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Preface to the Fifth Edition

When the first edition of Avian Physiology appeared
in 1954, it broke new ground—it was the first book
on avian physiology ever published. The next three
editions sustained the book’s distinctiveness; it re-
mained the only comprehensive, single-volume text-
book on the physiology of birds. The present edition
recognizes the retirement of the original author and
editor, Dr. Paul D. Sturkie, by being titled Sturkie’s
Avian Physiology. The volume continues to break new
ground. The treatment of the nervous system has been
greatly expanded. A new chapter on flight has been
added, occupying a central place in the book, as befits

Xiii

the most conspicuous feature of birds. There are
new chapters also on incubation and growth and
development, reflecting the characteristic development
of the avian egg outside the body and the great deal
of information now available. Most of the authors of
this edition are new. However, the book retains the
unique feature of earlier editions; it covers wild and
domestic birds within the compass of one volume,
making it suitable for use as a text.

G.CW.
June 1998
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I. INTRODUCTION

Birds are the most visually dependent class of verte-
brates and the phrase of Rochon-Duvigneaud (1943)
that a pigeon is nothing else but two eyes with wings is
probably valid for most avian species. Man, a highly
visual primate, sees the world with the information
transmitted by about one million fibers within each of
his optic nerves. This is only 40% of the number of
retinal axons counted in a single optic nerve of pigeons
and chicks (Binggeli and Paule, 1969; Rager and Rager,
1978). The acuity of many birds of prey surpasses that
of other living beings (Fox et al, 1976) and even the
unspecialized pigeon excels relative to humans in its
ability to discriminate luminances (Hodos et al., 1985)
and discern subtle color differences (Emmerton and
Delius, 1980). Food-storing birds like Clark’s nutcracker
store 33,000 seeds in about 6,600 caches to survive in
winter (Vander Wall and Balda, 1977). Pigeons acquire
visual concepts of, for example, “‘animals” (Roberts and

Sturkie’s Avian Physiology, Fifth Edition

Mazmanian, 1988), “same versus different” (Wright et
al., 1988), and even cartoon figures such as “Charlie
Brown” (Cerella, 1980). They communicate using visual
symbols (Lubinski and MacCorquodale, 1984) and are
able to rank optic patterns by using transitive inference
logic (von Fersen et al, 1992). If we, on the basis of
countless evidence, assume that the visual system of
amniotes has evolved only once (Shimizu and Karten,
1993), the avian visual system is a remarkable model to
explore its morphology, its modes of operations, and
the unanticipated complexity of its function.

II. STRUCTURE AND FUNCTIONS OF THE EYE

Avian eyes take up a considerable volume of the
bird’s head and are very large in relation to brain size
(Figure 1). In general terms, the structure of their eyes
is not much different from that of other vertebrates.
Incoming light has to pass through four media: the cor-
nea, the anterior chamber, the lens, and the vitrous
body, before reaching the retina, where photoreceptors
convert light energy into electric impulses by bleaching
of visual pigments. All four optic media are remarkably
transparent, transmitting wavelengths down to at least
310 nm in the near-ultraviolet range (Emmerton et
al., 1980).

The avian retina is completely avascularized to pre-
vent shadows and light scattering. This arrangement is
associated with the presence of an unusual nutritional
device specific for birds—the pecten. This black pig-

Copyright © 2000 by Academic Press.
All rights of reproduction in any form reserved.
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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-
ized by increasing the anterior focal length of an eye;
the optic image is then spread over a larger retinal
surface and thus over a larger number of photoreceptors
(Martin, 1993). Increasing the number of photorecep-

Drawing of a horizontal section of the chicken eye showing the position of the eyes within the

FIGURE 2 Horizontal section through the head of the black-capped
chickedee (Parus atricapillus) and the great owl (Bubo virginianus).
(From Perception and Motor Control in Birds, Form and function in
the optical structure of bird eyes, G. R. Martin, pp. 5-34, Fig. 1.2,
1994, © Springer-Verlag.)
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tors also makes it possible to connect several receptors
to single bipolar cells and thus to maximize visual detec-
tion even under low light conditions. Since an increase
in eye size is advantageous, birds, which rely heavily on
vision, generally have the largest absolute and relative
eyes within the animal kingdom. The eye of the ostrich,
for example, has an axial length of 50 mm, the largest
of any land vertebrate and twice that of the human eye
(Walls, 1942). The tube-shaped eyecups of birds of prey,
which create an extremely large image on the retina,
represent another extreme version of biological optimi-
zation to achieve high acuity. These eyes generally also
have a low retinal convergence ratio (receptors per gan-
glion cell) so that the receptor inputs are not pooled to
increase visual resolution (Snyder et al., 1977). However,
these optimizations are limited by trade-offs for bright-
ness sensitivity. Retinae in which receptors are not
pooled function only optimally at high light intensities
and, indeed, resolution of birds of prey deteriorates at
dusk (Reymond, 1985).

Visual acuity measurements in pigeons (Columba
livia) have shown that the acuity in the frontal field
depends on stimulus time (Bloch and Martinoya, 1982),
wavelength of light (Hodos and Leibowitz, 1977), lumi-
nance (Hodos et al., 1976; Hodos and Leibowitz, 1977),
and age of the pigeon (Hodos et al, 1991a). Under
favorable conditions 1-year-old pigeons reach a frontal
acuity of 12.7 c/deg, increase this value to 16—18 c/deg
at 2 years, and decline to 3 c/deg at 17 years (Hodos et
al., 1985, 1991b). The frontal binocular visual field of
pigeons is represented in the superiotemporal area dor-
salis, while the lateral monocular visual field is observed
via the area centralis (both lack a true foveal depres-
sion). These two retinal regions seem to subserve differ-
ent visual functions with differing capacities for optic
resolutions. Behavioral studies show that many avian
species, including pigeons, fixate distant objects prefer-
entially with their lateral and monocular field (pigeon:
Blough, 1971; dove: Friedman, 1975; kestrel: Fox et al.,
1976; eagle: Reymond, 1985; passerine birds: Bischof,
1988; Kirmse, 1990). This behavior is often pronounced,;
birds orient themselves sideways in order to achieve a
lateral orientation to the inspected object. This behav-
ior, together with the fact that retinal ganglion cell densi-
ties reach peak values in the central fovea, suggest that
resolution is maximal in the lateral visual field. How-
ever, the acuity of young pigeons is 12.6 c/deg in their
lateral visual field and thus identical with the values
obtained for frontal vision in same aged subjects (Hah-
mann and Giintirkiin, 1993). However, lateral acuity
measurements are naturally obtained under monocular
conditions, while frontal acuity is generally tested binoc-
ularly. In humans, binocular sensitivity can almost dou-
ble that of one-eyed viewing (Pirenne, 1943). This same

effect is known in pigeons and possibly depends on
probability summation of the input of both eyes (DiStef-
ano et al., 1987; Kusmic et al., 1991). The power of this
mechanism is visible when pigeons are frontally tested
under monocular conditions. Their acuity then drops to
a mean of 6.5 c/deg and thus to less than half the value
obtained under binocular conditions (Giintiirkiin and
Hahmann, 1994). If only monocular data are used to
compare frontal and lateral acuity, resolution in the
lateral field (12.6 c/deg) is considerably higher than in
the frontal field (6.5 c/deg). These psychophysical data
are in perfect accord with the observations that many
bird species prefer to use their lateral visual field for a
detailed inspection of distant objects.

These acuity data are easily surpassed by some birds
of prey. The wedge-tailed eagle Aquila audax reaches
a maximum acuity of 143 c/deg, more than two times
higher than the human optic resolution measured under
identical conditions (Reymond, 1985). These values are
even surpassed by the American kestrel Falco sparver-
ius. The acuity threshold of this falcon was measured
to be 160 c/deg, which would enable this animal to dis-
criminate 2-mm insects from 18-m-high treetops (Fox
et al., 1976). In both studies, these birds of prey were
reported to be considerably luminance dependent with
acuity dropping to 58 c/deg at 2 cd/m?in the wedge-tailed
eagle (Reymond, 1985). Thus, while visual adaptations
allow for high acuity they necessitate a loss of optical
sensitivity. Not all birds of prey, however, reach high
acuity values. The nocturnal barn owl Tyto alba, which
heavily relies on auditory cues to detect prey, reaches
an acuity of only 8.4 c/deg as predicted from its retinal
ganglion cell density (Wathey and Pettigrew, 1989).

