, Columba livia andembedded in a triangular space between the two hemi-
duck, Anas platyrynchus), and (3) lobular glands (adultspheres of the telencephalon and the cerebellum (Figure
chicken and Japanese quail, Coturnix coturnix japonica;1, top). During embryonic development, the pineal
Figure 1, bottom).gland is formed as an evagination of the neuroepithe-

The pineal gland of birds contains photoreceptorlikelium of the posterior diencephalic roof between the
and ependymal (interstitial) cells as well as neuronshabenula and the posterior commissure. In the course
(Menaker and Oksche, 1974; Collin and Oksche, 1981;of phylogeny, it has changed from an organ that was
Ariens Kappers, 1983; Binkley, 1988). The receptorlikeboth secretory and photosensitive (e.g., in fish and am-
pinealocytes represent modified photoreceptor cellsphibians) to a purely neuroendocrine gland (in mam-
with reduced outer segments, which in many avian spe-mals) to which light information is transmitted only
cies lack any synaptic connections to intrinsic nerve cells.indirectly through neuronal pathways. These phyloge-
However, the immunohistochemical detection of photo-netic changes of the pineal were accompanied by alter-
sensitive pigments in these outer segments (e.g., pinop-ations in the structure and neuronal organization of

the gland. In birds, a striking interspecific variability in sin, Okano et al., 1994) structurally related to rhodopsin

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.557
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rons which exit the pineal via the stalk and project into
the habenular nuclei and the periventricular layer of
the hypothalamus. In contrast to passerines, only a few
pineal projections to the brain have been found in galli-
forms.

II. PINEAL HORMONES

A. Melatonin

Most pinealocytes produce various indoleamines
among which melatonin (5-methoxy-N-acetyltryptamine)
is of major significance. Melatonin is synthesized from
tryptophan in a multistep process (Figure 2). First, trypto-
phan is actively taken up from the blood and converted
into serotonin. Next, N-acetylserotonin is formed by the
enzyme N-acetyltransferase (NAT), the rate-limiting step
in melatonin synthesis. From there, hydroxyindole-O-
methyltransferase (HIOMT) finally synthesizes melato-
nin. Melatonin is a small and highly lipophilic molecule,

FIGURE 1 (Top) The pineal organ of the pigeon, embedded between
the two hemispheres of the telencephalon and the cerebellum. (Bot-
tom) Various types of avian pineal organs: (a) Saccular (e.g., house
sparrow); (b) tubulofollicular (e.g., pigeon); (c) lobular (e.g., chicken).
(1) Pineal organ; (2) choroid plexus of the third ventricle; (3) subcom-
missural organ. (After Matsumoto and Ishii (1992), and Menaker and
Oksche (1974), with permission.)

suggests that avian pinealocytes are photoreceptive. In-
deed, melatonin production in isolated pineal cells is
strongly light dependent (Robertson and Takahashi
1988b; Takahashi et al., 1989). Consistent with the neu-
roendocrine function of the gland, pinealocytes contain
secretory granules (dense core vesicles) in the golgi re-
gions and within the basal processes. The nerve cells
are mainly of the bipolar and in some species also of
the pseudounipolar type.

The pineal gland is connected with the brain via both
efferent and afferent pathways (see e.g., Korf et al.,
1982; Ariens Kappers, 1983; Sato and Wake, 1983). A
rich innervation is typical of many avian pineal glands
and is mainly accomplished by sympathetic (noradren-
ergic) postganglionic fibers originating in the superior
cervical ganglia (SCG). Additional nervous inputs from

FIGURE 2 Rhythms in indole metabolism in the pineal gland (datathe habenular complex and the area of the paraventricu-
from the rat). (Left) Metabolic pathway from serotonin to melatonin.

lar nucleus have been shown in house sparrows (Passer (Right) Daily variations in the concentrations of metabolites and
domesticus). The most conspicuous afferent pathway in enzymes. Shaded portion indicates the dark fraction of the daily light–

dark cycle. (After Klein, 1985.)passerines consists of acetylcholinesterase-positive neu-
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which rapidly diffuses through membranes and into the et al., 1995). Melatonin binding, as revealed by 2-
[125I]iodomelatonin (125I-Mel), a potent melatonin ago-blood stream to exert its actions throughout the body.
nist (Dubocovich and Takahashi, 1987), occurs through-Once in the circulation, melatonin is rapidly catabo-
out the avian brain, but is highest in areas associatedlized and inactivated in the liver through hydroxylation
with vision. In particular, 125I-Mel binds to retinore-(Kopin et al., 1961; Cardinali et al., 1983; Binkley, 1988).
cipient structures and integrative nuclei of the visualAnother enzymatic catabolic mechanism which often
system, including the retina and circadian, tectofugal,occurs in retina and skin of vertebrates involves deacety-
thalamofugal, and accessory optic visual pathways (e.g.,lation and deamination (Grace et al., 1991). Finally,
Cassone et al., 1995). 125I-Mel binding was also foundnonenzymatic degradation takes place when melatonin
in the song nuclei of the zebra finch (Poephila guttata)scavenges free radicals (e.g., Reiter et al., 1995; Filadelfi
and house sparrow (Gahr and Kosar, 1996; Whitfield-and Castrucci, 1996; see below).
Rucker and Cassone, 1996), as well as in auditory relayA characteristic feature of pineal melatonin produc-
nuclei and structures of the limbic system associatedtion and secretion is a 24-hr rhythm, where levels are
with arousal and vocalizations (Rivkees et al., 1989;high at night and low during day. Although the ampli-
Cozzi et al., 1993). In the quail, 125I-Mel binding wastude of the nocturnal rise in melatonin may differ con-
also observed in the nuclei of the cranial nerves thatspicuously among species, this general pattern has been
coordinate eye movements (Cozzi et al., 1993). In con-found in literally every vertebrate studied so far, irre-
trast to mammals, the avian pineal does not bind 125I-spective of whether it is day- or night-active. In most
Mel (e.g., Cassone et al., 1995). In many brain areas thespecies investigated, the rhythm in melatonin synthesis
density of melatonin binding sites undergoes a circadianpersists under constant laboratory conditions both in
rhythm in a phase opposite to that of melatonin, withvivo and in vitro, indicating that it is controlled by an
highest densities during the late subjective day (Brooksendogenous ciradian oscillator (Figure 3). Among the
and Cassone, 1992; Lu and Cassone, 1993a,b).enzymes involved in melatonin synthesis, only the rate-

So far, two melatonin receptor subtypes have beenlimiting NAT exhibits a circadian rhythm in enzymatic
identified in birds: CKA, which is similar to the mamma-activity (e.g., Binkley, 1988).
lian Mel1a receptor, and CKB, which is similar to the

Melatonin exerts many of its actions by binding to
Xenopus Mel1c receptor. The relative contribution of

specific high-affinity membrane-bound receptors the two receptor subtypes to melatonin binding sites in
coupled to a G-protein (Morgan et al., 1994; Reppert the brain differs (Reppert et al., 1995): CKA mRNA is

expressed in high amounts in the optic tectum and the
retina (to a lesser extent also in the neostriatum, the
hypothalamus, and the thalamus) and CKB mRNA is
expressed to a moderate extent in the optic tectum, the
neostriatum, the hypothalamus, the thalamus, and the
pineal (in smaller amounts also in the cerebellum and
the retina).

Recent evidence from mammals suggests that mela-
tonin may also exert some actions independent of recep-
tors—a result of its ability to rapidly penetrate cell mem-
branes. There, it may act as a scavenger of free radicals,
preventing oxidative damage within cells (Reiter et al.,
1995, 1996). Futhermore, in mammals a nuclear melato-
nin receptor has been found in the central nervous sys-
tem as well as in peripheral organs. 125I-Mel binding
outside the central nervous system includes sites in the
retinae, the gastrointestinal system, the Harderian
gland, the gonads, the spleen, the kidney, and the spinal
cord (Ayre et al., 1992, 1994; Song et al., 1992; Huether,FIGURE 3 Circadian changes in melatonin release from four cultures

of dispersed chick pineal cells. Cultures were kept at 378C and initially 1993; Lee and Pang, 1993; Pontoire et al., 1993; Poon et
exposed to a 12 : 12-hr light–dark cycle before being transferred to al., 1993; Wan and Pang, 1993).
constant darkness. Data were normalized relative to the individual
means of the four cultures. A circadian rhythm with a period slightly

B. Extrapineal Melatonin Productionshorter than 24 hr persisted in all four cultures. (Reprinted from
J. Neurosci. 8, L. M. Robertson and J. S. Takahashi, Circadian clock

Originally identified in the pineal organ, melatoninin cell culture. I. Oscillation of melatonin release from dissociated
was subsequently found to be also synthesized in at leastchick pineal cells in flow-through microcarrier culture, pp. 12–21,

Copyright (1988a) with permission from Elsevier Science.) three other structures: the retina, the Harderian gland,
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and the gastrointestinal tract (reviewed in Huether, High-affinity melatonin bindig sites have been found
throughout the gastrointestinal tract of ducks (Lee et1993). While pineal melatonin is released into the circu-

lation to exert most of its known functions in various al., 1991; Lee and Pang, 1993; Lee et al., 1995) and in
the duodenum of chicken (Pontoire et al., 1993), suggest-organs of the body, retinal, Harderian gland, and gastro-

intestinal melatonin is usually not or only in some spe- ing that melatonin exerts paracrine or autocrine func-
tions within the gastrointestinal tract itself. In mammals,cies and/or under certain circumstances released into

the vascular system. Extrapineal melatonin presumably melatonin may reduce gastrointestinal motility and thus
food transit time, thereby increasing food utilizationacts mainly locally near the site of production.

Retinal melatonin production is widespread in birds (Harlow and Weekly, 1986). Gut melatonin has also
been implicated as a modulator of intestinal crypt celland other vertebrates. It resembles pineal melatonin

production to the extent that it exhibits a circadian proliferation. Finally, intestinal melatonin may play a
role as a free-radical scavenger and antioxidant (Pent-rhythm which persists not only in vivo but also in vitro

in cultured eyecups (Pierce et al., 1993). Depending ney and Bubenik, 1995; Reiter et al., 1995). Whether
melatonin, apart from acting locally in the gut, is alsoon the species, retinal melatonin may or may not be

released into the circulation. In house sparrows and released into the portal blood and thus contributes to
circulating melatonin levels is not clear yet. However,European starlings (Sturnus vulgaris), little or no retinal

melatonin is released into the blood (Janik et al., 1992), recent studies in mammals have found transient daytime
increases in peripheral melatonin levels after food inges-whereas in pigeons (Foa and Menaker, 1988) and quails

Underwood and Siopes, 1984) about one-third of the tion suggesting that gastrointestinally produced melato-
nin may affect systemic functions (summarized e.g., inplasma melatonin in the night stems from the retina.

High-affinity melatonin binding sites have been Bubenik et al., 1996).
found in the amacrine cells of the inner plexiform layer
of the retina (Dubocovich, 1988). Possibly retinal mela-
tonin acts as a modulator of neural transmission and III. PHYSIOLOGICAL EFFECTS OF THE
neuronal excitability in the retina, counteracting dopa- PINEAL GLAND
mine (Huether, 1993; Dubocovich, 1988). Retinal mela-
tonin is also involved in, for example, photoreceptor First isolated by Lerner et al. in 1958, melatonin was
outer segment disk shedding, retinomotor movements named after its lightening action of the skin of amphibi-
of cones and rods, and retinal pigment aggregation (e.g., ans and fish, resulting from pigment (melanin) aggrega-
Cahill and Besharse, 1995). tion. Today many other endocrine effects of melatonin

The Harderian gland of the chicken and pigeon (Pang are known; in vertebrates they include involvement in
et al., 1977; Vakkuri et al., 1985a) contains high levels themoregulation, skin color changes, reproduction, im-
of melatonin during darkness. Since HIOMT activity mune response, puberty, carcinostasis, aging, and circa-
was also detected in the Harderian gland, it is likely dian organization (Touitou et al., 1993; Yu and Reiter,
that melatonin is indeed produced in this organ. The 1993; Arendt, 1995). However, many of these functions
function of Harderian gland melatonin, which is presum- have not yet been established in birds. In the following,
ably not released into the circulation, is unknown. we will concentrate on the four major areas in which

In the gastrointestinal tract of birds and mammals research on birds has contributed substantially to our
high concentrations of melatonin (about 400 times as understanding of pineal function.
much as in the pineal; Huether, 1993) have been mea-
sured in the enterochromaffin cells of the mucosal epi-
thelium of the gastrointestinal tract. In the pigeon (Vak- A. Circadian System
kuri et al., 1985a) gut melatonin content varies in a

1. The Pineal Gland as a Component of the
pronounced 24-hr rhythm; levels increase at night and

Circadian Pacemaker
decline during day. In pigeons, this rhythm persists with
an unaltered amplitude after pinealectomy (Vakkuri Numerous processes in organisms show regular

24-hr variations, reflecting the pronounced daily pat-et al., 1985b), suggesting that melatonin is produced
rhythmically in the gut. This contention is supported by tern of their environment. In many organisms, these

24-hr rhythms in biological function are partly based onthe fact that, in quail, NAT, the rate-limiting enzyme
of melatonin synthesis, is present in the duodenum and an endogenous circadian rhythmicity that persists with a

period slightly deviating from 24 hr even under constantthat its activity shows a 24-hr rhythm similar to that
found in the pineal and the retina (Lee et al., 1991). To environmental conditions. In 1968, Gaston and Men-

aker discovered that this ‘‘free-running’’ circadian loco-what extent this rhythm is autonomous (based on an
endogenous circadian mechanism) is not clear. motor activity rhythm of house sparrows held in con-
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essential component of the avian circadian pacemaking
system (reviews in Menaker and Zimmerman, 1976; Ru-
sak, 1982; Underwood and Goldman, 1987; Binkley,
1988; Gwinner, 1989; Cassone, 1990a,b; Gwinner et al.,
1994, 1997). This hypothesis was strongly supported by
an experiment in which pineal organs of house sparrows
were transplanted into the anterior chamber of the eye
of pinealectomized arrhythmic sparrows kept in DD
(Figure 5): the pineal transplant restored rhythmicity
in the host bird with a phase characteristic of the rhythm
of the donor (Zimmerman and Menaker, 1979). Subse-
quent studies lent further support to the idea that the
pineal exerts its rhythm-sustaining function through the
periodic production and secretion of melatonin. In par-
ticular, it was shown that periodic (approximately
24 hr) injections or infusions of melatonin or its periodic
application via the drinking water were capable of in-
ducing and synchronizing circadian functions like loco-
motor activity or body temperature (summaries in
Gwinner et al., 1994, 1997; Figure 6).

FIGURE 4 (Left) Plasma melatonin levels (medians with quartiles)
in sham pinealectomized (Sham) and pinealectomized (Pinx) house
sparrows (upper) and European starlings (lower) measured 2 days
after transfer from a 24-hr light–dark cycle to constant darkness (DD)
and plotted relative to the previous light–dark cycle (‘‘zeitgeber time’’;
lights on from 0 to 12 hr). (Right) Changes in the pattern of feeding
of an individual house sparrow and starling held in DD (sparrow) or
dim light (LL; starling). Each horizontal line from hr 0 to 24 represents
the activity recording of 1 day. Recording of successive days are
displayed underneath each other and the original recordings (hr 0
to 24) have been double-plotted (hr 24 to 48) for more convenient
inspection of the data. Initially both birds showed a free-running
circadian rhythm of feeding activity with a period considerably (spar-
row) or slightly (starling) shorter than 24 hr, as indicated by the
progressively earlier beginning of activity on successive days. Follow-
ing pinealectomy (and the resulting abolition of the plasma melatonin
rhythm) feeding activity became arrhythmic in the sparrow and more
irregular in the starling. (Reprinted from Brain Res. Bull. 44, E. Gwin-
ner, M. Hau, and S. Heigl, Melatonin: Generation and modulation
of avian circadian rhythms, pp. 439–444, Copyright (1994), with per-
mission from Elsevier Science.)

stant darkness (DD) was abolished following surgical
FIGURE 5 Transplantation of pineal organs from two house sparrowremoval of the pineal organ (Figure 4, upper right).
donors (upper) into two pinealectomized recipients (middle). The

Sympathetic denervation of the pineal did not result in donors were on the two different light–dark cycles indicated at the
a corresponding impairment of circadian rhythmicity; top of their respective activity records; their perch-hopping rhythms

were synchronized accordingly. The pinealectomized recipients livedhence, the pineal appeared to exert its rhythm-
in constant darkness and showed arrhythmic activity patterns. Follow-sustaining function humorally rather than neuronally
ing transplantation of donor pineals, rhythmicity was resumed by the(Menaker and Zimmerman, 1976). Since the avian pi-
previously arrhythmic recipients (lower). The emerging rhythm had

neal is capable of periodically synthesizing melatonin the phase of the rhythm of the respective donor. For details on acto-
even in vitro and under constant environmental condi- grams see the legend to Figure 4. (After Zimmerman and Men-

aker, 1979.)tions (Figure 3), it was proposed that the pineal is an
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cent studies have identified two paired brain regions in
the hypothalamus that might contain the avian SCN.
First, an area in the medial hypothalamus adjacent to
the third ventricle, the periventricular preoptic nucleus
or medial SCN (mSCN), seems to represent the anatom-
ical equivalent of the mammalian SCN (e.g., Hartwig,
1974). Large lesions of the mSCN region usually abolish
circadian rhythms (reviewed in Cassone and Menaker,
1984; Gwinner, 1989; Cassone, 1990a,b). Second, recent
studies have pointed to a region caudal to the mSCN,
the lateral hypothalamic retinorecipient nucleus or vi-
sual SCN (vSCN) which is situated between the supra-
optic decussations and the ventral lateral geniculate
body (Cassone and Moore, 1987; Norgren and Silver,
1989a,b). The vSCN are densely innervated by retinal
cells via the retinohypothalamic tract (RHT; Cassone

FIGURE 6 Feeding activity of a pinealectomized pigeon that was and Moore, 1987; Norgren and Silver, 1989a,b). Further-first synchronized with a light–dark (LD) cycle with light from 6 : 00
more, the vSCN contain melatonin binding sites (e.g.,to 18 : 00 (arrows) and subsequently released into constant darkness

(DD). On the first day in DD and each day thereafter the bird received Rivkees et al., 1989; Cassone et al., 1995) and the rhyth-
a 10-hr continuous infusion of a melatonin/vehicle solution (DD 1 mic metabolic activity of the nuclei (as measured by 2-
melatonin) or a vehicle solution only (DD 1 vehicle). The boxed deoxyglucose uptake) depends on the presence of an
area represents infusion time. Onsets of infusions occurred 0.77 hr

intact pineal or periodic exogenous melatonin adminis-later each day than the previous day. The bird’s activity synchronized
tration (Lu and Cassone, 1993a,b). Also, the circadianwith the melatonin cycle such that high feeding activity coincided with

the time of day at which plasma melatonin levels were low; during rhythm in noradrenergic turnover in the avian pineal
vehicle infusion the rhythm free-ran with a period shorter than 24 hr. gland is disrupted by lesion of the vSCN (Cassone et al.,
Note that in pigeons plasma melatonin rhythmicity is not completely 1990). The vSCN are thought to provide feedback to theeliminated by pinealectomy because in this species retinal melatonin

pineal organ via a polysynaptic pathway, whose interrup-is secreted into the bloodstream with a circadian pattern. (After
J. Comp. Physiol. A, Effects of physiological cycles of infused melato- tion(e.g.,by surgical removalof the superiorcervicalgan-
nin on circadian rhythmicity in pigeons, C. C. Cabot and M. Menaker, glion) damps circadian rhythms in plasma melatonin of
170, 615–622, (1992), q Springer-Verlag.) chicken in DD (Cassone and Menaker, 1983).

In addition to the pineal and the SCN, the eyes are
also components of the avian circadian pacemaking sys-

Within the circadian system, the pineal melatonin tem—at least in some galliform and columbiform spe-
rhythm interacts with at least one other circadian oscilla- cies. In the pigeon, the eyes contribute to the circadian
tor. This is indicated, for instance, by the observation system via periodic melatonin secretion by the retina.
that following pinealectomy or the discontinuation of Pinealectomy merely leads to an incomplete abolition
periodic melatonin substitution in pinealectomized of the plasma melatonin rhythm; complete behavioral
birds, it usually takes the behavioral rhythms of a bird arrhythmia can only be achieved by simultaneous pine-
several cycles to damp out (Figure 4, upper right; Cha- alectomy and optical enucleation (Ebihara et al., 1984;
bot and Menaker, 1992; Heigl and Gwinner, 1994). The Foa and Menaker, 1988; Oshima et al., 1989). Likewise,
same holds true for the rhythms of pinealectomized in quail, part of the nocturnal peak in plasma melatonin
birds transferred from light–dark cycles (which are ca- stems from melatonin secretion from the retinae. In this
pable of inducing and synchronizing rhythmicity in birds species, however, the main contribution of the eyes to
without a pineal; Gaston and Menaker, 1968) to con- circadian performance is neuronal: circadian rhythms
stant light or darkness. Moreover, when melatonin become abolished after optic-tract impairment, a treat-
rhythms with different periods are exogenously applied, ment that leaves the plasma melatonin rhythm intact
the range of periods to which the behavioral rhythms (Underwood et al., 1990).
of pinealectomized house sparrows can be synchronized On the basis of these and other findings, Cassone
is limited (Heigl and Gwinner, 1995). This is indicative and Menaker (1984) have suggested that the pineal,
of an oscillator operating under the influence of a syn- the SCN, and (at least in some species) the eyes are
chronizing agent. Melatonin acts on an oscillatory sys- connected with each other in a neuroendocrine feed-
tem that is at least partly located in the avian equivalent back loop and that the gross output of this composite

pacemaking system depends on inhibitory interactionsof the mammalian suprachiasmatic nucleus (SCN). Re-
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3. The Pineal and Melatonin as Modulators ofamong these three oscillatory components. The interac-
Synchronized Circadian Rhythmstions between these oscillators can also be described in

more general terms by a model of ‘‘internal resonance’’ The effects of the pineal and melatonin described
(Gwinner, 1989) in which the oscillatory components above concern circadian rhythms of birds kept under
of the circadian pacemaking system synchronize and constant conditions, where unimpaired circadian
amplify each other through resonance rather than inter- rhythms free-run with periods slightly deviating from
acting with each other by mutual inhibition. The known 24 hr. Under natural conditions, however, the endoge-
or suspected interactions between the components de- nous rhythms are synchronized with the 24-hr periodic-
scribed above are shown in Figure 7. ity of the environment. Periodically changing environ-

mental factors like food availability, temperature, or
social stimuli can synchronize avian circadian rhythms,2. Inter- and Intraspecific Diversity of Avian
but the most important synchronizer (‘‘zeitgeber’’) ofCircadian Systems
circadian rhythms is the periodic alteration of light

Some of the examples presented above suggest that intensity (Aschoff, 1981; Pittendrigh, 1981). In birds,
species differ with regard to the extent to which the light for circadian synchronization is perceived in part
pineal and/or melatonin control avian circadian by the eyes from which the photic information is
rhythms: in the house sparrow the pineal is an obligatory transmitted to the SCN via the RHT. In addition,
component of the sytem while in the quail (Simpson light perceived by the pineal and by deep encephalic
and Follett, 1981; Underwood and Siopes, 1984) and the photoreceptors may also play a role in synchronization
chicken (MacBride, 1973) the pineal and its melatonin (Cassone and Menaker, 1984; Foster et al., 1994; Sal-
rhythm seem to be almost redundant for circadian func- danha et al., 1994).
tion. The European starling assumes an intermediary When activities are synchronized with light, pinealec-
position insofar as pinealectomy may or may not abolish tomy does not abolish their rhythmicity, even in species
the rhythm of perch-hopping (Figure 4, lower right, see in which the same operation causes arrhythmicity under
also Gwinner, 1978). Species differences of this type can

constant conditions (Gaston and Menaker, 1968). Obvi-
be accommodated by the above model if one assumes

ously light perceived by the eyes and deep encephalicthat the relative strengths of the oscillators, the pineal,
photoreceptors still reaches whatever is left of the circa-SCN, and (only in some species) eyes vary among spe-
dian pacemaker. Slight modifications of the pattern ofcies. There are also differences between species with
activity do, however, occur as a result of pinealectomyregard to the significance of the melatonin rhythm in
(e.g., Gaston, 1971). Likewise, exogenous melatoninthe control of different circadian functions. In European
treatment changes the properties of the synchronizedstarlings, for instance, although pinealectomy disturbs
circadian system as has been documented for houseand in some cases disrupts circadian rhythms of locomo-
sparrows: when the birds are carrying subcutaneous si-tor activity, the same operation has no effect on the
lastic implants filled with melatonin (resulting in con-rhythm of feeding (Gwinner et al., 1987). Even more
stantly elevated levels of plasma melatonin) their circa-extreme examples of this kind are known from reptiles
dian rhythms of locomotor activity adjusted more(Menaker and Tosini, 1996).
quickly to a phase-shifted light–dark cycle as compared
to birds carrying empty implants (Hau and Gwinner,
1995). Also, the circadian rhythm had a larger ‘‘range
of entrainment’’ (i.e., it could be synchronized with a
wider range of zeitgeber periods) in birds carrying a
melatonin implant than in birds carrying an empty one
(Hau and Gwinner, 1994). When house sparrows were
kept in constant conditions, melatonin implantation re-
sulted in the destabilization or even elimination of free-
running circadian rhythms (Turek et al., 1976; Beldhuis
et al., 1988), suggesting that melatonin treatment—by
eliminating or greatly reducing the amplitude of the

FIGURE 7 Interactions between oscillatory components in the pi- endogenous melatonin rhythm—renders the circadian
neal, the SCN, and the eyes in the circadian pacemaking system system more passive (less self-sustained). In the syn-
of birds. ( ) Endocrine connections (melatonin); ( ) neuronal

chronized state, less self-sustained rhythms are knownconnections; ( ) action of light on the eye, the pineal, and extrareti-
nal/extrapineal photoreceptors (ERP). to have shorter resynchronization times and larger
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only under constant photoperiods very close to 12 hr,ranges of entrainment than more self-sustained oscilla-
hence, the effects of pinealectomy may have been un-tors (Wever, 1965). In light of these results, the seasonal
specific. The circannual rhythms in food intake, bodychanges in melatonin amplitude which have been de-
mass, and testicular size of spotted munias (Lonchurascribed for several species of birds may have a biological
punctulata) held in constant light were not affected byfunction: by modulating the melatonin amplitude, the
pinealectomy (Chandola-Saklani et al., 1991).avian circadian system may become more or less respon-

In contrast to its apparent redundancy for circannualsive to zeitgeber stimuli and thereby more or less adjust-
rhythm generation in both birds and mammals, theable to environmental synchronizing cues. The reduced
mammalian pineal is involved in the transduction ofmelatonin amplitude observed in high arctic birds dur-
photoperiodic information required for synchronizationing midsummer and in migratory birds during the migra-
of annual reproductive cycles. In hamsters and sheep,tory seasons may serve the function of rendering birds
for instance, the duration of the daily dark phasemore susceptible to zeitgeber stimuli during times of
is reflected in the pattern of melatonin secretion:the year at which reliable synchronization to weak or
the longer the night length, the longer is the dura-changing zeitgeber conditions is particularly important
tion of elevated melatonin levels. This duration of the(Gwinner et al., 1997).
phase of elevated melatonin ‘‘informs’’ the brain about
whether a day is long or short. This is shown, for in-
stance, in pinealectomized ferrets or sheep, where theB. Photoperiodism and Endogenous
hypothalamo–pituitary–gonadal axis can no longer re-Circannual Cycles
spond to photoperiodic changes. Timed daily infusions

The life of most organisms is organized not only on of melatonin resulted in predicted photoperiodic re-
a daily but also on a yearly basis. Reproduction, in sponses: infusions mimicking long photoperiods (i.e.,

short nights) induced long-day responses while infusionsparticular, is usually restricted to favorable times of the
mimicking short photoperiods induced short-day re-year, thus guaranteeing optimal conditions for offspring
sponses (e.g., Bartness and Goldman, 1989; Bartness etdevelopment and parent survival (Immelmann, 1973;
al., 1993; Bittman, 1993; Woodfill et al., 1994).Murton and Westwood, 1977; Farner and Follet, 1979;

In birds, photoperiod is likewise reflected in the dura-Farner and Gwinner, 1980). In most animals, annual
tion of the daily melatonin peak (e.g., Kumar and Follett,cycles in reproduction and other processes are strongly
1993). However, in contrast to the situation in mammals,controlled by the seasonal changes in day length (photo-
this signal seems to be redundant for photoperiodic timeperiod). In some species, at least, photoperiod acts on
measurement in several species of birds, including thean endogenous circannual rhythm, which is capable of
quail, in which pinealectomy leaves photoperiodic re-oscillating even in the absence of photoperiodic varia-
sponses of the hypothalamo–pituitary–gonadal axis in-tions, but which is normally synchronized by photope-
tact (summaries in Gwinner et al., 1981; Kumar et al.,riod (Gwinner, 1986). Hence, in these cases, the yearly
1993). Moreover, in quail (Juss et al., 1993) and the black-photoperiodic cycle and the internal circannual rhythm
headed bunting (Emberiza melanocephala) (Kumar,interact with each other in much the same way as the
1966), the extension of the duration of elevated nocturnaldaily cycle of light intensity with the endogenous circa-
melatonin by exogenous melatonin did not result in a cor-

dian clock. As with circadian rhythms, we may thus ask
responding change of the birds’ interpretation of night

whether the pineal and its hormone melatonin affect length. Only for a few bird species (baya weaver, Ploceus
the basic oscillatory system, its synchronization mecha- phillipinus; spotted munia) have pineal effects on the re-
nism, or both. productivesystembeenreported(summary inChandola-

While periodic melatonin secretion by the pineal and Saklani et al., 1991).
other structures represents a basic component of avian While the melatonin signal does not usually seem to
circadian pacemaking systems (Figure 7), there is little be involved in the regulation of the hypothalamo–
evidence—either from birds or from mammals—in fa- pituitary–gonadal axis, it may play a role in controlling
vor of a significant involvement of the pineal in generat- seasonal phenomena such as birdsong. In passerine
ing circannual cycles. A study in European starlings has birds, song is known to depend on certain song control
indicated that the circannual rhythms of reproduction nuclei in the brain, including the high vocal center
and molt exhibited in LD 12 : 12 were abolished by (HVC). The size of some of these nuclei changes season-
pinealectomy in most individuals, but rhythmicity per- ally, concomitantly with the waxing and waning of song
sisted in others (Gwinner and Dittami, 1980). For the activity (summaries: Brenowitz et al., 1991; Nottebohm,
interpretation of these results it must be considered that 1981). Androgens regulate these anatomical changes

but a certain long-day-induced increase in the HVC hasstarling circannual rhythms are labile and expressed
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Cell Tissue Res. 233, 237–264. tissue concentrations of melatonin after midnight light exposure

Simpson, S. M., and Follett, B. K. (1981). Pineal and hypothalamic and pinealectomy in the pigeon. J. Endocrinol. 105, 263–268.
pacemakers: Their role in regulating circadian rhythmicity in Japa- Wan, Q., and Pang, S. F. (1993). (125I)iodomelatonin binding sites
nese quail. J. Comp. Physiol. 114, 381–389. in the chicken spinal cord: Binding characteristics and diurnal

Song, Y., Ayre, E. A., and Pang, S. F. (1992). The identification and variation. Neurosci. Lett. 163, 101–104.
characterization of 125I labeled iodomelatonin-binding sites in the Wever, R. (1965). Pendulum versus relaxation oscillation. In ‘‘Circa-
duck kidney. J. Endocrinology 135, 353–359. dian Clocks’’ (J. Aschoff, ed.), pp. 74–83. North-Holland, Am-

Takahashi, J. S., Murakami, M., Nikaido, S. S., Pratt, B. L., and sterdam.
Robertson, L. M. (1989). The avian pineal, a vertebrate model Whitfield-Rucker, M. G., and Cassone, V. M. (1996). Melatonin bind-
system of the circadian oscillator: Cellular regulation of circadian

ing sites in the house sparrow song control system: Sexual di-
rhythms by light, second messengers, and macromolecular synthe-

morphism and the effect of photoperiod. Horm. Behav. 30,sis. Rec. Progr. Horm. Res. 45, 279–352.
528–537.Touitou, Y., Arendt, J., and Follett, B. K. (1993). ‘‘Melatonin and

Woodfill, C. J. I., Wayne, N. L., Moenter, S. M., and Karsch, F. J.the Pineal Gland.’’ Elsevier, Amsterdam.
(1994). Photoperiodic synchronization of a circannual reproduc-Turek, F. W., McMillan, J. P., and Menaker, M. (1976). Melatonin:
tive rhythm in sheep: Identification of season-specific time cues.Effects on the circadian locomotor rhythm of sparrows. Science
Biol. Reprod. 50, 965–976.194, 1441–1443.

Yu, H. S., and Reiter, R. J. (1993). ‘‘Melatonin: Biosynthesis, Physio-Underwood, H., Barrett, R. K., and Siopes, T. (1990). Melatonin does
logical Effects, and Clinical Applicaton.’’ CRC Press, Boca Ra-not link the eyes to the rest of the circadian system in quail: A
ton, FL.neural pathway is involved. J. Biol. Rhythms 5, 349–361.

Zimmerman, N. H., and Menaker, M. (1979). The pineal gland: AUnderwood, H., and Goldman, B. D. (1987). Vertebrate circadian
pacemaker within the circadian system of the house sparrow. Proc.and photoperiodic systems: Role of the pineal gland and melatonin.

J. Biol. Rhythms 2, 279–315. Natl. Acad. Sci. USA 76, 999–1003.



WHITTOW - AP - 4219 / c22-569 / 08-04-99 15:10:28

C H A P T E R

22

Reproduction in the Female

A. L. JOHNSON
Department of Biological Sciences

University of Notre Dame
Notre Dame, Indiana 46556

I. Anatomy of the Female Reproductive I. ANATOMY OF THE FEMALE
REPRODUCTIVE SYSTEMSystem 569

A. Ovary 569
B. Oviduct and Sperm Storage Glands 574 The right ovary and oviduct are present in embryonic

II. Breeding and Ovulation–Oviposition Cycles 575 stages of all birds, but the distribution of primordial
A. Ovulation–Oviposition Cycle and Rate of germ cells to the ovaries of the chicken becomes asym-

Lay 575 metrical by day 4 of incubation; by day 10 regression
B. Parthenogenesis 577 of the right oviduct is initiated under the influence of

III. Ovarian Hormones 577 Mullerian inhibiting substance (Hutson et al., 1985). The
A. Steroid Production and Secretion 578 reproductive system of galliformes consists of a single
B. Nonsteroidal Hormones and Growth Factors 580 left ovary and its oviduct, although on occasion a func-

IV. Hormonal and Physiologic Factors tional right ovary and oviduct may be present. Among
Affecting Ovulation 580 the falconiformes and in the brown kiwi, both left and
A. Hormones and Ovulation 580 right gonads and associated oviducts are commonly
B. Hormones during Sexual Maturation and functional, although the ovaries may be asymmetrical

Molt 583
in size; in sparrows and pigeons, about 5% of specimensC. Effect of Light on the Ovary and Ovulation 583
have two developed ovaries (see Romanoff and Roman-D. Photorefractoriness 584
off, 1949; Kinsky, 1971).E. Molt 584

V. Oviposition 584
A. Neurohypophyseal Hormones 584

A. OvaryB. Prostaglandins 584
C. Postovulatory Follicle 585 The left ovary is attached by the mesovarian ligament
D. Preovulatory Follicle 585 at the cephalic end of the left kidney. The number of
E. Other Factors 585

oocytes of the chick embryo increases from approxi-F. Broodiness and Nesting Behavior 585
mately 28,000 on the 9th day of development to 680,000VI. Composition and Formation of Yolk, Albumen,
on the 17th day and subsequently decreases to 480,000Organic Matrix, and Shell 586
by the time of hatching, when oogenesis is terminated.A. Yolk 586
The ovary of the immature bird consists of a mass ofB. Albumen 586
small ova, of which at least 2,000 are visible to the nakedC. Organic Matrix 587
eye. Only a relatively few of these (250–500) reach ma-D. Layers of Crystallization 588
turity and are ovulated within the life span of mostE. Calcium Metabolism 589

References 591 domesticated species, and considerably fewer mature in

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.569



4219 / c22-570 / 08-04-99 15:10:29

A. L. Johnson570

wild species. The functionally mature ovary of the hen ovary and the differentiation of preovulatory follicles
in the adult ovary.is arranged with an obvious hierarchy of follicles and

in its entirety weighs 20–30 g. Commonly, there are
four to six large yolk-filled follicles 2–4 cm in diameter

1. Ovarian Follicle
accompanied by a greater number of 6- to 12-mm folli-
cles in which yellow yolk deposition has been initiated The follicle consists of concentric layers of tissue that

surround the oocyte and yolk, including: (1) the oocyteand numerous small white follicles ,6 mm (Figure 1).
The ovary receives its blood supply from the ovarian plasma membrane, (2) the perivitelline layer, (3) granu-

losa cells, (4) basal lamina (basement membrane), andartery, which usually arises from the left renolumbar
artery but may branch directly from the dorsal aorta (5) the theca (interna and externa) (Figure 2). The folli-

cle is highly vascularized except for the stigma (the point(Hodges, 1965). Within the ovary, bloodflow is greatest
of rupture during ovulation), which contains a lesserto the five largest preovulatory follicles (Scanes et al.,
number of underlying small veins and arteries (Nalban-1982; see Chapter 7 for further details). The ovarian
dov and James, 1949). The main arteries from the stalkartery divides into many branches and leads to a single
are directed toward the fastest growing follicles, branchfollicular stalk, usually from two to four separate arterial
into arterioles, and pass through the theca to the basalbranches. All veins from the ovary unite into the two
lamina to form arterial capillaries (Dahl, 1970a).main anterior and posterior veins, which subsequently

The germinal vesicle (blastoderm) is localized withindrain into the posterior vena cava.
the germinal disc region of the granulosa layer. TheSeveral workers have shown that the ovary is well
avian oocyte remains arrested at the first meiotic pro-innervated by both adrenergic and cholinergic fibers
phase stage during follicle development and resumes(Gilbert, 1969; Dahl, 1970b; Unsicker et al., 1983) and
meiosis (undergoes germinal vesicle breakdown) 4–that a greater number of neurons are present within the
6 hr prior to ovulation. Granulosa cells of prehierarchaltheca layer as a follicle progressively matures. It is now
follicles are closely packed and cuboidal, and the granu-clear that such innervation provides a variety of neuro-
losa cell layer may be several cells deep. As the folliclechemical (e.g., catecholamines) and neurohumeral fac-
grows exponentially in diameter during the rapid growthtors (e.g., neurotropins, vasoactive intestinal peptide,
phase, the granulosa cells become squamous in shapesubstance P, calcitonin gene-related peptide) to the
and form a single cell layer. Spaces and cell junctionsovary and its follicles; such factors have been proposed
form between granulosa cells to facilitate transport ofto function in diverse roles such as in the organization of
yolk. Despite the dramatic increase in the circumferenceprimordial follicles in the embryonic and early posthatch
of the granulosa layer during this time relatively little
cell proliferation occurs, except within the germinal disk
region. Granulosa cell DNA synthesis and proliferation
are 5- to 10-fold higher in prehierarchal follicles when
compared to granulosa cells from hierarchal follicles;
moreover, DNA synthesis is 2-fold higher in granulosa
cells within the germinal disk region when compared to
cells from the outer layer region (Tilly et al., 1992).

The basal lamina of the hen follicle is approximately
1 mm thick and consists of collagen and the glycoprotein,
fibronectin, among other components; these are depos-
ited by the adjacent granulosa and theca layers. Fibro-
nectin production and secretion is regulated by a variety
of gonadal hormones and gonadotropins (Conkright
and Asem, 1995).

2. Postovulatory and Atretic Follicles

The postovulatory follicle (POF) contains the granu-
losa and thecal layers which remain subsequent to ovula-

FIGURE 1 Prehierarchal and hierarchal follicles of the laying hen tion (Figure 1). The POF of the hen is metabolically
ovary. F1, F2, F3, F4, F5, five largest hierarchal follicles; POF, postovula-

active at a progressively lower rate for several days aftertory follicle; SWF, small white follicles, SYF, small yellow follicles.
ovulation, as indicated by the decreasing presence of(Reprinted with permission from A. L. Johnson (1990), CRC Crit. Rev.

Poult. Biol. 2, 319–346. Copyright CRC Press, Boca Raton, Florida.) enzymatic activity (Chalana and Guraya, 1978). Struc-
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FIGURE 2A Diagrammatic relationship of follicle tissue layers immediately surrounding the
oocyte with special emphasis on the coated vesicles of the perivitelline layer. (Redrawn from
Wyburn et al., 1966, with permission of Cambridge University Press.)

tural resorption of the POF occurs, in part, via the pro- tion atresia) or by the rupture of the thecal layers and
slow loss of the yolk into the peritoneal cavity (burstingcess of apoptosis (Tilly et al., 1991b) (Figure 3) over a

period of 6–10 days in the chicken and several months atresia). Atresia occurs with high incidence among pre-
hierarchal follicles (,9 mm in diameter) and under nor-in the mallard. The POF may influence nesting behavior

and has been demonstrated to be functional in timing mal physiological conditions is absent among preovula-
tory hierarchal follicles (Gilbert et al., 1983). Naturaloviposition (Gilbert et al., 1978). There is no structure

in birds functionally analogous to the corpus luteum instances of atresia among hierarchal follicles occur, for
example, subsequent to a change from the egg-layingof mammals.

Follicles that initially begin to grow but fail to reach state to incubation and broody behavior and with the
onset of molt. Atresia of hierarchal follicles can also bethe fully differentiated stage at which they are ovulated

become atretic. The death and resorption of ovarian induced by prolonged daily administration of equine
chorionic gonadotropin (eCG) ( Johnson and Leone,follicles also occurs via apoptosis (Tilly et al., 1991b);

atresia is characterized by pronounced oligonucleosome 1985), by hypophysectomy (Yoshimura et al., 1993a), or
by destruction of the germinal disk region (Yoshimura etformation within the granulosa cell layer, with consider-

ably less apoptotic cell death within the theca layer al., 1994).
The high rate of atresia in prehierarchal follicles cor-(Figure 3). The subsequent reabsorption of the oocyte

and yolk occurs either via the vascular system (involu- relates with the susceptibility of the granulosa cell layer
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FIGURE 2B Electron micrograph of tissue layers depicted in Fig. 2A. Abbreviations are as
labeled in Fig. 2A. (From Perry and Gilbert, 1979, and from Agricultural Research Council
Poultry Research Centre Report, Roslin, Midlothian, Scotland, 1980.)

to undergo apoptosis (Figure 3); by contrast, granulosa 1995a,b). It is significant to note that: (1) genes from
each of these groups are expressed in developingcells from hierarchal follicles are inherently resistant to
chicken ovarian follicles, (2) the level of constitutiveundergoing cell death. A current area of intense re-
expression for each gene (death inducing/death sup-search centers on investigations of cellular mechanisms
pressing) is correlated to inherent granulosa cell suscep-mediating follicle atresia via apoptosis in vertebrate spe-
tibility or resistance to cell death, and (3) the level ofcies. Apoptosis (sometimes inappropriately referred to
mRNA expression for such genes is generally regulatedas programmed cell death; see Wyllie, 1992) is an evolu-
by the same physiological factors (e.g., growth factorstionarily conserved process of cell death which serves
and gonadotropins) that promote hen follicle viabilityto selectively eliminate cells/tissues during tissue remod-
( Johnson et al., 1993, 1997a,b).eling or in the course of normal tissue turnover. Among

the factors proposed to mediate cell viability, or alterna-
tively, cell death are the Bcl-2-related family of proteins,

3. Growth of the Follicle and Deposition of Lipidthe interleukin converting enzyme (ICE)-related family
of enzymes, as well as a select group of protooncogenes Growth of the follicle can be divided into three
(e.g., c-myc) and tumor suppressor genes (e.g., p53) phases: (1) slow growth of follicles 60–100 em in diame-

ter, lasting months to years; (2) a several-month period(Williams and Smith, 1993; Wyllie, 1994; Tilly et al.,
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(Shen et al., 1993). The receptor for VTG/VLDL is
localized within coated vessicles of the oocyte plasma
membrane but is not expressed in extraovarian tissues.
Moreover, this receptor is absent in a genetically altered,
nonlaying strain of chickens (the restricted ovulator, R/
O; Barber et al., 1991). The lack of VTG/VLDL receptor
expression in this strain results in large accumulations
of VTG and VLDL in the blood and apparently prevents
ovarian follicles from entering the rapid growth phase
of development.

Following transport across the plasma membrane,
VTG and VLDL become localized to yolk spheres
where proteolytic processing to phosvitin, lipovitellin,
triglycerides, cholesterol, and phospholipids by cathep-
sin D occurs (Retzek et al., 1992). Lipids and protein
are deposited into the growing follicle at about the same
ratio for most of the growth phase, but during the final
rapid growth phase, relatively more lipid is incorpo-
rated. It has been suggested that deposition of yolk
into the maturing follicle is terminated by 24 hr before
ovulation. The ultrastructure of developing follicles has
been well described (Wyburn et al. (1965), Rothwell
and Solomon (1977), Perry et al. (1978a,b), and Gilbert
et al. (1980)).

It has been proposed that in chickens the decrease

PREOV. POSTOV.
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in egg production with age is in part caused by both anFIGURE 3 (A) Oligonucleosome formation, the hallmark of apop-
tosis, in preovulatory (Preov) and postovulatory (Postov) hen follicles. increase in the incidence of atresia and a reduction in
Abbreviations, h, hours before ovulation; d, days following ovulation. the number of follicles reaching the final phase of rapid
(B) Presence of oligonucleosomes in granulosa (G) and theca (T) growth; that is, fewer follicles receive a proportionately
tissues from morphologically normal (N), mildly atretic (MA), and

greater quantity of yolk, resulting in larger sized eggsgrossly atretic (GA) follicles. (Adapted from Tilly et al., 1991b.)
(Williams and Sharp, 1978; Palmer and Bahr, 1992).