The ability to focus the eye to see objects at various
distances sharply is called accomodation; it is achieved
by alterations in corneal curvature and by lens deforma-
tion and constitutes one of the most important mecha-
nisms of achieving high visual resolution. In addition to
these dynamic accommodation mechanisms, some birds
possess static mechanisms which keep objects along the
ground in focus, irrespective of their distance. This is
achieved by asymmetries of the eye such that it is em-
metropic in its superior parts but increasingly myopic
with decreasing elevation (Fitzke et al, 1985). As a
result, objects along the horizon or in the upper visual
field are in focus together with objects at various dis-
tances on the ground. The degree of this lower-field
myopia seems to adjust to the height of the head of the
animal so that cranes can also benefit from its effect
(Hodos and Erichsen, 1990). The presence of a lower
field myopia would not be advantageous for raptors
which pursue and capture their mobile prey, the prey
often being seen with their lower field of view. Conse-
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quently, Murphy et al. (1995) demonstrated that raptors
lack lower-field myopia.

B. Retina
1. Oil Droplets, Photoreceptors, and Color Vision

Differing from those of placentalia, avian eyes are
characterized by the presence of oil droplets within the
distal end of the inner segment of their cones. Micro-
spectrophotometric studies show that oil droplets act as
cut-off filters and absorb light below their characteristic
wavelength of transmission (Emmerton, 1983b). Col-
ored oil droplets thus provide a protective shield against
UV light, similar to the yellowish lenses of mammals.
Additionally they probably act as lenses which focus
light onto the photoreceptor, thus increasing the quan-
tum reception of visual pigments (Young and Martin,
1984). A detailed inspection shows at least five different-
colored types of oil droplets depending on the presence,
mixture, and concentration of different carotenoids: red,
orange, greenish-yellow, pale, and transparent (Varela
et al., 1993).

The spectral sensitivity of an avian cone is the result
of the relation between the spectral transmittance of
the oil droplets and the spectral absorptance of the
visual pigments. This condition creates the possibility
that birds can increase the number of their chromatic
channels by varying the combinations of oil droplets
and cone pigments. Indeed, there is evidence that at
least some bird species have two absorption maxima
operating with one visual pigment which is associated
with two different oil droplets (Jane and Bowmaker,
1988). Birds studied up to now have at least three to
four cone pigments which, together with their associated
oil droplets, create spectral sensitivity maxima reaching
from 370 to 580 nm (Chen and Goldsmith, 1986).

Another feature that increases the complexity of
color perception in birds is the differential distribution
of oil droplets across the retina. This hererogeneous
distribution reaches an extreme in pigeons where the
dorsotemporal “red field,” with large numbers of red
and orange droplets, is clearly separated from the re-
maining ‘‘yellow field,” which is characterized by a high
density of greenish-yellow droplets (Galifret, 1968).
Bowmaker (1977) showed that the transmission curves
of oil droplets in the red field are shifted 10 nm toward
longer wavelengths. These data may indicate differences
in color perception between different retinal areas in
pigeons and, indeed, behavioral experiments demon-
strate that colors backprojected onto two pecking keys
are treated differently by pigeons when both are seen
with the red field or when one is viewed with the red
and the other with the yellow field (Delius et al., 1981).

The authors suggest that their results are due to a subjec-
tive discrepancy, as the birds perceived the two keys
illuminated with light of identical spectral composition
as being of different color when one was seen with
the yellow and the other with the red field. However,
probably the most important differentiation of color
perception between retinal areas is related to UV sensi-
tivity. Remy and Emmerton (1989) showed in a behav-
ioral study with head-fixed pigeons that UV sensitivity
is high in the yellow and low in the red field. Emmerton
(1983a) additionally demonstrated that pigeons perform
excellent pattern discrimination in UV. Thus, pigeons
and several other avian species may use their UV sensi-
tivity to view objects such as plumage or fruits reflecting
UV light (Burkhardt, 1989).

2. Neuronal Wiring

The basic design of all vertebrate retinae is essentially
the same and those of birds are no exception. Light
passes through the neural retina and is transduced in the
outer segments of photoreceptors to electrical signals
which are relayed via bipolar cells to the ganglion cells
and thus to the brain. Horizontal intraretinal interac-
tions are provided by horizontal and amacrine cells
which in birds are also partly responsible for long intra-
retinal projections. But imposed on this basic unifor-
mity, there is wide variation in details (Thompson, 1991)
(Figure 3).

In the diurnal pigeon, rods and principal members
of the double cones terminate in the outer sublayer of
the outer plexiform layer (OPL), the straight single
cones in the middle sublayer, and the oblique single
cones terminate exclusively in the inner sublayer of the
OPL (Mariani and Leure-du Pree, 1978; Mariani, 1987,
Nalbach et al., 1993). According to morphological crite-
ria, Mariani (1987) distinguished four types of horizontal
and eight types of bipolar cells with each bipolar cell
showing a distinct type of termination within the five
sublayers of the inner plexiform layer (IPL). The diver-
sity of amacrine cells described by Golgi techniques in
the early 1980s (Mariani, 1983) turned out to be an
extreme oversimplification as shown by immunocyto-
chemical studies within the past decade. These experi-
ments revealed amacrine cells specific for substance P
(Ehrlich et al., 1987), tyrosine hydroxylase (Keyser et al.,
1990), enkephalin (Britto and Hamassaki-Britto, 1992),
glucagon (Keyser et al., 1988), somatostatin Morgan et
al., 1983), 5-hydroxytryptamine (Kiyama et al., 1985),
avian pancreatic polypeptide (Katayama et al, 1984),
choline acetyltransferase (Millar et al., 1987), neuropep-
tide Y (Verstappen et al., 1986), neurotensin-related
hexapeptide LANT-6 (Reiner, 1992), and GABA
(Hamassaki-Britto et al.,, 1991). Some of the substance
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FIGURE 3 Schematicdrawing of the avianretina. A, amacrine cell; B, bipolar cell; 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 ez al., 1993, Vision,
Brain and Behavior, The MIT Press. © 1993 The MIT Press.)

P and/or glucagon-positive amacrine cells are the “bull-
whip’’ neurons with long thin processes directed toward
the posterodorsal pole of the retina (Ehrlich et al., 1987;
Keyser et al., 1988). Catsicas et al. (1987a) could show
that some amacrine cells, of which the bullwhip neurons
probably represent a subclass, are localized within the
central and ventral retina and project toward the superi-
odorsal retina. They suggested that the intraretinal con-
nections may be involved in a system for switching atten-
tion between the upper and lower halves of the visual
field, which could be modulated by centrifugal axons
entering the retina from the contralateral tegmentum
(Fritzsch et al., 1990). It is interesting to note that these
experiments demonstrate a one-way route from central
and ventral retinal areas to the red field, but not vice
versa. Mallin and Delius (1983) showed that pigeons can
transfer information about discriminatory cues from the
central retina to the red field, but not from the red field
tothe area centralis. Behaviorally, this asymmetry makes
sense since pigeons spot seeds from a distance (central
retina) and approach to peck them after making a final
inspection in the binocular field (superiodorsal red field).
The reverse behavioral pattern never occurs. There may
be a neural basis for this behavioral constraint.

A subpopulation of ganglion cells is located within
the inner nuclear layer (INL) and they are thus called
“displaced ganglion cells” (DGCs) (Brecha and Karten,
1981). Medium-sized and large DGCs have dendrites
which arborize for considerable distances in the outer-
most lamina of the IPL (Britto et al., 1988), are predomi-
nantly distributed in the peripheral retina (Prada et al.,

1989; Prada et al., 1992), and project to the avian acces-
sory optic nucleus (Fite et al., 1981; Yang et al., 1989).
A part of the DGCs are substance P positive (Britto and
Hamassaki-Britto, 1991), while others are cholinergic
(Britto et al, 1988). Further aspects of the accessory
optic system will be discussed in Chapter 4. Addition-
ally, a population of DGCs appears to exist in the avian
retina, which exhibit smaller soma sizes, are located
centrally in the retina, and whose central connections
are uncertain (Hayes and Holden, 1983).

Cajal (1892) described two main types of ganglion
cells in the chicken retina: mono- and polystratified neu-
rons. More modern attempts to classify avian retina
ganglion cells into categories similar to that developed
by Boycott and Wissle (1974) and Fukuda and Stone
(1974) in cats did not lead to unequivocal results (Ikus-
hima et al., 1986). Hayes and Holden (1980) suggested,
on the basis of perikaryal morphology and electrophysi-
ological properties (Holden, 1978), that retinal ganglion
cells projecting to the optic tectum would be comparable
to W-cells. Studies in owls (Bravo and Pettigrew, 1981)
and pigeons (Remy and Giintiirkiin, 1991) demonstrated
that indeed the tectum receives its input from a large
number of very small and a few very large ganglion cells
while the GLd is characterized by its afferents from
medium-sized and very large retinal neurons. These con-
ditions suggest similarities to the differential sizes and
central projections of cat alpha, beta, and gamma cells
(Iling and Wissle, 1981). It should, however, be re-
marked that these assumptions rest on observations of
soma diameters and projections and do not include any
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data on dendritic morphology and axonal diameters. Ad-
ditionally, electrophysiological studies demonstrated
various ganglion cell properties in avian retinae with im-
portant deviations from the usual schema known from
mammals (Maturana and Frenk, 1963, Miles, 1972a).
As outlined for amacrine cells, immunocytochemical
analyses have demonstrated a very large number of
diverse ganglion cells specific for certain transmitters or
neuromodulators. Among them are neurons positive for
cholecystokinin (Britto and Hamassaki-Britto, 1991),
tyrosine hydroxylase (Keyser et al, 1990), substance
P (Britto and Hamassaki-Britto, 1991), dopamine
(Karten et al, 1990), GABA (Hamassaki-Britto et al.,
1991), LANT6 (Reiner, 1992), enkephalin (Britto
and Hamassaki-Britto, 1992), and glutamate (Morino
et al., 1991). Such diversity in ganglion cell transmitters/
modulators implies a far more heterogeneous influence

S

Chilean eagle

Condor

of retinal axons on central targets than previously imag-
ined and may require revision of the broadly held
concept that ganglion cell classifications based on fre-
quency coding and dendritic morphology provide suffi-
cient information on the type of central effects of reti-
nal inputs.

The retinae of birds are characterized by a large vari-
ation of different regional specializations (Figure 4). In
pigeons the density of cells in the outer nuclear layer
(ONL) and the inner nuclear layer (INL) as well as the
ganglion cell layer (GCL) increase in the area centralis
and the dorsotemporal red field, while a streak of
slightly increased ganglion cell densities connects these
two areas of enhanced vision (Galifret, 1968). This ar-
rangement is typical for granivorous birds (pigeons:
Binggeli and Paule, 1969; quail: Budnik et al., 1984; but
see chicks: Ehrlich, 1981) which probably have to switch

Barn owl N

Manx shearwater

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/mm?. Abbreviations: I, inferior; N, nasal; S, superior; and T, temporal.
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between monocular lateral and binocular frontal vision.
With regard to synaptic interactions, the dorsotemporal
red field seems to be the most complex one, while the
area centralis displays a very low synaptic complexity
(Yazulla, 1974). Golgi studies make it likely that this is
probably due to the area centralis being specialized for
precise point-to-point interactions by a midget-like sys-
tem that does not require extensive horizontal process-
ing by amacrine cells (Lockhart, 1979, Quesada et al.,
1988).

A streak with two real foveae can be found in birds
of prey like the American kestrel or the Chilean eagle
Buteo fuscenses, which attack birds or rodents directly
from flight and have to combine panoramic sight with
excellent stereoscopic vision (Inzunza et al., 1991). The
density of ganglion cells reaches up to 65,000 mm? in
the central fovea of these animals, which surpasses foval
values from mammals with high acuity (human: 38,000
mm?, Curcio and Allen, 1990; macaque: 33,000 mm?,
Perry and Cowey, 1985). Carrion-eating birds like the
condor Vultur gryphus or the black vulture Coragyps
atratus pursue their prey from the ground and are not
in need of high stereoscopic vision. Consequently they
not only have reduced ganglion cell densities within
their visual streak but they also have lost their temporal
fovea (Inzunza et al, 1991). A single temporal fovea
characterizes nocturnal predators like owls (Oehme,
1961, Wathey and Pettigrew, 1989), which have to sum-
mate light from both eyes under dim conditions. Diurnal
birds living in open country generally have a pro-
nounced streak aligned with the horizon (Duijm, 1985,
Kirmse, 1990). According to phylogenetic conditions
(Nalbach et al., 1993) or the ecological habitat, special-
izations within this streak can be found. A prominent
example is the area giganto cellularis along the ora ser-
rata of the dorsotemporal retina in procellariiform sea-
birds (Hayes et al, 1991). These are pelagic seabirds
which come ashore only to breed and spend most of
their life wandering close to the surface of the oceans,
often within the troughs of the waves. According to
Hayes et al. (1991), the location of this specialized retinal
area and the morphology of its cells suggest a function in
the detection of prey due to relative movements within a
small binocular field projecting below and around the
bill tip (Martin, 1993).

Ill. CENTRAL PROCESSING—ANATOMY
AND FUNCTION

A. Centrifugal Pathway

The centrifugal visual system of birds originates in
two different mesencephalic cell groups: the isthmo-
optic nucleus (ION), a folded bilaminate structure in

the dorsolateral midbrain tegmentum, and the nucleus
of the ectopic isthmo-optic neurons (EION), a loosely
scattered array of cells with reticular appearance sur-
rounding the ION (Hayes and Webster, 1981, Wolf-
Oberhollenzer, 1987). Both structures are part of a
closed loop consisting of a projection from the retinal
ganglion cells to the contralateral tectum, the efferents
of which in turn project both to the ipsilateral ION and
EION, whence back-projections lead to the contralat-
eral retina (Clarke, 1992) (Figure 5). All projections
within this system seem to be topographically organized
(McGill et al., 1966a,b; Catsicas et al., 1987b). Weidner
et al. (1987) showed in a comparative study in different
bird species important differences between raptors and
ground-feeding birds. In seed- or fruit-eating birds, the
ION was always large, well differentiated, and lami-
nated. In raptors, the ION was small, poorly differenti-
ated, and reticular in appearance. The authors suggested
from their observations that the centrifugal system is
probably involved in pecking and visual food selection
among static stimuli at a short viewing distance.

The cell bodies of quail tecto-ION neurons are lo-
cated in layer 9 of the tectum and with their dendrites
branching outside the retinorecipient superficial layers
(Uchijama and Watanabe, 1985). Thus, tecto-ION neu-
rons have to receive their retinal input via intratectal
mechanisms. Uchijama et al. (1987) could demonstrate
that electrical stimulations of the Wulst elicited ION
neurons, indicating a forebrain influence on activity pat-
terns within this structure. The situation seems to be
slightly different in pigeons and chicks, where tecto-
ION neurons reach up to layer 2 with their dendrites
and could thus pick up direct retinal input (Woodson
et al., 1991).

The ION consists of a highly convoluted lamina in
which two perikaryal layers are separated by a neuropil
in which the dendrites from opposing layers branch to-
ward the middle of the two layers (Giintiirkiin, 1987)
(Figure 6). Afferent axons of presumably tectal origin
pass through this dendritic field and synapse topographi-
cally on small dendritic appendages and spines providing
virtually all excitatory synapses in the ION (Cowan,
1970; Angaut and Repérant, 1978). Additionally, large
numbers of inhibitory synapses on ION dendrites are
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 those
from the EION, to the contralateral retina. The number
of efferent axons within the optic nerve is supposed
to be about 12,000 in the pigeon, of which the ION
contributes about 10,000 (Cowan, 1970; Weidner et al.,
1987; Wolf-Oberhollenzer, 1987). Since the tecto-ION
and the tecto-EION pathways also consist of about
12,000 neurons, a 1:1 ratio of tectal and centrifugal
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FIGURE5 Schematicview of different aspects of the avian centrifugal
system. (a) Overview of the centrifugal system with retinal ganglion
cells projecting to the contralateral tectum, the tectal cells constituting
the tecto-ION projection, and the ION neurons, which project back to
the contralateral tectum. Components of the schema are not drawn to
scale. The EION, which would take a position surrounding the ION, is
not depicted. b and c give the position of the drawings with the same
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
by Woodson et al. (1991); (c) schematic view of the retina showing the
two types of centrifugal axons. Abbreviations: ION, n. isthmo-opticus;
and OFL, optic fiber layer or as in the legend to Figure 3.

neurons is likely (Woodson et al., 1991). The centrifugal
axons terminate near the IPL/INL border in the hori-
zontal and ventral retina, barely penetrating the red

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 mm? 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
arole 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 ef al., 1987a).