Mechanisms controlling development and mainte-
nance of the follicular hierarchy are poorly understood.
Pituitary gonadotropin involvement is indicated by theof increasingly rapid growth that consists mainly of de-

position of yolk protein; and (3) a rapid growth phase finding that hypophysectomy rapidly leads to follicular
atresia, whereas ablation and treatment with a chickenduring the final 6–11 days prior to ovulation in domestic

fowl, ducks, and pigeons (up to 16 days in some pen- pituitary extract results in the maintenance of the nor-
mal follicular hierarchy. Moreover, daily injections ofguins; Grau, 1982) when the majority of yolk protein

and lipids are deposited. In this final phase of develop- follicle-stimulating hormone (FSH; 200 eg porcine
FSH) or eCG (25 IU) were found to decrease the ratement, the follicle of the domestic hen will, on average,

transport up to 2 g of yolk protein per day, grow in of atresia and increase the number of growing follicles
in aging hens (Palmer and Bahr, 1992). On the otherdiameter from 8 to 37 mm, and increase in volume by

a factor of 3500 to 8000. hand, daily injections of eCG at higher doses (75 IU)
to intact laying hens stimulates numerous small folliclesYolk protein formation occurs in the liver and is

regulated primarily by gonadotropin and steroid hor- to enter the rapid growth phase and results in the elimi-
nation of the follicular hierarchy and the cessation ofmones. Transport from the liver to the ovary occurs by

the blood. Following release from capillaries within the ovulation ( Johnson and Leone, 1985).
Thus, levels of circulating FSH would appear to playtheca layer, the plasma-borne precursors vitellogenin

(VTG, a phosphoglycolipoprotein) and very low density a critical role in establishing and maintaining the pre-
ovulatory hierarchy as well as in regulating the rate oflipoprotein (VLDL, functions mainly to transport tri-

glycerides, phospholipids, and cholesterol) pass across follicle atresia. Inhibin is one hormone that has recently
been shown to directly influence circulating levels ofthe basement membrane and through gaps between gra-

nulosa cells to the plasma membrane of the oocyte (Fig- FSH. This biologically active glycoprotein is a member
of the transforming growth factor beta (TGFb) super-ure 2). Translocation of VTG and VLDL across the

oocyte plasma membrane is a receptor-mediated event family of peptides and is composed of an a- and b-
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subunit. In the hen ovary, inhibin is produced at highest control of estrogen, while goblet cells synthesize avidin
following exposure to progesterone and estrogen (Tuo-levels by the four largest preovulatory follicles; surgi-

cal removal of preovulatory follicles results in a 80% de- himaa et al., 1989). A measurable amount of calcium
secretion occurs within the magnum, but at no timecline in circulating inhibin levels and in a significant ele-

vation in plasma FSH, but not luteinizing hormone (LH) during the laying cycle is calcium secretion greater than
the basal rate of secretion found in the shell gland (Eas-( Johnson, P.A. et al., 1993).
tin and Spaziani, 1978a). The ovum remains in the mag-
num approximately 2–3 hr.B. Oviduct and Sperm Storage Glands

The oviduct of the hen is derived from the left Mul-
3. Isthmus

lerian duct. In the chicken, the left oviduct develops
rapidly after 16 weeks of age and becomes fully func- The isthmus is clearly distinguishable from the mag-

num. It has a thick circular muscle layer muscle, andtional just prior to the onset of egg production. The
oviduct consists of five distinguishable regions: infundib- glandular tissue is less developed compared to the mag-

num. This tissue is characterized by a layer of epithelialulum, magnum, isthmus, shell gland, and vagina. (For
details on general oviduct histology, see Aitken (1971) cells with underlying tubular gland cells. Both inner and

outer shell membranes are formed during the 1- toand King (1975); on the infundibulum and magnum, see
Wyburn et al. (1970); for the isthmus, see Hoffer (1971) 2-hr (mean time, 1 hr and 14 min) passage through the

isthmus. There is some evidence to suggest that shelland Solomon (1975); and for the shell gland, see Breen
and DeBruyn, 1969, Nevalainen (1969), and Wyburn et formation, particularly the mammillary cores, is initi-

ated in the distal portion of the isthmus.al. (1973).) A dorsal and a ventral ligament suspend the
oviduct within the peritoneal cavity. Over recent years,
the chicken oviduct has provided the molecular biologist

4. Shell Gland
with a superb model for the study of steroid hormone
regulation of gene expression in eukaryotes, and in par- The shell gland (uterus) is characterized by a promi-

nent longitudinal muscle layer lined medially with bothticular, the regulation of ovalbumin synthesis by steroids
(see, for example, Schrader et al., 1981). tubular gland and unicellular goblet cells. Prior to calci-

fication, the egg takes up salts and approximately 15 g
fluid into the albumin from the tubular glands, a process

1. Infundibulum
termed ‘‘plumping’’; this fluid contains carbonic anhy-
drase, acid phosphatase, and esterase activty plus bicar-Subsequent to ovulation, the ovum is engulfed by the

infundibulum (a structure not directly connected to the bonate and a variety of additional ions (Salevsky and
Leach, 1980). The ovum remains in the shell gland forovary) where it resides for approximately 18 min (range,

15–30 min). Occasionally, the ovum fails to be picked 18–26 hr depending on cycle length.
Calcification within the shell gland is associated withup by the infundibulum (an ‘‘internal ovulation’’) and

is reabsorbed in 24 hr or less. Infundibular activity ap- stimuli initiated by ovulation or by neuroendocrine fac-
tors that control and coordinate both ovulation andpears not to be controlled by ovulation per se, as foreign

objects placed into the abdominal cavity prior to ovula- calcium secretion. Additional evidence suggests that dis-
tension of the shell gland by the egg is not a stimulustion will also be taken up, and there are reports that

entire unovulated follicles may be engulfed and later for initiating a high rate of calcium secretion, which is
characteristic of calcification, nor is autonomic innerva-laid as fully developed eggs. Fertilization of the ovum

occurs in the infundibulum, and it is here that the first tion involved (Eastin and Spaziani, 1978a). Calcification
of the egg at first occurs slowly, increases to a rate oflayer of albumen is produced in the chicken.
up to 300 mg/hr over a duration of 15 hr, then again slows
during the last 2 hr before oviposition; shell pigments

2. Magnum
(primarily protoporphyrin and biliverdin) are deposited
via ciliated cells of the shell gland epithelium during theThe ovum next passes to the largest portion of the

oviduct, the magnum (a length of 33 cm in the chicken), period of 3 hr through 0.5 hr prior to oviposition.
where in the mature female the majority of albumen
is formed. Estrogen stimulates epithelial stem cells to

5. Vagina
develop into three morphologicaly different cell types:
tubular gland cells, ciliated cells, and goblet cells. Tubu- The vagina is separated from the shell gland by the

uterovaginal sphincter muscle and terminates at the clo-lar glands are responsible for the production of oval-
bumin, lysozyme, and conalbumin under the stimulatory aca. There are numerous folds of mucosa, which are
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lined by ciliated and nonciliated cells, and a few tubular shell gland at the time of oviposition (Shimada, 1978;
Shimada and Asai, 1978). Both a- and b-adrenergicmucosal glands which may have a secretory function.
receptors are present throughout the length of the ovi-The vagina has no role in the formation of the egg, but,
duct and have been shown to affect oviduct motilityin coordination with the shell gland, participates in the
(Crossley et al., 1980).expulsion of the egg.

In domestic fowl, spermatozoa are stored in special-
ized sperm-storage tubules located in the uterovaginal II. BREEDING AND OVULATION–
region and remain viable for a period of 7–14 days in OVIPOSITION CYCLES
the chicken and for greater than 21 days in the turkey
hen. Uterovaginal junction glands are apparently devoid Breeding cycles among species of birds can be classi-
of innervation and contractile tissue, but possess a well- fied according to the length of the cycle and the time of
developed vascular system (Gilbert et al., 1968; Burke the year at which each species becomes reproductively
et al., 1972; Tingari and Lake, 1973). Evidence suggests active. Continuous breeders, such as the domestic hen
that spermatozoa fill the uterovaginal glands in a se- or Khaki Campbell duck, are, under optimal conditions,
quential fashion without mixing so that with successive reproductively active throughout the year. Most wild
inseminations, sperm from the latest insemination is species that breed in temperate, subarctic, and arctic
most likely to fertilize an ovum. Following oviposition zones display yearly cycles, while birds adapted to tropi-
of each egg, spermatozoa are released from these tu- cal or desert climates may breed with cycles less than a
bules by an unknown mechanism and migrate to the year, at 6-month intervals, or when favorable conditions
infundibulum for fertilization (Zavaleta and Ogasaw- exist (opportunistic breeders) (for further details, see
ara, 1987). Lofts and Murton, 1973; Wingfield and Farner, 1993).

Wild birds usually lay one or more eggs in a clutch
and then terminate laying to incubate the eggs. The6. Blood Flow and Innervation to the Oviduct number of eggs per clutch and total number of clutches
vary with the species and season. For example, someThe blood supply to the oviduct and shell gland of the
birds, such as the auk or sooty tern (Sterna fuscata), laydomestic hen has been described by Freedman and Stur-
a single egg to incubate. The king penguin (Aptenodyteskie(1963)andHodges(1965).Forareviewof thevascula-
patogonica) will lay but one egg and breeding will notture to the oviduct of additional avian species, see Gilbert
necessarily occur on a yearly basis. In contrast, the Euro-(1979). Blood flow to the shell gland of the hen is in-
pean partridge will lay a single clutch per year consistingcreased during the presence of a calcifying egg compared
of as many as 12–20 eggs. The pigeon usually lays twoto times when no egg is present (Scanes et al., 1982). For
eggs per clutch and averages eight clutches per year.additional details on blood flow, see Chapter 7.
The interval between clutches is approximately 45 daysThe oviduct is innervated by both sympathetic and
in the fall and winter and from 30 to 32 days in theparasympathetic nerves. Innervation of the infundibu-
spring and early summer. Finally, clutch size of the bob-lum is via the aortic plexus and the magnum by the
white quail declines with advancing season, from a meanaortic and renal plexuses (Hodges, 1974). Sympathetic
high of 19.2 eggs in early May to 11.3 eggs in late July.innervation of the shell gland is via the hypogastric

In some species, when eggs are destroyed or removednerve, which is the direct continuation of the aortic
from the nest early enough in the breeding season birdsplexus. Parasympathetic pelvic nerves, which constitute
may produce an additional clutch (indeterminate layers;the left pelvic plexus, arise from the pelvic visceral rami
an example is the duck Anas platyrhynchos) (Donhamof spinal nerves 30–33.
et al., 1976). Determinate layers fail to lay additional
eggs on the removal or destruction of eggs in the nest.
In seasonal (or noncontinuous) breeders, the ovary un-7. Oviduct Motility
dergoes periods of growth and regression. The weight

Cilia are found along the entire length of the oviduct, of the European starling ovary may vary from 8 mg
and a likely function of these cilia is that of sperm during the regression phase to 1400 mg at the height of
transport. Egg transport is primarily accomplished by the breeding season.
contractions of the oviduct; oviduct musculature func-
tions as a stretch receptor and the mechanical stimulus is A. Ovulation–Oviposition Cycle and
produced by the ovum itself (Ariamaa and Talo, 1983).

Rate of LayChanges in electrical activity and oviduct motility have
been recorded in the magnum, isthmus, and shell gland The ovulation–oviposition cycle (the time from ovu-
during the ovulatory cycle, with the greatest frequency lation of an ovum to the oviposition of the egg) of the

domestic hen generally ranges from somewhat longerof electrical activity and contractions occurring in the
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than 24 hr (241) to 28 hr in length, and ovulations quence (Ct ovulation) is greater in chickens (4–8 hr
depending on sequence length) than in Japanese quailproceed uninterrupted for several days or as long as 1

year or more in extreme instances. The number of eggs (1.5–5 hr). The normal release of LH in the hen is
restricted to a 4- to 11-hr period (the ‘‘open period’’)laid on successive days is called a sequence, and each

sequence is separated by 1 or more pause days on which beginning at the onset of the scotophase (dark phase).
The timing and regulation of the ‘‘open period’’ is as yetno egg is laid. The term clutch is sometimes used synono-

mously with sequence, although the former term is gen- incompletely understood. For further details concerning
the ovulation–oviposition cycle and the sequence, seeerally considered more appropriate to describe the

group of eggs laid by nondomesticated species prior to Fraps (1955), van Tienhoven (1981), and Etches (1990).
A chicken typically ovulates the first egg of a se-incubation behavior. The 241-hr ovulation–oviposition

cycle is characteristic of the chicken, turkey, bobwhite quence early in the photophase, and the timing of ovula-
tion is synchronized by the onset of the scotophase. Inquail, and several other species including the Japanese

quail. By contrast, the interval between successively laid comparison, Japanese quail ovulate the Cl egg 8–9 hr
after the onset of the photophase, and this appears toeggs in the pigeon has been reported to be 40–44 hr

and in the Khaki Campbell duck is 23.5–24.5 hr (see be synchronized by the timing of the light phase.
The rate of lay refers to the number of eggs laid inJohnson, 1986).

In the domestic hen, the longer the sequence, the a given period of time, irrespective of the regularity or
pattern of laying. For example, a chicken laying at theshorter the duration of the ovulation–oviposition cycle.

The delay, or ‘‘lag,’’ in hours between the oviposition rate of 50% for 60 days produces 30 eggs, the same
number of eggs as another that lays at a rate of 75%of successive eggs in a sequence is not constant (Table

1). The differences in lag time within a sequence repre- for 40 days. On reaching sexual maturity (at p20–22
weeks of age), the domestic hen lays with an erraticsent mainly variations in the amount of time between

oviposition and the subsequent ovulation; this interval pattern (sequences with 2 or more pause days or occa-
sionally more than 1 egg per day) and with a high inci-ranges from 15 to 75 min. It is clear that even when the

lag between the oviposition of successive eggs ap- dence of abnormal (soft-shelled and double-yolked)
eggs for the first 2 weeks. Six to 10 weeks after the onsetproaches 24 hr there remains a progressive shift toward

laying the egg later and later in the day. As the sequence of egg laying, production peaks (frequently at a rate of
90% or more) and gradually decreases over a period ofbecomes shorter, the lag becomes greater and the length

of the ovulation–oviposition cycle deviates more from 40–50 weeks, depending on whether the chicken is an
egg- or meat-type breed. Subsequently, egg production24 hr. The total lag time between the first ovulation of

a sequence (C1 ovulation) and last ovulation of a se- progressively declines and the hen begins a period of

TABLE 1 Egg Production in the Domestic Hen Housed under a Photoperiod of 14 hr L:10 hr Da

Rate of egg production (%)

66 75 80 83 86 88 89 90

Number of eggs in continuous sequence

2 3 4 5 6 7 8 9

Position in sequence
1 09:05 08:41 08:01 07:24 07:33 07:45 07:36 07:18
2 13:30 11:26 10:09 09:22 09:20 09:12 08:59 08:39
3 15:15 12:03 10:26 10:34 10:10 09:57 09:25
4 15:23 11:46 11:30 10:51 10:26 09:44
5 15:05 12:43 11:39 10:55 09:53
6 15:40 12:38 11:43 10:26
7 15:28 12:49 10:59
8 15:44 12:02
9 15:26

Average interval between consecutive eggs:
28:25 27:17 26:27 25:55 25:37 25:17 25:09 25:0

a Lights on 06:00 hr. From Etches and Schoch (1984).
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molt. A typical laying strain of chicken will produce 280 (see van Tienhoven, 1983). Parthenogenesis occurs
much less frequently in chickens, while its occurrenceor more eggs in a 50-week production period.
in nondomesticated species has apparently not been
documented.B. Parthenogenesis

Parthenogenesis (development from an unfertilized
oocyte) has been documented in turkeys; 32–49 % of III. OVARIAN HORMONES
infertile eggs may initiate development, but the embryos
usually die at an early stage (Olsen, 1960). Genetic selec- While much work has been published concerning the

expression of steroidogenic enzymes and the productiontion can increase the incidence of parthenogenesis in
turkeys, and viable poults are homozygous diploid males and metabolism of ovarian steroids in preovulatory, hi-

erarchal follicles of the domestic fowl, only recentlythat are often sexually competent. Cytologic studies in-
dicate that parthenogenesis in turkeys is initiated from has the steroidogenic profile of prehierarchal (,9 mm)

follicles been described (Figures 4 and 5; see, for in-a haploid oocyte and proceeds to the diploid state after
a meiosis that is unaccompanied by cytokinesis (mitosis) stance, Tilly et al., 1991a; Kato et al., 1995; Tabibzadeh et

FIGURE 4 Steroid synthesis by granulosa and theca tissues from prehierarchal (,9-mm diameter) and
hierarchal follicles of the laying hen. Note that while a three-cell model of steroidogenesis is proposed
for hierarchal follicles, the granulosa layer of prehierarchal follicles produces virtually no steroids. 17a-
OH-ase, cytochrome P450 17a-hydroxylase; 3b-HSD, 3b-hydroxysteroid dehydrogenase; FSH-R, follicle-
stimulating hormone receptor; LDL, low density lipoprotein; LH-R, luteinizing hormone receptor; SCC,
cytochrome P450 cholesterol side-chain cleavage; VIP-R, vasoactive intestinal peptide receptor.
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FIGURE 5 Luteinizing hormone- and follicle-stimulating hormone-induced progesterone
production in granulosa cells from follicles at different stages of development. Abbreviations:
rhFSH, recombinant human FSH; oLH, ovine LH. (From Johnson, 1993.)

al., 1995). Moreover, while numerous additional factors crinology of reproduction in wild species; however, for a
comprehensive discussion of annual reproductive cycles(i.e., prostaglandins, neurohormones, growth factors)
see Wingfield and Farner (1993).and/or their receptors are known to be expressed in

ovarian tissues, the function(s) for many of these has
yet to be fully established. The present discussion em- A. Steroid Production and Secretion
phasizes recent research (derived almost entirely from

1. Hierarchal Folliclesdomesticated fowl) related to steroid synthesis and the
process of ovarian follicle differentiation. For more de- Fully potentiated steroid production by preovulatory
tailed information, refer to Johnson (1986,1990,1994). follicles is best described by a three-cell model (Porter

et al., 1989; Nitta et al., 1991) and occurs predominantlyThere is comparatively less information about the endo-
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via the D4 steroidogenic pathway. The granulosa layer termined to inhibit LH-induced progesterone produc-
tion from F1 granulosa cells. While this inhibitory actionproduces predominantly progesterone which serves as

a precursor for androstenedione and testosterone syn- occurs independently from protein kinase C activation,
the specific endocrine/paracrine factor(s) that activatethesis by the theca layer and to a lesser extent by granu-

losa cells (Figure 4). Progesterone is also the primary this system has yet to be identified ( Johnson and Tilly,
1990a,b). Finally, the requirement and involvement ofsteroid involved in potentiating the preovulatory surge

of LH that precedes ovulation by 4–6 hr. The theca a number of ions (e.g., Ca21, Na1, K1,Cl2) and ion
channels in granulosa cell steroid production has beenlayer also expresses cytochrome P450 cholesterol side-

chain cleavage (P450scc) activity; however, the predomi- investigated (e.g., Morley et al., 1991; Asem and Tsang,
1989).nant steroid product of the theca interna layer is andro-

stenedione while cells in the theca externa synthesize
estrogen.

2. Prehierarchal Follicles and Stromal Tissue
Steroid production by granulosa and theca cells is

predominantly under the regulatory control of LH act- The theca layer of prehierarchal (,8-mm diameter)
follicles, as well as stromal tissue from prepubertal pul-ing via the adenylyl cyclase/cAMP second messenger

signaling pathway (Bahr and Calvo, 1984; Tilly and lets and laying hens, is steroidogenically active, both
occurring predominantly via the D5 steroidogenic path-Johnson, 1989). LH receptor mRNA is expressed in

granulosa and theca tissue of all hierarchal follicles way (Figure 4) (Kowalski et al., 1991; Levorse and John-
son, 1994). By contrast, granulosa cells from prehierar-( Johnson et al., 1996), and LH-induced adenylyl cyclase

responsiveness increases within the granulosa layer as chal follicles are incapable of synthesizing progesterone
due to the lack of P450scc activity, although they doa follicle approaches the time of ovulation. By contrast,

FSH binding to membranes and FSH-induced cAMP possess the ability to produce cAMP in response to FSH
treatment (Tilly et al., 1991a). While granulosa cellsformation and steroidogenesis is low to nonexistent in

hierarchal follicles (Ritzhaupt and Bahr, 1987; Johnson, from prehierarchal follicles express 3b-hydroxysteroid
dehydrogenase (3b-HSD) activity, it is unclear whether1993). The theca cell adenylyl cyclase system is highly

sensitive to LH, but is essentially unresponsive to FSH. any significant amount of progesterone is produced by
this cell layer in vivo.Finally, there is some evidence for LH-stimulated ste-

roid production occurring within both follicle layers via As selection of a follicle into the hierarchy is pro-
posed to occur (presumably at a rate of one per day)inositol 1,4,5-trisphosphate (IP3) formation and calcium

mobilization (Hertelendy, 1989; Levorse et al., 1991). from a pool of approximately 8 to 14 6- to 8-mm diame-
ter follicles, it has been proposed that the process ofIn contrast, activation of the diacylglycerol/protein

kinase C second messenger system attenuates LH- follicle recruitment is coupled to the initial expression
of LH receptor mRNA and the acquisition of functionalinduced steroid production by granulosa and theca cells

(Tilly and Johnson, 1991). Among the potential physio- P450scc enzyme activity within the granulosa layer. Ex-
pression of P450scc mRNA and the initiation of enzymelogical factors that may act via protein kinase C are

included growth factors [e.g., transforming growth fac- activity in vitro is induced by culture with FSH, and this
induction is prevented by coculture with TGFa or EGFtor a (TGFa) and epidermal growth factor (EGF)] and

prostaglandins. Nevertheless, it is significant to note that (Li and Johnson, 1993). This latter finding is of signifi-
cance as such results may help to explain how prehierar-while TGFa attenuates LH-induced steroid production

in the F1 granulosa cells, the extent of this inhibition is chal follicles are maintained in a relatively undifferenti-
ated state in vivo despite their continued, daily exposurelimited to approximately 50% of maximal stimulation.

It is proposed that this inhibitory action is related to to circulating concentrations of FSH. Once the selection
of a follicle occurs, granulosa cells begin the transitionthe termination of the preovulatory progesterone surge.

Of additional interest is the observation that LH- from being predominantly FSH and VIP dependent
(granulosa cells from follicles up to approximatelyinduced cAMP accumulation and androstenedione pro-

duction from the theca layer dramatically decline within 12-mm in diameter) to becoming primarily LH depen-
dent (hierarchal follicles) (Figure 5).the F1 follicle (Marrone and Hertelendy, 1985); this

‘‘desensitization’’ may be mediated via protein kinase
C activation. Presumably, the decrease in the rate of

3. Postovulatory and Atretic Follicles
progesterone metabolism to androstenedione ensures
maximal progesterone secretion at the time of the pre- Progesterone content of the most recent postovula-

tory follicle declines during the first 15 hr after ovulationovulatory LH surge.
Arachidonic acid may function as an additional (Dick et al., 1978), although LH-stimulable adenylyl cy-

clase activity is present for at least 24 hr after ovulationhormone-induced second messenger and has been de-
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(Calvo et al., 1981). Both the enzymes 3b-HSD and 17b- can be induced with prostaglandins or other agents)
nor a delayed oviposition (affected by epinephrine orhydroxysteroid dehydrogenase have been identified in

follicles during the early stages of atresia; however, this progesterone) influences the time of ovulation. Ovula-
tion occurs via a rupture along the follicle stigma, andactivity is rapidly lost as atresia progresses.
this process likely involves multiple, often redundant,
factors which include proteolytic enzymes (e.g., colla-B. Nonsteroidal Hormones and
genase, plasminogen activator), vasoactive substances

Growth Factors and the process of apoptosis. For additional informa-
tion, see Johnson (1986).Prostaglandins E and F have been identified in pre-

ovulatory and postovulatory follicles (Hammond et al.,
1980; Shimada et al., 1984); however, prostaglandin pro- A. Hormones and Ovulation
duction is not stimulated by gonadotropins in vitro (Her-

1. Luteinizing Hormone Releasing Hormonetelendy and Hammond, 1980). Norepinephrine (NE)
and to a lesser extent epinephrine (EPI) and dopamine Avian species express two different forms of luteiniz-
are found predominantly within the theca layer of pre- ing hormone-releasing hormone (LHRH-I and LHRH-
ovulatory follicles, and tissue levels of EPI and NE peak II; see Chapter 14); however, only LHRH-I appears to
approximately 6–9 hr prior to ovulation (Bahr et al., be directly involved in regulating LH secretion (Sharp et
1986). al., 1990). Injection of LHRH-I induces ovarian steroid

Vasoactive intestinal peptide (VIP) is localized production and premature ovulation, whereas in vivo
within nerve terminals of the theca layer and is proposed administration of LHRH antiserum has been shown to
to act on the adjacent granulosa layer via the adenylyl block ovulation. These effects, however, are mediated
cyclase/cAMP second messenger system. For instance, via the pituitary and LH secretion, and there is no evi-
VIP has been found to stimulate steroidogenesis and dence of a direct ovulation-inducing effect of either
plasminogen activator activity in preovulatory (F1) folli- LHRH moiety within the ovary.
cle granulosa and theca cells ( Johnson and Tilly, 1988;
Tilly and Johnson, 1989) and to promote differentiation 2. Luteinizing Hormone
and suppress apoptosis in 6- to 8-mm follicle granulosa

Plasma concentrations of LH in the domestic hencells ( Johnson et al., 1994; Flaws et al., 1995). The neuro-
(and most other birds studied to date) peak 4–6 hr priorhypophyseal hormones arginine vasotocin and meso-
to ovulation (Figure 6) ( Johnson and van Tienhoven,tocin are produced in granulosa and theca tissue of
1980). It is likely that this preovulatory surge provideshierarchal follicles, and levels of each vary with a differ-
a direct stimulus for germinal vesicle breakdown andential pattern during the ovulatory cycle (Saito et al.,
for subsequent ovulation. Some workers have reported1990).
an additional peak of LH at 14–11 hr prior to ovulationSeveral locally produced growth factors and their

receptors have recently been implicated in regulating
ovarian function via paracrine effects, including TGFa
and its receptor, the EGF receptor ( Johnson, 1994;
Onagbesan et al., 1994), TGFb (Law et al., 1995), nerve
growth factor (NGF) and the p75 (low affinity) NGF
receptor ( Johnson, unpublished data), stem cell factor
and its receptor, c-kit ( Johnson, 1993; Jensen and John-
son, 1995), and insulinlike growth factor I (IGF-I) (Rob-
erts et al., 1994). It is inevitable that many additional
physiologically relevant growth factors and receptors
have yet to be identified within avian ovarian tissue.

IV. HORMONAL AND PHYSIOLOGIC FACTORS
AFFECTING OVULATION FIGURE 6 Diagramatic representation of circulating concentrations

of ovarian steroids and pituitary gonadotropins during the ovulatory
cycle of the hen. A4, androstenedione; DHT, 5a-dihydrotestosterone;Ovulation in the domestic hen generally follows an
E1, estrone; E2, estradiol-17b; FSH, follicle-stimulating hormone; LH,

oviposition within 15–75 min except for the first ovula- luteinizing hormone; P, progesterone; T, testosterone. (Reprinted with
tion of a sequence, which is not associated with oviposi- permission from A. L. Johnson (1990), CRC Crit. Rev. Poult. Biol.

2, 319–346.)tion. Neither the premature expulsion of the egg (which
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(Etches and Cheng, 1981); however, the significance of one antiserum prior to the preovulatory surge of proges-
terone can block ovulation. Evidence suggests that thethis second peak has yet to be determined. In addition

to these ovulatory–oviposition cycle-related peaks there preovulatory LH surge is preceded by an increase in
progesterone in view of the findings that: (1) in theoccurs a crepuscular (occurring at the onset of darkness)

peak of LH, which has a periodicity of 24 hr and has absence of the normal preovulatory rise in progesterone
(blocked by the steroidogenesis inhibitor, aminogluteth-been proposed to act as a timing cue for the subsequent

preovulatory LH surge ( Johnson and van Tienhoven, imide), there is no preovulatory increase in plasma LH;
and (2) intramuscular injection of progesterone in ami-1980; Wilson et al., 1983).

Injection of LH into laying hens almost always in- noglutethimide-treated hens induces a normal preovula-
tory LH surge in the absence of any increase in plasmacreases plasma concentrations of progesterone, estro-

gens and androgens; however, the ovulatory response testosterone or estrogen ( Johnson and van Tienhoven,
1984). Moreover, results from a study of hypophysecto-is dependent on the stage within the sequence. For in-

stance, LH treatment 14–11 hr prior to the first ovula- mized hens suggest that progesterone, in the absence
of preovulatory gonadotropin, can induce ovulationtion of a sequence results in premature ovulation,

whereas the same treatment before a midsequence ovu- (Nakada et al., 1994).
Progesterone circulates in the blood bound to a high-lation commonly results in follicle atresia and blocked

ovulation (Gilbert et al., 1981). Passive immunization affinity corticoid-binding globulin or to albumin and
other c-globulins. Progesterone-specific receptors haveof laying hens with antiserum generated against partially

purfied chicken LH results in the cessation of ovulation been demonstrated in the hypothalamus and pituitary
of the hen and the number of receptors is influencedfor approximately 5 days and extensive atresia of exist-

ing follicles (Sharp et al., 1978). by the reproductive state. In the oviduct, progesterone
receptors are present in surface epithelial cells, tubular
gland cells, stromal fibroblasts, and smooth muscle cells

3. Follicle-Stimulating Hormone
in the arterial walls and myometrium (Yoshimura and
Bahr, 1991a). These findings provide evidence for a roleA rise in plasma follicle-stimulating hormone (FSH)

has been observed 15 hr prior to ovulation in the domes- of progesterone in the production of avidin, contraction
of the myometrium, and shell formation. Moreover, pro-tic hen (Scanes et al., 1977a) (Figure 6), and this occurs

coincident with an increase in FSH binding to ovarian gesterone receptors are expressed within granulosa,
theca, and germinal epithelial cells of preovulatory folli-tissue (Etches and Cheng, 1981). Other researchers find

less pronounced cycle-related fluctuations in circulating cles (Isola et al., 1987; Yoshimura and Bahr, 1991b).
The localization of such receptors associated with theFSH (Krishnan et al., 1993). Endocrine mechanisms reg-

ulating pituitary release of avian FSH are not clear. For stigma region provides a physiological mechanism by
which progesterone may mediate a direct effect on ovu-instance, Hattori et al. (1986) have reported that LHRH-

I induces FSH secretion in vivo and in vitro in the quail, lation.
while Krishnan et al. (1993) failed to detect any stimula-
tory effect of LHRH-I. The reasons for this discrepancy

5. Androgens
are not apparent.

A primary role for FSH is related to granulosa cell Peak preovulatory concentrations of testosterone oc-
cur 10–6 hr prior to ovulation, whereas highest levelsdifferentiation and the induction of steroidogenesis in

prehierarchal follicle granulosa cells (see above). Al- of 5a-dihydrotestosterone (DHT) occur approximately
6 hr before ovulation (Figure 6). The increase in testos-though recombinant FSH is capable of inducing ovula-

tion in mammals, this apparently has not been tested terone at this time is the result of secretion from at least
the four largest follicles.in avian species.

The role of androgens in ovulation is, as yet, unclear.
Intraventricular injections of testosterone fail to release

4. Progesterone
LH or induce premature ovulation, and peripheral injec-
tions of testosterone that generally result in unphysio-Highest concentrations of plasma progesterone are

found 6–4 hr before ovulation and coincide with the logically high circulating concentrations of testosterone
are required to stimulate LH secretion and induce ovu-preovulatory LH peak (Figure 6). This increase is pre-

dominantly the result of progesterone secretion by the lation. Moreover, ovulation can occur in the absence of
any preovulatory increase in plasma testosterone ( John-largest preovulatory follicle (Etches, 1990).

Systemic and intraventricular injection of progester- son and van Tienhoven, 1984).
On the other hand, in vivo administration of antites-one can induce both a preovulatory surge of LH and

premature ovulation, while administration of progester- tosterone serum effectively blocks ovulation, while tes-
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tosterone treatment induces ovulation in vitro (Tanaka the finding that treatment of female quail embryo with
an antiestrogen results in behavioral masculinization.and Inoue, 1990). Both granulosa and theca cells of

prehierarchal and hierarchal follicles express an andro-
gen receptor, and androgens regulate steroidogenesis

7. Corticosteroneand plasminogen activator activity via a paracrine/auto-
crine action (Tilly and Johnson, 1987; Lee and Bahr, Plasma concentrations of corticosterone display both
1990; Yoshimura et al., 1993b). a daily (photoperiod-related) rhythm and a peak coinci-

As in the male, androgens are responsible for the dent with oviposition. The role of corticoids on the ovary
growth and coloring of the comb and wattles at the time and in the ovulatory process is unclear, as both facilitory
of sexual maturation and synergize with estrogen to and inhibitory actions have been described. While there
induce medullary ossification. In addition, androgens is some evidence to suggest that the adrenal gland, via
induce protein synthesis in the oviduct of estrogen- corticosterone secretion, regulates the timing of the pre-
primed birds; however, the mechanism has been less ovulatory LH surge (Wilson and Cunningham, 1980),
intensively studied than that for progesterone. there is no ovulation-related increase in circulating cor-

ticosterone. Injection of corticosterone, deoxycorticos-
terone, or ACTH induces premature ovulation; how-

6. Estrogens ever, it is unlikely to act at the level of the hypothalamus
and/or pituitary to directly induce LH release (EtchesBoth estradiol-17b and estrone show highest plasma
et al., 1984a,b). On the other hand, infusion of corticoste-concentrations 6–4 hr before ovulation with a smaller,
rone blocks the photoperiod-induced rise in LH as wellmore inconsistent rise in estrogens 23–18 hr before ovu-
as the gonadotropic effects of eCG on follicle growthlation (Figure 6). Preovulatory follicle secretion of estra-
(Petitte and Etches, 1988, 1989).diol increases in each of the four largest follicles 6–3 hr

In several wild species seasonal increases of plasmaprior to ovulation and is greatest in the third- and fourth-
corticosterone are associated with egg laying (e.g.,largest follicles. Overall, however, the majority of estro-
White-crowned sparrow, European starling, Westerngen produced by the ovary originates from prehierar-
meadowlark) or with brooding behavior (e.g., Pied fly-chal follicles.
catcher), whereas in others (e.g., Canada goose) thereLike testosterone, estrogens are unlikely to be in-
is little change or a decrease in corticosterone duringvolved in the direct induction of LH secretion or ovu-
the breeding season. Absolute plasma levels of cortico-lation, as injection of estradiol in laying hens either in-
sterone can be misleading, however, as the capacity ofhibits or has no effect on ovulation or LH secretion.
the corticosteroid binding globulin may also fluctuateMoreover, ovulation can occur in the absence of a pre-
with season (Wingfield and Farner, 1993).ovulatory increase in plasma estrogens. Estrogens, to-

gether with progesterone, are required for priming of
the hypothalamus and pituitary in order that progester-

8. Prolactinone can induce LH release (Wilson and Sharp, 1976).
Ovarian estrogens have a variety of additional func- It is well accepted that prolactin is associated with

tions related to reproduction, including the regulation of parental behavior and may also play a role in osmoregu-
calcium metabolism for shell formation (Etches, 1987), lation, especially in marine birds. Prolactin secretion
induction of its own receptor in the oviduct (Moen and from the anterior pituitary is primarily under the stimu-
Palmiter, 1980), and induction of progesterone receptor latory control of vasoactive intestinal peptide (see Chap-
expression in the ovary and reproductive tract (Pageaux ter 14). Circulating levels of prolactin increase at the
et al., 1983; Isola et al., 1987). Treatment of immature onset of egg laying in many species of birds, including
Japanese quail and young female chickens with estradiol the ruffed grouse (Etches et al., 1979), bantam fowl
enhances growth of the oviduct and promotes the forma- (Sharp et al., 1979), turkey hen (Proudman and Opel,
tion of tubular secretory glands and epithelial differenti- 1981), Japanese quail (Goldsmith and Hall, 1980), pied
ation. Moreover, estradiol induces the synthesis of oval- flycatcher (Silverin and Goldsmith, 1990), and song
bumin, conalbumin, ovomucoid, and lysozyme in the sparrow (Wingfield and Goldsmith, 1990). During the
oviduct (Palmiter, 1972) and vitellogenin in the liver ovulation–oviposition cycle of the domestic hen, prolac-
(Deely et al., 1975). tin is highest approximately 10 hr and lowest 6 hr prior

Secondary sex characteristics, such as color and shape to ovulation, though it is unlikely that prolactin plays a
of plumage and sexual behavior, are also under the direct role in the ovulatory process. Prolactin levels are
control of estrogens. Sexual differentiation of the female also elevated during the summer months in response to

increasing photoperiod.brain is under the influence of estrogen, as indicated by
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Expression of prolactin receptor mRNA and prolac- peak at about 1 week of age and a prepubertal LH
tin binding has been detected in crop-sac mucosa, liver, rise beginning approximately 15 weeks posthatch that is
brain, ovary, and oviduct (Tanaka et al., 1992). Recent highest about 3 weeks prior to sexual maturity. Ovarian
data indicate that prolonged elevated prolactin levels steroidogenesis can be demonstrated as early as day 3.5
(as occurs during incubation; see below) have an antiste- of incubation. Plasma estradiol increases from less than
roidogenic effect on the ovary, in part via inhibition of 100 pg/ml 6 weeks before lay to a peak of about
steroidogenic enzyme gene expression (Tabibzadeh et 350 pg/ml 2–3 weeks before lay; it then decreases to ba-
al., 1995), and act on the neuroendocrine system to sal concentrations (100–150 pg/ml) at the time of first
reduce hypothalamic GnRH levels and inhibit LH secre- lay. Plasma progesterone concentrations are low (0.1–
tion (Rozenboim et al., 1993). 0.5 ng/ml) until about 1 week before laying, at which

time baseline levels increase to 0.4-0.6 ng/ml (Williams
and Sharp, 1977). The hen’s ovary is unresponsive to9. Other Factors
stimulation by either mammalian gonadotropins or

Preovulatory follicles produce prostaglandins, and avian pituitary extracts until 16–18 weeks of age. In
the secretion of prostaglandin (PG) F2a by the F1 folli- contrast, the pituitary becomes less responsive to exoge-
cle is greatest around the time of ovulation. Although

nous LHRH as the onset of puberty approaches (Wilson
prostaglandins do not affect granulosa cell steroid pro-

and Sharp, 1975); this change is probably the result of
duction, both PGE1 and PGE2 enhance follicle plasmin-

negative feedback by increasing steroid secretion byogen activator activity (Tilly and Johnson, 1987). This
the ovary.latter action might suggest a role for PGs in mediating

the enzymatic rupture of the stigma. In addition, PGF2a,
C. Effect of Light on the OvaryPGE2, acetylcholine, and oxytocin increase the contrac-

tion of smooth muscles in the connective tissue wall and Ovulation
of the follicle in vitro and may, in combination with

Photoperiod influences the reproductive activity ofproteolytic enzymes, play a role in the rupture of the
birds relative to both seasonal changes (signaling thestigma at ovulation (Yoshimura et al., 1983). Neverthe-
onset and termination of breeding seasons in temperateless, it is clear that PGs are not obligatory for ovulation
latitudes) and daily changes (entraining the time of ovu-to occur as neither the administration of prostaglandins
lation and/or oviposition). Ovarian development andnor the injection of indomethacin into the follicle affects
egg laying appear to be most stimulated by increasingthe timing of ovulation.
photoperiod, as normally occurs during the spring inAdministration of serotonin (5-hydroxytryptamine)
the northern hemisphere. A notable exception is thehas been reported to block ovulation, but this result
Emperor penguin (Aptenodytes forsteri), which breedsis probably mediated via its inhibitory effect on LH
during the short photoperiod of antarctic winters (Gros-release. The catecholamine-synthesis inhibitor, a-
colas et al., 1986). Migratory species such as the juncomethylmetatyrosine and the a-adrenergic blocking
or white-crowned sparrow, as well as the domestic tur-agents phentolamine and dibenzyline block ovulation
key, fail to show sexual development when held underwhen injected intrafollicularly, whereas anti-b-adrener-
constant short-day conditions. In contrast, domesticgic agents are ineffective. Subsequent administration of
fowl raised under a continuous photoperiod of either 6EPI or NE overcomes the blocking effect of phen-
hr of light or 22 hr of light will reach sexual maturitytolamine, while only EPI overcomes the effect of a-
at about 21 weeks of age. Even in this species, however,methylmetatyrosine, and neither catecholamine could
a progressively increasing photoperiod from hatch toreverse the blocking effect of dibenzyline. While NE
18 weeks of age advances the onset of egg laying by 2–3has no effect on basal or LH-stimulated progesterone
weeks when compared to birds raised under a constantproduction in granulosa cells, preculture with NE for
photoperiod (Morris, 1978).2 days enhances LH-responsiveness via a-adrenergic

Maximal photostimulation is generally considered toreceptors (Chotesangasa et al., 1988). Nevertheless, it
occur with a photoperiod of 12–14 hr of light; however,remains to be demonstrated that catecholamines play a
normal egg production can be obtained with a photope-physiologic role in the process of ovulation.
riod between 12 and 18 hr, and the domestic hen will
continue to lay (although more sporadically) even ifB. Hormones during Sexual Maturation
kept in continuous darkness. Moreover, an intermittent

and Molt photoperiod consisting of a total of 10 hr of light in the
pattern 8 hr light (L):10 hr dark (D):2 hr L:4 hr D hasInvestigation of the changes in gonadotropin concen-
proven as effective in maintaining egg production as atrations between the time of hatching and the onset of

lay in the domestic hen shows that there is an early LH 14L:10D photoperiod.



4219 / c22-584 / 08-04-99 15:10:32

A. L. Johnson584

thyroidectomy of juvenile mallard ducks fails to alterD. Photorefractoriness
timing of the molt to breeding plumage.

The seasonal termination of reproduction in birds is Circulating concentrations of plasma prolactin,
an adaptive mechanism to insure that the newly hatched growth hormone, LH, and ovarian steroids are lower in
young are raised under optimal conditions. For instance, molting females than in laying hens (Scanes et al., 1979b;
many species that breed in northern latitudes end the Hoshino et al., 1988). In turkey hens, plasma prolactin
nesting phase (and undergo spontaneous gonadal re- levels during molt are less than half those found in laying
gression) early enough in the summer to insure sufficient hens (Proudman and Opel, 1981). On the other hand,
time for development of fledglings prior to fall migra- plasma levels of corticosterone, testosterone, and triio-
tion. A common (but not universal) mechanism respon- dothyronine (T3), but not thyroxine (T4) increase dur-
sible for ending the breeding season is photorefractori- ing the molting period. The elevation in plasma thyrox-
ness; this state is characterized by the inability of the ine may not only play a role in the induction of molt,
reproductive system to respond to the otherwise stimu- but may also be required for thermoregulation during
latory effects of increasing daylength. Photorefractori- the period of heavy feather loss.
ness is often initiated by long days, and the number of
long days required for induction is dependent upon day
length. In the White-crowned sparrow (Zonotrichia leu- V. OVIPOSITION
cophrys gambelii), gonads will remain regressed for sev-
eral years when continuously maintained on long days, Expulsion of the egg (oviposition) involves the relax-
and recovery of photosensitivity occurs only after birds ation of abdominal muscles and sphincter between the
are exposed to short photoperiods for 40–60 days. shell gland and vagina and the muscular contraction of

Considerable attention has been focused on the hy- the shell gland. The majority of research to elucidate
pothalamus as the anatomical location of photorefracto- the mechanisms controlling oviposition has been per-
riness. For example, there is evidence for increased hy- formed in the quail and domestic hen and has implicated
pothalamic sensitivity to the negative feedback effects neurohypophyseal hormones, prostaglandins, and hor-
of sex steroids as the breeding season progresses and mones of the pre- and postovulatory follicles.
for a decline in hypothalamic concentrations of LHRH.
By comparison, neither the gonads nor the anterior pitu-

A. Neurohypophyseal Hormonesitary appear to become refractory. For additional infor-
mation and references, see Wingfield and Farner (1993). Both oxytocin and arginine vasotocin induce prema-

ture oviposition in hens. While arginine vasotocin activ-
ity in the blood of the laying hen was reported to beE. Molt
highest during oviposition, removal of the neurohypo-
physis failed to affect the pattern of timing of oviposi-Molt refers to the orderly replacement of feathers

and is accompanied by the total regression of the repro- tion. On the other hand, it is possible that an additional
source of arginine vasotocin is the ovary itself (Saito etductive organs and the cessation of lay. In wild, temper-

ate species a prenuptial molt may occur prior to the al., 1990). Finally, there is evidence that the oviposition-
inducing actions of oxytocin may be mediated via pros-breeding season, while a postnuptial molt occurs be-

tween the end of the reproductive season and the onset taglandins, as administration of indomethacin, a prosta-
glandin synthesis inhibitor, blocks oxytocin-inducedof autumn or the autumn migration. In the domestic

fowl, molt occurs after approximately 1 year of egg pro- premature oviposition.
duction.

The physiologic mechanisms that cause molt remain B. Prostaglandins
obscure; however, the pituitary, adrenal, and particu-
larly the thyroid glands have been suggested as media- There is much experimental data suggesting that

prostaglandins are directly involved in oviposition. Ex-tors ( Jallageas and Assenmacher, 1985). Forced molt
in domestic fowl can be induced by restriction of feed ogenous administration of PGF2a stimulates shell gland

contractility, relaxes the vagina, and induces prematureand water, decreased day length, or by administration
of prolactin or large doses of progesterone. In addition, oviposition (Shimada and Asai, 1979), while treatment

with indomethacin or aspirin depresses the peak of pros-injection of thyroxine induces molt in the domestic hen
and promotes feather growth in redheaded buntings taglandins in the plasma and in pre- and postovulatory

follicles, suppresses uterine contractility, and delays ovi-(Pati and Pathak, 1986), while thyroidectomy retards
molt in the spotted munia and redheaded bunting. This position (Hertelendy and Biellier, 1978). In addition,

injection of PGE1 induces premature oviposition inrelationship is not consistent among birds, however, as
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chickens and Japanese quail, while passive immuniza- cal to the neurohypophyseal hormones or prosta-
glandins.tion with PGE1 antiserum delays oviposition in the hen.