Several authors tried to establish the functional im-
portance of the ION and EION in behavioral studies.
Hodos and Karten (1974), Jarvis (1974), Shortess and
Klose (1977), and Knipling (1978) observed only mild or
no deficits in visual intensity and pattern discrimination
experiments after bilateral centrifugal lesions. However,
using a different approach Rogers and Miles (1972)
demonstrated profound deficits in the detection of sud-
denly occuring moving stimuli and the perception of
grain on the black squares of a checkerboard. These
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-
nism of dynamic adaption at the retinal level. A study
of Hahmann and Giintiirkiin (1992) could not confirm



Chapter 1. Sensory Physiology: Vision 1Y)

to retina

from tectum

to retina \

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. Giintiirkiin, 248, 439-448,

Fig. 5, 1987, © Springer-Verlag.)

the first result but provided additional evidence for the
second. Three different behavioral experiments, each
testing different aspects of visual analysis, were per-
formed in this study. In the first two experiments, a
grain—grit discrimination task and a visual acuity deter-
mination, stimuli were presented in the frontal binocular
visual field. A third experiment investigated the early
detection of moving objects, introduced into the monoc-
ular lateral visual field. After bilateral ION and EION
lesions a multiple linear regression analysis was em-
ployed to correlate the postoperative performance in
all three tasks with the amount of structure loss within
ION and EION. Deficits in the grain—grit discrimination
procedure were a function of the ION lesion extent
and did not depend on EION damage. Thus, these two
structures could be functionally differentiated. How-
ever, neither the ION nor the EION seemd to be in-
volved in visual acuity performance or the early detec-
tion of large shadows moving through the visual field.
These data support the hypothesis that at least the ION
in pigeons is involved through its projections onto the

association amacrines in pecking and food selection
among static stimuli in the inferior frontal visual field
(superiotemporal retina). The electrophysiological study
of Miles (1972¢) demonstrated an effect of ION stimula-
tion on the disinhibition of retinal ganglion cell receptive
field surrounds and the facilitation of the exciatory field
centers. The first mechanism would sacrifice contrast sen-
sitivity for responsiveness to a wide range of target forms
and would thus confer improved detectability. The sec-
ond mechanism, on the other hand, would increase sensi-
tivity to small objects without loosing constraints on
shape and size, thus facilitating the discriminative capac-
ity of the visual system. Both mechanisms would enable
birds to adapt to local optic background variations within
the context of feeding or to ‘“highlight” the object of
choice as supposed by Uchiyama (1989).

B. Tectofugal Pathway

The tectofugal pathway is composed of optic nerve
axons which decussate virtually completely in the chi-
asma opticum and end in the optic tectum (TO). The
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tectum projects bilaterally to the thalamic nucleus ro-
tundus (Rt), which itself sends efferent fibers to the
ipsilateral ectostriatum (E). Ectostriatal cells project to
a surrounding shelf area, the ectostriatal belt (Eb), from
where intratelencephalic projections lead to different
forebrain structures (Figure 7).

In probably most avian species the majority of retinal
ganglion cells project to the optic tectum. The exact
proportion is difficult to estimate but according to the
data of Bravo and Pettigrew (1981) in the barn owl
Tyto alba and Remy and Giintiirkiin (1991) in pigeons,
75-95% of ganglion cells have axons leading to the tec-
tum. With regard to these numbers, the burrowing owl
Speotyto cunicularia is an exception. This bird is sup-
posed to rely heavily on its thalamofugal pathway and
consequently seems to have less than 50% tectally pro-
jecting ganglion cells (Bravo and Pettigrew, 1981).

Retinal axons, which constitute the first of the 15
tectal laminae, innervate only superficial layers 2—7 and
reach their highest synaptic density in layer 5 (Hayes
and Webster, 1985). The retinal projection onto the
tectum is strictly topographical in all species studied
with the inferior retina projecting to the dorsal tectum
while the posterior tectum is reached by the nasal retina
(Clarke and Whitteridge, 1976; Frost et al., 1990a; Remy

left

and Gintiirkiin, 1991). The tectal representation of the
foveae or the areas of enhanced vision are considerably
expanded (Clarke and Whitteridge, 1976; Frost et al.,
1990a). Single-unit recordings in the optic tectum dem-
onstrate that the visual receptive fields of neurons in
the superficial layers are small (0.5-4°) but increase to
up to 150° in deeper laminae (Jassik-Gerschenfeld et
al., 1975; Frost et al., 1981). Despite this modulation in
the z-axis, changes in the x- and y-axes also occur: Frost
etal. (1990a) could demonstrate that receptive field sizes
increase from foveal to peripheral representations in
the tectum of the American kestrel. Most responses to
stationary targets have typical on—off characteristics,
and in a large number of cells the activating area is
surrounded by an inhibitory region (Hughes and Pearl-
man, 1974). Using moving bars of monochromatic light,
Letelier (1983) could show that 30% of the recorded
tectal units had specific wavelength preferences, mostly
for short wavelengths. The majority of cells (70%) are
movement sensitive with about 30% of them hav-
ing directional preferences (Jassik-Gerschenfeld and
Guichard, 1972). Directionally responsive units are ei-
ther narrowly tuned or, more commonly, they respond
to a wide range of directions, with the majority being
inhibited by backward movement (Frost and DiFranco,
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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
background, tectal cells are activated when the back-
ground is moved out of phase to the stimulus, while a
profound inhibition is produced by an in-phase motion
of background and stimulus (Frost and Nakayama,
1983). These data strongly suggest that tectal cells play
an important function in figure—ground segregation
through discontinuities in velocity (Frost et al., 1990b).
If kinematograms (motion equivalents of random dot
stereograms) are presented, tectal cells in deep laminae
respond only to virtual “objects” shearing above the
surface of the background and not to virtual “holes” in
the background through which a further texture is visi-
ble (Frost et al., 1988). Thus, deep tectal units seem to
prefer moving objects rather than movement per se.

Tectal cells also respond selectively to the spatial
frequency of drifting sine wave gratings, with most neu-
rons having their optima between 0.45 and 0.6 c/deg
(Jassik-Gerschenfeld and Hardy, 1979). Most of these
cells are more selective to spatial frequencies than they
are to single bar stimuli (Jassik-Gerschenfeld and
Hardy, 1980). Birds therefore appear to be able to per-
form Fourier analysis of patterns in visual space. Re-
cently, Neuenschwander and Varela (1994) could addi-
tionally prove the presence of visually triggered gamma
oscillations in the pigeon’s tectum. This oscillatory activ-
ity had characteristics similar to those reported in the
mammalian neocortex in the context of synchronization
of unit responses as a putative physiological basis of
perceptual binding (Singer, 1993).

In pigeons, up to layer 12, most, if not all, cells are
purely visually driven, while deeper neurons are often
bi- or multimodal, integrating visual, auditory, and so-
matosensory afferents (Cotter, 1976). This seems to be
different in the barn owl, in which the majority of super-
ficial and deep tectal units are bimodal and have their
auditory and visual receptive fields in the same space
coordinates (Knudsen, 1982).

Visual information is transmitted either directly by
axodendritic contacts or with interneurons to the cells
of layer 13, which project to the Rt in the thalamus
(Hardy et al, 1985). Within Rt they end in synaptic
glomerulilike structures constituted by the end-claws of
several dendrites and bundles of tectal fibers (Thin et
al., 1992; Tombol et al, 1992). As demonstrated by
Bischof and Niemann (1990) and Giintiirkiin et al.
(1993a), the tectal projection is bilaterally organized
with the efferents to the contralateral TO crossing
through the dorsal supraoptic decussation. Accordingly,
Engelage and Bischof (1988) could demonstrate the ex-
istence of ipsi- and contralaterally evoked potentials in
the Rt of zebra finches. The Rt seems to consist of
several distinct subfields as shown by histochemical
(Martinez-de-la Torre et al., 1990) and electrophysiolog-

ical results (Revzin, 1979, Wang et al., 1993). In anterior
sections Rt units seem to be specialized successively
from dorsal to ventral to color, luminance, and 2D mo-
tion, while in posterior sections looming cells can be
found in the most dorsal portion of the Rt (Wang et
al., 1993). These looming cells seem to signal time to
collision with an activity peak about 1 sec before virtual
collision with the object (Wang and Frost, 1992).