Further evidence to suggest that prostaglandins mediate
the oviposition-inducing activity of arginine vasotocin D. Preovulatory Follicle
is provided by the finding that plasma prostaglandins are
significantly elevated at the time of arginine vasotocin- A role for the preovulatory follicle in the process of

oviposition was first suggested by Fraps (1942), whoinduced premature oviposition and that arginine vaso-
tocin stimulates the biosynthesis and release of prosta- found that a premature midsequence ovulation induced

by the injection of LH was accompanied by prematureglandin from the shell gland (Rzasa, 1984). Arginine
vasotocin administered to hen shell gland muscle in vitro expulsion of the egg within the oviduct. Soon after,

Rothchild and Fraps (1944) demonstrated that removalincreases tissue content of prostaglandins and stimulates
shell gland muscle contractility, while concomitant treat- of the most mature preovulatory follicle resulted in the

delayed oviposition of the egg in the shell gland, al-ment with indomethacin blocks the production of pros-
taglandins and decreases the rate of muscle contraction. though the delay was not as long as that found after

removal of the postovulatory follicle.Endogenous concentrations of prostaglandins E and
F increase in the largest preovulatory follicle beginning
6–4 hr prior to the expected time of ovulation (or ovipo- E. Other Factors
sition). In contrast, postovulatory levels of prostaglan-
din F increase about 100-fold approximately 24 hr after As mentioned above, plasma concentrations of corti-

costerone increase dramatically at the time of oviposi-that ovulation or 2 hr before the next expected oviposi-
tion (Day and Nalbandov, 1977). Increased prostaglan- tion. Premature oviposition (induced with vasopressin)

or delayed oviposition (resulting from the removal ofdin production and secretion from one or more of these
sources is reflected by significantly elevated plasma the postovulatory follicle) failed to alter the timing of

the corticosterone peak from when the egg would nor-concentrations of the prostaglandin metabolite 13,14-
dihydro-15-keto prostaglandin F2a, coincident with the mally have been laid; an additional increase in cortico-

sterone occurs at the time of vasopressin-induced ovipo-time of oviposition. TGFa and TGFb are among factors
that have been shown to regulate granulosa cell PG sition (Beuving and Vonder, 1981). Nevertheless, these

results do not necessarily indicate a causative relation-production (Li et al., 1994).
Administration of the prostaglandin precursor, ara- ship between corticosterone secretion and the induction

of oviposition.chidonic acid, or prostaglandin F2a (PGF2a) increases
intraluminal pressure of the infundibulum, magnum, Despite the fact that the shell gland contractility is

influenced by epinephrine and norepinephrine, thereisthmus, and shell gland. Substance P, PGF2a, and argi-
nine vasotocin stimulate shell gland contractility in vitro is no evidence that these catecholamines influence the

timing of oviposition. Many other factors, including ace-(Olson et al., 1978; De Saedeleer et al., 1989), while
PGF2a has been demonstrated to be effective in vivo tylcholine, histamine, pentobarbital, and lithium, induce

premature oviposition, but the mechanisms and physio-(Shimada and Asai, 1979). Specific binding sites for
PGF2a and arginine vasotocin have been identified and logical relevance of their actions are unclear. For addi-

tional information, see Shimada and Saito (1989).characterized in the membranes of shell gland muscle
(Toth et al., 1979; Takahashi et al., 1992). In contrast,
prostaglandins of the E series (PGE1, PGE2) suppress F. Broodiness and Nesting Behavior
spontaneous motility and decrease intraluminal pres-
sure in the vagina (Wechsung and Houvenaghel, 1978). Broody behavior consists of termination of egg pro-

duction, the incubation of eggs, and care of the young.These observations suggested that ovum transport
through the oviduct and expulsion of the egg from the The onset of incubation occurs coincident with complete

regression of the ovary and accessory reproductive tis-shell gland may involve prostaglandin-stimulated con-
tractility of oviduct smooth muscle. sues such as the oviduct and comb. In present-day com-

mercial egg-producing hens, broodiness is virtually non-
existent, but is still present in the Bantam hen andC. Postovulatory Follicle
broiler-breeder and is common in turkeys. Broody be-
havior is often accompanied by the development of anRemoval of the most recent postovulatory follicle

results in a 1- to 7-day delay in oviposition; this effect incubation (or brood) patch, and the increased vascular-
ity, edema, and thickening of the epidermis occurs underhas been attributed to the removal of factors produced

by the granulosa cell layer (Gilbert et al., 1978); the the regulation of estrogen and prolactin. Induction of
incubation behavior in turkey hens can be initiated byfactor(s) may be a peptide, possibly analagous or identi-
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administration of prolactin, and active immunization weight. However, variations do occur in the lipid, amino
acid and carbohydrate content of albumen and yolk,against prolactin reduced the incidence or delayed the

onset of broodiness in Bantam hens (Youngren et al., with precocial species (e.g., from the orders Anseri-
formes and Galliformes) having a higher energy density1991; March et al., 1994). Incubation activity stimulates

the development of the crop sac in the pigeon; prolifera- than altricial species (e.g., the pigeon Columba livia
and pelican Pelecanus occidentalis) (Roca et al., 1984;tion of this gland is under the direct control of prolactin.

In the ring dove, endogenous estrogen production, Bucher, 1987).
stimulated by FSH secretion, is thought to induce the
female to build nests. In turn, the initiation of nestbuild-

A. Yolking activity in the male is dependent on the hormonal
environment and behavior of the female. Yolk serves to provide lipids and many of the proteins

In general, behavioral broodiness in the female is required for embryonic growth. The final composition
preceded by decreases in circulating concentrations of of yolk in the hen’s egg consists of approximately 33%
LH, progesterone, testosterone, and estradiol, while lipid (by wet weight) compared to 17% protein. The
growth hormone tends to be lower only while hens are greatest proportion of yolk is water (48%) with lesser
caring for the young (Harvey et al., 1981). As discussed amounts of free carbohydrates (0.2%) and inorganic
above, concentrations of prolactin are frequently in- elements (1%). Of the major classes of lipids, approxi-
creased during egg laying and around the onset of incu- mately 70% are triacylglycerols, 25% are phospholipids,
bation and remain elevated throughout incubation. and 5% cholesterol and cholesterol esters. Yolk is usu-
Among species in which the male assumes the predomi- ally deposited in concentric bands which result from a
nant role of incubation, levels of prolactin are higher nonuniform pattern of daily feed intake.
in the male than in the female (Oring et al., 1988). For
further information, see El Halawani et al. (1988).

B. Albumen

There are four distinct layers of albumen in the fully
formed egg: (1) the chalaziferous (inner thick) layer,VI. COMPOSITION AND FORMATION OF YOLK,

ALBUMEN, ORGANIC MATRIX, AND SHELL attached to the yolk; (2) the inner thin (liquid) layer;
(3) the outer thick layer; and (4) the outer thin (fluid)
layer. Approximately one-fourth of the total albumenComponents of the egg include the yolk, albumen,

the organic matrix, and the crystalline shell. These com- by weight is found in the outer thin layer and slightly
greater than one-half in the outer thick layer. The innerponents have been reviewed by a number of workers,

and the reader is referred to the following literature layer represents 16.8% of the total albumen, while the
chalaziferous layer plus chalazae 2.7% of the total (Tablefor more details: Gilbert (197la,b), Simkiss and Taylor

(1971), Parsons (1982), and Burley and Vadehra (1989). 2). The function of the egg albumen layer is likely to
prevent invasion of microorganisms into the yolk (seeThere appears to be a remarkable uniformity among

many species of birds as to the density of yolk and below), as well as to serve as a source of water, protein,
and minerals to the embryo during development. Thealbumen and the proportion of egg yolk relative to egg

TABLE 2 Composition of the Hen’s Egga

Albumen

Yolk Outer Middle Inner Chalaziferous Shell

Weight (g) 18.7 7.6 18.9 5.5 0.9 6.2
Water (%) 48.7 88.8 87.6 86.4 84.3 1.6
Solids (%) 51.3 11.2 12.4 13.6 15.7 98.4

All layers

Yolk Albumen Shell

Proteins (%) 16.0 10.6 3.3
Carbohydrates (%) 1.0 0.9 —
Fats (%) 32.6 Trace 0.03
Minerals (%) 1.1 0.6 95.10

a From Romanoff and Romanoff (1949).
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chalazae are two fiberlike structures at each end of the a small fraction of the entire eggshell, their integrity is
egg permit limited rotation but little lateral displace- critical to its formation and strength.
ment of the yolk.

In the chicken, the initial albumen layer is deposited 1. Shell Membranes
by the caudal region of the infundibulum. However, the

Shell membranes, organized into an inner (p50 tomajority of albumen proteins are deposited by tubular
70-em thick) and outer (p15 to 25-em thick) mem-gland cells of the magnum, while avidin is synthesized
brane, are produced by the isthmus region of the ovi-by the goblet cells. The discrete layers of albumen are
duct. The membranes lie adjacent to one another exceptthe result of either its consecutive deposition by differ-
at one end where they part to form the air cell. Thereent regions of the magnum or changes that occur during
is some question as to whether epithelial cells or tubularplumping within the shell gland and with movement of
gland cells of the isthmus are responsible for the secre-the egg through the oviduct.
tion of the membranes. The membranes consist of aThe major proteins found in albumen include:
meshwork of protein fibers, cross-linked by disulfide(1) ovalbumen, 54%; (2) ovotransferrin (conalbumin),
and lysine-derived bonds, with small fibrous protuber-13%; (3) ovomucoid, 11%; (4) ovoglobulins (G2 and
ances of uncertain function.G3), 8%; (5) lysozyme, 3.5%; and (6) a- and b-ovomucin,

The membranes are composed in part of collagen1.5–3.0%. There are also several characteristic proteins
(10%), inasmuch as both hydroxyproline and hydroxyly-present in lesser concentrations, including avidin, fla-
sine can be identified. The remainder of the fibrousvoprotein- and thiamine-binding proteins; ovomacrog-
component is composed of protein (70–75%) and glyco-lobulin; and cystatin.
protein (Candlish, 1972). The membranes are semiper-Ovalbumin serves as a source of amino acids for the
meable and permit the passage of gases, water, andembryo during development and, based on its homology
crystalloids but not albumen; there is no relationshipto the serpin family of protease inhibitors, may also
between thickness of the membranes and thickness ofsuppress enzyme activity in the egg. Ovotransferrin acts
the shell, but membrane thickness does decrease withprimarily as an iron-chelator, thereby preventing bacte-
the age of the hen.rial growth within the egg. Ovomucoid is a serine prote-

ase inhibitor and represents the major inhibitor of prote-
ase (primarily trypsin) activity in the egg; target enzymes 2. Mammillary Cores
may be produced by invading microorganisms or, alter-

The mammillary cores, which are projections fromnatively, ovomucoid may serve to modulate the enzy-
the outer membrane surface (Figure 7), are proposedmatic degradation of albumin during embryo devel-
as the initial sites of calcification. They are composedopment.
largely of protein, but also contain carbohydrate andAlpha-ovomucin (a glycoprotein) and b-ovomucin
mucopolysaccharides and are thought to be formed by(60% carbohydrate by weight) are insoluble, fibrous pro-
the epithelial cells of the isthmus. The mammillary coresteins that are responsible for the gel-like qualities of
represent the greatest proportion of organic material inegg white, particularly in the thick layers. Ovomucins
the eggshell.block invasion of microorganisms and may express anti-

viral properties. The main biologic function egg albu-
men lysozyme is lytic activity against Gram-negative 3. Shell Matrix
bacterial cell walls.

The organic shell matrix is a series of layers of proteinSeveral egg proteins are known for their ability to
plus acid mucopolysaccharide on which calcificationbind specific substrates (e.g., ovotransferrin binds iron,
takes place. It represents approximately 2% of the totalcopper and zinc; flavoprotein, riboflavin; and avidin,
organic composition of the eggshell. The matrix plusbiotin), and others act as protease inhibitors (ovomu-
calcified crystals make up the palisade layer of the shell.coid, ovoinhibitor, cystatin, ovomacroglobulin). Avidin
The innermost region of the shell has a greater densityis a progesterone-dependent secretory protein; it’s bio-
of matrix compared to the outer regions. Both calcium-logic role in the hen egg is likely related to its ability
binding protein and carbonic anhydrase have been iden-to decrease biotin levels, thus inhibiting bacterial
tified within the matrix. Deposition of the matrix occursgrowth. For more detailed information on albumen syn-
soon after the egg reaches the shell gland.thesis and properties, see Burley and Vadehra (1989).

4. CuticleC. Organic Matrix

The outermost surface of the egg is often (but notThe organic fraction of the eggshell consists of shell
always) covered by a thin waxy cuticle composed ofmembranes, the mammillary cores, the shell matrix, and

the cuticle. Although these components constitute only protein, polysaccharide, and lipid. The cuticle may be
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FIGURE 7 Diagram of section through the shell and membranes of a hen’s egg, showing crystalline
structure and organic material that remains after calcium carbonate has been dissolved. (Adapted
from How eggs breathe, H. Rahn, A. Ar, and C. Paganelli. Copyright q 1979 by Scientific American,
Inc. All rights reserved.)

unevenly distributed over the entire surface, ranging in brane. Formation of the mammillary knobs occurs in
the shell gland during the first 5 hr of calcification. Theredepth from 0.5 to 12.8 mm; the average dry weight of

the cuticle in a 60 g chicken egg is 12 mg (Parsons, is some disagreement as to whether or not the density
of mammillary knobs is related to the structural integrity1982). Its function is likely to protect the egg from water

evaporation and microbial invasion, although it is un- of the eggshell. The passage of water during plumping
stretches the shell membranes and increases the distancelikely to add to the structural integrity of the shell. The

cuticle, when present, is formed during the last 30 min between the tips of the mammillae. Crystals that form
laterally grow and eventually abut with crystals fromprior to oviposition.
other mammillae, whereas those that grow outward may
extend to the shell surface. At some points the crystals

D. Layers of Crystallization do not grow completely together, leaving pores with a
diameter of 0.3–0.9 em (Figure 7).The calcified portion of the shell can be arbitrarily

divided into the mammillary knob layer, the palisade
layer, and the outer surface crystal layer (see Figure 7).

2. Palisade Layer
Collectively, these layers represent the major portion
of the avian egg shell, are largely responsible for its The crystallized palisade (or spongy) layer (approxi-
mechanical strength, and consist of approximately 97% mately 200 em thick) is composed mainly of crystalline
inorganic material. While calcium is the predominant calcium carbonate in the form of calcite and represents
cation, the shell also sequesters a significant amount the greatest portion of the shell. Calcification of this
of magnesium in the form of magnesium carbonate; layer is initiated 5–6 hr after the entrance of the egg
manganese is likely required for the development of into the shell gland, during the process of plumping.
the mammillae because of its role in the synthesis of The palisade layer is arranged as columns situated di-
mucopolysaccharides (Leach and Gross, 1983). rectly over mammillary knobs that are perpendicular to

the surface (Silyn-Roberts and Sharp, 1986).

1. Mammillary Knob Layer
3. Surface Crystal Layer

Outward crystallization of the mammillary cores re-
sults in the formation of the mammillary knob layer. In The outermost layer of calcification is designated the

surface crystal layer. The crystalline structure is moreaddition, calcium deposits radiate from the bottom of
the mammillary cores to penetrate the outer shell mem- dense than that of the palisade region and lies perpen-
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dicular to the shell surface. The overall thickness of this 1. Sources of Eggshell Calcium
layer ranges from 3 to 8 em.

Calcium for eggshell formation is provided via the
blood following absorption from the intestine (duode-

4. Respiration via the Eggshell num and upper jejunum) or resorption from bone (prin-
cipally medullary bone, but also cortical bone underShell pores of the hen egg are simple funnel-shaped
conditions of calcium deficiency). Resorption of calciumopenings that arise at the shell surface and protrude
from bone is regulated by both parathyroid hormonethrough to the mammillary knob layer. In most species,
and 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3), whilehowever, pores traverse the shell radially and branch
absorption through the gut is facilitated by 1,25longitudinally along the axis of the egg. The pores are
(OH)2D3. The relative importance of the two organsthe result of areas of incomplete crystallization. The
as sources of calcium depends on the concentration ofnumber of pores is generally related to metabolic de-
dietary calcium. Hens consume approximately 25%mand prior to the initiation of lung function, the number
more feed on days when eggshell formation occurs thanof pores per unit area decreasing with increasing egg
on days when it does not. If concentrations of calciumweight (Tullett, 1978). The function of eggshell pores
in the food are 3.6% or higher, most of the eggshellis to serve as a mechanism of chemical communication
calcium is derived directly from the intestine. If thebetween the air cell of the egg and the external environ-
concentration is 2.0%, bone supplies 30–40% of the shellment during embryo development (Tullett, 1984; Rahn
calcium, and on calcium-free diets, the skeleton is theand Paganelli, 1990). The exchange of oxygen, carbon
principal source. However, it is likely that these relation-dioxide, and water occurs predominantly via passive
ships vary depending on the time of day. When hensdiffusion, and a 79 gm turkey egg is estimated to ex-
are provided constant free access to feed, much of thechange the equivalent of 27 l of gas (oxygen, carbon
daily intake occurs early in the photoperiod; the remain-dioxide and water vapor) during the 28-day incubation
der is consumed at the end of the photoperiod. How-period (Paganelli et al., 1987). The average diffusive
ever, much of the shell is formed during the night, whenwater loss during incubation for 117 species of birds is
generally no calcium is consumed and when the calcium15%; the loss is determined by the difference in water
content of the digestive tract is gradually decreasing.vapor pressure between the egg and nest environment
Therefore, medullary bone is the primary source of shell(see Chapter 21). Inner and outer shell membranes play
calcium during the latter hours of darkness.a minor role in limiting the flow of oxygen, carbon diox-

Blood calcium circulates in two forms, as nondiffus-ide, and water vapor, while the major resistance to pas-
ible protein-bound calcium and as diffusible ionized cal-sage of these substances comes from the inner end of
cium. Nondiffusible calcium is bound by plasmathe pore. Therefore, air-cell gas tensions are determined
calcium-binding proteins vitellogenin and albumin. Es-predominantly by the number and size of the pores and
trogen treatment increases total plasma calcium, in partthe thickness of the shell, relative to the metabolic rate
by stimulating the production of blood calcium-bindingof the embryo. The total area of pores on a turkey egg
proteins. Similarly, total plasma calcium increases sev-with a surface area of 90 cm2 is calculated to be 2.2 mm2

eral weeks before laying, and the increase is attributable(Paganelli et al., 1987). Furthermore, experimental data
to an increase in the protein-bound, but not in the diffus-suggest that a change in environmental conditions may
ible fraction. During the ovulation–oviposition cycle,be reflected by an alteration in shell conductance (see
concentrations of ionized calcium peak (0.057 mg/ml)Tullett, 1978).
4 hr after oviposition, then decrease significantly during
the period of shell calcification (minimum of 0.049 mg/

E. Calcium Metabolism ml). On the other hand, plasma concentrations of total
calcium (ionized plus inionized) fluctuate only mini-The shell gland transports 2–2.5 g of calcium within
mally (between 0.2 and 0.26 mg/ml) during the ovula-a period of 15 hr for the calcification of a single egg. A
tion–oviposition cycle.hen that lays 280 eggs in a production year will use a

Feeding a calcium-deficient diet to laying hens causesquantity of calcium for the purpose of shell formation
a significant decrease in plasma ionized calcium concen-corresponding to 30 times the calcium content of the
trations, a significant decrease or complete cessation ofentire body. A detailed description concerning mecha-
lay, and regression of the ovary within 6 to 9 days.nisms of absorption and changes in uptake by the intes-
However, birds on the same diet injected with crudetine relative to age and egg production are beyond the
chicken pituitary extracts continued to lay for a morescope of the present discussion, and the reader is re-
prolonged period, despite a comparable decrease inferred to Bar et al. (1977), Gilbert (1983), and Etches

(1987). ionized calcium (Luck and Scanes, 1979a). Basal con-
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centrations of LH in birds fed a calcium-deficient diet During the ovulation–oviposition cycle, periods of
intense medullary bone formation alternate with peri-(0.2% Ca) are significantly lower compared to birds on

a calcium-rich diet (3.0% Ca), but between the two ods of severe bone depletion. Hens fed a high-calcium
diet are generally able to replenish the calcium lost fromgroups the LH-releasing activity of exogenously admin-

istered LHRH is similar (Luck and Scanes, 1979b). medullary bone during shell calcification when shell for-
mation is not taking place, but on a low-calcium dietThese results suggest that pituitary LH synthesis and

release and the ability of the ovary to respond to gonad- the cortical bone of the femur is eroded, while medullary
bone is maintained in a fairly constant amount. Underotropins are resistant to a calcium deficiency.

Mongin and Sauveur (1974) determined that volun- these conditions the new medullary bone that forms is
only partially calcified, and an increase in the numbertary calcium consumption by laying hens increases at

the time the egg enters the shell gland and given a choice of osteoblasts is indicative of a more rapid turnover rate.
between a calcium-deficient diet (1.0% Ca) and a diet
supplemented with calcium-rich oyster shell, hens will

4. Calcium Absorption and Secretion by the
preferentially consume the calcium-rich diet during the

Shell Gland
period of eggshell calcification. For further information,
see Etches (1987). The mechanism of calcium transfer across the intes-

tine and shell gland, as well as the hormonal regulation
of the process, is poorly understood. As discussed above,

2. Vitamin D Metabolism
the initiation of egg production is associated with in-
creased 1,25-(OH)2D3 synthesis and accumulation in theVitamin D plays an important role in the regulation

of calcium metabolism via the metabolically active me- intestine and shell gland, and calcium transport as well
as concentrations of the calcium binding protein, calbin-tabolite 1,25-(OH)2D3. Conversion to this form occurs

by the 1-hydroxylation of 25-hydroxyvitamin D3 (25- din-D28K, increase in both organ systems during egg
production. Calbindin is expressed in tubular gland cellsOH-D3) in the kidney under the hormonal control of

estradiol and PTH (Soares, 1984). For instance, renal of the shell gland and in the distal portion of the isthmus,
but not in the proximal isthmus or magnum (Wasserman1-hydroxylase activity increases just prior to the initia-

tion of egg laying, at a time corresponding with an in- et al., 1991). Calbindin synthesis in the intestine is regu-
lated primarily by 1,25-(OH)2D3, yet its production increase in circulating estrogen and total plasma calcium.

In addition, 1-hydroxylase activity during the ovula- the shell gland apparently requires ovarian steroids and
other, as-yet-unidentified factors in addition to 1,25-tion–oviposition cycle increases at the time of ovulation.

The increase in activity is followed by an increase in (OH)2D3 (Bar et al., 1990). While levels of calbindin
mRNA increase during the ovulatory cycle at a timecirculating concentrations of 1,25-(OH)2D3 4 hr after

ovulation, and elevated levels persist until 10 hr after coincident with shell calcification there is little to no
change in tissue levels of calbindin protein; such resultsovulation or after the initiation of eggshell formation

(Castillo et al., 1979). For additional information, see indicate posttranslational control of calbindin levels
(Nys et al., 1989).Norman (1987).

Calcium secretion from the shell gland increases ap-
proximately 7 hr after ovulation, reaches a maximum

3. Calcium Mobilization from Medullary Bone
as the shell is being formed, and decreases to the basal
secretion rate after shell formation is complete but be-In the long bones (e.g., femur and tibia), medullary

bone lines the endosteal surface and grows with a system fore the expulsion of the egg (Eastin and Spaziani,
1978a). The presence of an egg within the shell glandof interconnecting spicules that may completely fill the

narrow spaces. Medullary bone forms in female birds is not likely to be the major stimulus for the initiation
of calcium secretion but appears to be more closelyduring the final 10 days before egg laying under the

influence of estrogen and testosterone; it can be readily related to ovulation. The hormonal signal(s) that affects
changes in the rate of calcium secretion is unknown,induced in intact male birds by administration of estro-

gen or in castrated males by estrogen and testosterone. although estrogen involvement has been suggested
(Eastin and Spaziani, 1978a). Similarly, termination ofGonadal steroids apparently act directly on the cells

in the medullary cavity and independently of calcium a high rate of calcium secretion is not related to egg
removal, as calcium deposition decreases fully 2 hr be-intake. In addition, it is unlikely that 1,25-(OH)2D3 me-

diates the transfer of calcium to medullary bone at this fore eggs are laid. Movement of calcium across the shell
gland, which may occur by both diffusion and activetime, as the appearance of this bone occurs 1–2 weeks

prior to the increase in renal 1-hydroxylase activity and transport (Eastin and Spaziani, 1978b), involves expen-
diture of metabolic energy. In the aged hen, calciumthe elevation of plasma total calcium.
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I. INTRODUCTIONI. Introduction 597
II. Reproductive Tract Anatomy 597

Reproduction is a process which can be organized intoA. Testis 597
distinct developmental and functional phases. In the caseB. Excurrent Ducts 599
of the male, these include fertilization, formation of aC. Accessory Organs 600
patent reproductive tract, production of sperm, manifesta-III. Ontogeny of the Reproductive Tract 600
tion of male-specific behavioral patterns, and expulsionA. Overview 600
of sperm from the body. This perspective can provideB. Formation of the Undifferentiated Gonad 601
insights that may be missed if reproduction is viewedC. Gonadal Differentiation and Müllerian

Duct Regression 602 primarily as an isolated act. For example, while the repro-
D. Formation of the Excurrent Ducts 602 ductive tract is fully functional only in the adult, it is

formed, for the most part, prior to hatching. Furthermore,IV. Development and Growth of the Testis 603
while spermatogenesis is associated with puberty, sperma-A. Proliferation of Somatic and Stem Cells in
togenesis is not constrained by chronological age, butthe Testis 603

B. Differentiation of Somatic Cells within the rather by by the extent to which testicular cells proliferate
Testis 603 and differentiate, which in turn, is coupled to the develop-

C. Initiation of Meiosis 605 mental limitations of gonadotropin secretion. Finally, an-
D. Altering the Pattern of Testis Growth drogens essential to the function of the reproductive tract,

and Maturation 605 the appearance of secondary sexual attributes, and male
V. Hormonal Control of Testicular Function 605 behavior may have detrimental effects upon the develop-

A. Central Control of Testicular Function 605 ment of immune and connective tissue if the hormonal
B. Control of Adenohypophyseal Function in signal appears during the period of rapid prepubertal

Males 606 growth and differentiation. Thus, this chapter will discuss
C. Effects of Gonadotropins on Testicular the process of reproductive system development and func-

Function 607 tion in the male galliform bird.
VI. Spermatogenesis and Extragonadal

Sperm Maturation 607
II. REPRODUCTIVE TRACT ANATOMYA. Spermatogenesis 607

B. Extragonadal Sperm Transport and
A. TestisMaturation 609

References 612 The gross morphology and relative position of the
male reproductive organs are shown in Figure 1 (for
detailed reviews see Nickel et al., 1977; King, 1979; Lake,
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1981). Paired reproductive tracts lie along the dorsal
body wall. Each tract consists of a testis, an epididymis,
and a highly convoluted deferent duct running alongside
the ureter. The testes are connected to the body wall
by a mesorchium. This peritoneal fold not only serves
as an attachment for the testis but also as a conduit
for nerves and blood vessels as well. Each testis is an
aggregate of anastomosing seminiferous tubules with
associated interstitial tissue enveloped by a connective
tissue capsule. Thus, the testis contains two types of
parenchymal tissue: the interstitial tissue and the semi-
niferous epithelium. The interstitial tissue contains
blood and lymphatic vessels, nerves, peritubular epithe-
lial cells, and Leydig cells. Thin concentric layers of
myoepithelial cells, fibroblasts, and connective tissue
fibrils overlie the basal lamina of the seminiferous tubule
(Rothwell and Tingari, 1973). The seminiferous epithe-
lium within the seminiferous tubules of sexually mature
males is compartmentalized into basal and adluminal

FIGURE 2 Schematic of the excurrent ducts of the testis. ST, seminif-
regions via tight junctions between adjacent Sertoli cells erous tubules; RT, rete testis; ED, efferent duct; CD, connecting duct;
(Osman et al., 1980; Bergmann and Schindelmeiser, ER, epididymal region; ED, epididymal duct; DD, deferent duct. Re-

produced with permission from Academic Press, London. Redrawn1987) and it contains developing germ cells in distinct
from Lake (1981).associations referred to as stages. The stages are ar-

ranged sequentially in a helix that extends along the
length of the seminiferous tubule (Lin and Jones, 1990).

The rete testis has intratesticular, intracapsular, and
B. Excurrent Ducts extratesticular regions (Aire, 1982). As depicted in Fig-

ure 2, the rete testis exist as lacunae. The rete testis isThe epididymis is located on the dorsomedial aspect
lined with simple cuboidal and simple squamous epithe-of the testis, which is referred to as the hilus (Figure
lial cells (Aire, 1982). Unlike the rete testis, the efferent2). The epididymis is actually a series of ducts that ulti-
ducts are wide at their proximal ends and narrow atmately empty into the deferent duct. The ducts within
their distal ends. On a volumetric basis (Table 1), thethe epididymis include the rete testis, efferent ducts,
efferent ducts are the principal excurrent duct withinconnecting ducts, and the epididymal duct. The epididy-
the epididymis (Aire, 1979a). The efferent duct mucosamal ducts and the deferent duct are referred to collec-
is highly folded, especially in the proximal portiontively as the excurrent ducts of the testis. Seminiferous
(Tingari, 1971; Aire, 1979b; Bakst, 1980). It is character-tubules connect with the rete testis at discrete sites along
ized by a pseudostratified columnar epithelium that con-the testis–epididymal interface (Tingari, 1971). Osman
tains ciliated and nonciliated epithelial cells (Tingari,(1980) identified three distinct types of junctures be-
1972; Budras and Sauer, 1975; Hess and Thurston, 1977;tween the seminiferous tubules and rete testis of the
Aire, 1980) as well as sparsely distributed intraepithelialrooster: (1) a germ cell free epithelium of modified Ser-
lymphocytes (Aire and Malmqvist, 1979a). The epithe-toli cells that abruptly gives way to a rete-like epithe-
lium of the connecting ducts is also composed of pseudo-lium, referred to as a terminal segment and tubulus
stratified columnar cells (Tingari, 1971; Tingari, 1972;rectus, respectively; (2) a terminal segment that con-
Hess and Thurston, 1977; Aire, 1979b; Bakst, 1980). Thenects directly to the rete testis; and (3) anastomosis of
distinguishing attributes of the connecting tubules area seminiferous tubule with the rete testis. Tubuli recti

have also been observed in quail testes (Aire, 1979b). a narrow lumenal diameter relative to that of adjacent

FIGURE 1 Topography of the dorsal body wall of the rooster. Paired testes (e) are located anterior to the cranial lobe of the kidneys (g). The
deferent ducts ( f ) run alongside the ureters (h) towards the cloaca (k-k0), ultimately opening (l) into the urodeum (k9). Abbreviations: b, pubis;
e, testis; f, ductus deferens; g, cranial; g9, middle, and g0, caudal lobes of the kidney; h, ureter; i, colon; k, coprodeum; k9, urodeum; k0, proctodeum;
l, opening of left ductucsdeferens; m, opening of left ureter; n, anus. (Modified from Anatomy of the Domestic Birds, Urogenital system, R.
Nikel, A. Schummer, E. Seiferle, W. G. Siller, and P. A. L. Wight, pp. 70–84, 1977.)
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TABLE 1 Species Variation in Volumetric Proportions (%) of
Epididymal Structuresa

Species

Structures Chicken Japanese quail Guinea fowl

Rete testis 13.3 9.9 10.7
Proximal efferent ductules 27.6 40.8 45.7
Distal efferent ductules 7.7 15.2 16.2
Connecting ducts 2.3 1.7 0.7
Epididymal duct 7.6 2.4 1.8
Connective tissue 38.7 27.3 22.6
Blood vessels 2.5 2.7 2.3
Aberrant ducts 0.3 — —

aAdapted from Aire (1979a).
FIGURE 3 Schematic of the lower left quadrant of the cloaca. Before
entering the cloacal wall, the deferent duct straightens then widens
to form the receptacle of the deferent duct. The paracloacal body,
also seen sectioned but shaded, is attached to the lateral aspect ofexcurrent ducts and the smooth contour of the mucosal
the receptacle. The papilla of the deferent duct is within the urodeum

surface (Tingari, 1971; Aire, 1979a; Bakst, 1980). of the cloaca. PVB, paracloacal vascular body; RDD, receptacle of
The tortuous epididymal and deferent ducts are char- the deferent duct; UR, ureter; URO, ureter orifice; PDD, papilla of

deferent duct; C, ventral wall of coprodeum; U, ventral wall of urodeum;acterized by low mucosal folds covered with nonciliated
P, ventral wall of proctodeum; VL, ventral lip of vent; LF, lymphaticpseudostratified columnar epithelial cells (Tingari, 1971;
folds. (Reproduced from King (1981), with permission from Aca-Aire, 1979a; Bakst, 1980). Based upon histological and
demic Press.)

morphological evidence, the deferent duct is a continua-
tion of the epididymal duct. Lumenal diameter gradually
increases by three-fold between the cranial epididymal
duct and the distal deferent duct (Tingari, 1971). One tissue tumescence, as they are the sites where lymph is
notable difference between the epididymal duct and the formed by ultrafiltration of blood.
deferent duct are the layers of dense connective tissue
and smooth muscle surrounding the mucosa of the latter
(Tingari, 1971). A dense capillary network envelopes

III. ONTOGENY OFthe excurrent ducts from the level of the proximal effer-
THE REPRODUCTIVE TRACTent ducts to the deferent duct (Nakai et al., 1988). The

distal deferent duct straightens and then abruptly wid-
A. Overviewens at its juncture with the cloaca. This structure, known

as the receptacle of the deferent duct, has a bean-shaped The adult male reproductive tract is derived from
appearance when it is engorged with semen. Each defer- two embryonic organs: a gonad and its associated meso-
ent duct terminates in the cloacal urodeum as a papilla nephros. However, the formation of the mesonephros
immediately below the ostium of a ureter (Figure 3). precedes that of the gonad (Figure 4). In fact, the gonad

arises from the ventromesial surface of the mesonephros
(Figure 5). As reviewed by Romanoff (1960), three dis-C. Accessory Organs
tinct pairs of excretory organs appear sequentially dur-

Accessory reproductive organs include the paracloa- ing embryonic development: the pronephros, meso-
nephros, and metanephros. The most anterior organ,cal vascular bodies, dorsal proctodeal gland, and lym-

phatic folds (Fujihara, 1992). The accessory reproduc- the pronephros, disappears by day 4 of incubation in
the chicken. Nonetheless, the pronephric duct, alsotive organs are either in proximity to or are an integral

part of the cloaca. As shown in Figure 3, the paracloacal known as the Wolffian duct, persists through time to:
(1) induce the formation of the mesonephric tubules,vascular body is found alongside the receptacle of the

deferent duct, and lymphatic folds exist within the wall (2) induce the formation of the Müllerian duct, (3) tem-
porarily link the mesonephros with the cloaca, andof the proctodeum. During copulation or in response to

massage, a nonintromittent phallus forms as tumescent (4) ultimately serve as the deferent duct in males. The
critical point in the ontogeny of the reproductive tractlymphatic tissue is everted through the vent immediately

before ejaculation. As reviewed by Fujihara (1992), the is gonadal differentiation; for prior to this point in time,
the embryo has bipotential gonads and the rudimentsparacloacal vascular bodies are essential for lymphatic
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FIGURE 4 Chronology of developmental events in ovo associated with the formation of the
male reproductive tract in Gallus domesticus. See text for details.

of oviducts and deferent ducts in the form of the Mül- wise, H-Y antigen in chickens is sex-specific for females,
does not appear until the time of gonadal differentia-lerian and Wolffian ducts, respectively.

Halverson and Dvorak (1993) have proposed that tion, and can be induced by estrogen in cultures of
embryonic male gonadal tissue (Ebensperger et al.,sex determination in nonratite birds is dependent upon

the ratio of Z chromosomes to autosomes. Apparently, 1988a, 1988b). Therefore, the ontogeny of the male re-
productive tract in galliform birds appears to be depen-this ratio determines whether aromatase, the enzyme

responsible for converting testosterone to estradiol, will dent upon the limited ability of genotypic males (ZZ)
to synthesize estrogens at the time of gonadal differenti-appear within the embryo at the time of gonadal differ-

entiation. Rashedi et al. (1983) demonstrated that geno- ation.
typic females can be converted into phenotypic males
via a testis graft prior to gonadal differentiation. The B. Formation of the Undifferentiated Gonad
effect was attributed to Müllerian inhibiting substance
(MIS), which inhibits the synthesis of aromatase (Vigier Even though the gonad forms upon the ventromesial

surface of the mesonephros, a fully differentiated meso-et al., 1989). Elbrecht and Smith (1992) have demon-
strated that aromatase activity is essential for develop- nephros is not required for gonadal development

(Merchant-Larios et al., 1984). As reviewed by Roman-ment of the female phenotype; for if an aromatase inhib-
itor is administered to genotypic female (ZW) chick off (1960), the gonad is formed by the invasion of pri-

mordial germ cells into coelomic epithelium overlyingembryos prior to day 7 of incubation, chicks will be
phenotypic males at hatch. Mizuno et al. (1993) have a portion of the mesonephros, known as the germinal

ridge (Figure 4). Primordial germ cells arise from endo-reported that mRNA for aromatase appears in female
chick embryos between 5 and 7 days of incubation. Like- derm along the anterior interface of the blastoderm’s
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creased cyclic nucleotide concentrations (Teng, 1982),
increased protein synthesis (Samsel et al., 1986), and
the pattern of sex steroid synthesis (Guichard et al.,
1977; Imataka et al., 1988a,b; Mizuno et al., 1993). It is
noteworthy that these traits become evident prior to
the development of the pituitary–gonadal axis, which
appears to become functional at 13.5 days of incubation
in the chick (Woods and Weeks, 1969). It must also be
noted that the interval of sexual bipotentiality differs
among species.

Once the testes have formed, the Müllerian ducts
cease development and undergo regression in a caudo-
cranial direction (Romanoff, 1960; Hutson et al., 1985).
Müllerian duct regression is attributable to MIS. This
hormone is a 7.4 kDa gonad-specific glycoprotein (Teng
et al., 1987), which, in the male, is derived from the
progenitors of Sertoli cells found within the primary sex
cords (Stoll et al., 1973). Regression of the Müllerian
ducts in males occurs because they contain insufficient
circulating estrogen levels to counteract the effect of
MIS (MacLaughlin et al., 1983; Hutson et al., 1985).

D. Formation of the Excurrent Ducts
FIGURE 5 Stages in the development of the male urogenital system. The excurrent ducts are derived from the mesoneph-
Numbers denote the first, second, third, or fourth quarter of incuba-

ros. As shown in Figures 4 and 5, the mesonephrostion. The mesonephros forms before the differentiation of the gonad.
is active throughout the second and third quarters ofAfter the metanephros becomes functional midway through incuba-

tion, mesonephric function declines and the mesonephros recedes incubation. The functional unit of the mesonephros in-
apart from where it contacts the testis. A, aorta; G, undifferentiated cludes a malphigian corpuscle, proximal, intermediate,
gonad; M, mesonephros; Ad, adrenal gland; T, testis; WD, Wolffian and distal tubules, as well as a connecting tubule. The
duct; Met, metanephros. (Reproduced from Romanoff (1960), with

latter connects the series of mesonephric tubules withpermission from the MacMillan Co., New York.)
the Wolffian duct. The malpighian corpuscle is a capil-
lary tuft or glomerulus within a double-walled epithelial
enclosure known as Bowman’s capsule. The visceralarea opaca and area pellucida. After entering the embry-

onic circulation, they are distributed randomly through- epithelial layer adheres to the glomerulus. At the pole
of the corpuscle where the afferent and efferent arteri-out the embryo’s vasculature (Meyer, 1964) prior to

colonizing the germinal ridge (Fujimoto et al., 1976). oles are attached to the glomerulus within, the visceral
epithelium folds back upon itself to form the parietalThe undifferentiated gonad contains rete cords and pri-

mary sex cords in its anterior and middle regions, respec- epithelium. As the parietal epithelium extends away
from the vascular pole, it is separated from the visceraltively (Romanoff, 1960).
epithelium by a lumen. While the mesonephros is func-
tional, glomerular filtrate enters the lumen of Bowman’sC. Gonadal Differentiation and Müllerian
capsule prior to entering the lumen of the proximalDuct Regression
tubule. After the metanephros becomes functional dur-
ing midincubation (Romanoff, 1960), the mesonephrosGonadal differentiation in chick embryos occurs at

approximately 6.5–7 days of incubation (Figure 4). In begins to degenerate except where there is contact with
the embryonic testis. Consequently, the mesonephroscomparison to the ovary, the embryonic testis is charac-

terized by a germinal epithelium that recedes with time, undergoes a profound change in size during embryonic
development (Figure 5).a thicker capsule, the absence of secondary or cortical

sex cords, as well as the presence of primary sex cords During the last third of incubation, a subset of meso-
nephric tubules are converted into the excurrent ducts ofsurrounded by stroma (Romanoff, 1960). The primary

sex cords contain numerous primordial germ cells and the testis (Budras and Sauer, 1975) and the malphighian
corpuscles in proximity to the rete cords fuse. The glo-are the anlage of the seminiferous tubules. Biochemi-

cally, gonadal differentiation is evident in terms of in- meruli undergo progressive degeneration while the sim-
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ple squamous epithelial cells of the parietal epithelium timing of sexual maturation can vary widely among
strains of domestic fowl.differentiate into simple columnar cells. This tissue be-

The testis of the young cockerel (approximately 0–6comes the epithelium of the proximal efferent ducts.
weeks of age) is characterized by an abundance of inter-Proximal, intermediate, and distal mesonephric tubules
stitial tissue and seminiferous tubules with only a singleare transformed into distal efferent ducts, connecting
layer of cells within the basal lamina (Figure 6a) (Ku-ductules become the connecting ducts, the Wolffian duct
maran and Turner, 1949). The majority of cells locatedassociated with the mesonephros becomes the epididy-
within the seminiferous tubules at this time are Sertolimal duct, and the distal Wolffian duct becomes the def-
cells and spermatogonia, with macrophages and masterent duct.
cells observed as well (de Reviers, 1971b). The seminif-The transformation of the mesonephric ductules into
erous tubules at this time are narrow (approximatelythe excurrent ducts of the testis is androgen dependent
40 em in diameter) with either a poorly formed lumen(Maraud and Stoll, 1955; Stoll and Maraud, 1974); initi-
or no apparent lumen at all. This is a period of rapidated shortly after the concentration of blood plasma
cellular proliferation, as while the tubules are onlytestosterone has peaked in ovo (Woods et al., 1975).
slowly growing in diameter, they are growing rapidly inHowever, the entire process of ductule conversion in
length (de Reviers, 1971a). Even though the somaticthe chicken requires an interval of 8–10 weeks (Marvan,
and stem cells are proliferating, the absolute weight and1969; Budras and Sauer, 1975). During this time, mean
volume of the testis is increasing slowly as the seminifer-plasma testosterone levels stay constant at about 12–
ous tubules displace interstitial cells (Marvan, 1969; de13% of those observed in sexually mature males (Driot
Reviers, 1971b).et al., 1979; Tanabe et al., 1979). In contrast to the meso-

nephric tubules, differentiation of the rete cords begins
at about the time of hatching and is complete by 5 weeks B. Differentiation of Somatic Cells
of age (Budras and Sauer, 1975). The convolutions of within the Testis
the newly formed epididymal and deferent ducts in-

Following a posthatching period of Sertoli cell prolif-crease until sexual maturity (Budras and Sauer, 1975).
eration these cells become mitotically quiescent and dif-The final length of the deferent duct has been estimated
ferentiate (for a review see Russell and Griswold, 1993).to be 43 greater than the linear distance between the
While neither the exact period nor the kinetics of Sertoliepididymis and cloaca due to these convolutions (Mar-
cell proliferation are known for the fowl, the work ofvan, 1969).
de Reviers and Williams (1984) provides some insight.
In that study, hemicastration was shown to result in
compensatory hypertrophy of the remaining testis of

IV. DEVELOPMENT AND GROWTH OF males up to 8 weeks of age. As hemicastration typically
THE TESTIS results in significant hypertrophy only during the period

of Sertoli cell proliferation in mammals (for complete
details see, Russell and Griswold, 1993), it is possibleA. Proliferation of Somatic and Stem Cells in
to postulate that Sertoli cells are proliferating in thethe Testis
fowl to about 8 weeks of age.

The testis of the mature bird is organized into dis- Sertoli cells differentiate into highly polarized cells
crete, easily discernible cellular associations and func- that extend from the basal lamina to the lumen of the
tional compartments (Figure 6D). However, during seminiferous tubule. The mature Sertoli cell is a com-
embryonic and early posthatch development this organi- plex, columnar cell that contains numerous crypts into
zation is less apparent. The posthatch development of which developing sperm cells are embedded (Sertoli,
the fowl’s testis can be divided in to three distinct phases: 1865; 1878; Nagano, 1962). Sertoli cell functions are
(1) proliferation of spermatogonia and the somatic cells thought to be regulated by a myriad of endocrine and
that support spermatogenesis (Sertoli, peritubular my- paracrine factors, although FSH and testosterone have
oid, and interstitial cells); (2) differentiation and the been most thoroughly studied (Brown et al., 1975;
acquisition of functional competence by somatic support Brown and Follett, 1977). A primary function of Sertoli
cells; and (3) Spermatogonial differentiation resulting cells is to provide a carefully regulated environment,
in the initiation of meiosis. While the boundaries of including the sequestration of postmeiotic germ cells
these phases are not clearly defined, this three-step pro- into the adluminal compartment of the seminiferous
cess results in functional seminiferous tubules that can tubule, an immunologically privileged location. The for-
sustain spermatogenesis when the appropriate hor- mation of the adluminal compartment is accomplished

by the formation of tight junctions between adjacentmonal cues are present. It should be noted that the
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FIGURE 6 Cross sections of testes of cockerels reared under 8 hr of light (A–C) and of an adult male on
14 hr of light (D). (A) Cross section of a testis from a 14-day-old male, notice the simple single layer of
spermatogonia and Sertoli cells in the tubules and the relative abundance of interstitial space; (B) cross section
of a testis from a 56-day-old cockerel, the single layer of cells within the seminiferous tubule has become taller
and more complex; (C) cross section of a testis from a 140-day old cockerel, notice the appearance of sperma-
tocytes (cells with darkly stained chromatin) which have moved away from the basement membrane; and
(D) cross section of a testis from an adult male which clearly demonstrates active spermatogenesis and the
dramatic reduction in the relative area of the interstitium. The bar in A equals 20 em; all of the micrographs
are of equivalent magnification. Photographs by the author.

Sertoli cells at a point basal to the maturing, meiotic, drogen dependent in the fowl, tight junctions are main-
tained during periods of spermatogenic quiescence ingerm cell (Bergmann and Schidelmeiser, 1987; Pelletier,

1990). While tight junction formation appears to be an- the mallard (Pelletier, 1990). Another indicator of ma-
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ture Sertoli cell function is the complex complement of D. Altering the Pattern of Testis Growth
proteins synthesized and secreted in response to andro- and Maturation
gen and/or FSH stimulation. While studied only super-

The temporal component of testicular maturation canficially in male birds, spermatogenic stage-specific pro-
be altered by manipulation of the endocrine milieu.tein synthesis and secretion is well documented in other
Specifically, onset of meiosis and sustained spermato-groups (see Russell and Griswold, 1993). As observed
genesis can be altered dramatically in the fowl by manip-in other species, the close association of Sertoli and
ulating the photoperiod (Ingkasuwan and Ogasawara,developing germ cells in the fowl suggests that they
1966). Male fowl reared on a long photoperiod (14 hrare intimately involved in the regulation of germ cell
light or more per day) will typically have reached sexualdevelopment (Cooksey and Rothwell, 1973).
maturity by 16–20 weeks of age (Ingkasuwan and Oga-The growth of the seminiferous tubules is associated
sawara, 1966; Sharp and Gow, 1983). However, as shownwith a reorganization and reduction in the relative area
in Figure 6c, when males are reared on short days (in thisof the testicular interstitium (Figure 6). While the semi-
case 8 hr of light per day) the onset of spermatogenesis isniferous tubule is the compartment where spermatogen-
delayed. Eventually, male fowl become refractory toesis will occur in the adult, Leydig cells of the intersti-
short days, FSH and LH levels increase, and spermato-tium are responsible for testicular androgen production.
genesis commences. Conversely, precocious pubertyIn the interstitium, mesenchymal cell-like Leydig cell
and the onset of spermatogenesis can be accelerated inprecursors (Connell, 1972), which have vesicles of
the fowl by chronic treatment with tamoxifen, an estro-smooth endoplasmic reticulum and lipid droplets, differ-
gen receptor antagonist (Rozenboim et al., 1986). Malesentiate into their mature form under the influence of
treated with tamoxifen exhibited adult behaviors andLH (Narbaitz and Adler, 1966; Brown et al., 1975; Driot
produced viable spermatozoa by 9 weeks of age, monthset al., 1979). Mature Leydig cells are formed following
ahead of their nontreated siblings (Rozenboim et al.,a continuum of cellular differentiation occurs during
1986).the period testicular growth leading to the prepubertal

increases in circulating LH levels (Rothwell, 1973).
While limited testosterone production is observed dur- V. HORMONAL CONTROL OF
ing embryogenesis and early development, the capacity TESTICULAR FUNCTION
to produce testosterone at sexually mature levels re-
quires the presence of a fully differentiated Leydig cell A. Central Control of Testicular Function
population (for a review of testicular steroidogenesis
see Johnson, 1986). The mature Leydig cell of the Spermatogenesis is the process in which the division

of spermatogonial stem cells ultimately yields spermrooster has extensive smooth endoplasmic reticulum, a
prominent Golgi complex, mitochondria with tubular cells while a population of stem cells is maintained. This

complex phenomenon occurs within the seminiferouscristae, abundant lipid droplets, and lysosomal elements
(Rothwell, 1973). epithelium and depends upon the availability of testos-

terone and FSH, the activity of Sertoli cells, as well
as interactions between germ cells and Sertoli cellsC. Initiation of Meiosis
(Sharpe, 1994). While spermatogenesis is controlled, in
part, by cells within the testis, the process is ultimatelyDuring the period of Sertoli and Leydig cell differen-

tiation, the population of spermatogonia increases in controlled by neurons within the CNS (see review by
Sharp and Gow, 1983). Neurosecretory activity, in turn,size and complexity. As described later in the chapter,

spermatogonia undergo a series of transformations prior is affected by somatic and environmental stimuli. Wing-
field et al. (1992) have proposed a model accounting forto committing to meiosis. However, once a spermatogo-

nium is transformed into a preleptotene spermatocyte, the central integration of environmental information
that affects gonadotropin secretion on a seasonal basis.it separates from the basement membrane and shifts

toward the adluminal compartment of the seminiferous The model is based upon the interplay of endogenous
‘‘predictive’’ rhythms and supplementary environmen-tubule. The onset of active meiosis is marked by the

presence of pachytene and zygotene spermatocytes, tal information. The duration of the period of light in
a subjective day (24-hr period) is the principal environ-which are easily discernible due to their highly con-

densed and darkly stained chromatin (Figure 6c). The mental factor that stimulates spermatogenesis in galli-
form birds. As reviewed by Kuenzel (1993), photorecep-initiation of meiosis appears to occur only after the

completion of Sertoli cell proliferation and an increase tors that affect spermatogenesis are neither found within
the retina nor the pineal gland. Rather, they are thoughtin circulating androgens is encountered (de Reviers,

1971a,b). to be found within the brain itself. The two most plausi-
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ble sites include the medial basal hypothalamus and the Negative feedback may also be mediated by dopaminer-
gics (El Halawani et al., 1980; Knight et al., 1981) andlobus parolfactorius within the ventral forebrain. While

the nature of the deep encephalic photoreceptors re- endogenous opioids (Stansfield and Cunningham, 1987).
In contrast, noradrenergic neurons promote GnRH se-mains unknown, they are known to respond to light

having wavelengths in the green and orange range of cretion (El Halawani et al., 1980). Finally, alterations in
GnRH secretion have been implicated in reproductivethe visible spectrum (Kuenzel, 1993). Ultimately, the

deep encephalic photoreceptors appear to modulate the senescence (Ottinger, 1992).
activity of gonadotropin-releasing hormone secreting
neurons within the hypothalamus. B. Control of Adenohypophyseal Function

Gonadotropin-releasing hormone (GnRH) is the in Males
CNS secretory product that stimulates the release of
LH and FSH which promote gonadal maturation and Axons of GnRHergic neurons terminate in proximity

to capillaries within the median eminence of the hypo-function. In the chicken, GnRHergic neurons arise
within the olfactory epithelium on day 4.5 of embryonic thalamus. GnRH secreted from these axons reaches

target cells within the adenohypophysis via the hypo-development, reach the CNS by migrating along the
olfactory nerve, and stop migrating by day 12 of em- thalamo–hypophyseal portal vessels (Gilbert, 1979).

GnRH binds to a single receptor type (King et al., 1988)bryonic development (Sullivan and Silverman, 1993).
GnRHergic neurons are found within extrahypothala- on gonadotropes scattered throughout the adenohy-

pophysis (Mikami and Yamada, 1984). Secretory gran-mic and hypothalamic sites (Kuenzel and Blähser, 1991).
However, only those neurons whose axons terminate ules found within gonadotropes contain FSH and LH

(Mikami and Yamada, 1984), and both gonadotropinswithin the median eminence are believed to induce go-
nadotropin secretion in vivo (Mikami et al., 1988). Based are secreted in response to GnRH (Hattori et al., 1986).

FSH and LH are glycoprotein hormones (Ishii, 1993)upon immunocytochemical analysis, GnRH-positive ax-
ons are found within the median eminence by day 14 of with molecular weights of 37–38 kDa and 23.5–25 kDa,

respectively (Hattori and Wakabayashi, 1979; Sakai andembryonic development (Sullivan and Silverman, 1993).
The significance of GnRHergic neurons was demon- Ishii, 1980; Krishnan et al., 1992). Gonadotropin secre-

tion in sexually mature males is episodic based uponstrated well in advance of the purification of chicken
GnRH with experiments that induced functional castra- studies of LH secretion in chickens, turkeys (Figure 11),

and quail (Wilson and Sharp, 1975; Gledhill and Follett,tion by either electrolytic lesions or deafferentation
within the hypothalamus (Ravona et al., 1973; Davies 1976; Bacon et al., 1991). Gonadotropes are essential

for reproduction, as adenohypophysectomy results in aand Follett, 1980).
The structure of chicken GnRH was deduced by Miy- depletion of gonadotropins within the bloodstream, a

collapse of the seminiferous epithelium, testicular re-amoto et al. (1982). The hormone is a decapeptide with
the following sequence: pGlu-His-Trp-Ser-Tyr-Gly- gression, and atrophy of the excurrent ducts (Hill and

Parkes, 1935; Brown and Follett, 1977; Tanaka and Ya-Leu-Gln-Pro-Gly-NH2. While a second decapeptide,
[His5, Trp7, Tyr8]-GnRH (GnRH-II), has been isolated suda, 1980).

In addition to GnRH, gonadotropin secretion is alsofrom chicken hypothalami, only [Gln8]-GnRH (GnRH-
I) is found within and secreted from the median emi- directly regulated by steroid hormones. To date, studies

with sexually mature male Japanese quail provide thenence (Katz et al., 1990). Consequently, even though
the biological activities of GnRH-I and GnRH-II are most comprehensive evaluation of this phenomenon.

Even though the adenohypophysis, like the hypothala-comparable (Hattori et al., 1986), GnRH-I is believed
to be the hormone that directly affects gonadotropin mus, contains aromatase activity, preincubation of dis-

persed adenohypophyseal cells with a physiological con-synthesis and secretion.
Onset of sexual maturation is dependent upon an centration of 17b-estradiol was without effect on the

GnRH-induced secretion of LH from cultured quailincreased rate of GnRH neurosecretion, that is either
the frequency and/or the amplitude of GnRH pulses gonadotropes (Connolly and Callard, 1987). In contrast,

both testosterone and 5a-dihydrotestosterone inhibitedincreases (Knight, 1983; Sharp et al., 1990). GnRH in-
duces the secretion of both LH and FSH (Sterling and GnRH-induced LH secretion. 5a-Dihydrotestosterone

was more effective than testosterone and equipotentSharp, 1984; Hattori et al., 1986). The response to a
GnRH pulse is both rapid and short-lived in the male with corticosterone (Connolly and Callard, 1987). These

results are consonant with androgen metabolism in Jap-(Sterling and Sharp, 1984). The secretory activity of
GnRHergic neurons is dampened by testosterone, anese quail and the effect of glucocorticoids on repro-

duction (Martin et al., 1984). Gonadotropes in vivowhich exerts its effect following central aromatization
to estrogen (Davies et al., 1980; Wilson et al., 1983). might be affected by 5a-dihydrotestosterone synthe-



4219 / c23-607 / 08-04-99 15:11:15

Chapter 23. Reproduction in Male Birds 607

sized within the adenohypophysis (Davies et al., 1980),
by 5a-dihydrotestosterone from the systemic circulation
or corticosterone secreted in response to ACTH. King
et al. (1988) demonstrated that testosterone inhibited
GnRH-induced secretion of LH from cultured rooster
gonadotropes. Thus, sex steroids in male galliform birds
appear to decrease the rate of gonadotropin secretion
following GnRH stimulation.

C. Effects of Gonadotropins on
Testicular Function

Gonadotropins exert their effects on the testis by
binding to specific cell-surface receptors on two distinct
types of testicular parenchymal cells: Leydig and Sertoli
cells. These cells have been described in detail by Roth-
well (1973) and by Cooksey and Rothwell (1973), re-
spectively. The principal role played by each type of
cell has been determined by experiments in which one
type of gonadotropin as been administered to hypophy-
sectomized males, sexually immature males, or, in the

FIGURE 7 The pattern of pulsatile changes in circulating LH (uppercase of Leydig cells, cells in culture (Brown et al., 1975;
panel) and testosterone (lower panel) in an adult male domestic turkeyIshii and Furuya, 1975; Ishii and Yamamoto, 1976). Such
(Meleagris gallopavo). The peaks of the discrete LH pulses occur

experiments have demonstrated that the principal ef- prior to those of testosterone, demonstrating the close relationship
fects of LH and FSH are exerted upon Leydig cells and between LH secretion and that of testosterone. Figure and data kindly

provided by Dr. Wayne Bacon, Ohio State University.Sertoli cells, respectively.
Leydig cells contain the steroidogenic enzymes neces-

sary for the production of androgens (reviewed in John-
and Follett, 1977), LH and FSH appear to be essential

son, 1986) and respond rapidly to LH through rapid
for spermatogenesis in galliform birds.

increases in the second messenger cAMP (Maung and
Follett, 1977). The principal steroids secreted by Leydig
cells include testosterone and androstenedione, a pre- VI. SPERMATOGENESIS AND EXTRAGONADAL
cursor of testosterone (Nakamura and Tanabe, 1972; SPERM MATURATION
Galli et al., 1973; Sharp et al., 1977). The concentration
of testosterone in the general circulation is in the range A. Spermatogenesis
of 5–15 nM, secreted as discrete pulses (Figure 7), which
closely follow LH pulses, (Driot et al., 1979; Bacon et To date, spermatogenesis in galliform birds has been

most fully characterized in the Japanese quail (Coturnixal., 1991), and are several times less than that in the
testicular vein (Ottinger and Brinkley, 1979). Testoster- coturnix japonica). Four types of spermatogonial cells

have been described in Coturnix (Lin et al., 1990; Linone in the adult male is essential for spermatogenesis,
maintenance of the excurrent ducts and secondary sex- and Jones, 1992). These have been designated as sper-

matogonia Ad, Ap1, Ap2, and B. The letter subscriptsual attributes, the expression of specific behaviors, and,
as mentioned above, altering the pattern of GnRH se- indicate intensity of staining and denote ‘‘dark’’ and

‘‘pale,’’ respectively. The numerical subscripts denotecretion. These actions, as well as the inactivation of the
hormone, depend upon transformation of testosterone ultrastructural differences (Lin and Jones, 1992). Sper-

matogonia Ad are stem cells. Based upon the modelby enzymes such as aromatase, 5a-reductase, and 5b-
reductase (for reviews, see Ottinger, 1983; Balthazart, of stem cell renewal and spermatogonial proliferation

proposed by Lin and Jones (1992), each division of an1989).
While FSH is known to affect Sertoli cells, the means Ad spermatogonium yields Ad and Ap1 daughter cells.

Thus, spermatogenesis in Coturnix commences with theby which FSH works is only poorly understood. How-
ever, the effect of FSH, unlike that of LH, is potentiated mitosis of an Ad spermatogonium. Cell types derived

from each Ap1 spermatogonium include Ap2 spermato-by testosterone (Tsutsui and Ishii, 1978). As evidenced
by the inability of exogenous testosterone to maintain gonia (n 5 2), B spermatogonia (n 5 4), primary sperm-

atocytes (n 5 8), secondary spermatocytes (n 5 16),spermatogenesis in hypophysectomized quail (Brown
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and spermatids (n 5 32). Secondary spermatocytes and
spermatids are formed by the first and second meiotic
divisions, respectively.

Spermiogenesis is the transformation of spermatids
into sperm cells without further cell division. Spermio-
genesis in Coturnix entails 12 distinct morphological
steps (Lin et al., 1990; Lin and Jones, 1993). In compari-
son, 8 to 10 steps have been reported for Gallus (de
Reviers, 1971; Gunawardana, 1977; Tiba et al., 1993)
and 10 steps for the guinea fowl (Aire et al., 1980).
Spermiogenesis entails formation of an acrosome and
an axoneme, loss of cytoplasm, and replacement of
nucleohistones with nucleoprotamine, which accompan-
ies nuclear condensation (Nagano, 1962; Tingari, 1973;
Okamura and Nishiyama, 1976; Gunawardana, 1977;
Gunawardana and Scott, 1977; Oliva and Mezquita,
1986; Sprando and Russell, 1988). The reductions in
cytoplasmic and nuclear volumes are striking; mature FIGURE 8 The cycle of the seminiferous epithelium of Coturnix
rooster sperm embody only 3% of the initial spermatid coturnix japonica. The relative frequency of each cellular association,

or stage, is shown below the stage’s number. Ad, dark type A sper-cell volume (Sprando and Russell, 1988). In summary,
matogonia (stem cell); Ap1 and 2, pale type A spermatogonia; B, typethe seminiferous tubules contain Sertoli cells and a
B spermatogonia; L, leptotene primary spermatocytes; Z, zygotenebroad array of differentiating germinal cells including
primary spermatocytes; P, pachytene primary spermatocytes; Dp, dip-

the various types of spermatogonia, spermatocytes, lotene primary spermatocytes; Dk, diakinesis of primary spermato-
and spermatids. cytes; M, metaphase primary spermatocytes; An, anaphase primary

spermatocytes; II, secondary spermatocytes; 1–12, step 1 through stepHowever, germinal cells are not found in a physical
12 spermatids. (Adapted from Lin et al. (1990), J. Reprod. Fertil.continuum of differentiation within the seminiferous
with permission.)epithelium. Rather, they are found in distinct cellular

associations. The cellular associations in Coturnix oc-
cupy an average of 17, 902 em2 and contain an average
of 13.5 Sertoli cells per association (Lin and Jones, they are not observed at a common frequency (Figure 8)

because duration of each of the stages ranges from 2.51990). There are 10 cellular associations in Coturnix,
and each is referred to as a stage of the seminiferous to 15.5 hr (Lin et al., 1990). Consequently, the preva-

lence of any given stage is directly proportional to theepithelium (Figure 8). The seminiferous epithelium
passes through each successive stage as a function of stage’s duration (Lin et al., 1990).

Daily sperm production may be defined as the num-time at any fixed point. Once a complete series has been
finished, a new series is initiated. Consequently, the ber of sperm produced per gram of testis per day. Daily

sperm production in Coturnix has been estimated to beseries of stages is referred to as the cycle of the seminif-
erous epithelium. The duration of the cycle in Coturnix 92.5 3 106 sperm per gram of testis per day (Clulow

and Jones, 1982). This estimate is equivalent to the DSPis 2.69 days (Lin et al., 1990). In comparison, the duration
of the cycle of the seminiferous epithelium in Gallus of 80–120 3 106 sperm per gram of testis reported for

Gallus (de Reviers and Williams, 1984). These valueshas been estimated to be 3–4 days (de Reviers, 1968;
Tiba et al., 1993). The time between the division of denote the number of fully formed sperm released per

day from the seminiferous epithelium into the lumenan Ad spermatogonium and spermiation, known as the
duration of spermatogenesis is 12.8 days in Coturnix of the seminiferous tubules. This phenomenon is defined

as spermiation, which in Coturnix would be limited to(Lin and Jones, 1992). Thus, 4.75 cycles of the seminifer-
ous epithelium are required to produce 32 sperm cells the seminiferous epithelium in stage V (Figure 8). At

the time of spermiation, superfluous cytoplasm foundfrom a single Ad spermatogonium at any fixed point
within the seminiferous epithelium. alongside the sperm cell’s head is jettisoned as a residual

body (Sprando and Russell, 1988; Lin and Jones, 1993).A complete series of stages in the context of a semi-
niferous tubule is referred to as a spermatogenic wave. Sperm cells released from the seminiferous epithelium

are immotile (Ashizawa and Sano, 1990). GalliformAs shown in Figure 9, these waves in Coturnix are ar-
ranged helically along the length of seminiferous tubules sperm are vermiform cells (Figure 10) with a maximum

width of 0.5–0.7 em and a length of 75–90 em (Thurston(Lin and Jones, 1990). It must be noted that while
sequential stages may be contiguous in space (Figure 9), and Hess, 1987). They contain a conical acrosome, a
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FIGURE 9 Spatial arrangement of the wave of spermatogenesis within a seminiferous
tubule of Coturnix coturnix japonica. The cylinder to the right represents a section of a
seminiferous tubule. The rectangle to its left denotes the two-dimensional representation
of two contiguous cycles of the seminiferous epithelium. The cycle is arranged helically
along the length of the tubule. Roman numerals denote stages. (Adapted from Lin and
Jones (1990), J. Reprod. Fertil. with permission.)

slightly bent cylindrical nucleus, and a helix of 25–30
mitochondria surrounding the proximal portion of a
long flagellum, which accounts for approximately 84%
of the cell’s length (for review, see Thurston and
Hess, 1987).

B. Extragonadal Sperm Transport
and Maturation

Following spermiation, sperm cells are suspended
within fluid secreted by Sertoli cells. Sperm passage
through the labyrinth of seminiferous tubules most
likely depends upon the hydrostatic pressure of seminif-
erous tubule fluid and the contractility of the myoepithe-
lial cells overlying the outer surface of the seminiferous
tubule (Rothwell and Tingari, 1973). Sperm passage
through the distal excurrent ducts, in particular the def-
erent duct, presumably depends upon peristalsis (de
Reviers, 1975). Like spermatogenesis, sperm transport
through the excurrent ducts has been characterized most
fully in the Japanese quail. Thus, an analysis of the
phenomena and time-course of sperm transport through

FIGURE 10 Scanning electron micrograph of chicken sperm cells. the excurrent ducts of Coturnix provides a useful context
The constriction at the anterior end of the sperm cell (A) marks

for interpreting data from other galliform species. Asposterior boundary of the acrosome. The nucleus extends posteriorly
shown in Table 2, sperm pass through the excurrentfrom (A) to the neck region (N), which marks the anterior end of

the midpiece. The midpiece, site of the anterior portion of the axo- ducts of Coturnix in approximately 24 hr (Clulow and
neme and the highly modified mitochondria, extends back to the Jones, 1988). In comparison, sperm transport through
raised annulus (U). The tail of the sperm extends from the annulus the excurrent ducts of Gallus has been estimated to take
to the cell’s termination. At the nucleus, chicken sperm are about

several days (Munro, 1938; de Reviers, 1975). Perhaps0.5 em in diameter, with the overall length of the cell approximately
the most evident phenomenon that occurs during sperm90 em. Bar 5 2 em. (Adapted from J. M. Bahr and M. R. Bakst,

Reproduction in Farm Animals, 5th ed., q Lea & Febiger, 1987.) transport through the excurrent ducts, as evidenced by
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TABLE 2 Estimates of Plasma Flux (Reabsorption) across the Epithelial cells within the efferent ducts of such turkeys
Epithelium Lining the Excurrent Ducts of Japanese Quaila have been shown to be hypertrophied, engorged with

lipid droplets, and characterized by heightened phago-Testicular plasma
cytosis of sperm (Hess et al., 1982). The latter phenome-

Region Output (%) ml/cm2/hr non appears to be mediated by macrophages within the
rete testis under normal conditions (Aire and Malm-Rete testis to proximal efferent ducts 6.3 8.0
qvist, 1979b; Nakai et al., 1989), but can be mediatedProximal to distal efferent ducts 85.8 100.4

Distal efferent ducts to connecting ducts 6.5 21.6 by epithelial cells in the excurrent ducts when the defer-
Connecting ducts to epididymal duct 0.4 2.1 ent duct is not patent (Tingari and Lake, 1972). Subfer-
Epididymal duct to proximal deferent 0.2 0.1 tile roosters with malformed proximal efferent ducts

duct
(Figure 11) provide a second example of the relationshipProximal to distal deferent duct 0.2 0.2
between efferent duct function and reproductive perfor-
mance (Kirby et al., 1990). The biochemical imbalancesaAdapted from Clulow and Jones (1988).
observed in semen from such roosters have been attrib-
uted to excurrent duct dysfunction (Al-Aghbari et al.,
1992).

a change in sperm concentration, is the absorption of In review, sperm are suspended in seminiferous tu-
seminiferous tubule fluid (Table 3). The concentration bule fluid prior to their passage through the excurrent
of sperm in the seminiferous tubule fluid of Coturnix is ducts. The volume of this suspensory fluid (Table 3)
3.8 x 104 per el whereas the concentration of sperm and its composition (Esponda and Bedford, 1985) are
within the distal deferent duct is 2.3 x 106 per el (Clulow altered prior to sperm entry into the epididymal duct.
and Jones, 1988). This 60-fold increase in sperm concen- The resultant medium is seminal plasma. The chemical
tration is largely due to seminiferous tubule fluid absorp- composition of seminal plasma is distinct from blood
tion at the level of the efferent ducts (Table 3). Nakai plasma as evidenced by differences in electrolyte, free
et al. (1989) demonstrated that the nonciliated epithelial amino acid, and protein composition (Lake, 1966; Lake
cells in the proximal efferent ducts of Gallus incorporate and Hatton, 1968; Stratil, 1970; Thurston et al., 1982b;
fluid by pinocytosis. Freeman, 1984). The maintenance of these differences

The efferent ducts, which represent the principal ex- along the length of the excurrent ducts has been attrib-
current duct within the epididymis (Table 1), may be uted to tight junctions between adjacent epithelial cells
a critical site for sperm maturation. Due to extensive lining the ducts (Nakai and Nasu,1991).
mucosal folding, apocrine secretion, the presence of cili- Apart from proteins specific to the reproductive tract
ated cells, and epithelial cells with abundant microvilli, (Stratil, 1970; Esponda and Bedford, 1985), the principal
the efferent ducts appear to be a site where sperm are differences between seminal and blood plasma involve
mixed with secretions as they are concentrated. Addi- glucose, glutamate, K1, Cl-, and Ca21 (Table 4). At pres-
tional evidence of the importance of the efferent duct ent, it is not understood how the composition of excur-
comes from studies of reproductive anomalies in turkeys rent duct fluid affects sperm motility. While Esponda
and chickens. For example, turkeys may ejaculate yel- and Bedford (1985) have demonstrated that sperm mat-
low rather than white semen (Thurston et al., 1982a). uration proteins do exist in Gallus and while Ashizawa

et al. (1988) have reported that the Na1-to-K1 ratio
associated with the midpiece of rooster sperm increasesTABLE 3 Estimates of Duration of
as a function of sperm passage through the deferentSpermatozoal Transit and Velocity through
duct, such changes do not induce motility; for spermthe Excurrent Ducts of Japanese Quaila

within the deferent duct are immotile (Ashizawa and
Duct Duration Velocity (mm/min) Sano, 1990). Nonetheless, sperm acquire the potential

for motility as they pass through the excurrent ductsRete testis 25 sec —
(Munro, 1938; Clulow and Jones, 1982; Howarth, 1983;
Ashizawa and Sano, 1990). This potential is distinct

Efferent ducts
from fertilizing ability in that testicular sperm have theProximal 3 min —
capacity to fertilize oocytes, providing they are placedDistal 5 min 4.00
in the oviduct above the vaginal sphincter (Howarth,Connecting ducts 22 min 0.16
1983). As shown by Allen and Grigg (1957), sperm needEpididymal duct 80 min 1.04

Deferent duct 22.2 hr 0.37 not be motile to ascend the oviduct above the vaginal
sphincter. Thus, the fertilizing ability of testicular sperm

aAdapted from Clulow and Jones (1988). may not depend upon motility as much as the ability of
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FIGURE 11 Cross sections through the proximal deferent ducts (DeP) of fertile (A) and subfertile (B)
roosters. The presence of the sd allele in crossbred roosters (B) resulted in a twofold increase in DeP
cross-sectional area and a 75% decrease in luminal surface area as compared to the wild-type (A) male.
Males exhibiting this genetic defect of the DeP are characterized by poor semen quality, frequently
exhibiting 30–90% dead and degenerate sperm in an ejaculate. Reproduced with permission from the
Society for the Study of Reproduction. From Kirby et al. (1990).
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Allen, T. E., and Grigg, G. W. (1957). Sperm transport in the fowl.TABLE 4 Comparison of Selected Substances in Rooster
Austral. J. Ag. Res. 8, 788–799.Blood Plasma and Deferent Duct Fluida

Ashizawa, K., and Sano, R. (1990). Effects of temperature on the
Substance Blood plasma Deferent duct fluid immobilization and the initiation of motility of spermatozoa in the

male reproductive tract of the domestic fowl, Gallus domesticus.
Glucose 15 — Comp. Biochem. Physiol. A 96, 297–301.
Glutamate .1 100 Ashizawa, K., and Wishart, G. J. (1987). Resolution of the sperm
Sodium 160 142 motility-stimulating principle of fowl seminal plasma into Ca12

Potassium 5 34 and an unidentified low molecular weight factor. J. Reprod. Fert.
Chloride 115 40 81, 495–499.
Calcium 5 1 Ashizawa, K., Ozawa, Y., and Okauchi, K. (1988). Changes of elemen-

tal concentrations around and on the surface of fowl sperm mem-
brane during maturation in the male reproductive tract and afteraAdapted from appendices in ‘‘Physiology and Biochemistry of
in vitro storage. Gamete Res. 21, 23–28.the Domestic Fowl’’, Vol. 5, by B. M. Freeman.

Bacon, W. L., Proudman, J. A., Foster, D. N., and Renner, P. A. (1991).
Pattern of secretion of luteinizing hormone and testosterone in

sperm cells to undergo an acrosome reaction in response the sexually mature male turkey. Gen. Comp. Endocrinol. 84,
447–460.to contact with the oocyte’s inner perivitelline layer

Bahr, J. M., and Bakst, M. R. (1987) Poultry. In ‘‘Reproduction in(Okamura and Nishiyama, 1978).
Farm Animals’’ (E. S. E. Hafez, ed.), 5th ed., pp. 379–398. Lea &The deferent duct, particularly the distal portion,
Febiger, Philadelphia.

contains the bulk of the extragonadal sperm reserve Bakst, M. R. (1980). Luminal topography of the male chicken and
(ESR). In Coturnix, the number of sperm in the ESR turkey excurrent duct system. Scanning Electron Microsc. III,
is equivalent to the number produced daily by the testes 419–426.

Balthazart, J. (1989). Steroid metabolism and the activation of so-and 92% of these are found within the deferent duct
cial behavior. In ‘‘Advances in Comparative and Environmental(Clulow and Jones, 1982). In contrast, the ESR in Gallus
Physiology’’ ( J. Balthazart, ed.), Vol. 3, pp. 103–159. Springer-is equivalent to #3.5 times the daily sperm production,
Verlag, Berlin.

but 95% of the ESR is found in the deferent duct (de Bergmann, M., and Schindelmeiser, J. (1987). Development of the
Reviers, 1975). In either case, the duration of sperm blood-testis barrier in domestic fowl (Gallus domesticus ). Int. J.
storage within the deferent duct is relatively brief. As Androl. 10, 481–488.

Brown, N. L., Baylé, J-D., Scanes, C. G., and Follett, B. K. (1975).stated above, these sperm are immotile prior to ejacula-
Chicken gonadotrophins: Their effects on the testes of immaturetion. While Ashizawa and Sano (1990) have proposed
and hypophysectomized Japanese quail. Cell Tissue Res. 156,that a temperature change accompanying ejaculation
499–520.

may initiate sperm motility in Gallus, it is also likely Brown, N. L., and Follett, B. K. (1977). Effects of androgens on
that accessory reproductive fluids play a role in the the testes of intact and hypophysectomized Japanese quail. Gen.
initiation of sperm motility (for review, see Fujihara, Comp. Endocrinol. 33, 267–277.

Budras, K.-D., and Sauer, T. (1975). Morphology of the epididymis1992). In this regard, Ca21 and HCO3
- have been shown

of the cock (Gallus domesticus) and its effect upon the steroid sexto be motility agonists in vitro (Ashizawa and Wishart,
hormone synthesis. I.Ontogenesis, morphology, and distribution1987; Ashizawa and Sano, 1990).
of the epididymis. Anat. Embryol. 148, 175–196.
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III. Changes in the Composition of the Egg or eggshell with the aid of its egg tooth. The shell diffu-
sive conductance is a measure of the diffusibility of gas/during Incubation 618

A. Water Content 618 water molecule through the pores; it depends on the
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V. Development of Physiological Functions 621 has a key role in incubation providing not only the

A. Respiration 621 heat necessary for embryonic development but also the
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C. Cardiovascular Function 625 for research purposes, the adult bird is conveniently
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The composition of the freshly laid egg is related to
the maturity of the hatchling. Hatchling maturity differs
considerably in different species (Nice, 1962). Hatch-I. INTRODUCTION
lings fall into four major categories based on criteria
such as mobility, amount of down, and ability to feedThe freshly laid avian egg contains everything that

the embryo needs for its growth and development— themselves: precocial (most mature) which can walk,
swim, or dive soon after hatching; semiprecocial; semial-except for oxygen and heat. The O2 diffuses into the

egg from the surrounding air through microscopic pores tricial; and altricial (least mature), the latter being na-
ked, their eyes closed, and incapable of locomotion. Thein the eggshell. The pores allow the CO2 produced by

the embryo to diffuse out of the egg but they also permit amount of yolk in the freshly laid egg is much greater in
precocial species than it is in altricial species (Sotherlandthe loss of water vapor from the egg. Thus the regulation

of gas exchange between the egg and its environment and Rahn, 1987). For example, yolk makes up 69% by
mass of the egg of the highly precocial Kiwi (Apteryxis closely related to its water balance; both are governed

Copyright q 2000 by Academic Press.
Sturkie’s Avian Physiology, Fifth Edition All rights of reproduction in any form reserved.617
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australis), but only 16% of that of the altricial Red- III. CHANGES IN THE COMPOSITION OF THE
EGG DURING INCUBATIONfooted Booby (Sula sula). As most of the energy in the

egg contents is in the lipid fraction and as most of the
lipids are in the yolk, it follows that the energy content A. Water Content
of precocial eggs is higher than that of altricial eggs.
There is a further correlation: most of the water in the As the embryo grows within the egg the composition
egg is in the albumen and as the yolk/albumen ratio is of the egg changes. Both yolk and albumen diminish,
lower in altricial than in precocial eggs, it follows that the yolk providing energy for the growth and mainte-

nance of the embryo, the albumen providing proteinprecocial eggs have relatively little water. Conversely,
for the embryo but also giving up water, which is lostin altricial eggs, the water content is relatively high
by diffusion through the pores in the shell, to the micro-(Sotherland and Rahn, 1987). The relationship between
climate of the egg.the yolk, water, and energy content of the egg and hatch-

Water loss from the egg is inevitable, given the pres-ling maturity is illustrated in Figure 1.
ence of pores in the eggshell. The rate of water loss
(M? H2O, mg ? day21) is determined by two factors: (1)
the water vapor conductance of the shell and shell mem-
branes (GH2O, mg ? day21 ? torr21), and (2) the difference
in water vapor pressure between the contents of the egg
and the egg’s microenvironment (DPH20, torr; Rahn and
Ar, 1974):

M? H2O 5 GH2O ? DPH2O

The GH2O is largely a function of the number of pores in
the shell and the shell thickness. Both the number of
pores and the shell thickness increase in larger eggs (Ar
et al., 1974; Tullett and Board, 1977). While an increase
in the number of pores increases the GH2O, an increase
in shell thickness has the opposite effect because it
lengthens the diffusion pathway for water vapor. As
GH2O is greater in larger eggs, the increase in the number
of pores with increasing egg size is the predominant
factor.

The water vapor pressure difference (DPH2O) is the
difference between the water vapor pressure of the egg
contents (PH2O,egg) and the water vapor pressure in the
microclimate of the egg (PH2O,nest). The PH2O,egg is largely
a function of egg temperature, while PH2O,nest is affected
by (1) the nature of the nest or the substrate on which
the egg is laid, and (2) the ‘‘tightness’’ with which the
incubation patch of the incubating bird is applied to the
egg (see Section IV below) and the frequency with which
the adult rises from and resettles on the egg (‘‘nest
ventilation,’’ Rahn et al., 1976; Ar and Rahn, 1978;
Rahn, 1984). When the embryo fractures the shell (ex-
ternal pipping), the rate of water loss from the eggFIGURE 1 Water (%), energy (kJ ? g21), and yolk content (%) of
increases, as water vapor can then diffuse through thethe freshly laid eggs of birds with varying degrees of hatchling maturity.
cracks in the shell (Whittow, 1984). Formation of a pip-Hatchling maturity increases from above downward. The species

depicted are, from top: altricial Brown Creeper (Certhia familiaris), hole results in a further acceleration of water loss from
semiprecocial Least Tern (Sterna albifrons), precocial Ruddy Duck the egg. Not all of the water in the newly laid egg is
(Oxyura jamaicensis), precocial Mallee Fowl (Leipoa ocellata), preco- lost in this way; some is retained in the embryo and incial Kiwi (Apteryx australis). (From The Condor 89, 48–65, 1987,

the yolk sac and part in the residual tissues (mainlywith permission and courtesy of Dr. P. R. Sotherland and Dr. C. V.
Paganelli.) membranes) left in the egg (Figure 2). In addition, water
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FIGURE 2 Disposition of the water contained in the freshly laid egg of the Bonin Petrel (Pterodroma
hypoleuca) and of the water produced by metabolism. Redrawn from Pettit et al. (1984).

is actually produced when the fat in the yolk is oxidized B. Energy Content
(‘‘metabolic water,’’ Figure 2). The water lost from the

Most of the energy contained in the freshly laid eggegg is replaced by air, creating the aircell at the blunt
is incorporated into the tissues of the hatchling. Of thepole of the egg. During ‘‘internal pipping,’’ the embryo
remaining energy, the greater part is utilized by thepunctures the chorioallantoic and internal shell mem-
embryo to synthesize its new tissues during growth andbranes and it is then able to begin pulmonary ventila-
to meet the physiological demands for energy (mainte-tion, rebreathing the air cell gas. This allows it to begin
nance) of the living embryo during incubation (Figurethe transition from diffusive respiration through the
3). This energy usage increases as the embryo grows andchorioallantois to convective breathing through the
it is reflected in an increase in the oxygen consumptionlungs.
(M? O2

) of the embryo (Figure 4). The M? O2
increasesThe water loss from the egg over the entire incuba-

greatly after the egg has pipped. There is a differencetion period amounts to 18% of the mass of the freshly
laid egg (Rahn, 1984). in the pattern of embryonic M? O2

in species with a preco-

FIGURE 3 Disposition of the energy contained in the freshly laid egg of the Bonin Petrel. Redrawn from
Pettit et al. (1984).
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FIGURE 4 Metabolic rate as a function of duration of incubation in eggs of precocial
and altricial birds. Metabolic rate is expressed as a percentage of the rate (Pre-IP) just
prior to internal pipping (penetration of the egg’s aircell by the embryo’s beak, permitting
the lungs to fill with air). Incubation duration is expressed as a percentage of the total
incubation period. (From Vleck and Vleck (1987), J. Exp. Zool., Suppl. 1, 111–125,
with permission.)

with which the bird applies its patch to the egg. Incial mode of development and in those that hatch in a
addition, the bird responds physiologically to variationsvery immature state (altricial) (Figure 4). In the latter,
in the temperature of the egg, increasing its metabolicM? O2

increases at an increasing rate throughout incuba-
heat production in response to cooling of the egg (Tøiention; in precocial species, the rate of increase in M? O2
et al., 1986; Rahn, 1991). The heat production of thediminishes before the egg is pipped and then increases
bantam hen increases 4.8 times after sitting on a clutchagain after pipping (Figure 4). What is left of the energy
of eight eggs at a temperature of 208C. The amount ofis retained in the yolk sac and residual tissues (Figure
heat transferred to the eggs is directly proportional to3). Much of the energy in the yolk sac is drawn on by
the increase in heat production (Tøien et al., 1986). Thethe nestling after hatching.
efficiency of heat transfer to the eggs diminishes with
decreasing ambient temperature and clutch size. Bie-
bach (1986) pointed out that heat stored in the incubat-IV. HEAT TRANSFER TO THE EGG
ing bird while flying and foraging (i.e., while not incubat-
ing the eggs) is transferred to the eggs on return to theThe transfer of heat from its body to the egg is the
nest. If the egg is very cold, ‘‘cold vasodilatation’’ occursmost important contribution of the incubating adult to
in the brood patch, increasing the patch blood flow andincubation. Surprisingly little is known about it, partly
temperature and, as a result, the heat transfer to thebecause it is difficult to measure (Turner, 1991). Most
egg (Midtgard et al., 1985). The brood patch tempera-birds develop a seasonal bare patch of skin, the brood
ture varies from 34.98C in the Bonin Petrel (Pterodromapatch, on part of the thorax and abdomen. This is in
hypoleuca) to 42.48C in the Dusky Flycatcher (Empido-direct contact with the egg(s) permitting a greater rate
nax oberholseri). The brood patch temperature is 1.1–of heat transfer than if the patch were covered with
5.58C higher than the egg temperature in different spe-plumage. Accompanying the loss of feathers is an in-
cies (Rahn, 1991).crease in the size and number of blood vessels in the

At the beginning of incubation, heat flows throughbare skin. The adult can adjust the rate of heat transfer
by standing or leaving the egg, but also by the closeness the egg by conduction and the surface of the egg diamet-
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rically opposed to the incubation patch may be 48C or until the chorioallantois makes contact with the inner
more below the incubation patch temperature (Rahn, shell membrane around day 6 (Ackerman and Rahn,
1991). As incubation proceeds this temperature differ- 1981). After that, there is a transition of respiratory
ence diminishes because the embryo’s developing circu- function from the area vasculosa to the chorioallantois.
lation assists in the distribution of heat and its increasing The area vasculosa presumably ceases to function as
metabolism is an additional source of heat (Turner, the gas exchanger prior to day 8 of incubation.
1987; Rahn, 1991). The result is that the temperature Beginning on the fifth day of incubation, the mesen-
of the egg remote from the brood patch approaches that chyme covering the fundus of the allantoic sac comes
of the brood patch, which remains relatively constant into contact with the mesenchyme lining the chorion.
throughout incubation. The effect of blood flow on heat The two membranes begin to fuse and the growing allan-
flow is more important in large eggs than in small ones toic sac flattens out beneath the chorion, which lies close
(Tazawa et al., 1988a). to the eggshell. The outer limb of the flattened allantois,

The main barrier to heat loss from the egg is a thin composed of the cohesive chorion and allantois, is the
layer of air immediately adjacent to the shell—the chorioallantois. The growth rate of the chorioallantois
boundary layer (Sotherland et al., 1987). If the egg is in is fast (Figure 5). It grows to almost the same size as
a nest, the nest itself imposes an additional resistance the embryo by the time it makes contact with the shell
to heat loss. membranes and begins to replace the respiratory func-

There is a striking variety in the shape, size, and tion of the area vasculosa on day 6. By day 12, the
orientation of the nest (Skowron and Kern, 1980). In chorioallantois extends to envelop the contents of the
the Hawaiian honeycreeper Amakihi (Loxops v. virens), whole egg, lining the entire surface of the inner shell
Whittow and Berger (1977) presented evidence that the membrane.
thermal conductance of the nest is similar to that of the The outer surface of the chorioallantois is well vascu-
tissues and plumage of the bird. Kern and Van Riper larized (Wangensteen et al., 1970/71; Tazawa and Ono,
(1984) produced the additional information that the 1974; Wangensteen and Weibel, 1982). Early in incuba-
thermal conductance of the wall of the Amakihi’s nest tion the capillaries lie on the mesenchymal surface of
is slightly higher than that of the floor and that it is the chorioallantoic membrance. They begin to migrate
correlated with the altitude at which the birds nest. Nests through the ectoderm on day 10 and lie on its thin layer
not only protect against excessive cooling of the eggs late in incubation. In addition, relocation of the nuclei
or chicks, buy may also mitigate the effects of solar of the chorioallantoic capillaries occurs (Mayer et al.,
radiation. An egg laid directly on the ground loses heat

1995). The endothelial nuclei randomly distributeto the substrate and also to the surrounding air.
around the capillary lumen early in incubation and they
are located progressively on the portion of the capillar-
ies away from the shell membrane after the chorioallan-V. DEVELOPMENT OF
tois envelops the whole contents of the egg. TogetherPHYSIOLOGICAL FUNCTIONS
with capillary migration the relocation of endothelial
nuclei results in progressive thinning of the diffusionA. Respiration
pathway for gases between the interstices of the inner
shell membrane (air space) and the capillary blood.The egg with its hard shell lacks ventilatory move-

ments and thus there is no convective gas exchange with The function of the chorioallantois as a gas exchanger
lasts until almost the final stages of embryonic life. Theatmospheric air until the lungs begin to function. There

are three different gas exchangers in the egg during chorioallantois degenerates when embryos pip the cho-
rioallantoic membrane and the inner shell membraneembryonic development; the area vasculosa, the chorio-

allantois and the lungs. Figure 5 shows the growth rate with the beak (internal pipping). Then, the chick breaks
the shell and breathes atmospheric air by lung ventila-of the functional surface area of the area vasculosa and

the chorioallantois (Ackerman and Rahn, 1981) and the tion (external pipping). As the lungs are aerated, they
take over the respiratory function of the chorioallantoisoxygen uptake of the egg in the domestic fowl. The area

vasculosa is a well-vascularized region of the yolk sac (Figure 5). The developmental stage of the embryo is
divided into two; prenatal stage until internal pippingwhich fans out from the embryo and surrounds the yolk

by rapid growth during days 3 to 5 of incubation. The occurs and paranatal (perinatal) stage from internal pip-
ping to hatching.blood vessels of the yolk sac connect with the dorsal

aorta of the embryo by day 2 of incubation and blood The oxygen uptake of the egg (M? O2
) increases geo-

metrically as the chick embryo grows rapidly during thebegins to circulate through the embryo and the area
vasculosa. The fine reticulation of the vitelline circula- first 2 weeks of incubation. Then, the increase in M? O2

becomes asymptotic in the chicken, reaching a plateautory system plays the role of the main gas exchanger
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FIGURE 5 Daily changes in functional surface area of the area vasculosa and the chorioallantoic membrane
(left ordinate), and developmental pattern of O2 uptake (M? O2

) during prenatal period (until internal pipping,
IP) and paranatal period (from IP to hatching, H) (right ordinate). External pipping (EP) ocurrs during the
paranatal stage. The M? O2

is drawn diagramatically and the plateau value represented as 100%. The lightly
shaded area indicates the M? O2

by diffusion through the area vasculosa/chorioallantois and the heavily shaded
area, that by the lungs. (Reprinted from Respir. Physiol. 45, R. A. Ackerman and H. Rahn, In vivo O2 and
water vapor permeability of the hen’s eggshell during early development, pp. 1–8, Copyright (1981), with
permission from Elsevier Science.)

prior to pulmonary respiration and increasing again as a day21 ? torr21); DO2
5 diffusing capacity of the chorioal-

result of lung ventilation (Figure 5). The developmental lantoic membrane and capillary blood (ml O2 day21 ?
pattern of M? O2

during the late incubation and hatching torr21); PIO2

5 effective ambient oxygen tension (torr);
periods is different in precocial and altricial birds and

PAO2

5 air space oxygen tension (torr); and PCO2

5 meaneven among altricial or precocial birds (see Section III,B
and Hoyt and Rahn, 1980; Prinzinger and Dietz, 1995). capillary oxygen tension (torr).
However, in all birds, the gas exchange of embryos The GO2

is a function of the shell geometry (effective
before pipping the chorioallantois or shell (i.e., prenatal pore area, Ap, and thickness of the shell and shell mem-
gas exchange) takes place by diffusive transport be- branes, L), oxygen diffusion coefficient (dO2

) and the
tween the external environment and capillary blood, inverse product of the gas constant (R) and absolute
across a porous shell, two shell membranes and a mem- temperature (T),
branegas exchanger (Wangensteen and Rahn, 1970/71;

GO2
5 [(Ap/L) ? dO2

]/RT.Wangensteen et al., 1970/71).
When the chorioallantois envelops all contents of the

The GO2
is related to GH2O by the diffusion coefficientegg, the gas exchange by diffusive transport is expressed

as follows, ratio (dO2
/dH2O 5 0.23/0.27) and GO2

in ml ? day21 ?
torr21 is derived from GH2O in mg ? day21 ? torr21 byM? O2

5 GO2
? (PIO2

2 PAO2

)
multiplying by a factor of 1.06. Because the GO2

in air
5 DO2

? (PAO2

2 PCO2

) is constant during the last half of prenatal incubation,
the PAO2

decreases as the embryo grows and consumes
where M? O2

oxygen flux (ml ? day21); GO2
5 oxygen

conductance of the shell and shell membranes (ml O2 more O2. The increased difference of O2 tension be-
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tween the ambient air and air space is the driving force
to meet the increased O2 demand by the developing
embryo.