Rt- and T-cells project ipsilaterally and in a topo-
graphic manner onto the ectostriatum (E) in the fore-
brain, from where projections lead to the surrounding
ectostriatal belt (Eb) (Benowitz and Karten, 1976). Due
to a Wulst projection onto Eb, this structure seems to
be the first forebrain entity in which thalamo- and tecto-
fugal systems interact (Ritchie, 1979). Kimberly et al
(1971) established that E-cells have properties similar
to those of Rt, that is, most respond preferentially to
moving stimuli with wide receptive fields. Engelage and
Bischof (1988) revealed ipsi- and contralaterally evoked
potentials in the E of zebra finches and even showed
an intraectostriatal differentiation in the current source
density profile of ipsi-, contra-, and binocularly evoked
potentials (Engelage and Bischof, 1989). Hellmann et
al. (1995) demonstrated that the E can be parceled ac-
cording to the long-term activity pattern of its neurons
into at least two components which might reflect ocular
dominance areas within this structure.

Lesions of tectum or Rt cause pronounced deficits
in pattern (TO: Jarvis, 1974; Hodos and Karten, 1974;
Rt: Hodos and Karten, 1966; E: Hodos and Karten,
1970), intensity (TO: Hodos and Karten, 1974; Rt:
Hodos and Karten, 1966; E: Hodos and Karten, 1970), or
color discrimination (Rt: Hodos, 1969). Psychophysical
techniques confirmed the drastic elevation of acuity or
intensity thresholds after tectofugal lesions (Rt: Hodos
and Bonbright, 1974; Macko and Hodos, 1984; E: Hodos
etal., 1984,1988). The data of Giintiirkiin and Hahmann
(1998) make it likely that the tectofugal system operates
according to asymmetric principles. Their unilateral le-
sions of the Rt revealed that only structure loss within
the left Rt correlates significantly with right- or left-
sided acuity losses, while right-sided Rt lesions had no
impact on monocular acuity. These behavioral data thus
confirm the anatomical results of Giintiirkiin and Mels-
bach (1992), who demonstrated that left-sided Rt injec-
tion of retrograde tracers revealed a twice-as-numerous
contingent of contralaterally projecting tectal neurons
than after right-sided injections. Since each tectum rep-
resents the input from the contralateral eye, asymmet-
ries in the contralateral tectal afferents could create
asymmetries in the degree of the visual bilateral inte-
gration at the rotundal level. Despite these left-right
asymmetries, behavioral studies additionally show a
frontal-lateral difference within the tectofugal system.
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According to Giintiirkiin and Hahmann (1998), Rt le-
sions interfere with acuity in the frontal but not in the
lateral visual field. At the same time GLd lesions attenu-
ate lateral but not frontal acuity. Thus, frontal and lat-
eral visual acuity seem to depend on tecto- and thalamo-
fugal mechanisms, respectively.

C. Thalamofugal Pathway

The thalamofugal pathway consists of the retinal pro-
jection onto the n. geniculatis lateralis pars dorsalis (GLd),
a group of nuclei in the contralateral dorsal thalamus,
and the bilateral projection of the GLd onto the Wulst
(“bulge”) in the anteriodorsal forebrain (Giintiirkiin er
al., 1993b). Most people agree that the avian thalamofugal
pathway corresponds due to its anatomical, physiological,
and functional properties to the mammalian geniculostri-
ate system (Shimizu and Karten, 1993) (Figure 8).

While the tectofugal pathway receives afferents from
the complete extent of the retina, the retinal location of
ganglion cells projecting onto the GLd differs in various
species. In birds of prey, ganglion cells in the temporal
retina subserving frontal vision project primarily onto
the GLd (Bravo and Pettigrew, 1981; Bravo and In-
zunza, 1983). Consequently, many neurons in the visual
Waulst of owls, kestrels, and vultures possess binocular
visual fields and detect retinal disparity (Pettigrew, 1979;
Porciatti et al., 1990). In pigeons, however, mainly gan-
glion cells outside the “red field”” of superiotemporal
retina have efferents to the GLd (Remy and Giintiirkiin,
1991). The paucity of afferents from the red field should
render the thalamofugal pathway of pigeons largely
frontally blind, an assumption supported by electro-
physiological results (Miceli e al, 1979). Thus, while
the GLd of several birds of prey seems to be specialized
for the frontal binocular visual field, the GLd of pigeons
mainly receives afferents from the lateral monocular
field. This functionally important difference is not the
result of the laterally placed eyes of pigeons, since the
kestrel, a diurnal raptor that has lateral eyes, is also
characterized by an overrepresentation of the frontal
binocular visual field within its thalamofugal pathway
(Pettigrew, 1978). The “frontal blindness” of the pi-
geon’s thalamofugal system is very likely the reason for
the virtual absence of behavioral deficits in a variety of
discrimination tasks after GLd or Wulst lesions (Giint-
tirkiin, 1991). Generally in these experiments the pi-
geons were required to perform discriminative pecking
responses to patterns presented upon response keys.
Pigeons pecking a key fixate it with their red field (Goo-
dale, 1983). Since the red field has only limited projec-
tions onto the GLd, thalamofugal lesions are likely to
produce minimal deficits when tested with this proce-
dure. When using discriminations of laterally presented

stimuli, GLd lesions produce severe deficits (Glintiirkiin
and Hahmann, 1998).

The differing ecological demands of seed-eating ver-
sus hunting birds are probably the reason for the differ-
ent thalamofugal specialization to only one visual field.
Pigeons and many other seed- or fruit-eating birds fixate
novel or complex and distant stimuli laterally and only
switch to frontal binocular vision to peck the scrutinized
object (Bischof, 1988; Bloch et al., 1988). Thus, in these
species visual detection and analysis is mainly per-
formed by those parts of the neural apparatus which
represent the lateral visual field, while the frontal binoc-
ular area is only involved during the last visually guided
sequences before and within pecking bouts. The lateral
specialization of the thalamofugal pathway in pigeons
could therefore be related to the fact that it is mainly
the lateral visual field which requires fine analysis of
the visual scenery. The frontal specialization of the tha-
lamofugal system in birds of prey could be related to
their more complex feeding habits which require them
to specify the distance of objects with great precision
through flow-field variables while moving with high
speed (Davies and Green, 1990). Although eagles and
falcons fixate distant objects mainly laterally (Reymond,
1985, 1987) they switch to frontal vision when approach-
ing prey. The need for complex and fast visual informa-
tion analysis of moving objects could explain the special-
ization of the thalamofugal pathway to the frontal visual
field in birds of prey.

The GLd is composed of six components, of which
only four constitute the core portion since they are
retinorecipient and project onto the visual Wulst: n.
dorsolateralis anterior thalami, pars lateralis (DLL), n.
dorsolateralis anterior thalami, pars magnocellularis
(DLAmc), n. lateralis dorsalis nuclei optici principalis
thalami (LdOPT), and the n. suprarotundus (SpRt),
with DLL and DLAmc being the two largest substruc-
tures (Glintiirkiin and Karten, 1991). Avian GLd neu-
rons are also characterized by relatively small receptive
fields (1° in owls, 2°-4° in pigeons, 3° in chicks), by
center-surround organization and by a low adaptation
to stimulus repetition (Pateromichelakis, 1981; Britten
1987). Aditionally, in pigeons and chicks many direc-
tionally selective cells with large receptive fields have
been encountered (Wilson, 1980; Britten, 1987).

The GLd-Wulst projection is bilateral and topo-
graphically organized in all species studied, but the rela-
tive contribution of both sides probably depends on the
orientation of this system to the frontal or the lateral
field of view (Bagnoli et al., 1990; Miceli et al., 1990;
Giintiirkiin et al., 1993b). In owls with their essentially
frontal eyes and the frontal thalamofugal orientation,
the ipsi- and contralateral sides contribute an approxi-
mately equal number of fibers to the forebrain projec-
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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; HD], 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; LFSI, 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 Giintiirkiin ez al., 1993b, in Vision,
Brain and Behavior, The MIT Press. © 1993 The MIT Press.)
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tion (Bagnoli et al., 1990). In lateral-eyed birds like
pigeons, only a few contralateral projections can be
found (Hahmann et al., 1994).