In naturally laid chicken eggs, the variability of shell
conductance is large, higher than that of egg mass. The
mass-specific M? O2

, measured on days 16–19 of incuba-
tion, is at a maximum at medium conductance, decreas-
ing at both lower and higher conductance (Visschedijk
et al., 1985). The maximum M? O2

at medium conductance
values is considered to be optimal for chick development
and the decrease in M? O2

at both higher and lower con-
ductance as a sign of compromised development. In
fact, when the GO2

is altered widely by partially covering
the shell with impermeable material and by partially
removing the shell over the air cell at the beginning of
incubation, the M? O2

of 16-day embryos increases hyper-
bolically with increasing GO2

, reaching a maximum at
the control GO2

of intact eggs and decreasing with fur-
ther increase in GO2

(Okuda and Tazawa, 1988). The
wet mass of embryos changes similarly with GO2

; it is
lowered at both low and high GO2

and maximum at
natural GO2

. It is suggested that embryonic development
is retarded by lowered PO2

of arterialized blood at de-
creased GO2

. At increased GO2
, on the other hand, the

excess water loss accounts for the reduced mass of em-
bryos. However, when GO2

is increased by removing the
shell, for a short period (e.g., 5 hr) in order to obviate
the effect of excess water loss, the M? O2

does not increase
significantly, contrary to expectation (Tazawa et al.,
1988b). This is due to the decreased DO2

of the inner
FIGURE 6 Developmental patterns of oxygen uptake (M? O2

), O2diffusion barrier brought about by removing the egg-
partial pressure in air (PIO

2

), air cell (PAO
2

) and capillary (PCO
2

, mean
shell.

capillary O2 pressure), and shell conductance (GO2
) and diffusingBecause the dO2

affects the shell conductance, the
capacity of inner barrier (DO2

) during the last half of prenatal incuba-
GO2

can be changed by replacing N2 in air with an inert tion. The data of M? O2
, PIO

2

, PAO
2

, and GO2
are based on the paper by

background gas whose density is different from that of Ackerman and Rahn (1981). The DO2
is from the paper by Tazawa

N2 (e.g., He and SF6) (Erasmus and Rahn, 1976; Ar et and Mochizuki (1976). PCO
2

was calculated from M? O2
, PAO

2

, and GO2
.

al., 1980). Thus, the gas exchange of the egg can be
manipulated by changing GO2

with He or SF6. The
DO2

5 Vc ? Fcox
? HctdO2

is also inversely related to atmospheric pressure
(PB); thus the gas exchange of the egg is increased at 5 Q? a ? tc ? Fcox

? Hct,
altitude because the shell conductance increases in in-
verse proportion to the change in PB. The reduction of where Vc is the capillary volume of the chorioallantoic

gas exchanger (in el), Q? a is the blood flow through itGO2
in eggs laid by birds incubating at altitude occurs

as a natural adaptation to altitude (Rahn et al., 1977). (in ml ? min21), tc is the contact time of erythrocytes
with O2 when they pass through the chorioallantoic cap-As the PAO2

decreases with embryonic development
illaries (in sec), Fcox

is the mean corpuscular oxygenation
(Ackerman and Rahn, 1981), the PCO2

also decreases
velocity during the contact time (in sec21 ? torr21), and
Hct is the hematocrit. Thus, the DO2

is increased by analmost in parallel with it (Figure 6). The O2 flux from
the air space to the hemoglobin of capillary blood (inner increase in Vc, which depends on the Q? a and tc (Figure

7). While the Q? a increases about sixfold during the pe-diffusion barrier) is facilitated mainly by an increase in
the diffusing capacity (DO2

) (Figure 6). It should be riod from day 10 to day 18, the tc halves, probably be-
cause of shortening of the blood circulation time, withnoted that the developmental patterns of M? O2

and
DO2

are similar. The DO2
of the inner diffusion barrier cardiac output increasing more than the total blood

volume. Consequently, the Vc increases even after theis expressed by
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to atmosphere. As with M? O2
, CO2 elimination (M? CO2

)
depends upon the eggshell conductance (GCO2

) and CO2

pressure difference between air cell (PACO2

) and atmo-
sphere (PICO2

).

M? CO2
5 GCO2

? (PACO2

2 PICO2

).

The GCO2
is a function of eggshell geometry (Ap and

L), CO2 diffusion coefficient and the inverse product of
R and T. The PICO2

is approximately zero if the egg is
in air.

As embryos develop and produce more CO2, CO2

accumulates in the egg, PACO2

is increased (and thus

arterialized blood PCO2
, PaCO2

), and blood pH is lowered.

However, the decrease in pH during embryonic devel-
opment is slowed late in incubation. Although the
plasma bicarbonate is increased with development, the
amount of increase is more than would be expected
from changes in pH and the buffer value. The pH change
due to an accumulation of CO2 is mitigated by an in-
crease in nonrespiratory bicarbonate (Tazawa, 1986,
1987).

In nature, the natural variations in eggshell conduc-
tance cause large differences in PaCO2

among eggs, but

the blood seems able to keep pH variations to a mini-
mum (Tazawa et al., 1983). In eggs whose shell conduc-
tance is low, the Hct (and hemoglobin) increases in
response to hypoxia. In part this must be responsible for
the minimum change in pH. When the shell conductance

FIGURE 7 Developmental patterns of variables governing the diffus- was lowered by covering partially the eggshell with im-
ing capacity of the inner diffusion barrier (DO2

shown in Figure 6);
permeable material, PaCO2

increased and it had alreadychorioallantoic capillary blood volume (Vc), allantoic blood flow (Q? a),
contact time (tc), mean corpuscular oxygenation velocity (FcOX

), and reached a plateau at the time the blood was sampled,
hematocrit value (Hct). Data from paper by Tazawa and Mochi-

10 min after reducing conductance (Tazawa, 1981a).zuki (1976).
Concurrently, blood pH decreased, and subsequently it
changed toward the control level, though incompletely,

chorioallantois spreads over the whole surface of the while PaCO2

was maintained at a constant value. The
inner shell membrane on day 12 and reaches a maximum

respiratory acidosis produced by impeding eliminationvolume on days 14 and 15. Nevertheless, the DO2
in-

of CO2 induced a nonrespiratory compensation duringcreases further after day 14. This is due to the increase in
the first 3 to 6 hr (Tazawa, 1981a). Exposure of the eggthe velocity of blood oxygenation in the chorioallantoic
to a SF6/O2 gas mixture has the same effect on the shellcapillary bed. The oxygenation velocity of blood passing
conductance. The respiratory acidosis occurs soon afterthrough the chorioallantoic capillary depends on the
exposure to SF6/O2 gas mixture (Tazawa et al., 1981).Fcox

and Hct. Both variables, particularly Hct, increase
The time course of the acid–base changes after respi-after the chorioallantoic membrane spreads over the

ratory disturbances examined in four chick embryos isinner shell membrane (Figure 7). Toward the end of
presented on the pH–[HCO3

2] diagram (Figure 8). Theprenatal development, the increase in DO2
slows down

embryo shown by, for instance, left-half closed circlesand the M? O2
reaches a plateau (Figure 6).

undergoes noncompensated respiratory acidosis 30 min
after adding CO2 to the environment (marked by

B. Acid–Base Regulation 30 min), which is partially compensated after 3 hr
(marked by 3 hr). The increase in [HCO3

2] is not largeWhile embryos consume O2, they produce CO2 which
enough to resume the control acid–base status. Thenis partially dissolved in the blood and body fluids but

most of which must be eliminated through the eggshell air exposure resumes (marked by air), and 30 min after
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C. Cardiovascular Function

The primordial chick’s heart is a paired tubular struc-
ture that soon becomes a single tube. It begins to elon-
gate more rapidly than the pericardial cavity containing
it. The limitation imposed upon the growing heart by
lack of space forces the tubular heart to bend. It repre-
sents only the ventricle and the bulbus on days 1.5–2
of incubation. The impact of blood streams upon the
inner surface of the contorted tube is another force
forming the external configuration and internal struc-
ture of the heart. The structural alterations separate
atrium from ventricle, ventricle from aorta, and the left
from the right chambers; this takes place during the
period from day 3 to day 8 of incubation. The chick’s
heart begins to beat at about 30 hr of incubation; some-
times the primordial double heart beats asynchronously
at about 20 hr. Blood begins to circulate after about
40 hr of incubation when the connections between the
dorsal aorta and the vessels of the yolk sac complete
the circuit.

As chick embryos grow, their mass increases in aFIGURE 8 Time course of changes in respiratory acid—base distur-
bances produced by 4% CO2/21% O2 in N2 (referred to as CO2) or geometrical fashion until growth rate slows down during
21% O2 in He atmosphere (He) and recovery from the disturbances the last stages of prenatal development (Romanoff,
by switching these foreign gas mixtures to air (air). Four embryos

1967; Van Mierop and Bertuch, 1967; Tazawa et al.,were tested in this experiment, shown by different four symbols and
1971; Lemez, 1972; Clark et al., 1986; Haque et al., 1996;connected with solid and dotted lines. c indicates the control acid–base

status of the individual embryo in air. (From Tazawa, H., 1982, Figure 9a). The geometrical increase in embryo wet
J. Appl. Physiol. 53, 1449–1454. With permission.) mass until day 18 of incubation is well expressed by a

power function of incubation time. For the mean values
shown in Figure 9a, the following equation was derived,air exposure (marked by 30 min) blood PCO2

almost
recovers air control value. It is shown by other embryos body 5 0.24 ? I 4,
marked by closed circles that the acid–base equilibrium

where body indicates embryo body mass (in mg) and I,returns to the control level 3 hr after exposure to air.
incubation time (in days). The mass of the heart alsoNonrespiratory compensation for the respiratory alka-
increases geometrically with incubation time (Roman-losis produced by exposing the egg to a He/O2 atmo-
off, 1967; Clark et al., 1986). The growth of the heartsphere (marked by He) is also shown.
relative to that of whole body is greater during the earlyThe chick embryo also reacts promptly to metabolic
than during the later period of embryonic development.disturbances in the acid–base balance; this is shown
The ratio of the heart mass to the whole body mass fallsby the time course of changes in metabolic acid–base
from 1.8% on day 4 to 0.7 % on day 18 of incubation.alterations made by infusion of electrolyte solution

The blood volume also increases as a power function(NaHCO3 and NH4Cl) (Figure 5 in Tazawa, 1982). For
of incubation time (Yosphe-Purer et al., 1953; Barnesinstance, the infusion of 15 el 1M NaHCO3 increases
and Jensen, 1959; Lemez, 1972; Kind, 1975; Figure 9b),plasma [HCO3

2] and blood PCO2
. Because the embryo

but the rate of the increase slows compared with thathas no convective ventilation, the metabolic disturbance
for embryo growth. The mass (embryo)-specific bloodis not subjected to respiratory compensation. The in-
volume decreases rapidly during the early period ofcrease in PCO2

1 hr after infusion indicates that the
incubation and then decreases slowly during the lastinfused HCO3

2 is partly eliminated as dissolved CO2.
half of embryo growth.The acid–base status returns to control values 6 hr after

As both the heart mass and the blood volume in-infusion. Besides elimination of CO2 from the chorioal-
crease, the stroke volume of the heart increases (Figurelantois, the increased fluid volume and hypertonicity of
9c). The stroke volume was determined by taking mov-the infused NaHCO3 solution are partially responsible
ing pictures of the exposed heart with a cine camerafor the decrease in [HCO3

2]. Additionally, penetration
(Hughes, 1949; Faber et al., 1974). During the earlyof HCO3

2 into the intracellular space and urinary excre-
period of development (3 to 5 days), the stroke volumetion of bicarbonate contribute to the regulation (Ta-

zawa, 1982; 1986). was found to depend on blood volume and increases in
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FIGURE 9 Developmental patterns of embryo wet mass (a), total blood volume (b), cardiac stroke volume
(c), cardiac output (d), allantoic blood flow (e), and arterial systolic blood pressure (f) during the prenatal
stage. Symbols connected by solid lines in a, b, e, and f indicate the developmental patterns cited from the
papers shown in the text.

parallel with embryonic growth (Faber et al., 1974). g21 throughout prenatal development. Eventually, the
cardiac output may increase almost in parallel with em-Even after the 2nd week of development, the stroke

volume seems to increase as a power function of incuba- bryonic growth. If it is assumed that the mass-specific
cardiac output during the last 2 weeks of prenatal devel-tion time (Hughes, 1949).

For early embryos, the dorsal aortic blood flow was opment is 1 ml ? min21 ? g21, the cardiac output of young
embryos is related to incubation time as follows:determined with a doppler velocity meter (Hu and

Clark, 1989). It increases in a power function of incu-
CO 5 0.24 ? I 4,

bation time during the period from day 2 and day 6.
The mass (embryo)-specific value results in 0.5-1 ml ? where CO is cardiac output (in el ? min21). This power

function equation is presented by the solid line in Fig-min21 ? g21. The mass-specific cardiac output of 3–
5 days embryos, determined from the stroke volume, is ure 9d.

In contrast to the difficulty of determination of car-similar: 1 ml ? min21 ? g21 (Faber et al., 1974). The cardiac
output, calculated from the stroke volume of young diac output, the blood flow through the chorioallantoic

gas exchanger can be determined from the M? O2
andembryos shown in Figure 9c (Hughes, 1949), is pre-

sented in Figure 9d. The cardiac output of 16-day chick blood gas analysis (Tazawa and Mochizuki, 1976, 1977;
Bissonnette and Metcalfe, 1978) (Figure 9e). It increasesembryos, estimated by model analysis and blood O2

measurement (White, 1974; Rahn et al., 1985; Tazawa with embryonic growth, but the mass-specific value
decreases from about 0.5 ml ? min21 ? g21 on day 10 toand Takenaka, 1985), is also shown in Figure 9d. The

mass-specific cardiac output of 16-day embryos was 0.9 0.25 ml ? min21 ? g21 on day 18. Although the cardiac
output tends to increase in parallel with embryonicto 1.5 ml ? min21 ? g21. The cardiac output of young/

late embryos seems to increase as a power function of growth, its partition to the chorioallantoic gas exchanger
decreases as embryos grow. Probably, on day 10, aboutincubation day, while the mass-specific cardiac output

results in a narrow range from 0.5 to 1.5 ml ? min21 ? half of the cardiac output goes to the chorioallantoic



4219 / c24-627 / 08-04-99 15:12:00

Chapter 24. Incubation Physiology 627

circulation, and on day 18 only about a quarter of the
cardiac output flows through the chorioallantoic gas ex-
changer.

The arterial blood pressure also increases in a power
function of incubation day. Figure 9f shows the develop-
mental patterns of arterial systolic pressure (vitelline
artery for early embryos and allantoic artery thereafter)
measured by micropipet systems (Van Mierop and Ber-
tuch, 1967; Girard, 1973) and catheterization techniques
maintaining adequate gas exchange through the eggshell
(Tazawa, 1981b; Tazawa and Nakagawa, 1985). The
blood pressure of the vitelline artery is already pulsatile
on day 2 of incubation (Van Mierop and Bertuch, 1967;
Hu and Clark, 1989). While Hu and Clark (1989) re-
ported the presence of a dicrotic notch in early embryos,
a clear dicrotic notch is absent from the allantoic arterial
pressure waves determined by others (Van Mierop and
Bertuch, 1967; Tazawa, 1981b; Tazawa and Nakagawa,
1985). However, independently of the presence or ab-
sence of the dicrotic notch, the configuration of the
arterial pressure tracings and the ventricular pressure
waves suggest that a competent arterial valve mecha-
nism is present already in early embryos which lack

FIGURE 10 Developmental patterns of embryonic heart rates in
true cardiac valves (Van Mierop and Vertuch, 1967; chickens. The heart rates reported by Cain et al. (1967), Laughlin et
Faber, 1968). al. (1976), and Howe et al. (1995) were determined by electrocardiog-

raphy and impedance-cardiography, respectively, while the heart rateIn contrast to developmental patterns of the circula-
by Tazawa et al. (1991) was measured by ballistocardiography. Vantory variables which increase with embryonic growth,
Mierop and Bertuch (1967), Girard (1973), and Hu and Clark (1989)the embryonic heart rate (HR) of chickens changes in
counted the heart rate from the arterial blood pressure measurements.

a different way during incubation (Cain et al., 1967; Van
Mierop and Bertuch, 1967; Girard, 1973; Laughlin et al.,
1976; Hu and Clark, 1989; Tazawa et al., 1991; Howe et
al., 1995; Figure 10). The frequency of heart beat in- 35 mW on day 12 to 130–140 mW on days 17–18 of
creases rapidly after it commences to beat and then incubation and reaches 160–170 mW at external pipping
becomes asymptotic until early in the second week of (Tazawa et al., 1988c). Over the same period, the egg’s
incubation. During the last half of incubation, the daily thermal conductance is of the order of about 70 mW/
change in HR becomes small. When embryos pip the 8C. This means that the metabolic heat production at
shell and begin to breathe air, the HR increases signifi- 388C elevates egg temperature (Tegg) above ambient
cantly, subsequently decreasing to prenatal levels after temperature (Ta) by about 0.58C on day 12 and about
hatching (Tazawa et al., 1992). 2.58C in externally pipped (EP) eggs. When eggs are

Beside these changes during development, the HR cooled in room air at 288C, a new quasiequilibrium state
varies from beat to beat (Figure 11). The variability of is reached in 5 hr (defined as a change in Tegg of less
the instantaneous HR increases with embryonic devel- than 0.18C ? hr21) (Tazawa and Rahn, 1987). The new
opment during the last half of incubation. A characteris- difference between Tegg and Ta is lower; that is, even in
tic, transient bradycardia begins to appear around days EP embryos Tegg is above Ta by only about 1.28C. In
14–15 of incubation. The frequency of appearance of addition, during the quasiequilibrium state at lower Ta,transient bradycardia increases with development and the embryos consume the amount of O2 predicted by a
the HR becomes arrhythmic with the appearance of temperature coefficient (Q10) of 2. On the other hand,
transient tachycardia. Causes of these variabilities of hatchlings, which are subjected to the same test, have
HR remain to be studied.

body temperatures about 68C above Ta, even right after
hatching and consume much more O2 than that pre-

D. Thermoregulation dicted by a Q10 of 2 (Tazawa and Rahn, 1987). These
observations suggest, as do many previous studies, thatIn the domestic fowl, the embryo produces metabolic
chickens are essentially poikilothermic during embry-heat which increases with development; for instance,

the metabolic heat production increases from about onic stages, even at external pipping, and rapidly de-
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of the embryo. The ‘‘gradual cooling test’’ fulfills this
requirement and it shows that prenatal chicken embryos
near term respond to lowered Ta with a M? O2

maintained
at the 388C level until Ta falls below 358C (Tazawa et
al., 1988c). This response in late embryos is evidently
different from that in young embryos. In another test,
the ‘‘prolonged cooling test’’ (Tazawa et al., 1989a),
when the late chicken embryos are exposed to lowered
Ta for a prolonged period, the M? O2

is maintained at a
level above that predicted by a Q10 of 2, and this re-
sponse also differs from that shown by young embryos.
Consequently, it is suggested that precocial chickens
exhibit a feeble, incipient metabolic response to cooling,
indicating endothermic homeothermy before hatching.
This coincides with enhanced activity of the thyroid
gland and increasing concentrations of peripheral thy-
roid hormones during the last stages of incubation (De-
cuypere et al., 1979; McNabb, 1987). Furthermore, while
late prenatal embryos in eggs injected with saline show
a feeble homeotherimic metabolic response to gradual
cooling, this response is absent in thiourea-treated eggs
(Tazawa et al., 1989b). Additionally, the compensatory
metabolic response disappears in embryos exposed to
a hypoxic environment, while it is augmented in eggs
in pure O2, decreasing as Ta falls. These results indicate
that the homeothermic metabolic response in late em-
bryos is ‘‘O2 conductance limited’’ and ‘‘power limited’’
(Tazawa et al., 1989b).

FIGURE 11 The variability of instantaneous heart rate (IHR) of a The comparative metabolic responses to prolonged
chick embryo. This embryo was subjected to continuous measurement

cooling were also examined in the precocial duck, semi-of IHR from day 13 to day 18 of incubation, using acoustocardiogra-
precocial Brown Noddy and altricial pigeon (Matsunagaphy. From the long-range recordings, the changes in IHR during 10-

min periods on days 13, 15, and 17 of incubation are presented. The et al., 1989; Kuroda et al., 1990). The incipient homeo-
characteristic transient bradycardia begins to appear on day 14 and thermic ability appears in the duck during prenatal de-
its appearance becomes more evident on day 15. Toward day 16, velopment, but it is not evident in the pigeon even after
transient tachycardia appears, the IHR becomes more arrhythmic,

emergence from the shell. The precocial chicken andand its variability increases.
semiprecocial noddy are intermediate in their metabolic
response between the duck and the pigeon.

Models of the development of homeothermy in pre-velop the capacity to maintain body temperature upon
cocial and altricial birds have been suggested (Figurecold exposure soon after hatching.
12) (Tazawa et al., 1988c; Whittow and Tazawa, 1991).When eggs incubated at 388C are exposed to a Ta The transition for a precocial bird takes place in fouronly 28C lower, the heat loss from the egg is greater
stages; (1) an Arrhenius-limited stage in which the meta-than the heat produced in young embryos and at least
bolic rate is directly related to the temperature with a

comparable with the heat production in late embryos. Q10 value of approximately 2; (2) an O2-conductance-
If the eggs are exposed to air 108C cooler than the egg, limited stage in which the M? O2

is limited by the rate of
the embryos would have to generate heat about diffusion of O2 through the shell and the chorioallantoic
800 mW to keep the Tegg steady (Turner, 1986). How- membrane in relation to O2 demand by the embryo;
ever, even EP embryos can generate at most 170 mW. (3) a power-limited stage in which the embryo has a
Consequently, heat loss during cooling exceeds the em- limited capacity to generate heat in response to cooling,
bryo’s maximum rate of heat production. A feeble com- a function of the maturity of the tissues and develop-
pensatory capacity, if any, may be overhelmed by the ment of thyroid activity and (4) ‘‘full-blown’’ homeo-
much larger losses of heat. The egg cools and its meta- thermy. An altricial species never passes through the O2-
bolic rate decreases as a result of the van’t Hoff- conductance-limited stage; it is subject to the Arrhenius
Arrhenium effect. The detection of homeothermic ca- limitation until after it hatches.
pacity thus requires a procedure in which the heat loss Beside these developmental processes of endo-

thermy, it was recently suggested that epigenetic adapta-from the egg does not overwhelm the heat production
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I 5 12 egg 0.22

where egg is mass of the freshly-laid egg in g. In addition,
as a first approximation, the product of incubation time
and M? O2

at the plateau stage is proportional to egg mass
(Rahn et al., 1974):

I ? M? O2
5 c ? egg,

where c is a constant. This indicates that for a given egg
mass an egg which consumes less O2 at the plateau stage
needs a longer incubation period. Furthermore, because
the M? O2

at the plateau stage is matched to the shell
conductance, then for a given egg mass an egg with
lower shell condutance needs a longer incubation time.

Apart from these general trends, eggs that are aban-
doned by the incubating parent bird for a period of time
cool, and this results in slower embryonic growth and
a longer incubation period. Some birds, notably tropical
seabirds and those of the Order Procellariiformes, have
much longer incubation periods than that suggested by
the general relationship (Whittow, 1980), even though
they are incubated continously.

B. Preincubation Egg Storage

Avian incubation is unique in terms of preincubation
egg storage. Many precocial birds which lay multiple
eggs in a clutch start their incubation with the penulti-
mate or ultimate eggs. Consequently, first laid eggs are
stored in the nest until incubation starts.

Egg storage is commonly practiced in artificial incu-
bation of domesticated birds. If the storage temperature
for freshly laid chicken eggs is kept below the physiologi-
cal zero (25–278C), dormancy of the embryo can be
maintained and fertile eggs can be stored for severalFIGURE 12 Models of the development of homeothermy in precocial
days without a major loss of hatchability (Butler, 1991;and altricial birds. ‘‘Minimum Heat Production for DT ’’ equals the
Wilson, 1991). The optimal temperature for 3–7 daysamount of heat to keep the egg temperature warmer than ambient tem-

perature by DT , and, by definition, homeothermy occurs when the em- storage of chicken eggs is 16–178C and it drops to 10–
bryo heat production reaches this level. (Reprinted by permission from 128C if eggs are stored for more than 7 days (Butler,
Tazawa et al., 1988c, Comp. Biochem.Physiol. 89A, 125–129.Copyright 1991; Wilson, 1991). However, prolonged preincubation1988 by Elsevier Science Inc.)

egg storage results in malformations and retarded
growth of the early embryo, decreased hatchability, in-
creased incubation period, and it even influences growthtion mechanisms occur during paranatal period for ther-
of the hatchlings. These deleterious effects of preincuba-moregulation of hatchling (Nichelmann et al., 1994).
tion storage are related to not only the length of storage,
but also the environmental and physical conditions, such
as temperature, relative humidity, atmospheric gas com-

VI. REQUIREMENTS AND PROCEDURES position, orientation, and positional changes duringFOR INCUBATION
storage. In addition, parental age changes these effects
and varied development of embryos at oviposition re-

A. Incubation Period sults in differences in the ability of the blastoderm to
withstand storage.The duration of incubation (I, in days) is greater the

Prolonged preincubation egg storage also affects thelarger the egg. The relationship can be represented by
the following equation (Rahn and Ar, 1974): physiological function of developing chick embryos
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(Haque et al., 1996). Figure 13 shows comparisons of totic at 3–4 g dry mass. The asymptotic value is signifi-
cantly lower in the 20–day storage group than in thethe developmental patterns of M? O2

between stored and
unstored (control) eggs. The eggs were stored at 10– control group (Haque et al., 1996).

Preincubation storage causes blastoderm shrinkage118C for 20 days (broken lines) and 30 days (dotted
lines) before incubation at 388C. The M? O2

was measured and a decrease in the rate of embryonic develop-
ment during the early incubation period (Mather anddaily from day 12 of incubation in six eggs for control

(solid lines) and stored eggs. While the developmental Laughlin, 1979). The changes in embryo morphology
result in preincubation or early incubation mortalitypatterns of M? O2

are consistent between the six eggs in
the control group, those in the 20- and 30-day storage (Arora and Kosin, 1966). Late incubation failure ob-

served in some prolonged storage eggs may be partlygroups vary between eggs. The M? O2
of several eggs in

the storage groups decreases during the last days of due to malfunctions or malformations in embryonic de-
velopment as a result of irreversible changes in the blas-incubation, resulting in the death of the embryos. The

levels of M? O2
are markedly lower in stored eggs than toderm. The prolonged storage may result in defects at

the cellular or tissue level, causing embryos not to sus-in the control eggs, but they reach a plateau before day
20 of incubation. Thus, the developmental pattern of tain or increase their metabolism to complete hatching

during the last days of incubation.M? O2
is not only shifted to the right, but also depressed

during the last days of incubation; depression of the The developmental patterns of heart rate in chicken
embryos are also changed by preincubation egg storageM? O2

curve becomes severe as the storage duration in-
creases. It is suggested that the prolonged preincubation (Haque et al., 1996). They are flattened compared with

those of the control eggs. However, the average HRstorage decreases the M? O2
of embryos as it retards em-

bryonic growth and, in addition, the prolonged storage during the second half of incubation is the same as in
the control eggs. As a result, the O2 pulse (O2 uptakefurther depresses the M? O2

during the late incubation
periods by other unknown factors. This is also shown every heartbeat) is markedly lowered by preincubation

storage throughout the last half of incubation and espe-by additional experiment on embryo mass and M? O2
of

stored eggs (Haque et al., 1996). The M? O2
of embryos cially during the last days of incubation. The O2 trans-

port by the blood may also be affected by the preincuba-in control and 20-day storage groups increases in a curvi-
linear relationship with increasing embryo dry mass. tion storage.
The rate of increase in M? O2

in both groups decreases at
embryo dry mass greater than 0.5 g and becomes asymp- C. Egg Turning

In natural incubation, parent birds actively move
their eggs in the nest (egg-turning). The importance of
egg-turning has been examined during artificial incuba-
tion of domesticated birds. The critical period for lack
of egg-turning ranges from day 3 to day 7 of incubation
in the domestic fowl (New, 1957; Deeming, 1984a). A
minimum number would be about 3 times a day and
more than 24 times a day is unnecessary for producing
maximum hatchability. Lack of egg-turning produces
detrimental effects not only on hatchability, but also
incubation period, subembryonic fluid formation, devel-
opment of the chorioallantois and growth of embryos
(New, 1957; Tazawa, 1980; Deeming et al., 1987; Tullett
and Deeming, 1987; Deeming, 1989a,b,c).

Failure to turn eggs during incubation also produces
adverse effects on gas exchange through the chorioallan-
toic membrane (Tazawa, 1980). It retards the movement
of albumen into the amnion and possibly absorption
from the amniotic fluid. The unabsorbed albumen which
becomes more viscid and heavy by losing water early
in incubation sinks towards the lower end of the egg
and is left there. The chorioallantois fails to fold aroundFIGURE 13 Developmental patterns of O2 uptake in unstored (con-
the unabsorbed albumen. The albumen is interposedtrol) eggs (closed circles) and 20-day (open squares) and 30-day (trian-

gles) storage eggs. between the chorioallantoic membrane and inner shell
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membrane. As a result, the interposition of the albumen again after rewarming at 388C. The survival time at 88C
becomes short as the embryos grow. While the heartsreduces the gas exchange of the chorioallantois, causing

a pronounced fall in the arterialized blood PO2
of late of 6-day embryos begin to beat even after 1-day expo-

sure to 88C, the hearts of 20-day embryos fail to beatembryos, which is accompanied by an increase in hema-
tocrit value. after about 8 hr exposure (Tazawa and Rahn, 1986).

While chicken embryos can withstand a lowered TaThe retardation of gas exchange due to lack of egg
turning reflects on the developmental patterns of M? O2

for a prolonged period without a heartbeat, at an in-
creased Ta the cardiac arrest following arrhythmia isduring the last half of incubation (Pearson et al., 1996).

The M? O2
of unturned eggs decreases with incubation in irreversible and the embryos cannot withstand exposure

to an increased Ta for a prolonged period (Ono et al.,comparison with turned eggs. Failure to turn eggs re-
tards the growth of the embryo, but only after day 12 1994). The HR of embryos increases in an exponential

fashion at an increased Ta. The changes in HR are inof incubation (Deeming, 1989a).
parallel with those of egg temperature except for exter-
nally pipped embryos (Figure 14). When the internalD. Ambient Temperatures and
egg temperature reaches 46–478C, regardless of the de-Embryonic Tolerance
velopmental stage of embryos, the HR becomes arrhyth-

While freshly laid chicken eggs can be stored at a
low temperature, for maintaining dormancy of embryos,
once incubation starts, the ambient temperature (Ta)
must be kept within a certain range so that the embryo
temperature is maintained adequately and cell prolifera-
tion may proceed. In artificial incubation of chicken
eggs at constant temperature, the eggs are hatched at
a temperature ranging from 35.5 to 39.58C (Romanoff,
1960). The difference in incubation temperature (ambi-
ent temperature) causes different incubation periods
and variations in embryo size and organ growth, chang-
ing the developmental patterns of M? O2

(Zhang and
Whittow, 1992). The ambient temperature outside this
range kills all embryos before hatching. In natural incu-
bation, embryos are exposed to a variable Ta. Prolonged
deviations from an adequate Ta can be fatal to develop-
ing embryos. The critical lethal ambient temperature
and exposure time may be different among species and
between developmental stages of embryos even in the
same species. The tolerance limits of developing em-
bryos to acutely lowered and increased Ta have been
investigated in chickens in reference to their HR (Ta-
zawa and Rahn, 1986; Ono et al., 1994).

When 10-day-old embryos are exposed to a Ta of 28
or 188C, the HR decreases in an exponential fashion
to reach plateau values during the 2–3 hr of exposure
(Tazawa and Rahn, 1986). The plateau values are about
100 bpm at 288C and 30 bpm at 188C, which are main-
tained until irreversible cardiac arrest occurs at about
100 and 60 hr after exposure to 28 and 188C, respectively.
Thus, 10-day-old embryos survive exposure to 288C for
no less than 4 days and to 188C for about 2.5 days.
Reduction of Ta by 308C from the optimal incubation

FIGURE 14 Changes in heart rate of 12-, 16-, and 20 (externallytemperature forces the heartbeat of 10-day-old embryos
pipped)-day embryos exposed abruptly to an ambient temperatureto cease about 3 hr later. However, the cardiac arrest
of 488C, plotted against the simultaneously measured egg temperature.

at this low Ta (88C) does not mean the death of embryos. The heart rates of the 12- and 16-day embryos increase almost linearly
Ten-day-old embryos survive the low Ta, without a with egg temperature, which increases in an exponential fashion (from

Ono et al., 1994, Israel J. Zool. 40, 467–479. With permission).heartbeat, for 18 hr more and the heart begins to beat
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A. Gonadal Steroids and Their Receptors 642 the endocrine regulatory systems and other contribu-

V. Lactotropic Axis 642 ting (genetic, nutritional, and environmental) factors.
A. Prolactin and Its Receptor 642 Our discussion will be limited to the contribution of
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A. Adrenocorticotropin and Corticosterone 644 nadotropic, lactotropic, adrenocorticotropic), pancre-
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Transforming Growth Factor-a (TGF-a) 644 Sigmoidal growth curves have been described for nu-
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merous species of domestic and feral birds (Ricklefs,C. Platelet-Derived Growth Factor (PDGF) 646
1983; Barbato, 1991; Hnizetova et al., 1991). Most spe-D. Nerve Growth Factor (NGF) 646
cies of domestic birds (chicken, turkey, and JapaneseE. Transforming Growth Factor-b
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B. Growth-Selected Strains of Birds 649 posthatch, and juvenile stages of development. The
growth rate of chickens and turkeys is sexually dimor-References 649
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B. Molecular Mechanisms of
Hormone Action

The ability of a cell to respond to a particular hor-
mone (ligand) depends upon the presence of specific
receptors for each hormone. Cell receptors fall into two
general categories: those on the cell surface which inter-
act with water-soluble (peptide/protein) hormones and
the cytoplasmic or nuclear receptors that interact with
lipid-soluble hormones (i.e., steroids, thyroid hormones,
retinoids, and 1,25-dihydroxy vitamin D3), which diffuse
through the plasma membrane. A general scheme of
hormone action (Figure 2) shows binding of a protein
ligand (i.e., growth hormone, GH) to its membrane-
bound receptor (i.e., the GHR). In this example, binding
of GH to its cell surface receptor activates a signal trans-
duction cascade, commonly used by several members of
the GH/prolactin/cytokine receptor superfamily, which
regulates transcription of genes (i.e., insulinlike growth
factor-I (IGF-I). The lipophilic hormones (i.e., T3) dif-
fuse through the plasma membrane and bind to specific
nuclear receptors (i.e., T3-R), which recognize target
sequences on specific genes and affect gene transcription
(i.e., malic enzyme). Thus, activation of specific hor-
monal pathways depends upon the presence of both
ligand and functional receptors on/in target cells.

FIGURE 1 Relative importance of hormones during the five stages II. SOMATOTROPIC AXIS
of growth and development of the chicken. The action of each
hormone is based on both presence of ligand and expression of The somatotropic axis of birds (see Chapter 14) is
ligand-specific receptors in target tissue. The hormones presented

controlled by hypothalamic-releasing factors (growthare: growth hormone (GH), insulinlike growth factor-I (IGF-I),
hormone-releasing hormone, thyrotropin-releasing fac-IGF-II, triiodothyronine (T3), prolactin, testosterone (T), insulin,

and corticosterone (CS). The importance of IGF-II during embryonic tor, somatostatin), which regulate secretion of GH (so-
and posthatch development has not been established. Developmental matotropin) from the anterior pituitary gland. Other
profiles of insulin and corticosterone have not been determined components of the axis include the cell membrane-
since plasma levels of these hormones vary dramatically according

bound growth hormone receptor (GHR), the solubleto their respective metabolic and adaptive responses. However,
GH-binding protein (GHBP), IGF-I, several IGF-both insulin and corticosterone are required for normal growth and

development of birds. The growth curves for the embryo and binding proteins (IGFBPs) found in circulation, and
posthatch chicken are expressed as body weight (percentage of the type-I IGF receptor which can be stimulated in an
mature size) versus developmental age. endocrine, paracrine, and/or autocrine manner (Figure

3). In general, GH exerts two types of action: the direct
effects are on metabolism and the indirect effects that
are mediated by IGF-I, which stimulates the differentia-
tion and proliferation of target cells (i.e., muscle cells).
Although IGF-II is not under direct control of the soma-phic with males reaching a greater body weight at sexual

maturity, although adult body weight is achieved well totropic axis, the chicken type-I IGF receptor has a very
high affinity for IGF-II. The type-I IGF receptor alsoin advance of sexual maturity. In contrast, mature body

weight of the female Japanese quail exceeds that of binds IGF-I with a somewhat lower affinity (Duclos
and Goddard, 1990; Duclos et al., 1991; Armstrong andthe male (Marks, 1989). Our current understanding of

endocrine factors which regulate growth and develop- Hogg, 1994). Thus, the avian type-I IGF receptor exerts
endocrine, paracrine, and autocrine effects on differen-ment acknowledges that may different regulatory axes

participate in each stage of growth. tiation, proliferation, and growth of cells by interacting
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FIGURE 2 General mechanisms of hormone action. The action of peptide hormones (i.e., GH) on
a target cell is initiated by binding and subsequent dimerization of intracellular domains of the cell-
bound growth hormone receptor (GHR). Members of the GH/prolactin/cytokine receptor superfamily
share a similar signal transduction mechanism that involves activation (via phosphorylation) of intracel-
lular proteins (Janus kinase-2 (JAK2) and signal transducers and activators of transcription (STATs)).
Binding of these activated signaling molecules to hormone-specific regulatory elements affects transcrip-
tion of target genes (i.e., IGF-I). On the other hand, the lipid-soluble hormones (i.e., T3, steroids,
retinoids, and vitamin D3) diffuse through the plasma membrane, bind to specific nuclear receptors
(i.e., T3-R), and affect transcription of target genes (i.e., malic enzyme).

at different affinities with the insulinlike ligands (IGF- Levorse et al., 1993) increase sharply from hatching until
II . IGF-I . insulin). The cross-reactivity of these li- a peak is reached between 3 and 5 weeks of age. In the
gands with the avian type-I IGF receptor indicates the turkey, circulating GH reaches an earlier peak at 2
importance of this regulatory pathway in embryonic and weeks of age (Vasilatos-Younken et al., 1988a), which
posthatching development (Bassas et al., 1987; De Pablo declines to the low basal level found after 10 weeks of
et al., 1993). age. Japanese quail also show an early peak (1–2 weeks

of age) in plasma GH levels, which fall to low adult
levels by 3 weeks of age (Bacon et al., 1987). In theA. Growth Hormone and Its Receptor
chicken, the hepatic GHR is transiently expressed in

1. GH and GHR Ontogeny the embryo between days 17 and 19 (Figure 4A inset).
After hatching, hepatic expression of the GHR mRNAOntogeny studies show that GH is found in the circu-
progressively increases until a plateau is reached withlation of the chicken embryo as early as 11–13 days
the onset of sexual maturity (Burnside and Cogburn,(McGuinness and Cogburn, 1990) and increases prior
1992). Despite the transient expression of the hepaticto hatching. After hatching, plasma GH levels increase
GHR during late embryonic development, growth ofsharply until a peak is reached between 3 and 4 weeks
the avian embryo is essentially GH independent, as it isof age and then abruptly decline to the low levels found
in mammals. The onset of GH-dependent growth isin pubertal and mature birds (Goddard et al., 1988; John-
marked by activation of the somatotropic axis as indi-son et al., 1990; McGuinness and Cogburn, 1990; Burn-
cated by increases in circulating GH, hepatic GHRside and Cogburn, 1992; McCann-Levorse et al., 1993).
mRNA, and plasma IGF-I levels. However, hepatic GH-Circulating GH levels reflect the developmental changes
binding activity and expression of the GHR in tissuein pituitary GH mRNA (McCann-Levorse et al., 1993).

Basal levels of GH and pituitary GH mRNA (McCann- are inversely related to circulating GH levels after 10
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2. GH and Growth

Hypophysectomy reduces the growth rate of young
chickens (King, 1969) and turkeys (Proudman et al.,
1994), which suggests that growth of young birds is pitu-
itary dependent. In hypox chickens, T3 (or T4) replace-
ment therapy restores much of the growth deficit, albeit
GH treatment alone has only a slight stimulatory effect
(King, 1969; King and Scanes, 1986; Scanes et al., 1986).
However, GH replacement has no discernable effect on
growth rate of young hypox turkeys (Proudman et al.,
1994). Thus, in young birds, the thyroid hormones ap-
pear to mediate much of pituitary-dependent growth.

Young rapidly growing broiler chickens (,7 weeks
of age) do not respond to exogenous GH (Burke et al.,
1987; Cogburn et al., 1989, Cogburn, 1991), while older
chickens appear to be GH responsive (Vasilatos-
Younken et al., 1988b; Scanes et al., 1990) presumably
due to greater abundance of the hepatic GHR (Burnside
and Cogburn, 1992). There is a strong synergism be-
tween exogenous GH and dietary T3 in reducing body
fat deposition in young broiler chickens (Cogburn,
1991). In 8-week-old female chickens, pulsatile, but not
continuous, GH infusion stimulates growth (Vasilatos-FIGURE 3 Mechanisms of IGF-I action in birds. IGF-I can affect
Younken et al., 1988b), while in 12-week-old male chick-the same cell (autocrine), adjacent cells (paracrine), or distant cells
ens, continuous administration of GH increases growthvia the blood stream (endocrine). In circulation, IGF-I is complexed

with the IGF binding proteins (IGFBP). In tissue, the type-I IGF rate (Scanes et al., 1990).
receptor binds with different affinities to the IGFs (IGF-II . IGF-I
. insulin).

B. Insulinlike Growth Factors, Type-I IGF
Receptor, and IGF-Binding Proteins

As in mammals, birds have two insulinlike growth
weeks of age (Figure 4B). Mature broiler chickens factors (IGF-I and IGF-II) that exert insulinlike effects
(Leung et al., 1987) and male turkeys have higher he- on metabolism and are important regulators of cellular
patic GH-binding activity than slower-growing hens differentiation, proliferation, and growth of tissue. Al-
(Krishnan et al., 1989). Turkeys exhibit a developmental though the liver is the major source of IGFs found
increase in hepatic GH binding which is also inversely in circulation, these peptide growth factors are also
related to plasma GH levels (Vasilatos-Younken et al., produced by many different tissues and exert local
1990). The idea of down-regulation of the GHR by GH (autocrine/paracrine) effects (Figure 3). A major dis-
is further supported by the observation that hypophy- tinction of the somatotropic axis in birds is the presence
sectomized (hypox) chickens have greater hepatic GH of a single receptor for IGF-I and IGF-II (i.e., the type-

I IGF receptor). Thus, the IGFs share similarities in thebinding than intact birds and that GH injections reduce
structure of ligand (insulin, IGF-I, and IGF-II) and thehepatic GH binding in both normal and hypox chickens
cell surface receptors (i.e., insulin receptor and type-I(Vanderpooten et al., 1991a). Genetic selection for rapid
IGF receptor). On target cells, IGF-I and IGF-II proba-growth rate in the chicken (Vanderpooten et al., 1993),
bly bind to different sites on the same receptor. Bindingturkey (Vasilatos-Younken et al., 1988a), and Japanese
of ligand to the type-I IGF receptor activates a receptorquail (Bacon et al., 1987) is also associated with lower
tyrosine kinase which activates the phosphorylation cas-circulating levels of GH and higher GH-binding activity
cade responsible for the biological actions of eachin liver (Vanderpooten et al., 1993). Thus, an inverse
ligand.relationship is found between circulating GH and the

abundance of GHR in tissue of pubertal and adult birds.
1. Insulinlike Growth FactorsThe abundance of GHR mRNA is greater in liver and

adipose tissue than in either breast or leg muscle in Avian IGF-I (chicken and Japanese quail) and IGF-
growth-selected strains of broiler chickens (Mao et al., II (chicken) show strong nucleotide or amino acid se-

quence similarity with mammalian IGF-I and IGF-II1998).
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FIGURE 4 Developmental profiles of hepatic GHR mRNA (A) and plasma GH levels (B)
in broiler chickens. Each value represents the mean 6 SEM of four different birds. Hepatic
GHR mRNA levels were determined by Northern blot analysis of total RNA and expressed
in arbitrary densitometric units (ADU). (Reprinted from Molecular and Cellular Endocrinology
89, J. Burnside and L. A. Cogburn, Developmental expression of hepatic growth hormone
receptor and insulin-like growth factor-I mRNA in the chicken, pp. 91–96, Copyright (1992),
with permission from Elsevier Science.)