The Wulst can be subdivided into a rostral somato-
sensory, a medial hippocampal, and a caudal visual divi-

sion. The visual Wulst is organized from dorsal to ventral
in four laminae: hyperstriatum accessorium (HA), inter-
calated nucleus of the hyperstriatum accessorium
(IHA), hyperstriatum intercalatus superior (HIS), and
hyperstriatum dorsale (HD). These subdivisions are
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based on the cytoarchitectonics of the Wulst and do not
reflect the full complexity of the structure, since Shimizu
and Karten (1990) were able to distinguish at least eight
subdivions using immunocytochemical techniques. The
granular IHA and probably also lateral HD are the
major recipients of the cholinergic and colecystokinergic
GLd input (Watanabe et al., 1983; Giintiirkiin and Kar-
ten, 1991). Electrophysiological studies demonstrate
similarities between the visual Wulst of birds of prey
and the striate cortex of mammals. In the visual Wulst
of raptors most neurons are primarily concerned with
binocular visual processing, are selectively tuned to ste-
reoscopic depth cues, are sensitive to visual experience
during the neonatal period, and have small receptive
fields of about 1° (Pettigrew and Konishi, 1976a,b; Petti-
grew, 1979). This is not the case for species like pigeons,
chickens, and zebra finches in which binocular neurons
are rare or in which ipsilaterally evoked visual responses
are very weak and irregular (Bredenkotter and Bischof,
1990a,b). Additionally, the receptive fields encountered
are considerably larger in nonraptors (pigeons: 2°, Rev-
zin, 1969; chickens: 10°-20°, Wilson, 1980).

Raptors especially need stereoscopic depth cues.
However, the distance of a visual target cannot be di-
rectly determined from its retinal location but has to be
computed by comparing inputs from both eyes. The
fundamental problem for a binocular system is to find
the correct correspondence; that is, to identify the pair
of image segments that belong to the same visual target
(Pettigrew, 1993). With repeated stimuli like from a
certain spatial frequency the phase ambiguity has thus
to be resolved by the nervous system. Wagner and Frost
(1993) proposed a solution to this problem by assuming
that disparity sensitive neurons in the Wulst of barn
owls might be tuned to a characteristic disparity. Indeed,
they found that in many disparity-sensitive neurons the
reaction peak to visual noise at a certain disparity did
not change when using stimuli of different spatial fre-
quencies (Wagner and Frost, 1994). Thus, disparity-
sensitive cells in the barn owl’s Wulst have a characteris-
tic disparity which could be used to detect the depth
plane of a stimulus which exhibits the appropriate com-
binations of spatial frequency and interocular phase.

The extratelencephalic Wulst efferents project pri-
marily to the GLd, pretectal nuclei, the basal optic root
nucleus, and the tectum opticum (Miceli et al., 1987).
Within GLd, the terminal fields partially overlap with
those areas which both receive direct retinal input and
project to the visual Wulst. The Wulst thus modulates
its own GLd- input either by direct excitation of relay
neurons or by inhibition of GABAergic interneurons
(Watanabe, 1987). The Wulst projection onto the tec-
tum is probably of great functional importance. Ler-
esche et al. (1983) could demonstrate that many tectal

cells depend for their receptive field properties upon
input from an intact Wulst. Cryogenic block of the Wulst
caused a reversible response depression of a majority
of tectal cells and drastically diminished the directional
tuning of half of the directionally selective neurons.
Thus, the visual properties of tectal cells are not solely
a reflection of the retinal afferents and the intratectal
circuitry, but also depend on the thalamofugal input.
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I. INTRODUCTION

Both sensitive hearing and vocal communication play
animportant role in a bird’s life. Among nonmammalian
vertebrates birds possess the most highly evolved audi-
tory system. Although the mammalian ear is more spe-
cialized, hearing performances of birds are not necessar-

Sturkie’s Avian Physiology, Fifth Edition
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ily inferior to those of most mammalian species.
However, hearing range in birds is restricted to an upper
limit of about 20 kHz (Schwartzkopff, 1973) but the
normal range does not exceed 10 kHz significantly. As
in some mammalian species (e.g., elephants) some birds
are able to hear infrasound.

Hearing depends on the structure and function of
the sense organ, the ear, and on processing in the central
nervous system (CNS). Air-borne sound waves enter
the ear by the external acoustic meatus to impinge on
the tympanic membrane (eardrum). Movements of the
eardrum are transmitted to the inner ear via one ossicle
of the middle ear, the avian columella. The inner ear is
part of the labyrinth which contains various sensory
patches of which the basilar papilla serves auditory func-
tions. Soundwave-driven movements of the basilar pa-
pilla result in mechanical stimulation of the sensory
receptors located on the papilla, the hair cells. Excita-
tion of hair cells is transmitted to the auditory nerve
whose fibers convey the information to the CNS where
further processing occurs. This finally results in audition
and behavioral responses.

II. STRUCTURE OF THE EAR

A. External Ear

In most birds the external ear is inconspicuous, lack-
ing auricles. The tube-like short external acoustic me-
atus is normally surrounded by specialized feathers
which are adapted to minimize flight turbulences but

Copyright © 2000 by Academic Press.
All rights of reproduction in any form reserved.
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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
(Kithne 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

The inner ear consists of a cochlear organ and
a vestibular organ. The bony labyrinth includes a
membraneous labyrinth which contains the sensory
epithelia. Whereas maculae (m. utriculus, m. sacculus)
and cupulae of the semicircular canals are part of the
vestibular organ and serve equilibrium, the cochlear
organ contains the basilar papilla as a sensory epithe-
lium for hearing and a macula lagena with a still
unknown function. The cochlea is not coiled as in
mammals but slightly curved approaching the midline
at the base of the cranium. The bony cochlea has
two openings facing the tympanic cavity, the oval
(vestibular) window and the round (cochlear) window

Tympanum

/

Columella

\ERA ¢

Round window

Cochlear duct

Basilar papilla

FIGURE 1 Schematic drawing of the middle ear and of the cochlea
of birds.

(Figure 1). The length of the cochlea ranges from
less than 3 mm in small songbirds to about 12 mm
in owls, usually being less than 7 mm even in large
birds such as the swan (for comparison, cochlea of
mice = 7 mm; Schwartzkopff, 1968).

The cochlea is divided by a cartilagenous frame which
spans the basilar membrane (extracellular material)
which supports the cochlear duct. This duct is composed
of different epithelial specializations and encloses the
endolymphatic space of the scala media (Figure 2A). It

Oval window
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FIGURE 2 Transverse section of the cochlear duct (A) and of tall
hair cells (B) and short hair cells (C). A, afferent nerve ending; BM,
basilar membrane; CU, cuticular plate; E, efferent nerve ending; GC,
cochlear ganglion; H, hyaline cells; HP, habenula perforata; IFP, infe-
rior fibrocartilaginous plate (abneural limbus); K, kinocilium; MV,
microvilli; N, nucleus; S, stereocilium (stereovillus); SB, synaptic ball
structure; SC, supporting cell; ScM, scala media; ScT, scala tympani;
ScV, scala vestibuli; SFP, superior fibrocartilaginous plate (neural
limbus); SHC, short hair cell; SSC, subsynaptic cisterna; THC, tall
hair cell; TM, tectorial membrane; and TV, tegmentum vasculosum.
After Takasaka and Smith (1971) with permission.

communicates with the sacculus by the sacculocochlear
duct. There are perilymphatic spaces on each side of the
cochlear duct, a narrow scala vestibuli on the vestibular
window side, and a wider scala tympani on the cochlear
window side. Scala vestibuli communicates with scala
tympani both at the base and at the apex (helicotrema).
There is a widening of the scala tympani near the round
window (Recessus scalae tympani).

Main epithelial elements of the cochlear duct are
the basilar papilla and the tegmentum vasculosum with
inner and outer hyaline cells at the transition zone be-
tween both tissues. The macula lagena at the apical end
of the cochlear duct (Figure 1) has some similarity to
the maculae of the vestibular organ (Smith, 1985). Re-

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
of the cochlea. This defines a neural (superior) and an
abneural (inferior) edge of the basilar papilla. Different
types of hair cells can be distinguished depending at
least in part on the location on the basilar papilla. Tall
hair cells (THC) are elongated and short hair cells
(SHC) are larger in width than in height (Figure 2).
There is a continuum from tall to short. THCs are lo-
cated on the cartilagenous neural limbus which does not
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 the
location of inner and outer hair cells in the mamma-
lian cochlea.

A thick extracellular tectorial membrane extends
from the columnar cells at the superior edge of the
cochlear duct and covers the hair cells (Figure 2A). The
inferior side of the membrane has a honeycomblike
structure into which the longest stereocilia protrude.
Furthermore, there are cavities and channels which
allow the endolymph to reach the apical surface of the
hair cells (Smith, 1985). Because of its unilateral attach-
ment, movements of the basilar membrane result in
shearing forces at the tectorial membrane—stereocilia
interface.
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The richly folded tegmentum vasculosum protrudes
into the cochlear duct (Figure 2). It contains dark
and light cells. Dark cells contain numerous mitochon-
dria and microvilli at the apical side. The tegmentum
vasculosum which is probably homologuous to the
mammalian stria vascularis is richly supplied with
blood vessels (Schmidt, 1964). Because this epithelial
specialization is rich in Na*-K*-ATPase (Kuypers and
Bonting, 1970), it may be involved in secretory pro-
cesses and/or in the maintenance of the endocochlear
potential (see below).

There is both an afferent and an efferent innervation
of hair cells (Figure 2). THCs are contacted by 1 to 4
afferent fibers, which is much less than in mammalian
inner hair cells (15-20). Efferent innervation is scarce
in THC but abundant in SHC where an afferent innerva-
tion may even be lacking (Takasaka and Smith, 1971;
Fischer, 1992; Fischer et al., 1992). The efferent innerva-
tion originates from neurons in the brain stem which
are located near the superior olive, and there is both a
crossed and an uncrossed efferent pathway (Whitehead
and Morest, 1981; Schwarz et al., 1981).

IlIl. FUNCTION OF THE EAR

A. Transfer Function of the Middle Ear

The middle ear has to transform large amplitudes and
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
of the large tympanic membrane to the small oval win-
dow. The area of the tympanic membrane is always
considerably larger than that of the columellar footplate
by ratios which vary between about 15 and 40 in various
species of birds (Schwartzkopff, 1968). This means a
substantial impedance matching of sound transmission
which is about the same as in mammals.

The transfer function of the middle ear has been
measured with the Mdssbauer technique (Saunders and
Johnstone, 1972; Saunders, 1985; Gummer et al.,
1989a,b). Above 2 kHz amplitudes of both the tympanic
membrane and columellar footplate decrease steeply at
more than —10 dB/octave (guinea pig: —1 dB/octave).
This limits high frequency hearing to about 10 kHz (see
Figure 6). The reason for the decrease in amplitude is
an energy loss in the flexing motion of the processes of
the cartilaginous extracolumella (Manley and Gleich,
1992).

The activation of the single middle ear muscle results
in a reduction of the electrical response of the cochlea
(cochlear microphonics). However, this effect depends

on frequency, and attenuation mainly occurs at frequen-
cies higher or lower than the most sensitive hearing
range (Oeckinghaus and Schwartzkopff, 1983). This
may help to select a frequency range; for example, that
of vocal communication in songbirds. In owls there is
an acoustic reflex of middle ear muscle (activation at
high sound intensities) which may serve to keep the
sound level in the sensitive range (Kithn and Lewis,
1985).

B. Oscillations of the Basilar Membrane

Movements of the columellar footplate force oscilla-
tions of inner ear fluids which finally result in move-
ments of the basilar membrane. Waves travel along the
basilar membrane from proximal to distal, getting
shorter at the distal end. The location of maximal ampli-
tude of these travelling waves depends on the frequency
(Békésy, 1944). Because of the shorter basilar mem-
brane in birds the frequency dependent maxima are in
closer proximity than in mammals. The very short ba-
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
was confirmed recently with the Mossbauer technique
(Gummer et al., 1987). The frequency of maximal re-
sponse shifted along the basilar membrane with about
0.6 mm/octave (basal part of the basilar membrane
only).

C. Hair Cell Activation

Hair cell activation results from shearing forces of
the tectorial membrane acting on the stereocilia during
oscillations of the basilar membrane. Hair cells are po-
larized electrically with a negative charge inside. Poten-
tial difference across the apical surface of the cells is
increased by a positive potential in the endolymphatic
space (scala media). This anoxia-sensitive endocochlear
potential (EP) is lower in birds (less than +20 mV;
Schmidt and Fernandez, 1962; Necker, 1970; Runhaar
et al., 1991) than in mammals (+80 mV). There is evi-
dence that EP increases the sensitivity of hair cells (Vos-
sieck et al., 1991). EP is probably due to electrogenic
pumps located in the stria vascularis in mammals (Kuijp-
ers and Bonting, 1970) or tegmentum vasculosum in
birds. The pumping results in an unusual high concentra-
tion of K* ions in the extracellular endolymph (about
160 mM/liter in the chicken; Runhaar et al., 1991) which
is about the same as the intracellular concentration.
The lower value of EP despite a mammalianlike K*
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
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Stereocilia
Kinocilium
Axis of symmetry
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Cuticular plate
B Excitation > —<— |nhibition

Tip links stretched —— Tip links ——
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\ ™~

FIGURE 3 Schematic drawings of the organization of the tip links
of stereocilia (stereovilli) under rest (A) and when activated (B). After
Pickles et al. (1990) and Pickles and Corey (1992) with permission.
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FIGURE 4 Ton flows during excitation in a hair cell. glut, glutamate
(transmitter at afferent synapse). (Reproduced, with permission, from
the Annual Review of Physiology, Volume 53, © 1991, by Annual
Reviews Inc.)

mainly in an inward K* current and a depolarization of
the cell membrane (Figure 4). The role of Ca?* in the
tranduction process is not yet clear although it is neces-
sary for excitation. The depolarization primarily causes
an activation of voltage dependent K* channels at the
basolateral membrane of the cell to remove the excess
K™ entered during excitation. Opening of voltage-gated
Ca** channels results in an influx of calcium which trig-
gers the release of transmitter vesicles. The transmitter
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(probably glutamate) depolarizes the postsynaptic affer-
ent terminals and results in an increase in the firing rate
in the afferent fiber.

In nonmammalian vertebrates including birds, Ca**
influx activates Ca®"-sensitive K* channels (Figure 4)
which results in hyperpolarization of the cell. This is
the basis of oscillations of the membrane potential which
are thought to underly electrical tuning found in hair
cells of lower vertebrates (Ashmore, 1991). In the
chicken oscillation frequency depends on the location
of the hair cells on the basilar membrane in such a way
that higher frequencies are observed in more basal parts
(Fuchs et al., 1988).

Mammalian outer hair cells have been shown to
change their length with a change in membrane polariza-
tion (electromechanical transduction) and it has been
postulated that this process contributes to an increase
in sensitivity and sharpness of tuning of inner hair cells
(Ashmore, 1991, 1994). These events are thought to
result in otoacoustic emissions of the ear (sound re-
corded at the ear after stimulation). Both otoacoustic

MWV W

500 Hz , 860dB

emissions and electromechanical events have been dem-
onstrated in birds (Manley et al., 1987, Brix and Manley,
1994). It is, however, not clear whether these events
have the same origin as in mammalian hair cells.

Extracellular recordings from the fluid spaces sur-
rounding the basilar papilla show that there are two
different types of responses related to sound stimula-
tion: (1) cochlear microphonics (CM), which are a mir-
ror image of the stimulus, and (2) a DC component
superimposed on the AC events called summating po-
tential (SP) which is mainly directed toward depolariza-
tion of the hair cells (Figure 5; Necker, 1970; Pierson
and Dallos, 1976). It is unclear whether electrical or
mechanical nonlinearities contribute to SP.

Cochlear microphonics have been used to study the
sensitivity of the avian ear. The dependence of CM on
frequency is best described by isopotential curves—the
sound pressure level (SPL) required to produce a con-
stant CM amplitude. As shown in Figure 6 sensitivity
decreases rapidly above about 3 kHz as in middle ear
transfer function.

et

S10/9/68
1000 Hz, 83dB

200 yV

20 msec

1500 Hz, 92 dB

3000H=z, 90 dB

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
Vogeln: Verhalten bei O,-Mangel, Cyanidvergiftung und Unterkiihlung sowie Beobachtung iiber die rdmliche
Verteilung, R. Necker, 69, 367-425, Fig. 7, 1970 © Springer-Verlag.)
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FIGURE 6 Average 1 um r.m.s. cochlear microphonics isopotential
curve (®, left ordinate) in the frequency range 0.1 to 10 kHz. For com-
parison (<, right ordinate) an inverted representation of an average
middle ear tranfer function is shown. (Reprinted with permission from
Nature (262, 599-601). Copyright (1976) Macmillian Magazines
Limited.)

The efferent innervation of hair cells has been shown
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 (Koppl et al., 1993). This means 6 mm/
octave, which points to an auditory “fovea’ as found
in echolocating bats. Fibers responding to infrasound
in the pigeon contact specialized areas (probably papilla

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.