(Dawe et al., 1988; Kajimoto and Rotwein, 1989; Ballard chicken embryo could be derived from an extrahepatic
origin (Serrano et al., 1990; Kikuchi et al., 1991; Burnsideet al., 1990; Fawcett and Bulfield, 1990; Kallincos et al.,

1990; Kida et al., 1994; Darling and Brickell, 1996). In and Cogburn, 1992). After hatching, plasma (IGF-I lev-
els and expression of IGF-I mRNA in liver (Figure 5)mammals (i.e., the rat), IGF-II is more abundant than

IGF-I in the fetus, while IGF-I predominates during increase sharply, reach a broad plateau between 3 and
7 weeks of age, and then gradually decline during thepostnatal development. Presently, there is no informa-

tion on the ontogeny or tissue distribution of IGF-II juvenile and pubertal periods (McGuinness and Cog-
burn, 1990; Kikuchi et al., 1991; Burnside and Cogburn,mRNA in the chicken embryo. The expression of IGF-

I in tissue of the chicken embryo increases dramatically 1992). The developmental plateau of plasma IGF-I in
the turkey is reached at the onset of the juvenile periodbetween days 3 and 8 (Serrano et al., 1990), which is

the period of organogenesis (De Pablo et al., 1993). IGF- (7 weeks of age) and declines during adolescence
(Bacon et al., 1993). Recent evidence indicates that IGF-I appears in circulation at day 6 (De Pablo et al., 1993),

reaches a peak between days 14 and 18, and then de- I could be important for follicular development and egg
production in the chicken (Hocking et al., 1994; Robertsclines before hatching (Serrano et al., 1990; Kikuchi et

al., 1991; De Pablo et al., 1993). A similar development et al., 1994) and Japanese quail (Kida et al., 1994). The
administration of IGF-I to posthatch chickens does notprofile of IGF-I, with a midincubation peak, is found in

the turkey embryo (McMurtry et al., 1994). The absence influence growth rate of normal chickens (McGuinness
and Cogburn, 1991), but slightly stimulates growth ofof detectible hepatic IGF-I mRNA, using Northern blot

analysis (inset Figure 5B), suggests that the low levels GHR-deficient dwarf chickens (Tixier-Boichard et al.,
1992).of the IGF-I found in circulation and in tissue of the



4219 / c25-640 / 08-04-99 15:12:50

Cogburn, Burnside, and Scanes640

FIGURE 5 Developmental profile of plasma IGF-I (A) and hepatic expression of IGF-I
mRNA (B) in broiler chickens. Each value represents the mean 6 SEM of four different
birds. Hepatic IGF-I mRNA levels are expressed in arbitrary densitometric units (ADU).
(From J. Burnside and L. A. Cogburn, Developmental expression of hepatic growth hormone
receptor and insulin-like growth factor-I mRNA in the chicken, Molecular and Cellular Endocri-
nology, 89, pp. 91–96, 1992, q The Endocrine Society.)

and, hence, cannot function as a receptor for IGF-II.2. Insulinlike Growth Factor Receptors
However, there is strong evidence that IGF-II is active in

In mammals, three distinct receptors exist with re-
birds and mediates its action via the type-I IGF receptor.spectively maximal affinity for insulin (the insulin recep-
The specificity of the chicken type-I IGF receptor differstor), IGF-I (the IGF-I receptor), and IGF-II (the IGF-
from its mammalian homolog since IGF-II appears to beII/cation independent mannose 6-phosphate receptor).
equipotent or even more potent than IGF-I in radiore-It is still not clear whether IGF-II exerts its physiological
ceptor assays with chick satellite cells (Duclos et al., 1991)effect in mammals through the IGF-II receptor or IGF-
or in vitro bioassays with embryonic tissue (Kallincos etI receptor, which has a relatively high affinity for IGF-
al., 1990). In muscle, IGF-I stimulates the differentiationII. Based on studies of the chicken (De Pablo et al.,
and proliferation of myoblasts into myotubes. In chicken1990), it is widely held that birds have only two receptors
muscle satellite cells, IGF-II is more potent than IGF-Ifor IGFs (the insulin receptor and the type-I IGF recep-
in binding to the type-I IGF receptor (Duclos et al., 1991).tor). The type-I IGF receptor mediates the effects of
However, the type-I IGF receptor found inturkey muscleboth IGF-I and IGF-II. Studies on the specificity of
cells has a higher affinity for IGF-I than IGF-II (Minshallthe insulin receptor and the type-I IGF receptor are
et al., 1990; Sun et al., 1992). The relative affinity of thecomplicated by the limited ability of 125I-insulin to bind
chicken type-I IGF-I receptor for heterologous ligandsto the type-1 IGF receptor and of 125I-IGF-I to bind to
(i.e., human IGF-I and IGF-II) must be reestablished bythe insulin receptor. However, it appears that insulin is
using recombinant-derived chicken IGF-I and IGF-IImore potent than IGF-I in competing with binding of
as ligand.125I-insulin to the chicken insulin receptor, while IGF-

Developmental regulation of the hepatic type-I IGFI is considerably more potent than insulin in displacing
receptor in chickens shows that receptor binding levels125I-IGF-I from the type-I IGF receptor (Bassas et al.,
increase sharply after hatching, reach a peak at 1 week1987; Duclos and Goddard, 1990).
of age, and fall to low levels by 3 weeks of age (BassasThe chicken (cation-independent) mannose-6-phos-

phate receptor does not bind IGF-II (Yang et al., 1991) et al., 1987; Duclos and Goddard, 1990; Duclos et al.,
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1991). The chicken type-I IGF receptor cDNA has a tration in the circulatory system (endocrine) (Figure 3).
very high sequence homology (85%) to that of the hu- Much of our knowledge of the biological effects of IGF-
man IGF-I receptor (Holzenberger et al., 1996). The I and IGF-II in birds come from in vitro studies. In early
relative abundance of the type-I IGF receptor in dif- chicken embryos, IGF-I stimulates growth as indicated
ferent tissue (brain . muscle . liver) is similar for by increased embryo weight, although the magnitude
the chicken (Armstrong and Hogg, 1994) and turkey and potency of the effects are less than those found
(McFarland et al., 1992). The number of type-I IGF with insulin (Girbau et al., 1987). In chicken embryos
receptors is greater than insulin receptors in most tissues incubated ex ovo, IGF-I increases protein synthesis as
during early embryonic development, except in the liver indicated by increasing phenylalanine extraction from
which predominately expresses the insulin receptor (De the media (Munaim et al., 1988). It should be noted,
Pablo et al., 1993). Expression of type-I IGF receptor however, that the administration of IGF-I into the
mRNA is higher in day-21 chicken embryos (brain . chicken embryo in ovo does not stimulate growth (Spen-
muscle . liver) than in tissue of the day 16 embryo or cer et al., 1990).
the 4-week-old chicken (Armstrong and Hogg, 1994). In contrast, IGF-I or IGF-II promote cell prolifera-
The extensive distribution of type-I IGF receptor tran- tion and differentiation of avian cells in culture. Exam-
scripts in the central nervous system of the chicken ples of this include IGF-I- and IGF-II-enhanced prolif-
embryo points to the importance of the IGFs in growth

eration of preadipocytes (Butterwith and Goddard,and development of the avian brain (Holzenberger et
1991), chondrocytes (Leach and Rosselot, 1992), fibro-al., 1996). Similarly, the abundance of the type-I IGF
blasts (Cynober et al., 1985), and heart mesenchymalreceptor is greater in the brain than in either muscle or
cells (Balk et al., 1982). Moreover, IGF-I and/or IGF-liver of the young turkey (McFarland et al., 1992). Thus,
II increase net protein accretion in fibroblasts by de-the developmental rise in IGF-I binding in the chicken
creasing protein breakdown (Kallincos et al., 1990) and(Duclos and Goddard, 1990) corresponds to peak levels
by increasing amino acid uptake and protein synthesisof circulating IGF-I found after hatching.
(Cynober et al., 1985). In the chicken embryo, IGF-I
induces the differentiation of the lens as well as epithe-3. Insulinlike Growth Factor Binding Proteins
lial cells (Caldes et al., 1991). There is also evidence that

Both IGF-I and IGF-II circulate bound to carrier IGF-I is produced locally in some of these tissues. For
proteins known as the IGF-binding proteins (IGFBPs). instance, IGF-1 stimulates the growth of chicken em-
Six IGFBPs have been identified in mammals and three bryo cartilage (increasing weight and/or chondroitin sul-
IGFBPs have been reported for the chicken (Armstrong fate) in vitro, although cartilage is also capable of pro-
et al., 1989; Francis et al., 1990). There is additional ducing IGF-I (Burch et al., 1986). Similarly, IGF-I
evidence of at least six IGFBPs in the serum of the induces proliferation of chicken heart cells in vitro; IGF-
broiler chicken (Goddard et al., 1993). The role of the I may exert the same effect in vivo since antisera to
different IGFBPs in mediating the action of the IGFs IGF-I blocks the proliferation of cultured myocardial
in birds is complex since one IGFBP can enhance the cells (Balk et al., 1984).
activity of IGF-I (Elgin et al., 1987), while binding to
another IGFBP can reduce IGF-I activity (Burch et al.,
1986; Delbe et al., 1991). Possible mechanisms by which

III. THYROTROPIC AXISeach IGFBP functions include: (1) transport of IGFs to
specific tissues or cells, (2) prolonging the half-life of

A. Thyroid Hormones and Their ReceptorsIGFs by regulating metabolic clearance, or (3) control-
ling activity by modulating interaction with receptors. The physiology of thyroid hormones is considered
For example, most of the circulating IGF-I and IGF-II elsewhere (Chapter 15); however, it is appropriate to
is bound to IGFBP-3 as part of a 150-kDa complex. In briefly review the role of thyroid hormones in regulation
mammals, synthesis of IGFBP-3 is enhanced by GH of growth and development. In birds and mammals,
and binding of IGF-I to IGFBP-3 prolongs its half-life. the predominant iodothyronine secreted by the thyroid
Alterations in levels of other IGFBPs during pathophys-

glands is thyroxine (T4), a pro-hormone which is con-
iological states, such as GH deficiency, protein restric-

verted to the active form triiodothyronine (T3) or catab-tion, or starvation, suggest that the IGFBPs determine
olized to metabolically inactive reverse T3 (rT3).the biological activity of IGFs (Ambler et al., 1996).

In birds, the thyroid hormones are required for nor-
mal growth, since thyroidectomy results in a consider-

4. IGFs and Growth able reduction in growth rate in young chickens (Snede-
cor, 1968; Raheja and Snedecor, 1971; King and King,The action of the IGFs at the cellular level depends
1973, 1976; Moore et al., 1984) or in the chick embryoon both their local production (autocrine/paracrine) and

hepatic production which determines the IGF concen- (McNabb et al., 1984). In young chickens, the decrease
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in growth results in reductions in skeletal and bone IV. GONADOTROPIC AXIS
masses (King and King, 1973, 1976; Moore et al.,
1984). These effects of thyroidectomy can be overcome A. Gonadal Steroids and Their Receptors
partially by T3 or T4 replacement therapy (King and

In many mammals, growth can be stimulated by an-King, 1973). Similarly, growth can be stimulated by
drogens and/or estrogens. These effects are exerted

T3 or T4 administration in hypophysectomized chicks
either directly at the tissue level or mediated by the

(King, 1969; Scanes et al., 1986) and in sex-linked hypothalamo–pituitary axis. In either case, estrogen acts
dwarf chickens, which are T3 deficient (Scanes et al., via binding to nuclear receptors while androgens can
1983; Marsh et al., 1984; Leung et al., 1984c). The evoke their effect via either the nuclear androgen recep-
stimulatory effect of thyroid hormones in growing tor or the estrogen receptor following aromatization
chicks can be mediated either by increases in the to estrogen.
circulating concentrations of IGF-I and/or by direct Sex steroids have been observed to influence growth
effects of T3 on the growing tissues. There is, indeed, but with remarkably large differences between species,
evidence that T3 can stimulate the growth of chick although only a few avian species have been examined.
embryo cartilage in vitro (Burch and Lebovitz, 1982; In the chicken, the marked sexual dimorphism in growth
Burch and Van Wyk, 1987). rate does not appear to be related to either androgens

While T3 is required for the full manifestation or estrogens. The administration of androgens (either
of growth, dietary T3 depresses growth rate when aromatizable (e.g., testosterone or 19-nortestosterone)
continuously administered to growing chickens (May, or nonaromatizable (e.g., 5a-dihydrotestosterone)), at
1980; Decuypere et al., 1987). This could be due to physiological concentrations, to male, female, or cas-
the inhibitory effects of T3 on GH release in chickens trated male chicks does not stimulate growth (Fennell
(Leung et al., 1984b; Marsh et al., 1984). However, and Scanes, 1992a). Instead, skeletal growth, particu-
short-term treatment of premarket broiler chickens larly of the long bones, is considerably reduced (Fennell
with a low level of dietary T3 reduces accumulation and Scanes, 1992a). In contrast in the domestic turkey,
of excess body fat and increases accretion of muscle administration of androgens is followed by considerable
protein (Cogburn, 1991; Cogburn et al., 1995). Further- increases in growth (Fennell and Scanes, 1992b). In view
more, there is a strong synergism between dietary T3 of the ability of either aromatizable and nonaromatiza-
and exogenous cGH in improving body composition ble androgens to enhance growth of the turkey, it is
of broiler chickens (Cogburn, 1991; Cogburn et al., probable that the effect is mediated by androgen recep-
1995). tors in the muscle and bone. While androgens can influ-

Not only do thyroid hormones appear to be required ence GH secretion in birds (Fennell et al., 1990), there
for growth in the avian ambryo but also they influence is not evidence that circulating concentrations of IGF-
differentiation and the acquisition of full functioning by I are affected by androgen treatment (M. J. Fennel, S. V.
embryonic organs prior to hatching (see Chapter 15 for Radecki, and C. G. Scanes, unpublished observations).
details). Effects of T3 in the late-stage embryo are not
surprising in view of the increases in circulating concen-

V. LACTOTROPIC AXIStrations of T3 observed before hatching (McNabb and
Hughes, 1983). However, the reduction in growth rate in

A. Prolactin and Its Receptorchick embryos receiving goitrogen treatment is perhaps
surprizing since circulating T3 concentrations are low, Prolactin (PRL) is most noted for its role in develop-
although T4 levels are high at mid-stage (days 9 to 11) ment of the mammary gland and stimulation of lactation
(McNabb et al., 1984). There could be significant mono- in mammals. However, the biological activity of purified
deiodination of T4 to T3 in the peripheral tissues or high bovine PRL was originally assessed by measurement of
levels of T4 could exert effects by binding to the avian its proliferative action on pigeon crop sac epithelium
thyroid hormone receptor. The latter is unlikely based which yields ‘‘crop milk’’ (Riddle et al., 1935). It has
on the chicken hepatic nuclear binding studies (Bella- become clear that PRL participates in a variety of physi-
barba and Lehoux, 1981). Further evidence that the ological functions in birds including reproduction and
thyroid hormones are exerting a role in the midstage maternal behavior, osmoregulation (Scances et al., 1976;
chick embryo comes from the reports of high levels of Harvey et al., 1984; Ensor, 1978; Philips and Harvey,
thyroid hormone receptor in the brain and liver (Bella- 1982), fat metabolism (Meier et al., 1965; Garrison and
barba and Lehoux, 1981; Bellabarba et al., 1983). The Scow, 1975), and immunomodulation (Bhat et al., 1983;
thyroid hormone receptors are considered elsewhere in Skwarlo-Sonta, 1990; Skwarlo-Sonta, 1992). It appears

that PRL is required for normal gonadal developmentthis volume (Chapter 15).
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and the photosexual response of chickens (Sharp et al., al., 1993) and tPRL (Guemene et al., 1994) for in vitro
and in vivo experiments will make an important contri-1989; Talbot et al., 1991) and turkeys (El Halawani et

al., 1991; Wong et al., 1991; Youngren et al., 1991; Wong bution in resolving PRL action in avian species. A single
in ovo injection of turkey embryos with recombinant-et al., 1992). In the chicken and turkey hen, enhanced

PRL secretion is usually associated with initiation of derived tPRL slightly depressed posthatching growth
and diminished the endogenous developmental patternincubation behavior and subsequent regression of the

ovary (Proudman and Opel, 1981; Hall et al., 1986; El of PRL secretion (Guemene et al., 1992). In chicken
embryos, a single injection of biosynthetic cPRL altersHalawani et al., 1988; Sharp et al., 1988; Talbot et al.,

1991; Wong et al., 1992; El Halawani and Rozenboim, peripheral metabolism of thyroid hormones and in-
creases corticosterone secretion (Kuhn et al., 1996).1993). In male chickens and turkeys, plasma PRL levels

are generally high for the first 2 or 3 weeks after hatch- As a member of the cytokine/GH receptor gene su-
perfamily, the PRL receptor (PRL-R) consists of aning, decline during the juvenile period, increase with

the onset of sexual maturity, and then decline in adults extracellular ligand binding domain, a single transmem-
brane domain, and an intracellular domain which is in-(Scanes et al., 1976; Harvey et al., 1979; Proudman and

Opel, 1981; Burke and Marks, 1982; Sterling et al., 1984). volved in signal transduction (see Figure 2). Mammalian
PRL-R isoforms differ only in length of the intracellularRecently, the cDNA that encode turkey (Wong et al.,

1991) and chicken (Hanks et al., 1989a; Watahiki et al., domain (Kelly et al., 1993), whose heterogeneity could
transduce different PRL signals (Ali et al., 1992; Horse-1989) PRL have been isolated, sequenced, and charac-

terized (Shimada et al., 1993). In the embryo, pituitary man and Yu-Lee, 1994). The cDNA sequence of the
chicken PRL-R (cPRL-R) (Tanaka et al., 1992), pigeonPRL mRNA levels increase dramatically just before

hatching and remain high in the newly hatched chick PRL-R (pPRL-R) (Chen and Horseman, 1994), and
turkey PRL-R (tPRL-R) (Zhou et al., 1996) have been(Ishida et al., 1991). As expected, pituitary levels of PRL

mRNA are higher in incubating hens than in laying recently determined. The structure of avian PRL-Rs
differs from that of mammalian PRL-Rs due to thechickens (Talbot et al., 1991; Kansaku et al., 1994) and

turkeys (Wong et al., 1991). presence of two conserved ligand-binding regions in the
extracellular domain. Although the extracellular struc-The administration of exogenous (ovine) PRL to lay-

ing hens arrests ovulation, causes ovarian involution, ture of the avian PRL-Rs is unusually large, tandem
repeats of the extracellular domain are found amongand initiates incubation behavior (Riddle et al., 1935;

Nalbandov, 1945; Opel and Proudman, 1980; El Hala- other members of this distinct gene family; e.g.,
interleukin-3 receptor (Gorman et al., 1990). The GHR/wani et al., 1984; Sharp et al., 1988). A number of studies

have shown that exogenous (mammalian) PRL causes PRL-R family appears to use a common activation path-
way that involves ligand-induced receptor homodimer-involution of the testes in domestic and feral birds

(Breneman, 1942; Nalbandov, 1945; Lofts and Marshall, ization and tyrosine phosphorylation of intermediates
(i.e., JAK2) for signal transduction (Fuh et al., 1992,1956; Cramer and Harper, 1973; Opel and Proudman,

1980; Buntin and Tesch, 1985). Thus, PRL appears to 1993; Carter-Su et al., 1994; Horseman and Yu-Lee,
1994; Kelly et al., 1994; Rui et al., 1994). The PRL signalbe required for normal sexual development in domestic

fowl, whereas hyperprolactinemia causes cessation of which is initiated by ligand binding to its receptor, acti-
vates transcription of specific milk protein genes inreproductive activity (i.e., incubation/brooding behav-

ior, ovarian regression, and male impotence). However, mammals (Doppler et al., 1990; Lesueur et al., 1990;
Djiane et al., 1994) and of cropmilk genes in the pigeonconsiderable caution must be used in interpreting the

responses of birds to ovine or bovine PRL treatment (Horseman, 1989; Horseman et al., 1992; Horseman and
Buntin, 1995).since these forms of PRL also bind with high affinity to

the avian GHR (Leung et al., 1984a; Krishnan et al., Specific PRL-binding activity is found in the cropsac
(Anderson et al., 1984), kidney (Krishnan et al., 1991),1989; Burnside and Cogburn, 1993). Thus, heterologous

(ovine and bovine) PRL ligands do not discriminate liver (Buntin et al., 1984), and brain (Buntin and Ru-
zychi, 1987) of birds. Unfortunately, these early bindingbetween the somatotropic (GHR) and lactotropic

(PRL-R) receptors of some birds. Homologous PRL studies were conducted with ovine PRL as the radioli-
gand, which complicates the issue of whether the liganddoes not bind to the abundant GHR found in liver

of chickens (Leung et al., 1984a; Krishnan et al., 1989; binds to the lactogenic or somatotropic receptor. In
the pigeon (Chen and Horseman, 1994) and chickenBurnside and Cogburn, 1993; Kuhn et al., 1996) or tur-

keys (Krishnan et al., 1989); and, similarly, homologous (Tanaka et al., 1992), PRL-R transcripts are found in
cropsac, intestine, liver, and kidney. In the turkey, PRL-GH does not bind to the PRL-R expressed in the kidney

of these birds (Krishnan et al., 1991). The availability R mRNA levels are highest in the hypothalamus and
kidney (Zhou et al., 1996). The wide distribution ofof biosynthetic cPRL (Hanks et al., 1989b; Ohkubo et
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PRL-R transcripts in ovary, testes, kidney, bursa, and trol of early chick embryo development. Insulin can
compete for binding to type-I IGF receptors, albeit tothymus tissue of chickens (J. N. C. Mao, J. Burnside, and

L. A. Cogburn, unpublished observations) is consistent a less extent than IGF-I. Thus, the effects of insulin
on chicken embryo growth are probably mediated bywith the proposed functions of PRL in birds mentioned

above. Also, we have recently identified unique trun- insulin receptors because insulin is more potent than
IGF in stimulating embryo growth (Girbau et al., 1987)cated cPRL-R transcripts, which correspond only to the

intracellular domain in the testes of sexually mature and there is evidence from binding studies for specific
insulin receptors in chick embryos (Bassas et al., 1987).chickens. The function of these testis-specific PRL-R

transcripts in the sexual development of the chicken is Moreover, the administration of antisera against the
insulin receptor to chick embryos results in reducedpresently unknown. Our knowledge of PRL action in

birds is rapidly advancing through use of molecular growth (body weight, DNA, RNA, protein) (Girbau et
al., 1988). However, the effects of insulin on muscleprobes, for PRL and the PRL-R, and characterization

of PRL-regulated genes (Horseman, 1994; Horseman differentiation are probably mediated via type-I IGF
receptors as antisera against the insulin receptor failedand Buntin, 1995).
to influence embryo creatine-kinase MB isozyme (Gir-
bau et al., 1988). Regulation of metabolism and body

VI. ADRENOCORTICOTROPIC AXIS composition in broiler chickens by the insulin/glucagon
molar ratio has been reviewed (Simon, 1989; Cogburn,

A. Adrenocorticotropin and Corticosterone 1991; Simon and Taouis, 1993). The interactions of
chicken insulin and glucagon with their respective recep-

Glucocorticoids, of which corticosterone (CS) is the
tors has been recently described (Simon, 1995).

most abundant in birds, play important roles in the con-
trol of metabolism (see Chapter 17). It is reasonable to
infer that maximal growth rates require normal metabo- VIII. GROWTH FACTORS
lism and hence adequate circulating concentrations of
glucocorticoids. There is little evidence that insufficient It is now apparent that there are a series of growth
levels of CS adversely affects growth in birds. Indeed, factors, in addition to IGF-I and IGF-II, which influence
the administration of CS to hypophysectomized chicks embryonic and posthatch development. These factors
failed to stimulate growth (King and Scanes, 1986). act by stimulating cell proliferation or differentiation.
However, treatment of growing chickens with CS de- Large numbers of genes, involved in regulation of em-
presses growth rate while abdominal fat weight is in- bryogenesis and development, have been studied in the
creased (Buyse et al., 1987; Siegel et al., 1989; Taouis et chicken. During early embryogenesis left/right asymme-
al., 1993). Similarly, injection of glucocorticoids into try, and anterior/posterior and dorsal/ventral axes are
growing Japanese quail with reduces fat-free body formed. Later in development, structures like the limbs
weight (Bray, 1993) while in adults, CS depresses nitro- and digits are formed. The identification of tissue growth
gen detention and increases nitrogen excretion (De La factors and their actions in birds will be briefly consid-
Cruz et al., 1988). ered below.

A. Epidermal Growth Factor (EGF) andVII. PANCREATIC HORMONES
Transforming Growth Factor-a (TGF-a)

A. Insulin and Its Receptor
EGF has been identified in a wide variety of tissues

and is mitogenic for cells of ectodermal and mesodermalWhile insulin plays a major role in the control of
metabolism (Simon, 1989, 1995; Simon and Taouis, origin. EGF has been characterized in a number of mam-

malian species as a protein with 53 amino acid residues1993), particularly glucose metabolism, insulin is in-
volved in the control of growth of avian embryos. (Johnson, 1992). In mammals, TGF-a is a peptide con-

taining 50 amino acid residues that shows marked ho-Growth of chicken embryos, between days 2 and 5 of
development, is increased by administration of low mologies to EGF. As yet, a cDNA encoding an avian

EGF has not been isolated and sequenced. It is likelydoses of insulin (De Pablo et al., 1985b; Girbau et al.,
1987). Conversely, chick embryos treated with antisera that an avian homolog to mammalian TGF-a exists, but

the sequence has not been reported.to insulin either die or show marked growth retardation
(De Pablo et al., 1985a). These reports coupled with the In birds, EGF stimulates the proliferation of heart

mesenchymal cells (Balk et al., 1982); this effect is po-definitive observations of the presence of insulin in early
chick embryos argue that insulin is involved in the con- tentiated by IGF-I (Balk et al., 1984). In addition, not
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only do chick embryo epidermal cells respond to EGF, the presence of bFGF (Halevy et al., 1994). Evidence
that FREK is the physiological receptor for bFGF comesbut this has been used as a bioassay for EGF (Cohen,

1965). Evidence that EGF itself (and not TGF-a) stimu- from the ability of retinoic acid to down-regulate the
expression of FREK and to inhibit bFGF-induced pro-lates embryonic growth comes from measurement of

EGF activity during development of the chick embryo liferation of chick embryo muscle satellite cells (Halevy
et al., 1994).(Mesiano et al., 1985). The existence of an avian TGF-

a is supported by the immunocytochemical detection There is substantial evidence that FGF is involved
in embryonic development of birds. bFGF stimulatesof TGF-a, but not of EGF-like immunoreactivity, in

embryonic chick kidney tubules (both mesonephric and angiogenesis in the chorioallantoic membrane of the
chick egg (Gospodarowicz et al., 1987); this responsemetanephric) (Diaz-Ruiz et al., 1993).

The sequence of chicken EGF receptor (EGF-R) has has been employed as a biological assay for FGF activity.
Both muscle and bone development appear to be af-been established (Lax et al., 1988). Both EGF and TGF-

a bind to the EGF receptor, suggesting that TGF-a fected by FGF, albeit both stimulatory and inhibitory
effects on muscle differentiation have been found. Theexerts its biological effects via the EGF receptor (Lax

et al., 1988). Moreover, the parallel demonstration of proliferation of both myogenic satellite cells and myo-
blasts from turkey embryo is stimulated by bFGF (SunEGF-R immunoreactivity in the developing chick kid-

ney provides strong support to the view that TGF-a acts and McFarland, 1993). FGF can delay the differentia-
tion of chick embryo skeletal muscle colony-formingvia EGF receptors (Diaz-Ruiz et al., 1993). In addition,

in vitro studies with chicken cells stimulated with mam- cells. In addition, a subset of muscle cells require FGF
for myogenic differentiation (Seed and Hauschka, 1988;malian EGF and TGF indicate that TGF-a is consider-

ably more potent than EGF (Lax et al., 1988). Seed et al., 1988). In the case of chondrocytes, bFGF
increases both proliferation (O’Keefe et al., 1988a,b)
and differentiation (Leach and Rosselot 1992) of chickB. Fibroblast Growth Factor (FGF)
chondrocytes. In addition, bFGF stimulates production
of another growth factor, TGF-b, from cultured chickIn mammals, fibroblast growth factors exist primarily

in two forms, a ubiquitous basic form (bFGF/FGF2) chondrocytes (Gelb et al., 1990).
bFGF transforms chick embryo blastoderm cells intoand an acidic form (aFGF/FGF1) found primarily

in neural tissue (i.e., brain and retina). These factors erythropoietic cells (Gospodarowicz et al., 1987). It
also appears that FGF is produced by hypoblast cellsstimulate the proliferation of many mesoderm- and

neuroectoderm-derived cells. Based on analogy with which causes differentiation of blastoderm cells into
erythropoietic cells, since the erythropoietic effect ofmammalian FGFs, two FGFs have been identified in

birds. A 16-kDa protein extracted from chick brain cross the hypoblast cells blocked by antisera to bFGF
(Gordon-Thomson and Fabian, 1994). The commitmentreacts with antibodies to bovine bFGF (Risau et al.,

1988). A putative chicken brain aFGF has also been to melanogenesis, in chick embryo neural crest cells, is
stimulated by bFGF (Stocker et al., 1991). Althoughisolated which shows very close homology to the N-

terminal amino acid region of mammalian aFGF (Risau aFGF is more potent, both FGFs enhance proliferation
of chick embryo preadipocytes (Butterwith et al., 1993).et al., 1988). Both FGFs bind to heparin in a manner

similar to mammalian FGFs (Risau et al., 1988). In addi- Moreover, the proliferative effects of IGF-I, PDGF,
TGF-a and TGF-b 1 are greatly enhanced in the pres-tion, the cDNA for chicken FGF4 has been isolated and

characterized. The primary structure of the deduced ence of either aFGF or bFGF (Butterwith et al., 1993).
bFGF mRNA can be detected in both proliferating andamino acid sequence shows high homology to mamma-

lian FGF4 (Niswander et al., 1994). differentiating chick preadipocytes (Burt et al., 1992),
but bFGF has no effect on the differentiation of pre-The chicken FGF receptor (FGF-R) has been par-

tially characterized (Burrus and Olwin, 1989). Several adipocytes (Butterwith and Gilroy, 1991; Butterwith
and Goddard, 1991).mammalian FGF receptors have been cloned and se-

quenced including FGF-R1, FGF-R2 and FGF-R3. The response of avian embryonic cells to FGF indi-
cates that FGF and FGF receptor are expressed duringAvian homologs of these FGF-R exist (Pasquale and

Singer, 1989; Lee et al., 1989; Pasquale, 1990). There is embryogenesis (Munaim et al., 1988; Kalcheim and Neu-
feld, 1990). Furthermore, the presence of FGF in bothan additional member of the FGF-R family found in

the chick embryo, namely fibroblast growth factor re- the limb (Munaim et al., 1988) and nervous system (Kal-
cheim and Neufeld, 1990) of the bird would supportceptorlike embryonic kinase (FREK) (Marcelle and

Eichmann, 1992; Marcelle et al., 1994). FREK mRNA physiological roles for FGF in the development of these
organs/tissues. Recently, it has been shown that coad-is present in chick embryo chondrocytes and satellite

cells (Halevy et al., 1994) with increased expression in ministration of FGF4 and retinoic acid induces the ex-
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pression of sonic hedgehog (Shh) mRNA. In turn, Shh E. Transforming Growth Factor-b
expression leads to hoxd-11 expression (one of the ho- (TGF-b) Superfamily
meobox family) and ultimately supports formation of

Members of the transforming growth factor-b (TGF-the embryonic skeleton (Niswander et al., 1994). More-
b) superfamily exhibit a panoply of actions on growthover, a crucial piece of evidence for the role of FGF4
and differentiation. This family includes several TGF-was the observation that an additional limb bud was
bs, the inhibin/activin subunits, Muellerian inhibitoryformed after chick embryos were given implants of
substance, bone morphogenic proteins (BMP), andFGF4-expressing cells in the lateral plate mesoderm
glial-derived neurotrophic factor. Studies in avian sys-(Ohuchi et al., 1995).
tems are not available for all members of this family,
but information on avian homologs is forthcoming.

C. Platelet-Derived Growth Factor (PDGF)

1. TGF-bsPDGF is released during activation of platelets and
accounts for much of the ability of serum to stimulate A number of closely related forms of TGF-b have
growth of cells in culture. There is relatively little infor- been characterized in mammals including TGF-b1,
mation of the structure, tissue expression, or biological TGF-b2, and TGF-b3. Structure of chicken TGF-b1,
actions of PDGF in birds. There is evidence that PDGF TGF-b2, and TGF-b3 have been deduced from the
may have a role in embryo development by stimulating cDNA sequences. An additional isoform TGF-b4 has
the proliferation of preadipocytes (Butterwith and God- been characterized in the chicken. TGF-b isoforms show
dard, 1991). Moreover, PDGF influences ovarian func- 75–80% homology to each other in their amino acid
tioning by elevating plasminogen activity in chicken sequence. Moreover, the TGF-bs isoforms have the
granulosa cells (Tilly and Johnson, 1990). same overall structure as homodimers of 114-amino-

acid-residue-containing subunits (Johnson, 1992). TGF-
b isoforms are known to be produced by many cell types

D. Nerve Growth Factor (NGF) in mammals. As yet, TGF-b synthesis and/or expression
has been reported in only a few cell types in only oneAn avian NGF has been partially purified from chick
avian species, the chicken. In this case, chondrocytes,embryos (Belew and Ebendal, 1986). The amino acid
myocytes, and preadipocytes have been found to expresssequence of chicken NGF has been deduced from the
TGF-b2, TGF-b3, and TGF-b4 mRNA (Jalowlew etcloned cDNA (Meier et al., 1986; Ebendal et al., 1986).
al., 1991). The biological effects of TGF-b have beenThe interaction of NGF with the NGF receptor mediates
extensively examined with both mammalian and avian

the effects of NGF on avian neural development. For
(chicken) cells in vitro. Studies with cultured chicken

instance, the volumes of both sympathetic and Remak’s cells have employed mammalian TGF-b which is biolog-
ganglia are increased following NGF administration to ically active in birds. The biological activity of the differ-
chick embryos with concomitant increases in the num- ent TGF-b isoforms appear to be similar to that of
ber of neurons per ganglion (Dimberg and Ebendal, mammals. In vitro, TGF-b influences the proliferation
1987). Conversely, in ovo administration of antisera to and differentiation of different cell types. For instance,
mammalian NGF reduces the number of neurons found TGF-b decreases both DNA synthesis (proliferation)
in the sympathetic ganglion (Dimberg and Ebendal, and melanocyte formation of quail neural crest cells
1988). In vitro, NGF stimulates neural development in- (differentiation) while increasing expression of fibro-
cluding neurite formation by chick embryo neurons nectin (differentiation) (Rogers et al., 1992). Similarly,
(Rush et al., 1986). NGF also exerts a retrograde trophic with chick embryo neural crest cells, TGF-b1 inhibits
action. NGF mRNA has been observed in the chick the basal rate of differentiation of pigmented cells and
embryo (e.g., skin, eye) with peak levels around day 10 the stimulated rate of melanogenesis caused by bFGF
of embryonic development (Ebendal and Persson, 1988; (Stocker et al., 1991). With chick embryo chondrocytes,
Goedert, 1986; Ebendal et al., 1982). There is evidence TGF-b increases DNA synthesis (proliferation) (Crabb
that there are growth factors distinct from NGF which et al., 1988; O’Keefe et al., 1988a) and stimulates sulfate
exert neurotropic effects on chick embryo cells. For incorporation and synthesis of noncollagen protein, al-
instance, avian muscle cells produce a factor which in- though collagen synthesis is reduced (O’Keefe et al.,
fluences neurite formation in chick sympathetic neurons 1988b). The evidence for the effects of TGF-b together
(Rush et al., 1986); this effect was not blocked by antisera with the local expression of TGF-b isoforms and their

respective mRNAs would support a role for TGF-b into NGF.
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embryonic limb formation (Leonard et al., 1991). On induces programmed cell death or apoptosis (Graham
et al., 1994).the other hand, in chick adipocytes, TGF-b acts as a

very potent agent which increases proliferation (Butter-
with and Goddard, 1991) while suppressing differentia-

4. Glial Cell-Derived Nerve Growth Factor (GDNF)
tion (Butterwith and Gilroy, 1991). In tandem with the
effects of TGF-b on cell proliferation and differentia- In ovo, GDNF increases the survival of motor neu-

rons (Oppenheim et al., 1995). In vitro studies with chicktion, TGF-b1 has been shown to increase the expression
of heat shock protein (Hsp 70 and Hsp 90) mRNA by embryo motor neurons further demonstrate that the

mechanism for the improve survival is a reduction inchick embryo cells (Takenaka and Hightower, 1993).
programmed cell death or apoptosis (Oppenheim et
al., 1995).

2. Inhibin/Activin

These proteins were originally discovered by measur- F. Homeobox Genes
ing their effects on gonadotrophin secretion from the

Among the genes involved in morphogenesis andanterior pituitary (Gaddy-Kurten et al., 1995). As
patterning, the Hox gene family of transcription factorsclosely related members of the TGF-b superfamily, in-
is the best characterized. Homeobox genes are masterhibin and activin share common subunits which are en-
genes which function during patterning and morphogen-coded by distinct genes (Kingsley, 1994). Inhibin blocks
esis of the developing embryo. These genes are DNApituitary release of follicle-stimulating hormone (FSH)
binding transcription factors with high sequence homol-and is composed of an a-subunit (unique to inhibin) and
ogy in the DNA binding domain, referred to as thea b-subunit. Conversely, activin stimulates FSH release
homeobox. The Hox class of homeobox genes is a linkedand is composed of dimers of the b-subunit, designated
group of genes, originally identified in Drosophila, thatas bA and bB. A cDNA encoding the a-subunit of
shows a high degree of structural and functional conser-chicken inhibin has been cloned, sequenced, and used
vation in vertebrates (Fainsod and Gruenbaum, 1995).to demonstrate abundant mRNA levels in the granulosa
The expression of different combinations of Hox geneslayer of preovulatory follicles, but not other tissues (i.e.,
in a given region of a developing embryo determinesbrain, kidney, liver, or spleen), of the laying hen (John-
the resulting structure of the embryo. Recently, factorsson and Wang, 1993; Wang and Johnson, 1993). Re-
involved in the regulation of expression of the Hoxcently, a cDNA clone which encodes the bA-subunit of
genes have provided more details on mechanisms regu-chicken inhibin/activin has been isolated, sequenced,
lating early development. For example, Hensen’s nodeand used to establish high levels of bA-subunit mRNA
orchestrates anteroposterior, dorsoventral, and left–in the granulosa layer of preovulatory follicles (Chen
right body axis formation. Four RNAs are asymmetri-and Johnson, 1996). Apparently, a shorter transcript of
cally expressed along the left–right axis during earlychicken inhibin a-subunit is only found in muscle and
development (Levin et al., 1995). An activinlike mole-

the lung of the laying hen. There is some new evidence
cule on the right side activates signaling through its

that inhibin and activin may play antagonistic roles in
receptor (cAct-RIIa) and suppresses sonic hedgehog

paracrine regulation of gonadal steroidogenesis in the
(Shh) on the right. The absence of activin activity on

chicken embryo (Rombauts et al., 1996). A unique non- the left side allows expression of Shh, which induces
reproductive role has been described for activin or activ- chicken nodal-related gene 1 (cNR-1) on the left side.
inlike molecules in determining left–right asymmetry This eventually leads to asymmetric heart development.
during early organogenesis of the chick embryo (Levin Shh also participates in limb bud development (Laufer
et al., 1995; see Section VIII,F below). et al., 1994). In this case, FGF-4 acts in concert with

Shh to control expression of critical Hox genes involved
in formation of the limb. Retinoids can also control3. Bone Morphogenic Protein-4
Hox gene expression (Tabin, 1995). Retinoids act in a

Bone morphogenic protein-4 (BMP-4) is osteoinduc- manner analogous to steroid hormones (with nuclear
tive, important for gastrulation, and involved in neural receptors, namely the retinoic acid receptors (RARs)
development. In the chick embryo, BMP-4 is expressed and the retinoid X receptors (RXRs)). A gradient of
in the presumptive neural fold of the hind brain in a retinoic acid originating in the zone of polarizing activity
manner consistent with the depletion of neural crest induces the expression of Hoxb-1 in mesoderm and neu-
cells in the rhombomeres (Graham et al., 1994). More- roectoderm of the early chick embryo (Marshall et al.,

1994); Hoxb-1 is one of the earliest expressed membersover, treatment of these neural crest cells with BMP-4
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GHR gene of the Connecticut dwarf broiler strainof the Hoxb homeobox gene complex. Although the
(Agarwal et al., 1994). In a Leghorn dwarf strain, a pointtarget genes which are activated by the Hox gene net-
mutation results in the substitution of an isoleucine forwork are not known, studies in the chick embryo are
a conserved serine in the extracellular domain (Duriezproviding clues to factors controlling vertebrate mor-
et al., 1993). The mutation in the Cornell dwarf strainphogenesis and development.
of Leghorn chickens has not yet been identified (Hull
et al., 1993). Regardless of the specific mutation in the
GHR gene of different strains of dwarf chickens (Cog-IX. MODELS IN AVIAN GROWTH
burn et al., 1997), the physiological outcome is similar
due to the absence of a functional GHR protein whichA. Sex-Linked Dwarf Chickens
is required for transduction of the GH signal in target

The sex-linked dwarf chicken (gene symbol, dw) cells (Burnside et al., 1997).
(Hutt, 1959; Guillaume, 1976) represents an interesting The growth rate of dwarf chickens is similar to that
model for understanding the importance of a functional of normal chickens until about 4 weeks of age (i.e., GH-
somatotropic axis for normal growth and development. independent growth); thereafter, the growth of normal
In general, dwarf chickens grow to about two-thirds of chickens proceeds at a higher rate which marks the
normal stature (Guillaume, 1976) and plasma levels of period of GH-dependent growth (Figure 6A). Although
GH and T4 are elevated, while plasma T3 and IGF-1 plasma IGF-I levels in dwarf chickens fail to show the
levels are depressed (Scanes et al., 1983; Stewart et al., typical developmental rise, IGF-I levels are maintained
1984; Huybrechts et al., 1987). The disruption of the at about one-third that of normal birds (Figure 6B).
somatotropic axis in dwarf chickens is evidenced by a However, GH-dependent IGF-I production can be re-
virtual absence of GH-binding activity in liver (Leung stored in cultured dwarf hepatocytes after transfection
et al., 1987; Vanderpooten et al., 1991b; Burnside et and transient expression of the full-length chicken GHR
al., 1992) and serum (Cogburn et al., 1997) and low
circulating IGF-I (Huybrechts et al., 1987; Cogburn et
al., 1995). The abnormalities in peripheral thyroid hor-
mone metabolism reflect impaired conversion of T4 into
metabolically active T3 (May and Marks, 1983; Scanes
et al., 1983; Kuhn et al., 1990; Bartha et al., 1994), which
appears to be regulated by GH (Kuhn et al., 1987; Darras
et al., 1990). The hypothyroid state of dwarf chickens
contributes to lowered basal metabolism (Guillaume,
1976; Tixier-Boichard et al., 1989; Decuypere et al.,
1991a), increased insulin sensitivity (Gueritault et al.,
1990), and their mild obesity (Guillaume, 1976; Stewart
et al., 1984). These numerous endocrine and metabolic
maladies have led to considerable speculation about
the primary lesion of sex-linked dwarfism in chickens
(Scanes et al., 1983; Decuypere et al., 1987; Tixier-
Boichard et al., 1989; Decuypere et al., 1991a).

A critical step in resolving the molecular basis of
the dwarfing phenotype in chickens was cloning of the
chicken GHR cDNA (Burnside et al., 1991). This en-

FIGURE 6 Body weight gain and plasma IGF-I levels of normalabled the examination of the GHR gene in different
(DwDw) and sex-linked dwarf male (dwdw) broiler chickens fromstrains of dwarf chickens for molecular defects (Burn-
the Georgia strain (Huang et al., 1993). Each value represents the meanside et al., 1992; Huang et al., 1993; Agarwal et al., 1994).
6 SEM of six different birds. Plasma IGF-I levels were determined byA mutation in the GHR gene has been characterized a specific radioimmunoassay validated for chicken plasma (McGuin-

in a strain of broiler chickens maintained at the Univer- ness and Cogburn, 1990, Gen. Comp. Endocrinol. with permission).
sity of Georgia. In this strain, a T-to-C point mutation Developmental changes in body weight and plasma IGF-I are consid-

ered to be GH independent since the Georgia dwarf does not expressof the GT in a splice-donor site results in improper
a functional GHR protein in tissue (Huang et al., 1993). Adaptedsplicing of the GHR mRNA and absence of full-length
from Cogburn et al. (1997) with permission. (N. Huang, L. A. Cogburn,transcripts (Huang et al., 1993). Exactly the same muta-
S. K. Agarwal, H. L. Marks, and J. Burnside; Over-expression of a

tion was reported later in a Japanese strain of sex-linked truncated growth hormone receptor in the sex-linked dwarf chicken:
dwarf chickens (Tanaka et al., 1995). A deletion of a Evidence for a splice mutation; Molecular Endocrinology; 7; 1391–

1398; 1993; q The Endocrine Society.)portion of the intracellular domain was found in the
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I. Introduction 657 continues to the calm (‘‘assimilation of new concepts’’),
and is followed by the storm of LeSoir (‘‘challengesII. Cytoarchitecture and Development of the

Immune System 657 leading back to LeMatin’’).
A. Primary Immune Tissue 657
B. Secondary Lymphoid Tissue 659

II. CYTOARCHITECTURE AND DEVELOPMENTIII. Regulation of Immune Response 662
OF THE IMMUNE SYSTEMA. Major Histocompatibility Complex 662

B. Cytokines 664
The immune system is dependent on specialized mi-C. Antibody-Mediated Immunity and

croenvironments that (1) offer a primary educationalB-Cell Repertoire 664
D. Macrophages, Natural Killer Cells, Heterophils, milieu where pluripotent precursors will differentiate

and Thrombocytes 666 into clones of lymphocytes endowed with the ability
References 667 to respond to self or foreign antigens, and (2) offer a

secondary educational milieu in which primary educated
lymphocytes gather with various accessory cells to re-

I. INTRODUCTION spond to specific cell-associated antigens (or noncell
associated antigens) and clonally expand. These micro-

An understanding of avian immunology requires environments will be discussed under primary immune
some incite into a history of immunology (Silverstein, tissue and secondary lymphoid tissue.
1989) and a comprehension of fundamental immunol-
ogy (Paul, 1993). The primary purpose of this chapter A. Primary Immune Tissue
will be to present a knowledge base for avian immunol-

The T- and B-cell concept entered the vocabulary ofogy by writing a brief narrative accompanied by limited
immunology only after basic research with the chickenillustrations and citing review articles and selected origi-
model revealed an immunological role for the bursa ofnal research. Immunology, like the musical painting of
Fabricius (Glick et al., 1956; Warner et al., 1962; CooperHaydn’s Sixth, Seventh, and Eighth Symphonies, begins
et al., 1966) and the avian thymus (Cooper et al., 1966;with the sunrise in LeMatin (‘‘new language and ideas’’),
Figure 1). The B-lymphocyte of the concept was so1Retired, June 1995, as Distinguished Emeritus Professor, Missis-
named to identify its avian bursal origin and mammaliansippi State University; Emeritus Professor, Clemson University; and
bone marrow origin and the T-lymphocyte of the con-Adjunct Professor Biomedical Cooperative Greenville Hospital and

Clemson University. cept identified its thymic origin (Roitt et al., 1969).
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plied to the vent of the chick, would enter the bursal
duct and be pinocytosed by the FAE (Bockman and
Cooper, 1973) stimulated a carbon-vent study in a 4-
week-old chicken that revealed an average of 800 FAE
areas/fold or 8,000 to 12,000 bursal follicles per bursa
considering the presence of 10 to 15 folds (Olah and
Glick, 1978a).

2. Bursal B-Cell Markers

The hallmark of B-cells is the presence of membrane-
associated immunoglobulin. Membrane Ig in mammals
(rodents/humans) occurs after the appearance of cyto-

FIGURE 1 Primary immune tissue, thymus, and bursa of Fabricius plasmic Ig (pre-B-cells) while in birds there is no such
and secondary lymphoid tissue, pineal, Harderian gland, accessory

sequence. Gilmour et al. (1976) produced alloantiseraspleen, spleen, lymph node, and cecal tonsil.
that revealed two independent autosomal loci, Bu-1 and
Th-1, recognizing an antigen of bursal lymphocyte/
peripheral B-cells and thymic cells/peripheral T-cells,1. Bursa of Fabricius: Morphology
respectively. Allelic forms have been identified, Bu-1a

The initial descriptive study of the bursa was by Hiero- (94 kDa) and Bu-lb (70 kDa), and utilized in bursal
nymus Fabricius after whom the gland was named (Adel- follicle colonization studies to suggest entry of no more
man, 1942). Bursa growth studies revealed (1) a rapid than three precursors per follicle (Chen et al., 1991). A
growth from hatch to 3 or 4 weeks, (2) a plateau period Bu-2 antigen (66 kDa) was shown to be distinct from
for the next 5 or 6 weeks, and (3) regression occurring Bu-1. The Bu-2 antigen identified both Ig1 and Ig- cells
before sexual maturity (Glick, 1956). These observations and in control bursae identified lymphocytes in the cor-
set the stage for the functional studies since they directed tex and medulla but not the epithelium. Other B-cell
that bursectomies be performed prior to 3 weeks of age antigens, the CB antigens, have been reviewed by Chen
or as close to hatch as possible. Serendipity then entered et al. (1987, 1991).
the picture when bursectomized birds were injected with
Salmonella pullorum to satisfy a student laboratory and
not as a part of a designed experiment. A more complete 3. Thymus, T-cell Receptors, and Cluster
description of these events may be found in selected pub- of Differentiation
lications (Glick et al., 1956; Glick, 1977, 1987).

The third and fourth pharyngeal pouches contributedThe bursa is a dorsal diverticulum of the proctodaeal
to the formation of the thymus which consisted of sevenregion of the cloaca ( Jolly, 1915). The ovallike bursa
lobes developed along each side of the jugular veinsof the chicken contrasts to the elongated bursae of the
(Romanoff, 1960; Venzke, 1952). The thymus, like theduck and starling (Sternus vulgaris) and to the ostrich
bursa, possessed cortical and medullary regions. An iso-(Struthio camelus australis) and emu (Dromaius novae-
lated protein, the putative avian thymic hormone, lo-hollandio) bursae, which are an integral part of the
cated in the thymus and blood, stimulated bone marrowproctodaeal mucosa (Glick, 1986; von Rautenfeld and
cells to express T-cell markers (Murthy et al., 1984) andBudras, 1982). The bursal anlage appears between 3
revealed an amino acid sequence similar to parvalbuminand 5 days of embryonic development (DE) (Romanoff,
(Brewer et al., 1990).1960; Olah et al., 1986). A major feature of embryonic

Antigen recognition in T-cells differs from B-cells indevelopment is the formation of buds, the forerunner
that the T-cell receptor (TCR) (1) is not an immunoglob-of the bursal follicle. The bud develops into the medulla
ulin molecule, (2) recognizessurface-bound antigenonly,of the bursal follicle. Scanning electron microscopy
and (3) is not secreted but remains an integral part of therevealed two types of surface epithelium: follicle-
cell membrane. A cluster of differentiation (CD) identi-associated-epithelium (FAE), associated with the me-
fies in a cell membrane specific groups of determinatesdulla, and the interfollicular epithelium (IFE), which
which define stages of cellular differentiation and are de-is between the follicles (Bockman and Cooper, 1973;
tected by monoclonal antibodies (Table 1).Holbrook et al., 1974). The IFE and FAE morphologi-

The human TCR complex includes an invariant five-cally may appear at 12 and 15 DE, respectively (Nauk-
polypeptide complex (c, d, «, z, h,) molecule termedkarinen et al., 1978). However, the pinocytotic ability
CD3. A similar CD3 molecule was identified in chickensof the FAE (Bockman and Cooper, 1973) was not evi-

dent until 19–21 DE. The observation that carbon, ap- by Chen et al. (1986). The chicken CD3 possessed three
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TABLE 1 T-Cell Antigensa Avian T-cells possessed homologs to mammalian
CD4 (64-kDa monomeric polypeptide) helper T-cells,

Molecular mass
and CD8 (a dimer, 31 and 34 kDa) cytotoxic T-cellsAntigens (3 1023) Antibody
(Chen et al., 1991). Veillette and Ratcliffe (1991) re-

CT1 65 CT1, Ct1-a vealed that like the mammalian systems, the chicken
CD3 17, 19, and 20 CT3 homologies of CD4 and CD8 associated with a 56-kDa
c/d TCR 90 (subunits 40 and 50) TCR1 tyrosine-specific protein kinase. The thymic hormone,
a/bTCR 90 (subunits 40 and 50) TCR2

avian thymulin, influenced CD4/CD8 ratios and the ex-a/b TCR 88 (subunits 40 and 48) TCR3
pression of CD4 and CD8 based on fluorescent stainingCD2 40 2–4

CD4 64 CT4 (Marsh, 1993).
CD8 64 (34 dimer) CT8 Double-positive CD4 CD8 cells, single-positive
CD5 56 CTLA-5, CTLA-8, CD81 cells, and single-positive CD41 cells appeared in

3–8 the thymic cortex at 9 or 10 DE, 13 DE,and 15 DE,CD28 40 AV7
respectively (Bucy et al., 1990). The CD81 cells appearedCD45 200 L-17,CL1
earlier in the medulla (15 DE) than did the CD41 cellsCD25 50 INN-CH-16

(IL-2 receptor) (17 DE).

aAll cited in narrative with the exception of CT1, CD5, and CD25 4. Origin of Bursal and Thymic Lymphocytes
(Chen et al., 1991).

Jaffe and Fechheimer (1966) and Moore and Owen
(1965, 1966) utilized sex chromosome techniques and
suggested the possibility that immigrant cells were thepolypeptides of Mr 20,000, 19,000, and 17,000 under
progenitors of bursal lymphocytes. LeDouarin et al.nonreducing conditions.
(1984) took advantage of the one or two large clumpsAvian homologies to mammalian T-cell receptor c/
of heterochromatin associated with the cell nucleus ofs (TCR1) and TCR a/b (TCR2) have been identified
quail and their absence in chick cells to incisively reveal(Chen et al., 1991). While TCR1- and TCR2-positive
the blood-borne origin of bursal and thymic lympho-thymocytes appeared at 12 DE, only TCR1 was detected
cytes. Experiments revealed quail basophilic stem cellby surface staining and these were equivalent to the
migration between days 7 and 11 of embryogenesis whilenumber of CD3 surface-stained thymocytes (Bucy et al.,
the chick basophilic cell migrated into the bursa between1990). TCR1 and TCR2 were heterodimers of 50- and
8 and 15 days DE (LeDouarin et al., 1984). Unlike the40-kDa glycoproteins. A third TCR had a lower molecu-
bursa, the thymic precursor lymphocytes entered thelar weight (Chen et al., 1991). Cells positive for TCR1
thymus in three waves (Le Douarin et al., 1984, 1990)and TCR2 migrate to the spleen by 15 and 19 DE,
between 6.5 and 8, 12 and 14, and 18 and 20 DE withrespectively, while the TCR3 positive cells do not ap-
a refractory period of 4 days between the first and sec-

pear in the spleen until after hatching. The range of ond and second and third waves (Le Douarin et al. 1984,
TCR1, -2, and -3 in peripheral blood was 15–25, 45–55, 1990; Figure 2).
and 10–15%, respectively (Chen et al., 1991). Precursor With the acceptance that the bursal and thymic lym-
cells entered the thymus in three waves. All three lin- phocytes originated from a blood-borne stem cell, the
eages were present in the first and second arrivals of origin of the blood-borne stem came into question. Chi-
precursor cells (Chen et al., 1991). meras were developed prior to circulation (,14 somite

A CD2 antigen (monomeric, 40 kDa), identified by stage) by replacing a chick area pellucida (embryo
mAb 2-4, appeared in the avian thymus by 11 DE and proper) with that of a quail (Martin, 1990). The develop-
may influence T-cell growth and differentiation by way ing lymphocyte nuclear characteristics in this embryo
of cell adhesion. Avian thymocytes are 98% CD2 posi- chimera resembled those of a quail and were, therefore,
tive. CD2 is a coreceptor cooperating with the TCR and of intraembryonic origin. The origin of the intraembry-
contributing to T-cell binding to antigen-presenting cells onic stem cells may be intraaortic, paraaortic, or from
and/or T-cell signaling. There may be a question con- the coelomic epithelium (Dieterlen-Lievre et al., 1990;
cerning the identification of avian CD2 (Young et al., Olah et al., 1988).
1994). Young et al. (1994) identified a 40-kDa molecule
with a 50% amino acid sequence identical to mammalian B. Secondary Lymphoid Tissue
CD28. In mammals, CD28 receptors of primed T-cells

1. Spleenbound a B7 epitope present in B-cells, dendritic cells, or
macrophages and signaled the induction of interleukin 2 Adjacent to the dorsal surface of the right lobe of
and proliferation of the T-cell (Linsley and Ledbetter, the liver and dorsal to the proventriculus is the reddish-

brown oval spleen (Nickel et al., 1977). Accessory1993).
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ellipsoid-associated cell (EAC) which bound diverse
substances that entered the CS through stomata formed
by the endothelial cells of the midregion of penicilliform
capillaries (White et al., 1970; Olah and Glick, 1982;
Figure 4). The EAC is activated following binding and
migrates into the PWP, red pulp, PALS, and GC regions.
The EAC appeared to be a messenger cell and may be
lineage related to interdigitating dendritic cells of the
PALS and follicular dendritic cells of the GC (Olah and
Glick, 1982; Gallego et al., 1993). The mammalian spleen
possessed a marginal zone (macrophages and lympho-
cytes) which surrounded the PALS separating this re-
gion from the red pulp (Weiss, 1972). An avian marginal
zone has been suggested by Jeurissen et al. (1992) and
Jeurissen (1993) to include the CS and the surrounding
EAC, B-cells, and macrophages.

2. Cecal Tonsil

The cecal tonsil is an enlarged patch of tissue (4–
18 mm) in the proximal region of each cecum (Muth-
mann, 1913; Glick, 1986). The cecal tonsil villi were
longer and less broad than those from the remainder
of the cecum’s proximal region (Glick, 1986). The poly-
cryptic cecal tissue was similar to the mammalian pala-

FIGURE 2 Stem cell (SC) migration to the chick bursa occurs be- tine tonsil (Glick et al., 1981). The location and continu-
tween 7.5 and 14 days of embryogenesis (DE) and in the thymus ous exposure of the tonsil villi to the fecal content
occurs in three waves at 6.5, 12, and 18 DE. A B-cell repertoire able

suggested a sentinel role for this peripheral lymphoidto recognize 106 different antigens forms in the microenvironment of
tissue. The cecal tonsil possessed approximately 400the bursa while the thymus environment signals the formation of
spherical units, each with a central crypt, diffuse lymph-clonally specific T-cell receptors (a) and T-helper (CD4) (b) or T-

cytotoxic (CD8) (c) cells. The differentiated B- and T-cells then mi- oid tissue, and germinal centers (Glick et al., 1981). The
grate to the secondary lymphoid tissue. cecal tonsil possessed T- and B-cells (Albini and Wick,

1974) and IgM, IgG, and IgA plasma cells ( Jeurissen
et al., 1989b) and produced antibody to soluble antigens

spleens have been described cranial, adjacent, and cau- ( Jankovic and Mitrovic, 1967; Orlans and Rose, 1970).
dal to the spleen. Subsequent to splenectomy, the cranial
accessory spleen hypertrophied (Glick, 1986). The most 3. Peyer’s Patches
rapid rate of splenic growth occurred during the first 6

Peyer’spatches appeared in10-day-old chickensalongweeks after hatching with maximum size (spleen-to-
the intestine cranial to the ileocecal junction (Schat andbody weight ratio) attained by 10 weeks of age
Myers, 1991). They possessed lymphocytes beneath the(Glick, 1986).
epithelium but were not polycryptic like the cecal tonsil.The avian spleen like the mammalian spleen pos-
There were approximately five or six peyer’s patches,sesses red and white pulp. Within the white pulp are
5 mm in diameter, in the intestine of 12-week-old chick-located (1) the periarteriolar lymphatic sheath (PALS);
ens (Schat and Myers, 1991). The majority of T-cells were(2) germinal centers; and (3) periellipsoid white pulp
TCR-1 (a/b) and CD4 (T-helper). In general, plasmaregion (PWP). A central artery arising from the splenic
cells produced each of the three Ig isotypes ( Jeurissen etartery was surrounded by the PALS, which contained
al., 1989a; Schat and Meyers, 1991). Hormonal bursec-lymphocytes, macrophages, and dendritic cells and was
tomy depopulated the lymphocytes in the subepithelialthymic dependent (Glick, 1986). Germinal centers,
zone (B-dependent) and central zone.

bursal-dependent regions, were located at the edge of
the PALS. The central artery as it entered the PWP

4. Meckel’s Diverticulumbecame the penicilliform capillary (PC). The midregion
of the penicilliform capillary was surrounded by the The yolk stalk, Meckel’s Diverticulum (MD), in 2-
capillary sleeve (CS) or ellipsoid (Olah and Glick, 1982; week-old chickens, is 3–6 mm long and 1.7 mm thick

(Olah and Glick, 1984a). Its distal end continued as theFigure 3). The CS was embroidered by the dendritic
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FIGURE 3 Chicken spleen: BC, billroth cord; E, ellipsoid or capillary sleeve; CA, central
artery; CV, central vein; GC, germinal center; PALS, periarteriolar lymphatic sheath; PC,
penicilliform capillary; PWP, periellipsoid white pulp; S, sinus; TA, trabecular artery; TV,
trabecular vein. (From Olah and Glick, 1982, Am. J. Anat. 165, 445–480. Copyright q

1982 Wiley-Liss, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John
Wiley & Sons, Inc.)

yolk sac (Figure 5). The MD may contribute to the
circulating pool of white blood cells and may be a site
to isolate colony stimulating factors that lead to mono-
cytic or granulocytic colonies. Olah et al. (1984) identi-
fied lymphoid accumulation in MD (yolk stalk) at 2
weeks of age and confirmed Calhoun’s (1933) observa-
tion of its absence at 1 day old.

Jeurissen et al. (1989a, 1989b) identified leukocytes
in MD of late embryos, IgM-positive cells underneath
the epithelium at 5 days posthatch, and IgG- and IgA-
positive cells between 2 and 6 weeks of age. Olah et al.
(1984) identified dendritic cells (possibly secretory cells)
and suggested that they may initiate germinal center
formation and may be follicular dendritic cells. Jeurissen
et al. (1989b) also reported the presence of dendriticlike
cells, possibly follicular dendritic cells, in germinal
centers.

5. Intestinal LymphocytesFIGURE 4 Capillary sleeve (ellipsoid) embroidered by ellipsoid as-
sociated cell (EAC); PC, penicilliform capillary. (From Olah and

Intestinal lymphocytes generally resided in the epi-Glick, 1982, Am. J. Anat. 165, 445–480. Copyright q 1982 Wiley-Liss,
thelium or lamina propria (Schat and Meyers, 1991).Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John

Wiley & Sons, Inc.) The lamina propria contained IgM- and IgA-positive
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cytes appeared in the pineal and attained maximum
concentration by 32 days. Three to 5 days following a
carotid injection of bovine serum albumin, pineal
plasma cells revealed the presence of antibody to bovine
serum albumin (Cogburn and Glick, 1983). Immunohis-
tochemistry revealed an IgA-like substance on the lumi-
nal surface of the pineal follicles and in the perifollicular
layer (Olah and Glick, 1991). Neonatal bursectomy/
thymectomy or at-hatch administration of cyclophos-
phamide significantly reduced or eliminated T- and B-
cells and germinal centers within the pineal (Cogburn
and Glick, 1981). The pineal may contribute immuno-
competent cells and their products for immune surveil-
lance of the central nervous system.

8. Harderian Gland

The Harderian gland (HG), located ventral and pos-FIGURE 5 Schematic of Meckel’s Diverticulum.
teromedial to the eyeball (Wight et al., 1971), performs
a sentinel role in immune protection of the chicken

B-cells and plasma cells and CD41 T-cells. These intra- (Glick and Olah, 1981). The identification of plasma
epithelial cells located between the epithelial cells and cells in the HG by Bang and Bang (1968) was followed
basement membrane. They appeared to immigrate from by the observation of Mueller et al. (1971) that the HG
the lamina propria. The intraepithelial cells may be of was capable of producing a specific antibody. The HG
thymic origin since they declined following thymectomy has been suggested to influence B-cell activation, prolif-
but not bursectomy (Schat and Myers, 1991). A func- eration, and differentiation (Gallego and Glick, 1988;
tional separation of the intestinal lymphocytes occurred Mansikka et al., 1989; Olah et al., 1992a; Savage et al.,
between the lamina propria, B- and CD41cells, and epi- 1992; Scott et al., 1993; Scott and Savage, 1996; Tsuji et
thelium CD81cells (Schat and Myers, 1991). TCR2 pre- al., 1993). Later papers identified the response of the
dominated in the lamina propria and TCR1 in the epi- HG to a variety of pathogens (Darbyshire, 1987).
thelium. The presence of an antigen, similar to the Plasma cells within the HG (1) concentrated by 3 to 4
expression of b7 integrin of human and mice, on avian weeks posthatch (Niedford and Wolters, 1978; Gallego
T-cells after their arrival in the intestine suggested that and Glick, 1988); (2) experienced a proliferation rate 2
this antigen retained T-cells in the intestinal epithelium to 3 times higher than in the spleen (Gallego and Glick,
(Haury et al., 1993). 1988); (3) peaked in the rate of S-phase by 6 or 8 weeks

of age and declined thereafter (Savage et al., 1992); and
6. Lymph Node (4) markedly declined in numbers following bursectomy

(Mueller et al., 1971; Sundick et al., 1973). Immunoglob-The most developed lymphoid accumulations along
ulin class switch from IgM to IgA or IgG occurred in HGthe posterior tibiopopliteal and lower femoral veins
B-cells (Mansikka et al., 1989). Immunohistochemicalwere true lymph nodes possessing afferent and efferent
techniques revealed that IgA produced by plasma cellslymphatics, T- and B-cells, germinal centers, and a
in the central canal and primary branches was secretedprominent lymphatic sinus system (Olah and Glick,
by the epithelium of secondary branches and entered1983, 1985). Kampmeier (1969) reported similar nodes,
the lumen of the primary branch and central canal (Olahthe cervicothoracic node in waterfowl. A footpad injec-
et al., 1992a).tion of sheep red blood cells stimulated enlargement

of the nodes and generated more plaque forming cells
(20 3 103 PFC/106 lymphoid cells) than in the spleen
(4 x 103 PFC/106 lymphoid cells) (McCorkle et al., 1979). III. REGULATION OF IMMUNE RESPONSE

A. Major Histocompatibility Complex7. Pineal

The major histocompatibility complex (MHC) is aThe pineal gland is a lymphopoietic tissue in the
highly polymorphic cluster of genes that producechicken (Romieu and Jullien, 1942; Cogburn and Glick,

1981; Olah and Glick, 1984b). By 9 days of age lympho- membrane-associated products that influence T-cell de-
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velopment (possibly B-cell development), recognition
by T-cells of antigen (MHC restriction or allospecific-
ity), graft rejection, disease resistance, and production
traits.

1. Membrane-Associated Glycoproteins, Class I
and Class II

The MHC of the chicken originally described by
Briles led to the identification of three interesting MHC
loci in birds, B-F (class I), B-L (class II), and B-G (class
IV) (Crone and Simonsen, 1987). The B-F antigens,
expressed on most chicken cells, and the B-L antigens
present on B-cells, macrophage/dendritic cells, and acti-
vated T-cells are analogous to class I and class II mam-
malian antigens, respectively.

The B-F antigens possessed a membrane-bound gly-
cosylated polymorphic heavy a-chain (40 to 45 kDa)
noncovalently linked with the invariant b2-microglobulin FIGURE 6 A model depicting events leading to activation of T- and

B-cells. The recognition of a complementary epitope by the antigen(12 kDa) (Crone and Simonsen, 1987; Chen et al., 1991).
receptor of the B-cell (g) transmits an initial signal (1) to the B-cellThe a-chain possesses three domains, the most distal
which then internalizes and processes the antigen for presentationpair, a1 and a2, to form a cleft which presents the pro-
(e) to T-cell receptors (a) of a clonally specific T-helper (CD4) cell.

cessed antigen to T-cytotoxic cells (CD8). The B-L anti- Coreceptor signals (e–b and d–c) help to activate the T-cell to release
gen possesses a nonpolymorphic a-chain (32 kDa) and a cytokine (f) (IL-4) that binds to the B-cell supplying a second signal

(2) which activates the B-cell to proliferate and differentiate into ana polymorphic beta chain (27 kDa) (Pharr et al., 1993).
antibody-secreting cell.The peptide cleft of MHC class II molecules is formed by

b1 and a1, the most distal domains from the membrane.
These peptide-associated class II molecules are pre-

rejection of the skin by the host’s T-cells. Like the allo-sented to T-helper (CD4) cells (Figure 6).
graft response, the graft-vs-host response is governed
by differences at the BF and/or B-L loci. A synergistic

2. MHC Restriction, Allospecific Response, and effect on the graft-vs-host response occurred when bone
T-Cytotoxic Cells marrow and thymic cells were combined (Glick, 1986).

Successful presentation of the peptide to a T-cell
requires a similar MHC between the antigen-presenting

3. Signaling and Coreceptors
cell and T-cell (MHC restriction). T-cytotoxic cells
(CD8) have been identified in chickens (Glick, 1977). MHC restriction depends on the TCR complex (see

Section II,A,3) recognizing a peptide MHC complex onNumerous observations suggested that the cytotoxic re-
sponse is, in part, dependent on T-cells since B-cells the surface of an antigen-presenting cell (monocyte/

macrophage B-cell or dendritic cell). The CD8 or CD4were absent in treated bird. A syngeneic-restricted T-
cytotoxic lymphocyte response, MHC restriction, has molecules associate with the TCR/CD3 complex and

are considered coreceptors (Figure 6). In mammals, op-been demonstrated in vitro with the Schmidt-Ruppin
strain of avian sarcoma virus or Reticuloendotheliosis timal T-cell activation depends on direct or indirect

association of TCR/CD3 complex with the above core-virus-infected cells (Schat and Myers, 1991).
Another example of MHC restriction is delayed type ceptors and a membrane-associated CD45 molecule,

leukocyte common antigen. Signals received by the T-hypersensitivity. Several weeks after receiving a specific
antigen, a subcutaneous injection of the same antigen cell will aggregate the TCR/CD3 complex together with

either coreceptor CD4 or CD8, activating the tyrosinewill induce a T-cell mediated (CD4) inflammation re-
sponse within 24 to 72 hr (Glick, 1986). protein kinase associated with coreceptors. CD45

(about 200 kDa) contributes to the activation of tyrosineT-cytotoxic cells will react with peptides presented
by different (allogeneic) MHC molecules to produce protein kinase by way of its tyrosine-specific phospha-

tase ( Janeway and Travers, 1992). The chicken modelan allograft or graft-vs-host response (Glick, 1986). An
allograft is a skin transplant to an animal of the same has revealed similar signaling and coreceptor activation.

Avian CD4 and CD8, the only known nonmammalianspecies but with different MHC and demonstrates the
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CD4 and CD8 homologs, have been shown to physically maturity of cells within the thymic and bursal microenvi-
ronments.associate with a tyrosine phosphatase kinase homolo-

gous to mammalian p56lck (Veillette and Ratcliffe,
1991). Taken together, the data of Veillette and Rat- C. Antibody-Mediated Immunity and
cliffe (1991) and Paramithiotis et al. (1991) suggest that

B-Cell Repertoiresignaling by way of the avian TCR/CD3 complex is
modulated by the activation of the tyrosine protein Antibody production by B-cells prevents the spread
kinase-p56lck originating in the coreceptor molecules of pathogens by (1) combining with the pathogen and
CD4 and CD8 and the tyrosine-specific phosphatase neutralizing it, (2) facilitating uptake and digestion of
released by the CD45 surface molecule. the pathogen by phagocytic cells, and (3) facilitating

cell lysis and death. Most antibody responses in birds
are thymic dependent (TD) and require cooperationB. Cytokines
between T-, B-, and macrophage/dendritic cells (Wein-

A variety of protein mediators or cytokines are pro- baum et al., 1973; Thorbecke et al., 1980). Thymic-
duced by T-lymphocytes (Howard et al., 1993). Of these independent (TI) antigens include pneumococcal poly-
cytokines only interferon (IFN), interleukin (Il)-I, Il-2, saccharide and Brucella, examples of TI-type I, and
Il-3, and tumor necrosis factor (TNF-a) have been stud- ficoll and dextran, examples of a TI-type II (Golub and
ied in birds (Lillehoj et al., 1992; Klasing, 1994). In addi- Green, 1991). A TI response has been demonstrated in
tion, a stem cell factor (SCF) and myelomonocytic birds by allogeneic bursal cell transfers to cyclophospha-
growth factor (MGF) (Leutz et al., 1989) have been mide recipients (Toivanen et al., 1974). Antibody re-
studied. The MGF, originated from a transformed mac- sponse in these birds to Brucella abortus but not the
rophage cell line, HDII, has been cloned by Leutz TD antigen sheep red blood cells was restored. The
and shown to have some homology to mammalian allogeneic bursal stem cells induced B-cell chimerism
granulocyte-colony stimulating factor (G-CSF). The re- and tolerance to donor MHC (Vainio and Toivanen,
cent work of Nicholas-Bolnet et al. (1991, correspon- 1987). These types of allogeneic responses will reconsti-
dence) offers important steps in isolating SCF, Il-3, G- tute TI but not TD responses. The TD responses of
CSF, and M-CSF. cyclophosphamide birds required transfer of thymic and

Interleukin-1 is produced by monocytes and stimu- bursal cells syngeneic to host or possibly one MHC
lated thymocytes to release Il-2 (Schat and Myers, 1991). similar to donor B-cell and host T-cell (Vanio and Toi-
Limited or no functional cross-reactivity has been re- vanen, 1987).
ported with chicken, human, and murine Il-1 or Il-2
(Schat and Myers, 1991).

1. Immunoglobulins
The conditioned medium of a concanavalin-A-

stimulated culture of adherent splenocytes and thy- B-cells and plasma cells synthesize and release immu-
noglobulin. Antibody, a glycoprotein, is structurallymocytes stimulated proliferation of preactivated T-

lymphoblasts and Il-2 activity (Schat and Myers, 1991). identical to Ig and is represented by five distinct classes
or isotypes: IgM, IgD, IgG, IgA, and IgE. EachThe molecular weight of between 15.5 and 30 kDa for

avian Il-2 is similar to that of mammals. class exhibits at least one monomer of two-different-
molecular-weight polypeptide chains: two heavy (H)Like the interleukin studies, IFN studies in chickens

are in the very early stages of development (Schat and and two light (L) chains. Beginning at the N-terminal of
the H polypeptide class and extending to its C-terminalMyers, 1991; Lillehoj et al., 1992). This is surprising since

the first inference of IFN was from the chicken embryo there is a variable (VH) domain and three to four con-
stant domains (CH) depending on the isotype. The lightdata of Isaacs and Lindemann (1957). Transforming

growth factor b which influences cell differentiation, chain possesses a VL and a single CL domain. The
constant regions differentiate the distinctiveness of eachwound repair and bone metabolism and growth and

tumor necrotic factor-a have been identified in the heavy chain which are named e (IgM), d (IgD), c (IgG),
a (IgA), and « (IgE). In the chicken there is a singlechicken (Klasing, 1994).

A lymphocyte inhibitory factor (LyIF) was released light or k-chain. The VH and VL (N terminal) domains
contribute to the antigen binding site or Fab while thefrom thymic or bursal cells sensitized to purified protein

derivative (Glick, 1983). Sensitized thymic cells required CH domains (C-terminal) identify the constant or Fc
portion of the antibody molecule (Figure 7).macrophages for the release of LyIF and a chemotactic

factor while the LyIF response of bursal cells was inde- Avian IgM resembled mammalian IgM [(e2L2)5] on
the basis of physiochemical, antigenic characteristics;pendent of macrophages ( Joshi and Glick, 1990). These

types of experiments illustrate an advanced stage of sedimentation coefficients (S, 16.7 to 16.9), and molecu-
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to mammalian IgA (Benedict and Berestecky, 1987).
Cloning of the IgA H chain revealed the greatest struc-
tural similarity to mammalian aH chains and not eH
or «H (IgE) chains (Mansikka, 1992). The heavy chain
of chicken IgA contained four constant a domains or
one more than human constant a chains. These results
suggested the possible occurrence of a deletion during
evolution. Avian IgA was polymorphic and highly con-
centrated in the bile (3–12 mg/ml) (Benedict and Beres-
tecky, 1987). A J-component and secretory component
were present in avian IgA. The secretory component
(60 kDa) was synthesized by epithelial cells and attached
to bile IgA before secretion (Benedict and Berestecky,
1987). While chicken and turkey IgA may be monomeric
or polymeric, the secretory IgAs were generally trimeric
or tetrameric. Polymeric IgA, which lacked the secre-
tory component, may be transported from blood to bile
by combining with membrane secretory components
produced by hepatocytes (Schat and Myers, 1991).

Immunoglobulin G and IgM antibodies possess com-
plement binding sites. Complement is a complex of 9

FIGURE 7 The immunoglobulin molecules possess two heavy (H) major components ( Janeway and Travers, 1994). Avian
chains with a single variable domain (VH) and three or four constant complement 3 (C3) fragments to C3b after binding to
domains (CH to CH4). Each light (L) chain possess a VL- and CL-

an antibody–antigen complex (classical pathway) or indomain. The Fab refers to the antigen binding position of the molecule
the presence of a pathogenic surface (alternate pathway,(N-terminus) while Fc identifies the constant portion of the molecule

(C-terminus). AP) and continues the cascade of complement factors
that will remove the immune complexes, lyse the patho-
gens bound by the antibody, and enhance inflammation
(Koch, 1987). It appeared that the B-like protein impor-lar weight (890 kDa) (Leslie and Clem, 1969). Sequence

data for chicken e identified a homology with mamma- tant in the AP existed in the chicken and was similar
to mammalian C2 and component B (Kjalke et al., 1994).lian e chain (Dahan et al., 1983); there were five IgM

CH allotypes (Benedict and Berestecky, 1987). On the
other hand, disagreement exists concerning the name

2. V-Gene Repertoire and the Contributions of the
of the major avian 7.1- to 7.8-serum Ig IgG (c2L2). Leslie

Bursal Milieu
and Clem (1969) named this 7SIg IgY, in part, because
it possessed 4CH and not 3CH as in human IgG and Antibody diversity in mammals depends on somatic-

driven events within the B-cell leading to (1) heavy-possessed a greater concentration of carbohydrate
(6.0%) than did the human IgG. It has been suggested chain rearrangement between D and J segments;

(2) rearrangement of several hundred V-genes with thethat avian serum 7SIg resembled mammalian IgA more
than IgG (Tenenhouse and Deutch, 1966) and that hu- rearranged D-J segments (VDJ); (3) light-chain re-

arrangement of numerous V and J segments; (4) junc-man IgA cross-reacted with the avian serum 7SIg (Am-
brosius and Hadge, 1987). The inference that the avian tional diversity; (5) nucleotide additions; and (6) combi-

natorial joining between the rearranged H (VDJ)- and7SIg could be a precursor of IgA was weakened with
the identification of chicken secretory IgA (Benedict L (VJ)-chains (Golub and Green, 1991).

Since the chick H chain possesses a single V andand Berestecky, 1987). The amino acid sequence of the
IgY H chain placed it closest to mammalian IgE (Parvari 10 D (similar homologies) and a single J gene and the

light chain possesses single V and J genes, rearrange-et al., 1988). Functionally, the avian 7SIg (IgG or
IgY) was similar to mammalian IgG (Benedict and ment of the H- and L-chains will not contribute diversity

as in mammals. Rather, the chicken depends on geneBerestecky, 1987). Interestingly, the duck possessed two
serum Igs, a 5.7-SIgG and a 7.8-SIgG, which may be conversion, a transfer of nucleotide sequences from up-

stream pseudogenes to the rearranged VH (VDJ) andinfluenced by a single gene (Magor et al., 1992; Higgins
and Warr, 1993). VL (VJ) genes, to produce antibody diversity (McCor-

mack et al., 1991). Including the values of 104 folliclesA third avian Ig was termed IgA because of its preva-
lence in lymphoepithelial tissue and structural similarity per bursa, 105 cells per follicle and other assumptions,
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mathematical models have been presented to support has been briefly discussed (Glick, 1995) and experimen-
a B-cell repertoire (antibody diversity) of about 106 tal evidence offered by Masteller and Thompson (1994).
different specificities (Salanti et al., 1989; Langman and Bu-1-positive cells in the embryonic spleen are commit-
Cohn, 1993). ted to the B-cell lineage and express a cell adhesion

The rearrangement of H & L chains may occur in ligand Sialyl Lewis x (Masteller and Thompson, 1994).
the bursa or at other sites (McCormack et al., 1991). By 10 to 12 days of embryonic development, Sialyl Lewis
These molecular observations supported the original x-positive cells appear in the bursa, proliferate, and then
observation of a bursal-independent site for Ig (Lerner contribute to the developing follicle. These B-cells lose
et al., 1971; Glick, 1977; Ratcliffe et al., 1986; McCor- Sialyl Lewis x in parallel with the initiation of gene
mack et al., 1991). conversion (15 to 18 days of embryogenesis). The loss

Schemes to explain the bursal-dependent roles of the of Sialyl Lewis x and the switch to Lewis x high in Ig-
expansion of in-frame B-cells (i.e., B-cells with re- positive B-cells is followed by emigration to the spleen.
arranged H- and L-chains) and gene conversion (Mc- This might suggest that migration from the bursa is
Cormack et al., 1991) have been discussed and conceptu- influenced by a change in expression of Lewis x.
ally approached by Langman and Cohn (1993). The
microenvironmental milieu necessary for these events

D. Macrophages, Natural Killer Cells,appears to include (1) the complex interaction of endo-
Heterophils, and Thrombocytesdermal and mesodermal germ layers (Houssaint et al.,

1976), (2) a singular role of the endodermal epithelium The phagocytic avian macrophage, similar to the
(LeDouarin et al., 1980), and (3) a dark mesenchymal mammalian macrophage, performs the pivotal role of
cell that is the precursor of the bursal secretory dendritic an antigen-presenting cell (Powell, 1987; Vainio et al.,
cell (BSDC) (Olah et al., 1986; Olah and Glick, 1978b; 1988). Several investigators have studied the avian
Olah et al., 1992b). During late embryonic development macrophages’ effector functions (Dietert et al., 1991;
the only cell to possess IgG on its membrane was the Qureshi et al., 1994) by employing peritoneal exudate
BSDC (Olah et al., 1991). We have proposed a receptor macrophages and a malignantly transformed chicken
paracrine pathway that involved the interaction of the macrophage cell line, MQ-NCSU. Optimum activation
IgM of the in-frame B-cell with the IgG of the BSDC of avian macrophages required two signals, a lympho-
(Glick and Olah 1993a,b; Glick, 1995). This may lead kine (IFN(?)) and lipopolysaccharide (LPS) (Qureshi
to activation and proliferation of the B-cells and a BSDC et al., 1994). Activated macrophages will release Il-1,
secretion that signals gene conversion of the expanded tumor necrotic factor (TNF), and colony stimulating
in-frame B-cells. Alternatively, replication of in-frame

factors (CSF). The cytotoxicity of TNF may be speciesB-cells might occur when the B-cell identified a bursal
specific (Qureshi et al., 1993). Chicken embryonic bonespecific antigen (Masteller and Thompson, 1994), possi-
marrow cells exposed to supernatants from culturedbly expressed by the BSDC. In either case, apoptosis
MQ-NCSU macrophage cells produce colonies of gran-(programmed cell death) (Compton, 1993) of the in-
ulocytes and macrophage-granulomonocytic cells, sug-frame B-cell would occur if the in-frame B-cell fails to
gesting the ability of these macrophages to produce G-make contact with a specialized cell.
CSF and GM-CSF, respectively. Macrophage cell linesThe receptor–paracrine hypothesis has an analogy
pulsed with LPS produce reactive nitrogen intermedi-with the activity in mammalian germinal centers where
ates (e.g., nitric oxide, ?NO) (Qureshi et al., 1993, 1994).follicular dendritic cells trap antigen–antibody com-
Unlike mammalian macrophages that synthesize argi-plexes, present them to the B-cell, and then release a
nine, avian macrophages require exogenous sources ofsecretion that contributes to B-cell differentiation (Gor-
l-arginine, which are converted to reactive nitrogen in-don et al., 1989). Kaufman and Salomonsen (1993), sub-
termediates (e.g., ?NO) by way of oxidative enzymessequent to several assumptions, proposed the B–G com-
(Qureshi et al., 1993). These reactive nitrogen intermedi-plex of the MHC as the antigen influencing the selection
ates have an antineoplastic and antimicrobial function.of germline Ig bursal cells. In their negative-selection
Nitric oxide may have an autocrine effect since it sup-model, the germline Ig B-cells bound to the B–G self
presses complexes I and II enzymes in the mitochondriamolecule and were eliminated while the B-cells that
of macrophages and tumor target cells (Sung and Die-experienced gene conversion would not bind and would
tert, 1994). Further challenges in understanding avianemigrate. In the positive-selection model, the germline
macrophage will be to identify a homolog to the mam-B-cells bind to the B–G self molecule, receive a signal
malian differentiation antigen CD14 and the LPS–LBPto proliferate, and undergo gene conversion, eventually
(lipopolysaccharide binding protein) complex that bindslosing their recognition of B–G self and then emigrating
to the membrane-associated CD14 to trigger the release(Kaufman et al., 1991). The influence of cell adhesion

molecules on the cells of the bursal microenvironment of macrophage cytokines (Martin et al., 1994). Also, will
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Chen, Chen-Lo H., and Cooper, M. D. (1987). Identification of cell?NO inhibit the expression of avian macrophage Ia (class
surface molecules on chicken lymphocytes with monoclonal anti-II MHC), which in mammals results in reduced ?NO
bodies. In ‘‘Avian Immunology: Basis and Practice’’ (A. Toivanenproduction (Sicher et al., 1994)? and P. Toivanen, eds.), Vol. 1, pp. 138–154. CRC Press, Boca

Natural killer (NK) cells are large granular leuko- Raton, FL.
cytes exhibiting natural cytotoxicity to a variety of tumor Chen, Chen-Lo H., Pickel, J. M., Lahti, J. M., and Cooper, M. D.

(1991). Surface markers on avian immune cells: In ‘‘Avian Cellularcells. The NK cells found in peripheral blood, intestinal
Immunology’’ ( J. M. Sharma, ed.), pp. 1–22. CRC Press, Bocaepithelium, and spleen tend to be nonadherent cells.
Raton, FL.Cells exhibiting spontaneous cytotoxicity, NK cells,

Chung, K. S., and Lillehoj, H. S. (1991). Developmental and functional
were identified by two mAb, K-108 and K-4 (Chung characterization of monoclonal antibodies recognizing chicken
and Lillehoj, 1991). NK cells increase with age and in lymphocytes with natural killer cell activity. Vet. Immunol. Immu-
the presence of viruses. Disease and suppressor cells nopathol. 28, 351–363.

Cogburn, L. A., and Glick, B. (1981). Lymphopoiesis in the chickendepress NK cells. Mammalian NK cells respond posi-
pineal gland. Am. J. Anat. 102, 131–142.tively to interferon while avian NK cells may not

Cogburn, L. A., and Glick, B. (1983). Functional lymphocytes in the(Sharma and Schat, 1991).
chicken pineal gland. J. Immunol. 130, 2109–2112.The nonlymphoid heterophil and thrombocyte were Compton, M. M. (1993). Programmed cell death in avian thymocytes:

active in immunity and infection (Powell, 1987). Hetero- Role of the apoptotic endonuclease. Poult. Sci. 72, 1267–1272.
phils are the early cells of inflammation and are phago- Cooper, M. D., Peterson, R. D. A., South, M. A., and Good, R. A.

(1966). The functions of the thymus system and bursa system incytic. Serotonin inhibited the cytotoxicity of granulo-
the chicken. J. Exp. Med. 123, 75–106.cytes while pretreatment with interferon impeded the

Crone, M., and Simonsen, M. (1987). Avian major histocompatibilityinhibitory effects of serotonin (Garssadi et al., 1994).
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was shown initially by Stalsberg and Prydz (1963) and Raton, FL.
Glick et al.(1964), respectively. Monoclonal antibodies Dahan, A., Raynaud, C.-A., and Weill, J.-C. (1983). Nucleotide se-
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Cardiovascular system (continued) Central nervous system, see also developmental changes, 521–522
epinephrine physiology, 520–521functional anatomy, 142 Autonomic nervous system
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Cobalt chloride, pancreatic toxicity, 552circulation anatomy, 243 descending pathways, 79
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immune function, 517motility, 309 dehydration/depletion, 287

hydration/loading, 287osmoregulation role intermediary metabolism, 516–517
regulation, 502–506transport properties, 286–288 Chromaffin cells

adrenal hormones, 519–522ureteral urine postrenal modifications, adrenocortical hormone, 502–503, 508
aldosterone secretion, 506–509288 catecholamine synthesis, 519–520
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angiotensins, 503, 506–507 somatotropic axis, 636–641 freshly laid egg composition,
biphasic modulators, 505–506 growth hormone and receptor, 617–618
inhibitors, 505, 508–509 637–638 organic matrix, 587–588
negative modulators, 505 insulinlike growth factor binding cuticle, 587–588
positive modulators, 503–505, 508 proteins, 641 mammillary cores, 587
renin–angiotensin system, 506–507 insulinlike growth factor receptors, shell matrix, 587
stimulators, 503–505 640–641 shell membranes, 587

secretion, 497–498 insulinlike growth factors, 638–639, respiration, 589, 621–624
secretory products, 492–493 641 vitamin D metabolism, 590
senescencal changes, 514 thermoregulation yolk, 586
stress, 500–502 embryo, 375 incubation, see Incubation
synthesis, 493–496 hatchling, 375–376 preincubation storage, 629–630
transport, 496 brooding responses, 375 Electrolyte balance

Crop cold responses, 375 corticosteroid effects, 518–519
anatomy, 302–303 heat responses, 376 gastrointestinal absorption, 267, 319
digestion and secretion, 313–314 nesting, 376–379 osmoregulation, 267, 518–519

Cytokines, immune response regulation, altricial species, 377–378 Electrophysiology
664 brooding, 378 auditory pathways, 29–33

growth rates, 376–377 cochlear nuclei, 30–31
heat loss, 378 lateral lemniscus nuclei, 31
hypothermia, 378–379 midbrain auditory nucleus, 31–32D incubation, 620–621, 627–629 nucleus laminaris, 31

Data logging, flight study, 397–398 precocial species, 377–378 telencephalic auditory field L, 32–33
Dehydration solar heat gain, 378 thalamic nucleus ovoidalis, 32

sodium chloride depletion, 287 thyrotropic axis, thyroid hormones and heart, 148–154
thermoregulation, 347 receptors, 467–468, 641–642 conduction system, 150–151

Development venous system, 173–174 excitation–contraction coupling,
adrenocorticotropic axis Diabetes mellitus 149–150

adrenocorticotropic hormones, characteristics, 552 fine structure, 148–149
513–514, 644 pancreatropic agents, 553–554 mechanisms, 151–154

corticosterone, 513–514, 644 Diffusion, pulmonary gas exchange, mechanoreception
chromaffin cells, 521–522 250–252 investigations, 64–65
gonadotropic axis, gonadal steroids and air capillary diffusion, 251 mechanoreceptor characteristics,

receptors, 642 blood–gas barrier diffusion, 251–252 59–61growth factors, 644–648 mechanisms, 250 muscle fibers, 129activin, 647 Digestion, see Gastrointestinal system somatosensory processing, 65bone morphogenic protein-4, 647 Diurnal effects Embryos, see also Egg productionepidermal growth factor, 644–645 gastrointestinal system motility, 310 ambient temperature tolerance, 631–632fibroblast growth factor, 645–646 plasma corticosterone concentrations, embryology, see Developmentglial cell-derived nerve growth factor, 509–511 growth, energy costs, 336–337647 Dopamine incubation, see Incubationinhibin, 647 corticosteroid function regulation, 504 pancreatic organ role, 542nerve growth factor, 646 prolactin release control, 449 thermoregulation, 375, 627–629platelet-derived growth factor, 646 Doubly-labeled water, flight energetics thyroid gland histology, 461–462transforming growth factor-a, 644–645 study, 397 Eminentia sagittalis, motor control role,transforming growth factor-b, 646–647 Drinking, see Osmoregulation 94–95growth models, 648–649
Energy balance, see also Thermoregulationgrowth-selected strains, 649

activity costs, 331–334sex-linked dwarf chickens, 648–649
foraging, 333Ehomeobox genes, 647–648
locomotion, 332hormonal regulation Ears, see Auditory system
reproduction, 333–334molecular mechanisms, 636 Echolocation, auditory behavioral

daily budgets, 337–338overview, 635–636 aspects, 35
energy exchange measurement, 327–331incubation physiology, 621–629 Egg production, see also Embryos

basal metabolism, 328–329acid–base regulation, 624–625 energy costs, 333, 619–620
body size energetics, 331cardiovascular function, 625–627 formation
demand, 327–328respiration, 621–624 albumen, 586–587
existence energy, 329–330thermoregulation, 627–629 calcium metabolism, 589–591
metabolized energy, 330lactotropic axis, prolactin and receptor, carbonate formation and deposition,
resting metabolism, 329642–644 591

flightpancreatic hormones, insulin and crystallization layers, 588–589
energy costs, 332receptor, 644 mammillary knob layer, 588
power input data, 400–405pancreatic organ role, 542–543 palisade layer, 588

flight muscle efficiency scaling,skeletal muscles, 123–126 shell respiration, 589, 621–624
surface layer, 588–589preflight muscles, 412–414 403–405
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Energy balance (continued) F overview, 391–392
respiratory systemstudy techniques, 394–400 Fat

temperature control, 421–424aerodynamic models, 394–396 follicle growth, deposition, 572–574
ventilatory adjustments, 259, 419–421air flow visualization, 396 metabolism, growth hormone effects,
ventilatory/locomotor coupling,cardiovascular function modeling, 445

419–421399–400 overwinter fattening, 334–335
water loss, 424data logging, 397–398 premigratory fattening, 334, 414–416

scaling, 392–393direct force measurement, 396 Fatty acids, absorption, 318–319
vein physiology, 174–175doubly-labeled water, 397 Feathers, molt

Folliclesenergy costs, 335–336mass loss, 396–397
anatomyregulation, autonomic hypothesis,telemetry, 397–398

atretic follicles, 570–572117–118wind tunnel, 398–399
ovarian follicle, 570Fibroblast growth factor, development role,geographic variation, 338
postovulatory follicles, 570–572645–646overview, 327, 338–339

growth, 572–574Flightpopulation requirements, 338
hormone effectsaltitude effectsproduction and storage

atretic follicles, 579–580air density effects, 428egg production, 335
hierarchal follicles, 578–579blood changes, 180, 428embryo growth, 336–337
postovulatory follicles, 579–580circulation control, 217–219, 429freshly laid egg, 619–620
prehierarchal follicles, 579gas exchange, 254gonad growth, 335
stromal follicles, 579hypobaria, 428–429molt, 335–336 ovipositionnavigation, 428newly hatched young, 336–337 postovulatory follicle, 585oxygen partial pressure, 428–429overwinter fattening, 334–335 preovulatory follicle, 585cardiovascular systempremigratory fattening, 334 Follicle-stimulating hormone, actionadjustments, 416–417starvation, 334 females, 439, 581blood flow changes, 172–173, 429Environmental influences, thyroid glands, males, 441cardiac muscles, 417–419469 FoodenergeticsEpidermal growth factor, development role, absorption, 317–319power input data, 400–405644–645 deprivation, thermoregulation, 347–348energy costs, 332Epididymis, characteristics, 599–600 digestion, see Gastrointestinal systemflight muscle efficiency scaling,Epinephrine foraging, 333403–405chromaffin cell innervation, 490 growth hormone secretion control,study techniques, 394–400

corticosteroid function regulation, 504 446–447aerodynamic models, 394–396
physiological actions, 520–521 intake regulation, 112–114, 320–321air flow visualization, 396
senescence role, 522 metabolism, see Energy Balancecardiovascular function modeling,
synthesis and release regulation, Foraging, energy costs, 333399–400

Forebrain, autonomic nervous system519–520 data logging, 397–398
pathways, 114–115Esophagus direct force measurement, 396

anatomy, 302–303 doubly-labeled water, 397
digestion and secretion, 313–314 mass loss, 396–397
motility, 305–306 telemetry, 397–398 GEstrogens wind tunnel, 398–399 Galanin, corticosteroid function regulation,development role, 642 long distance performance, 424–428 504female reproduction role, 582 migration preparation, 424–427 Gas transport, see Cardiovascular system;Evaporative water loss migratory behavior, 427–428 Respiratory system
osmoregulation, 291 metabolic substrates and fuel deposits, Gastrointestinal system
thermoregulation, 356–363 414–416 absorption, 317–320

acclimatization and acclimation, 363 muscles amino acids and peptides, 318
cooling site, 361–362 cardiac muscles, 417–419 bile acids, 318
cutaneous heat loss, 357–359 flight muscles, 405–412 calcium, 482
gular flutter, 361 biochemistry, 408–410 carbohydrates, 317–318
heat conservation, 362–363 efficiency scaling, 403–405 chloride, 319–320
nonevaporative heat loss, 356 fiber types, 405–408 electrolytes, 319
osmotic state, 362 function, 410–412 fatty acids, 318–319
partition of heat loss, 363 morphology, 405–408 sodium, 319–320
respiratory heat loss, 359–363 neurophysiology, 410–412 vitamins, 320
thermal tachypnea, 359–361 forward flapping, 401–403 water, 319–320
water conservation, 362–363 gliding, 400–401 accessory organ anatomy

Exercise, see also Flight hovering, 403 liver, 305
gas exchange effects, 255 locomotor muscles, 412–414 pancreas, 305
venous system physiology, 174–175 preflight muscle development, age-related effects, 320
ventilatory response, 259 412–414 digestion and secretion, 313–317

bile, 317Eyes, see Vision soaring, 400–401
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colon, 316 Glomerular filtration, osmoregulation role, Growth hormone, 444–447
272–273 actionscrop, 313–314

Glucagon adrenocortical hormone interactions,esophagus, 313–314
action mechanisms, 544–546 445intestines, 315–316
insulin/glucagon molar ratio development role, 637–638mouth, 313

pancreas function, 544 growth, 444–445pancreas, 316–317, 548–551
pancreatic–enteric regulation, 550–551 immune function, 445salivary glands, 313

secretogenesis, 543–544 lipid metabolism, 445stomach, 314–315
Glucose, metabolism thyroid hormone interactions, 445, 468digestive tract anatomy, 299–305

altered metabolism, 552–554 assay, 444beak, 299–302
diabetes mellitus, 552 carbohydrate metabolism role, 554ceca, 304
growth hormone effects, 554 chemistry, 444cloaca, 304–305
pancreatic chemocytotoxins, 552–553 corticosteroid function regulation,crop, 302–303
pancreatropic agents, 553–554 503–504esophagus, 302–303
prolactin effects, 554 growth hormone receptors, 445–446,mouth, 299–302
surgical extirpation of pancreas, 553 637–638pharynx, 299–302

birds and mammals compared, 541–542 pituitary origin, 447rectum, 304–305
liver role, 540 secretion control, 446–447small intestine, 303–304
mechanisms, 539–540 growth hormone releasing factor, 446stomach, 303
pancreas function, 540–541 hypophysiotropic peptide release, 446food intake regulation, 320–321
pancreatic–enteric regulation, 548–551 nutrition effects, 446–447intestinal lymphocytes, 661–662 adipose tissue, 550 ontogeny, 447motility, 305–313 erythrocytes, 551–552 somatostatin, 446ceca, 309 glycogen body, 552 thyrotropin releasing hormone, 446diurnal variation, 310 heart, 551 variants, 444esophagus, 305–306 insulin/glucagon molar ratio role, Growth hormone releasing factor, growthgastrointestinal cycle, 306–308 550–551 hormone secretion control, 446hormonal control, 310–313 liver role, 549–550 Gular flutter, evaporative thermoregulation,

neural control, 310–313 muscle tissue, 550 361
passage rate, 313 plasma effects, 549 Gustation
rectum, 309–310 tissue effects, 549–552 bitter response, 44–46
small intestine, 308–309 Glycoproteins, major histocompatibility complex taste response, 46

osmoregulation role, lower intestines, complex immune response regulation, overview, 39–40
283–288 663 salt response, 44

caeca transport properties, 286–288 Gonadotropins, 438–443 sour response, 44
colon transport properties, 283–285 female action, 438–439 sweet response, 43–44
coprodeum transport properties, male action, 439–441, 607 taste behavior, 43

release control, 441–443283–285 taste receptor innervation, 43
female reproductive cycle, 442coprodeum versus colon role taste receptors, 43
luteinizing hormone releasingcompared, 285 temperature effects, 46

hormone, 441–442dietary regulation mechanisms, 285
negative and positive feedback, 442hormonal regulation mechanisms, 285
photoperiodism, 442molecular induction, 285–286
seasonal breeding, 442–443potassium transport, 284–285 H

structure, 438sodium transport, 283–284, 286–287 Hair cells, activation, 24–27
Gonadsultrastructural adaptation, 285–286 Harderian gland, immunophysiology, 662

differentiation, 602ureteral urine postrenal modifications, Hatchlings
growth, energy costs, 335287–288 energy costs, 336–337
undifferentiated formation, 601–602caeca quantitative role, 288 thermoregulation, 375–376Grandry corpuscles, morphology anddehydration/sodium chloride brooding responses, 375distribution, 58–59depletion, 287 cold responses, 375Growth factors

hydration/sodium chloride loading, heat responses, 376development role, 644–648
287 thyroid hormone effects, 468activin, 647

ratite special cases, 288 Hearing, see Auditory systembone morphogenic protein-4, 647
salt glands, 287–288 Heart, see Cardiovascular systemepidermal growth factor, 644–645

water transport, 283–284, 286–287 Heat balance, see Thermoregulationfibroblast growth factor, 645–646
Genetic studies, autonomic nervous system Hemoglobinglial cell-derived nerve growth factor,

imbalance, 118 lung diffusing capacity, 252647
Geographic variations oxygen transportinhibin, 647

energy balance, 338 characteristics, 245nerve growth factor, 646
thermoregulation, 353–355 molecular engineering, 247platelet-derived growth factor, 646

Glial cell-derived nerve growth factor, O2–hemoglobin affinity, 246–247transforming growth factor-a, 644–645
development role, 647 Henderson–Hasselbalch equation, gastransforming growth factor-b, 646–647

female reproduction role, 580Gliding, power input, 400–401 transport, 248–249
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Herbst corpuscles, morphology and overview, 437–438 egg composition changes, 618–620
energy content, 619–620prolactin, 447–449distribution, 58

actions, 448 water content, 618–619Hierarchal follicles, steroid production,
assay, 447–448 egg turning, 630–631578–579
chemistry, 447 embryonic tolerance, 631–632Hippocampus, food storage behavior,
pituitary origin, 447 energy costs, 333, 619–620116–117
receptor, 448–449 freshly laid egg composition, 617–618Histidine isoleucine peptide, prolactin
release control, 449 heat transfer, 620–621release control, 449

thermoregulation, 368–369 incubation period, 629Homeobox genes, development role,
thyrotropin, 443–444 overview, 617647–648

Hypothermia preincubation egg storage, 629–630Hormones, see specific hormones
arousal, 374–375 Infundibulum, anatomy, 574Hovering, power input, 403
development in nesting, 378–379 InhibinHypophysiotropic peptide, growth hormone
hypothermic state, 373–374 adrenal origin, 498secretion control, 446
patterns, 372–373 development role, 647Hypothalamopituitary system, see also

Hypoxia InsulinAdrenal glands; Pituitary gland
gas exchange effects, 255 action mechanisms, 544adrenocorticotropic hormone, 449–450,
ventilatory response, 259 development role, 644498–500, 513–514

insulin/glucagon molar ratioarginine vasotocin
pancreas function, 544action, 451–452
pancreatic–enteric regulation, 550–551chemistry, 451 I secretogenesis, 543–544prolactin release, 449

Immune system Insulinlike growth factor binding proteins,autonomic nervous system components,
corticosteroid effects, 517 development role, 641108–111
cytoarchitecture, 657–662 Insulinlike growth factor receptors,chromogranin A, 450–451
development, 657–662 development role, 640–641gonadotropins, 438–443

primary immune tissue Insulinlike growth factors, developmentfemale action, 438–439
bursal B-cell markers, 658 role, 638–639, 641male action, 439–441
bursal lymphocyte origin, 659 Interleukin-1, corticosteroid functionrelease control, 441–443
bursa of fabricius morphology, regulation, 504–505female reproductive cycle, 442

658 Intestines, see Gastrointestinal systemluteinizing hormone releasing
cluster of differentiation, 658–659 Isthmus, anatomy, 574hormone, 441–442
T-cell receptors, 658–659

negative and positive feedback, 442
thymic lymphocyte origin, 659

photoperiodism, 442 secondary lymphoid tissue Jseasonal breeding, 442–443 cecal tonsil, 660
structure, 438 Jaw, motor control, 87–91Harderian gland, 662

growth hormone, 444–447 bulbar premotor centers, 89–91lymph node, 662
actions, 444–445 jaw opening and closing, 87–89Meckel’s diverticulum, 660–661

adrenocortical hormone interactions, proprioceptive control, 89–91Peyer’s patches, 660
445 tongue muscles, 89pineal gland, 662

growth, 444–445 spleen, 659–660
immune function, 445 growth hormone effects, 445
lipid metabolism, 445 Kimmune response regulation, 662–667
thyroid hormone interactions, 445 antibody-mediated immunity, Kidneys, osmoregulation, 267–282

assay, 444 664–666 anatomy, 267–270
chemistry, 444 immunoglobulins, 664–665 arterial supply, 268
growth hormone receptors, 445–446 macrophage, 666–667 blood flow, 267–270
pituitary origin, 447 V-genes, 665–666 gross anatomy, 267
secretion control, 446–447 cytokines, 664 nephron types and numbers, 267

growth hormone releasing factor, major histocompatibility complex, renal portal system, 268–270
446 662–664 venous drainage, 270

hypophysiotropic peptide release, overview, 657 physiology, 270–282
446 Immunoglobulins acid/base regulation, 280–281

nutrition effects, 446–447 bursal B-cell markers, 658 aldosterone, 278
ontogeny, 447 immune response regulation, 664–665 arginine vasotocin, 273, 277
somatostatin, 446 Incubation, see also Development atrial natriuretic peptide, 278
thyrotropin releasing hormone, 446 physiology calcium excretion regulation, 278

variants, 444 ambient temperature effects, collecting duct, 275
hypothalamic–hypophyseal complex, 438, 631–632 descending thin limb, 274

606–607 development, 621–629 glomerular filtration, 272–273
hypothalamic–pituitary–thyroid axis, acid–base regulation, 624–625 nitrogen excretion regulation, 278–280

466 cardiovascular function, 625–627 phosphate excretion regulation, 278
mesotocin, 451–452 respiration, 621–624 renal blood flow, 270–272

renin/angiotensin system, 277–278neurohypophysis, 451 thermoregulation, 627–629
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sodium excretion regulation, 277–278 Meckel’s diverticulum, immunophysiology, paleostriatal complex, 97
septomesencephalic tract, 94–95thick ascending limb, 275 660–661

ureter function, 282 songbird vocalization, 96–97Median eminence, characteristics, 112
urinary concentrating mechanisms, vocalization centers, 91–92Meiosis, spermatocyte formation, 605

273–277 Mouth, see also Beak; GustationMelatonin
urine composition and flow, 281–282 anatomy, 299–302characteristics, 558–559
water excretion regulation, 273–277 digestion and secretion, 313circadian rhythm synchronization,
water reabsorption, 273–274 Müllerian ducts, regression, 602563–564

Muscles, see Motor control system; Skeletalextrapineal production, 559–560
musclessleep regulation, 565

L Myoglobin, gas exchange role, 255Merkel cell receptors, morphology and
Laminae, organization, 75–76 distribution, 58
Lateral lemniscus nuclei, central auditory Mesonephros, testicular excurrent duct

pathway function, electrophysiology, 31 formation, 602–603 NLateral septal organ, characteristics, Mesotocin, characteristics, 451–452
Nephrons, osmoregulation role, types and111–112 Metabolism, see Energy balance;

numbers, 267Lateral spinal nucleus, organization, 77 Thermoregulation
Nerve growth factor, development role, 646Limbic system, autonomic nervous system Midbrain auditory nucleus, central auditory
Nestingpathways, 115–117 pathway function, electrophysiology,

induction, 585–586Lipids 31–32
thermoregulationfollicle growth, deposition, 572–574 Migration

altricial species, 377–378metabolism, growth hormone effects, 445 coronary circulation, 147
brooding, 378Lissauer tract neurons, organization, 77 long distance performance, 424–428
growth rates, 376–377Liver migratory behavior, 427–428
heat loss, 378anatomy, 305 preparation, 424–427
hypothermia, 378–379bile secretion, 317 metabolic substrates and fuel deposits,
incubation, 620–621glucoregulation 414–416
precocial species, 377–378mechanisms, 540 premigratory fattening, 334, 414–416
solar heat gain, 378pancreatic–enteric regulation, 549–550 regulation, autonomic hypothesis,

Neurons, see also Autonomic nervousLocomotion, see also specific types 117–118
system; Central nervous systemcontrol centers, 91 Molt

auditory nerve fibers, 27–28energy costs, 332 energy costs, 335–336
central auditory pathways, 28–33Lungs, see Respiratory system female reproduction role, 583–584

anatomy, 28–29Luteinizing hormone, action regulation, autonomic hypothesis, electrophysiology, 29–33females, 438–439, 442, 580–581 117–118 cochlear nuclei, 30–31males, 439–441 thyroid hormone effects, 468 lateral lemniscus nuclei, 31Luteinizing hormone releasing hormone, Motor control system midbrain auditory nucleus, 31–32release control, 441–442, 580 autonomic nervous system components, nucleus laminaris, 31Lymph nodes, immunophysiology, 662
102–104 telencephalic auditory field L, 32–33

parasympathetic nervous system, 104 thalamic nucleus ovoidalis, 32
sympathetic nervous system, 102–104M muscle innervation, 128–129

cerebellum structure and function, 92–94Macrophage, immune response regulation, olfactory neuronal response, 48
flight, 410–412666–667 retina structure and function, 4–7
jaw and tongue movements, 87–91Magnocellular column, organization, 76–77 spinal cord organization, see Central

bulbar premotor centers, 89–91Magnum, anatomy, 574 nervous system
jaw opening and closing, 87–89Major histocompatibility complex, immune Nitrogen, excretion regulation, 278–280
proprioceptive control, 89–91response regulation, 662–664 Nociception
tongue muscles, 89allospecific response, 663 electrophysiological investigations, 64

locomotion centers, 91, 412–414coreceptors, 663–664 receptor characteristics, 62
oculomotor control, 84–87membrane-associated glycoproteins, 663 Nonsteroidal hormones, female

eye muscles, 84–87signaling, 663–664 reproduction role, 580
head and neck movements, 87T-cytotoxic cells, 663 Norepinephrine
oculomotor nuclei, 84–87Marginal nuclei, organization, 77–78 chromaffin cell innervation, 490
optokinetic nystagmus, 84–86Mass, loss, flight study, 396–397 corticosteroid function regulation, 504
tectobulbospinal control, 87Mechanoreception female reproduction role, 580
vestibulocollic control, 87behavioral aspects, 65–66 physiological actions, 520–521
vestibulooculomotor reflex, 86–87electrophysiological investigations, 64–65 senescence role, 522

overview, 83–84, 97mechanoreceptor characteristics, 58–61 synthesis and release regulation, 519–520
respiration centers, 91–92cutaneous mechanoreceptors, 58–59 Nucleus laminaris, central auditory pathway
telencephalic centers, 94–97electrophysiology, 59–61 function, electrophysiology, 31

ansa lenticularis, 97Grandry corpuscles, 58–59 Nucleus proprius, organization, 75
archistriatum tract, 95–97herbst corpuscles, 58 Nutrition, see also Food
eminentia sagittalis, 94–95Merkel cell receptors, 58 growth hormone secretion control,

446–447Ruffini endings, 59 occipitomesencephalic tract, 95–97
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O renin/angiotensin system, 277–278 Pancreas
sodium excretion regulation, anatomy, 305Occipitomesencephalic tract, motor control

277–278 functionrole, 95–97
thick ascending limb, 275 cell distribution, 542–543Oculomotor system, see Vision
ureter function, 282 cytodifferentiation, 542–543Oil droplets, vision role, 4
urinary concentrating mechanisms, digestion and secretion, 316–317Olfaction

273–277 embryogenesis, 542discrimination capabilities, 48–49
urine composition and flow, 281–282 glucoregulation, 540–541field performance, 49–50
water excretion regulation, 273–277 hormonogenesis, 543–544laboratory detection, 48–49
water reabsorption, 273–274 insulin/glucagon molar ratio, 544neuronal response, 48

overview, 265–266 secretogenesis, 543–544overview, 39–40, 50–51
salt glands glucoregulationreceptor innervation, 47–48

anatomy, 288–289 altered metabolism, 552–554system morphology, 46–47
function, 289–290 diabetes mellitus, 552trigeminal–olfactory interactions, 42–43

fluid composition, 289–290 growth hormone effects, 554Optokinetic nystagmus, oculomotor control,
regulatory mediators, 290 pancreatic chemocytotoxins, 552–55384–86
secretion mechanisms, 289–290 pancreatropic agents, 553–554Osmoregulation
secretion stimulus, 289 prolactin effects, 554evaporative water loss, 291, 362, 424

postrenal urine modification, 287–288 surgical extirpation of pancreas, 553extrarenal organs, 282–283
quantitative contribution, 290–291 birds and mammals compared, 541–542intestine, lower regions, 283–288

solute intake, 267 liver role, 540caeca transport properties, 286–288
water intake, 266–267 mechanisms, 539–540colon transport properties, 283–285

Ovary, anatomy, 569–574 pancreas function, 540–541coprodeum transport properties,
Oviduct pancreatic–enteric regulation, 548–551283–285

anatomy, 574–575 adipose tissue, 550coprodeum versus colon role
blood flow, 575 erythrocytes, 551–552compared, 285
calcium regulation, vitamin D action, glycogen body, 552dietary regulation mechanisms, 285

482 heart, 551hormonal regulation mechanisms, 285
innervation, 575 insulin/glucagon molar ratio role,molecular induction, 285–286
motility, 575 550–551potassium transport, 284–285

Oviposition liver role, 549–550sodium transport, 283–284, 286–287
broodiness and nesting behavior, muscle tissue, 550ultrastructural adaptation, 285–286

585–586 plasma effects, 549ureteral urine postrenal modifications,
hormone effects, 580–586 tissue effects, 549–552287–288
lay rate, 575–577 pancreatic hormone action mechanisms,caeca quantitative role, 288
light effects, 583–584 544–546dehydration/sodium chloride
parthenogenesis, 577 glucagon, 544–546depletion, 287
postovulatory follicle, 585 insulin, 544hydration/sodium chloride loading,
preovulatory follicle, 585 pancreatic polypeptide, 546287

Ovulation receptor considerations, 546–548ratite special cases, 288
arginine vasotocin role, 451–452 somatostatin, 546salt glands, 287–288
blood flow changes, 173 Paragriseal cells, organization, 77–78water transport, 283–284, 286–287
hormone effects, 580–583 Parasympathetic nervous systemkidneys, 267–282
lay rate, 575–577 central components, 105–108anatomy, 267–270 light effects, 583–584 heart control, 198–210arterial supply, 268 parthenogenesis, 577 control mechanisms, 205–210blood flow, 267–270 Oxygen chronotropic effects, 207–209gross anatomy, 267 high altitude flight, 428–429

dromotropic effects, 207nephron types and numbers, 267 oxygen cascade, 234
inotropic effects, 209–210renal portal system, 268–270 transport

neuron anatomy, 198–205venous drainage, 270 hemoglobin, 245
peripheral motor components, 104physiology hemoglobin engineering, 247

Parathyroid glands, characteristics, 474acid/base regulation, 280–281 measurement, 249
Parathyroid hormonealdosterone, 278 O2–blood equilibrium curves, 245

actions, 475–477arginine vasotocin, 273, 277, 451 O2 capacity, 247
renal actions, 477atrial natriuretic peptide, 278 O2–hemoglobin affinity, 246–247
skeletal actions, 475–477calcium excretion regulation, 278 pulmonary exchange, 250–251

collecting duct, 275 chemistry, 474–475Oxytocin, oviposition induction, 584
descending thin limb, 274 circulating hormone, 475

corticosteroid function regulation, 504glomerular filtration, 272–273
nitrogen excretion regulation, overview, 473–474, 484

P278–280 parathyroidectomy, 474
parathyroid glands, 474phosphate excretion regulation, Pain, behavioral effects, 66

278 parathyroid hormone-related peptide,Paleostriatal complex, motor control
role, 97renal blood flow, 270–272 477–479
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Parathyroid hormone-related peptide, secretion control, 446–447 gonad growth, 335
growth hormone releasing factor,characteristics, 477–479 incubation, 333

446Parthenogenesis, ovulation and oviposition newly hatched young, 336–337
hypophysiotropic peptide release,cycles, 577 rearing young, 333

446Peptides, see also specific types territorial defense, 333
nutrition effects, 446–447absorption, 318 females
ontogeny, 447Peyer’s patches, immunophysiology, 660 anatomy, 569–575
somatostatin, 446Pharynx, anatomy, 299–302 atretic follicles, 570–572
thyrotropin releasing hormone, 446Phosphate blood flow, 575

variants, 444absorption, 319 follicle growth, 572–574
hypothalamic–hypophyseal complex, 438excretion regulation, 278 infundibulum, 574
mesotocin, 451–452Photoperiodism isthmus, 574
neurohypophysis, 451pineal gland role, 564–565 lipid deposition, 572–574
overview, 437–438seasonal breeding role, 442, 583–584 magnum, 574
prolactin, 447–449Photoreceptors, function, 4 ovarian follicle, 570

actions, 448Pineal gland ovary, 569–574
assay, 447–448anatomy, 557–558 oviduct, 574–575
chemistry, 447annual cycles, 564–565 postovulatory follicles, 570–572
pituitary origin, 447melatonin shell gland, 574
receptor, 448–449characteristics, 558–559 sperm storage glands, 574–575
release control, 449circadian rhythm synchronization, vagina, 574–575

thermoregulation, 368–369563–564 breeding cycles, 575–577
thyrotropin, 443–444extrapineal production, 559–560 egg formation, 586–591

Platelet-derived growth factor, developmentphotoperiodism, 564–565 albumen, 586–587
role, 646physiological effects, 560–565 calcium metabolism, 589–591

Populations, energy balance requirements,circadian system, 560–564 carbonate formation and deposition, 591
338diversity, 563 crystallization layers, 588–589

Prehierarchal follicles, steroid production,pacemaker function, 560–563 cuticle, 587–588
579immunophysiology, 662 mammillary cores, 587

Progesterone, female reproduction role, 581pineal hormones, 558–560, 563–564 mammillary knob layer, 588
Prolactinsleep, 565 organic matrix, 587–588

actions, 448thermoregulation, 565 palisade layer, 588
assay, 447–448Pituitary gland shell matrix, 587
carbohydrate metabolism role, 554adrenocorticotropic hormone, 449–450 shell membranes, 587
chemistry, 447arginine vasotocin shell respiration, 589
corticosteroid function regulation, 503action, 451–452 vitamin D metabolism, 590
development role, 642–644chemistry, 451 yolk, 586
female reproduction role, 582–583prolactin release, 449 follicle-stimulating hormone role, 439
pituitary origin, 447autonomic nervous system components, hormones
receptor, 448–449108–111 atretic follicles, 579–580
release control, 449chromogranin A, 450–451 corticosterone, 511–512, 582

Prostaglandinsgonadotropins, 438–443 estrogens, 582
characteristics, 483–484female action, 438–439 follicle-stimulating hormone, 581
corticosteroid function regulation, 506male action, 439–441 growth factors, 580
female reproduction role, 580, 583–585release control, 441–443 hierarchal follicles, 578–579

Protein, see specific proteinsfemale reproductive cycle, 442 luteinizing hormone, 580–581
luteinizing hormone releasingluteinizing hormone releasing

hormone, 441–442 hormone, 580
molt, 583–584negative and positive feedback, 442 R

photoperiodism, 442 nonsteroidal hormones, 580Ratites, intestinal osmoregulation, 288
seasonal breeding, 442–443 oxytocin, 584Rectum

structure, 438 postovulatory follicles, 579–580anatomy, 304–305
growth hormone, 444–447 prehierarchal follicles, 579motility, 309–310

actions, 444–445 progesterone, 581Renal function, see Osmoregulation
adrenocortical hormone interactions, prolactin, 582–583Renal portal system

445 prostaglandins, 580, 583–585characteristics, 175–176
growth, 444–445 serotonin, 583osmoregulation role, 268–270
immune function, 445 sexual maturation, 583Renin
lipid metabolism, 445 steroids, 578–580aldosterone secretion regulation, 506–507
thyroid hormone interactions, 445 stromal follicles, 579osmoregulation role, 277–278

assay, 444 luteinizing hormone role, 438–439, 442Reproduction
chemistry, 444 ovipositionenergy costs
growth hormone receptors, 445–446 broodiness and nesting behavior,egg production, 335

embryo growth, 336–337pituitary origin, 447 585–586
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Reproduction (continued) eggshell ventilation, 589–590, lung heterogeneity, 252–254
dead space physiology, 252hormone effects, 580–586 621–624
temporal heterogeneity, 253–254lay rate, 575–577 evaporative heat loss, 359–363
V? /Q? mismatching, 253light effects, 583–584 cooling site, 361–362

overview, 254parthenogenesis, 577 gular flutter, 361
oxygen transport principles, 250postovulatory follicle, 585 heat conservation, 362–363

convection, 250preovulatory follicle, 585 osmotic state, 362
diffusion, 250ovulation cycles thermal tachypnea, 359–361

pulmonary vessel innervation,hormone effects, 580–583 water conservation, 362–363
189–190lay rate, 575–577 flight effects, 419–424

symbols and units, 234light effects, 583–584 temperature control, 421–424
tissue gas exchange, 254–255parthenogenesis, 577 ventilatory adjustments, 419–421

exercise effects, 255males ventilatory/locomotor coupling,
hypoxia effects, 255anatomy, 597–600 419–421
microcirculation, 255accessory organs, 600 water loss, 424

cerebral circulation, 255excurrent ducts, 599–600 gas transport, 244–249
skeletal muscle, 255testis, 597–599 acid–base equilibrium, 248–249

myoglobin, 255follicle-stimulating hormone role, 441 carbon dioxide, 247–248
Ruffini endings, morphology andluteinizing hormone role, 439–441 blood–CO2 equilibrium curves,

distribution, 59ontogeny, 600–603 248
forms in blood, 248excurrent duct formation, 602–603

gonad differentiation, 602 Henderson–Hasselbalch equation,
248–249Müllerian duct regression, 602 S

undifferentiated gonad formation, measurement, 249
Salt glands, osmoregulation role601–602 oxygen, 245–247

anatomy, 288–289overview, 597 hemoglobin, 245
function, 289–290sperm hemoglobin molecular engineering,

fluid composition, 289–290extragonadal sperm transport, 247
regulatory mediators, 290

609–612 O2–blood equilibrium curves, 245
secretion mechanisms, 289–290

spermatogenesis, 607–609 O2 capacity, 247
secretion stimulus, 289

testis O2–hemoglobin affinity, 246–247
postrenal urine modification, 287–288

adenohypophyseal function control, mechanics, 238–243
quantitative contribution, 290–291

606–607 flow patterns, 240–243
Seasonal patterns

anatomy, 597–599 aerodynamic valving, 241, 243 breeding
central function control, 605–606 air sac Po2 and Pco2, 241–242 gonadotropin release control, 442–443
gonadotropin effects, 607 air sac ventilation, 240 photoperiodism role, 442, 583–584
growth pattern alteration, 605 artificial ventilation, 242 corticosteroid concentration effects,
meiosis initiation, 605 parabronchial ventilation, 242 511–512
somatic cell proliferation and pulmonary ventilation, 240–241 migration, see Migration

differentiation, 603–605 properties, 239–240 Senescence
stem cell proliferation, 603 air capillary surface forces, 240 catecholamine effects, 522

seasonal breeding, 442–443 compliance, 239 hypothalamo–pituitary–adrenal axis role,
thyroid hormone role, 468 resistance, 239–240 514

Respiratory system respiratory muscles, 238–239 Senses, see specific senses
anatomy, 234–238 motor control centers, 91–92 Septomesencephalic tract, motor control

air sacs, 236–238 overview, 233–234 role, 94–95
air volumes, 238 oxygen cascade, 234 Serotonin
lungs, 235–236 pulmonary circulation, 243–244 aldosterone secretion regulation,

conducting airways, 235–236 ascites role, 244 508–509
parabronchi, 236 blood flow distribution, 244 female reproduction role, 583

upper airways, 235 capillary volume, 243 Sexual maturation, female reproduction
breathing control, 256–259 circulation anatomy, 243 role, 583

respiratory rhythm-generation, 256 fluid balance, 244 Shell
sensory inputs, 256–258 vascular resistance, 244 formation

arterial chemoreceptors, 256–257 pulmonary gas exchange, 249–254 matrix, 587
central chemoreceptors, 256 cross-current gas exchange, 250–251 membranes, 587
intrapulmonary chemoreceptors, CO2 exchange, 251 respiration, 589, 621–624

257–258 O2 exchange, 250–251 shell gland anatomy, 574
ventilatory reflexes, 258–259 high-altitude flight, 254 Sight, see Vision

CO2 response, 258–259 lung diffusing capacity, 251–252 Size, energy exchange measurement, 331
exercise response, 259 air capillary diffusion, 251 Skeletal muscles
hypoxic response, 259 blood–gas barrier diffusion, 251–252 circulation controlling reflexes, 220–221

capillary gas exchange, 165–170 O2–hemoglobin reaction rates, 252 contractile properties, 129–130
development, 123–126chemical stimuli responses, 42 OL2 physiological estimates, 252
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electrical properties, 129 trigeminal system and beak eminentia sagittalis, 94–95
representation, 64–65flight effects occipitomesencephalic tract, 95–97

somatosensory pathways, 62–64cardiac muscles, 417–419 paleostriatal complex, 97
spinal system, 63–64flight muscles, 405–412 septomesencephalic tract, 94–95
trigeminal system, 62–63biochemistry, 408–410 songbird vocalization, 96–97

overview, 57, 66–67efficiency scaling, 403–405 Temperature, ambient, see also
receptor types, 57–62fiber types, 405–408 Thermoreception; Thermoregulation

mechanoreceptors, 58–61function, 410–412 blood effects, 180–181
cutaneous mechanoreceptors, 58–59morphology, 405–408 body temperature regulation, 347
electrophysiology, 59–61neurophysiology, 410–412 embryonic tolerance, 631–632
Grandry corpuscles, 58–59forward flapping, 401–403 gustation sensitivity, 46
herbst corpuscles, 58gliding, 400–401 metabolic rate effects, 350–353
Merkel cell receptors, 58hovering, 403 Territorial defense, energy costs, 333
Ruffini endings, 59locomotor muscles, 412–414 Testis

nociceptors, 62preflight muscle development, 412–414 adenohypophyseal function control,
thermoreceptors, 61–62soaring, 400–401 606–607

Somatostatingas exchange, 255 anatomy, 597–599
action mechanisms, 546innervation, 128–129 central function control, 605–606
growth hormone secretion control, 446insulin effects, 550 gonadotropin effects, 607
secretogenesis, 543–544motor control, see Motor control system growth pattern alteration, 605

Songbirds, vocalization, motor controlneuromuscular pharmacology, 133–135 meiosis initiation, 605
centers, 96–97neuromuscular transmission, 130–133 somatic cell proliferation and

Sound, see Auditory system; Vocalizationoverview, 123 differentiation, 603–605
Spermrespiratory muscles, 238–239 stem cell proliferation, 603

extragonadal sperm transport, 609–612Skeleton Thalamic nucleus ovoidalis, central auditory
female storage glands, 574–575eggshell formation, medullary bone pathway function, electrophysiology, 32
spermatogenesis, 607–609calcium mobilization, 590 Thalamofugal pathway, central visual

Spinal cord, see Central nervous systemparathyroid hormone actions, 475–477 processing, 12–14
Spleen, immunophysiology, 659–660vitamin D effects, 482–483 Thermal tachypnea
Starvation, energy balance, 334Skin, sensory receptors, see Somatosensory afferent inputs, 371
Stem cells, proliferation in testis, 603system evaporative water loss, 359–361
Stereopsis, eye structure and function, 2–4Sleep, melatonin role, 565 Thermoreception
Steroids, female reproduction role, 578–580Small intestine behavioral aspects, 66
Stomachanatomy, 303–304 electrophysiological investigations, 64

anatomy, 303motility, 308–309 thermoreceptor characteristics, 61–62
digestion and secretion, 314–315Smell, see Olfaction thermoregulation control mechanisms,

Streptozotocin, pancreatic toxicity, 552–553Soaring, power input, 400–401 367–368
Stress, adrenocortical function, 500–502Sodium Thermoregulation, see also Energy balance
Swimmingabsorption, 319–320 behavioral thermoregulation, 364–367,

energy costs, 332osmoregulation role 370–371
tissue blood flow effects, 171–172excretion regulation in kidneys, body heat content changes, 348–349
venous system physiology, 174–175277–278 body temperature, 344–348

Sympathetic nervous systemintestinal transport, 283–284, 286–287 acclimatization and acclimation, 347
central components, 105ureteral urine postrenal modifications ambient temperature, 347
heart control, 191–198dehydration/depletion, 287 circadian rhythm, 345–347, 565
peripheral motor components, 102–104hydration/loading, 287 core temperature, 344

Synthalin-A, pancreatic toxicity, 552Solute balance, see Osmoregulation; specific dehydration, 347
food deprivation, 347–348solutes

Somatic cells, proliferation and interspecific variation, 345
measurement, 344differentiation in testis, 603–605 T

Somatosensory system, 57–67 control mechanisms, 367–372Tachypnea, evaporative water loss, 359–361
afferent fibers, 57–62 behavioral thermoregulation,Taste, see Gustation
behavioral aspects, 65–66 370–371T-cell receptors, development, 658–659

mechanoreception, 65–66 carbon dioxide effects, 371–372Tectobulbospinal control center,
pain, 66 deep body receptors role, 370oculomotor control, 87
thermoreception, 66 hypothalamus role, 368–369Tectofugal pathway, central visual

central processing, 62–65 peripheral thermoreception, 367–368processing, 9–12
electrophysiological investigations, pineal gland role, 565Telemetry, flight study, 397–398

64–65 spinal cord role, 370Telencephalic centers
mechanoreception, 64–65 thermosensitivity, 367–370central auditory pathway function,
nociception, 64 developmentelectrophysiology, 32–33
spinal system and body embryo, 375motor control role, 94–97

representation, 65 hatchling, 375–376ansa lenticularis, 97
archistriatum tract, 95–97thermoreception, 64 brooding responses, 375
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Thermoregulation (continued) molting role, 468 Urine
kidney physiologyreproduction role, 468cold responses, 375

synthesis and release, 462–463 urinary concentrating mechanisms,heat responses, 376
Thyroid hormone, corticosteroid function 273–277nesting, 376–379

regulation, 505 urine composition and flow, 281–282altricial species, 377–378
Thyrotropin, characteristics, 443–444 postrenal modifications, 287–288brooding, 378
Thyrotropin releasing hormone caeca quantitative role, 288growth rates, 376–377

growth hormone secretion control, 446 dehydration/sodium chloride depletion,heat loss, 378
prolactin release control, 449 287hypothermia, 378–379

Time resolution, auditory behavioral hydration/sodium chloride loading, 287incubation, 620–621, 627–629
aspects, 33–34 ratite special cases, 288precocial species, 377–378

Tissues, see also specific tissues salt glands, 287–288solar heat gain, 378
blood flow effects to swimming, 171–172heat balance, 348
gas exchange mechanisms, 254–255heat exchange, 363–364 Vexercise effects, 255heat loss, 356–363

Vagina, anatomy, 574–575hypoxia effects, 255evaporative heat loss, 356–363
Vascular system, see Cardiovascular systemmicrocirculation, 255acclimatization and acclimation, 363
Vasoactive intestinal peptidecerebral circulation, 255cooling site, 361–362

female reproduction role, 580skeletal muscle, 255cutaneous heat loss, 357–359
prolactin release control, 449myoglobin, 255flight effects, 421–424

Vasodilationpancreatic hormone effects,gular flutter, 361
peripheral blood flow control, vasoactive549–550heat conservation, 362–363

agents, 182–183adipose tissue, 550osmotic state, 362
thermoregulation, 355liver, 549–550partition of heat loss, 363

Venous system, see also Cardiovascularmuscle tissue, 550thermal tachypnea, 359–361
systemplasma effects, 549water conservation, 362–363

capacitance function, 174thermoregulation, 355nonevaporative heat loss, 356
coronary circulation, 146–147T-lymphocytes, origin, 659total thermal conductance, 356
development, 173–174Tolbutamide, hypoglycemic effects,heat production, 349–353
exercise physiology, 174–175553–554acclimatization and acclimation,
hemodynamics, 154–157Tongue353–355
kidney drainage, 270gustationambient temperature influence,
peripheral blood flow control, systemicbitter response, 44–46350–353

innervation, 188–189complex taste response, 46circadian rhythm, 350
renal portal system, 175–176overview, 39–40geographical variation, 353–355
submersion physiology, 174–175salt response, 44interspecific variation, 350, 353–355

Ventilation/perfusion ratio, mismatching, 253sour response, 44measurement, 349 Vestibulocollic control center, oculomotorsweet response, 43–44metabolic rates, 349–350 control, 87taste behavior, 43heat transfer within the body, 355–356 Vestibulooculomotor reflex, oculomotortaste receptor innervation, 43acclimatization and acclimation, control, 86–87taste receptors, 43355–356 V gene, immunophysiology, 665–666temperature effects, 46brood patch, 355 Visceral forebrain, autonomic nervousmotor control, 87–91cold vasodilation, 355 system pathways, 114–115bulbar premotor centers, 89–91tissues, 355 Visionjaw opening and closing, 87–89vascular heat exchange, 355 central processing, 7–14proprioceptive control, 89–91overview, 344, 379 centrifugal pathway, 7–9tongue muscles, 89reduced body temperatures, 372–375 tectofugal pathway, 9–12Touch, see Mechanoreception
hypothermia arousal, 374–375 thalamofugal pathway, 12–14Transforming growth factor-a, development
hypothermia patterns, 372–373 eye structure and function, 1–7role, 644–645
hypothermic state, 373–374 acuity, 2–4Transforming growth factor-b, development

Thymus, development, 658–659 retina, 4–7role, 646–647
Thyroid glands color vision, 4Trigeminal receptors

environmental influences, 469 neuronal wiring, 4–7function, 40
hypothalamic–pituitary–thyroid axis, 466 oil droplets, 4olfactory interactions, 42–43
overview, 461–462 photoreceptors, 4somatosensory central processing
thyroid hormones shape, 2–4electrophysiological investigations,

action mechanisms, 466–467 stereopsis, 2–464–65
activation, 464–466 oculomotor controlpathways, 62–63
circulating hormone, 463–464 eye muscles, 84–87
degradation, 464–466 head and neck movements, 87
development role, 467–468, 641–642 oculomotor nuclei, 84–87

Ueffects, 467–468 optokinetic nystagmus, 84–86
hatching role, 468 Ultimobranchial glands, characteristics, parasympathetic nervous system, 104

tectobulbospinal control, 87hormone interactions, 445, 468–469 479
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vestibulocollic control, 87 eggshell metabolism, 590 Wind tunnel, flight study,
vestibulooculomotor reflex, 86–87 overview, 473–474, 484 398–399

overview, 1 renal metabolism, 481–482 Wulst, motor control role,
Vitamin B6, absorption, 320 Vocalization, motor control centers, 91–92, 94–95
Vitamin C, pancreatic toxicity, 552 96–97
Vitamin D

actions, 482–483
bone actions, 482–483

Wintestine, 482
YWalking, energy costs, 332oviduct, 482

circulating vitamin D metabolite levels, 482 Water balance, see Osmoregulation Yolk, characteristics, 586
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