Phase-locking (spikes occur at a distinct phase of the
stimulus wave) has been observed up to frequencies of
4 kHz in many birds but up to 9 kHz in owls (Sachs et
al., 1980; Sullivan and Konishi, 1984; Gleich and Narins,
1988). Phase-locking (periodicity) may be an additional
mechanism of frequency discrimination besides the
place principle evident from the distribution of CF along
the basilar papilla.
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FIGURE 7 Tuning curves of auditory nerve fibers. Each curve is an
isorate contour corresponding to a discharge rate 50% above spontane-
ous activity. (After Sachs et al. (1974) Brain Res. 70, 431-447, with
permission from Elsevier Science.)



28 Reinhold Necker

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

90 dB SPL

- 400 Imp/s
2Hz
5Hz
T 10 Hz
0 1 2
Time (s)

FIGURE 8 Modulation of spontaneous activity in infrasound-
sensitive primary afferent fibers by tones of 1 to 10 Hz in the pigeon.
(After, J. Comp. Physiol. A, Infrasound sensitive neurones in the
pigeon cochlear ganglion, L. Schermuly and R. Klinke, 166, 355-363,
Fig. 2, 1990b, © Springer-Verlag.)

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-
cephalon. Field L has been divided into three laminae
(L1, L2, L3; Bonke et al., 1979) and it is L2 where
the fibers from the Ov mainly terminate (Boord, 1969;
Conlee and Parks, 1986; Wild, 1987; Carr, 1992).
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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
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In the owl there are a few modifications of the general
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
in the owl is called colliculus inferior (IC) by analogy
with the mammalian mesencephalic auditory nucleus
(Knudsen, 1983). There is strong evidence that the NA
and its projections process intensity cues whereas the
NL processes time cues so that a time pathway and
an intensity pathway have been postulated (Figure 11;
Volman, 1994). Whereas time cues from both ears are
processed first in the NL, intensity cues first appear
in the posterior part of the VLV (VLVp). The VLVp
projects to the shelf region of the central nucleus of the
IC (ICc) whereas the NL projects to the ICc. The ICc
and its shelf region both project to an external subdivi-

sion of the IC (ICx) where the information of both
pathways is combined.

B. Electrophysiology

Neurons in the central auditory pathway have been
characterized with regard to frequency (tuning curves),
intensity, phase, and response to monaural or binaural
stimulation. Binaural stimulation may be free field stim-
ulation or dichotic stimulation with independent varia-
tions of intensity and phase at both ears. Topographic
distribution of CFs within a nucleus indicates tono-
topic organization.

The avian cochlear nuclei include the nucleus angu-
laris, nucleus magnocellularis, and nucleus laminaris,
which is, however, a third-order nucleus probably ho-
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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
and Dallos, 1989). These neurons are assumed to pro-
cess infrasound. Both the NA and the NM show a tono-
topic organization which is dorsoventral in the NA and
caudorostral in the NM (increasing CF). Phase-locking
is better in the NM (time pathway) than in the NA and
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FIGURE 12 Response map for a nucleus angularis neuron in the
blackbird. E, excitatory regions; I, inhibitory regions. (After, J. Comp.
Physiol., Responses to tones of single cells in nucleus magnocellu-
laris and nucleus angularis of the red-wing blackbird (Agelaius phoeni-
ceus), M. B. Sachs and J. M. Sinnott, 126, 347-361, Fig. 3, 1978, ©
Springer-Verlag.)
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can be observed up to 2000 Hz in the chicken but up
to 9000 Hz in the owl.

2. Nucleus Laminaris

NL neurons have a similar tonotopic organization as
NM neurons (Rubel and Parks, 1975). The CF of a neuron
is the same independent of the ear stimulated. CFs range
from 1 to 7 kHz in the owl (Carr and Konishi, 1990).
Activity depends strongly on the interaural time delay
(ITD) between both ears being maximal at ITDs of 0-
300 usec in the owl (Figure 13). However, at higher fre-
quencies there are multiple maxima, i.e. information is
ambiguous (Carr and Konishi, 1990). A prominent fea-
ture of NL neurons is phase-locking which increases with
binaural stimulation. There is a dorsoventral map of I'TDs
(Sullivan and Konishi, 1986). It is assumed that delay lines
and coincidence detection in NL are the basis for time
difference or phase difference detection between both
ears (Carr and Konishi, 1990; Overholt et al, 1992).

3. Nuclei of the Lateral Lemniscus

In owls the VLVp of the nuclei of the lateral lemniscus
has been studied because it is the first nucleus in the
intensity pathway where information from both ears con-
verge (Manley et al, 1988). The neurons in this nucleus
are excited (E) by contralateral stimulation and inhibited
(I) by ipsilateral stimulation (EI type of response). Chang-
ing interaural intensity difference (IID) results in a mono-
tonic change in response in such a way that response
increases with reducing ipsilateral intensity. Similar re-
sponses are found in the MLD (see Figure 14). Absolute
sound pressure level has not much effect, it is mainly the
difference to which the cells are sensitive. There is a paral-

lel shift in the response curves of different neurons (see
Figure 14). This means that different neurons may detect
different interaural intensity differences. There is a topo-
graphic organization in that ispsilateral inhibition de-
creases from dorsal to ventral. There is also a tonotopic
organization which is, however, from rostral (low frequen-
cies) to caudal (high frequencies). The CFs range from 2
to 10 kHz, most being 5 to 10 kHz.

4. The Midbrain Auditory Nucleus

The MLD has been investigated in different species.
Although it is not clear whether there is a subdivision
into an external nucleus (ICx) in other birds than owls,
it seems that the main or central nucleus has a similar
function in all birds. Neurons are spontaneously active
and the most common response is an excitation from
contralateral and an inhibition from ipsilateral (EI type,
Figure 14). However, excitation to ipsilateral and con-
tralateral stimulation (EE) and no response to ipsilat-
eral stimulation (E0Q) have been observed in the chicken
and in the pigeon also (Coles and Aitkin, 1979; Lewald
1990). EI units and EE units are assumed to detect
IIDs and I'TDs, respectively. EE units often show phase-
locking and have low CFs. In the barn owl ITD-sensitive
neurons have similar characteristics as neurons in the
NV, including phase ambiguity.

Tuning curves of MLD neurons are V-shaped and
some have inhibitory bands of various degree of com-
plexity (Biedermann-Thorson, 1967) which points to a
specialization for detecting complex sounds (Scheich et
al., 1977). Tonotopy is from dorsal (low CF) to ventral
(high CF) in diurnal raptors (Calford et al, 1985).
Neurons at the rostrodorsal margin, which is at the
low CF side, respond to infrasound in the guinea fowl
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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 us). (After Carr and Konishi (1990),

The Journal of Neuroscience, used with permission.)
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(Theurich et al., 1984). In these neurons activity is modu-
lated at the soundwave amplitudes at frequencies as low
as 2-10 Hz.

In the barn owl neurons with just one maximal re-
sponse to ITD and with a peak at a distinct IID appear
only in the ICx (Figure 15; Knudsen and Konishi, 1978).
Such neurons are space-specific neurons; that is, neurons
which under free-field conditions respond only to sound
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
depends on NA and ITD sensitivity on NM (Takahashi
et al., 1984). There is an orderly representation of azi-
muth and elevation in the ICx. Space-specific neurons
are found in the optic tectum also and the auditory map
matches the visual map (Knudsen, 1982, 1984).

5. Thalamic Nucleus Ovoidalis

The Ov has been studied much less than the MLD.
There is spontaneous activity and both excitation and
inhibitory sidebands are present, sometimes in complex
forms (Biedermann-Thorson, 1970; Bigalke-Kunz et al.,
1987). There is a clear tonotopic organization from dor-
sal (high CF) to ventral (low CF; Bigalke-Kunz et al.,
1987).

6. Telencephalic Auditory Field L

In Field L activity is highest in layer L2, which is the
input area from Ov. Tuning curves are V-shaped with
inhibitory bands (Leppelsack, 1974; Biedermann-
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-
pecially in L1 and L3, have been described (Leppelsack
and Vogt, 1976; Bonke et al., 1979). However, recently
it has been questioned whether such a specialization
really exists (Schifer et al., 1992; Knipschild et al., 1992).
There is a distinct tonotopic organization with increas-
ing frequencies from dorsolateral to ventromedial (Riib-
samen and Dorrscheidt, 1986; Bonke et al., 1979; Miiller
and Scheich, 1985; Heil and Scheich, 1991). Phase-
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
strongly to contralateral stimulation and all to stimula-
tion of both sides (Leppelsack, 1974). In the barn owl
space-specific neurons similar to those in ICx have been
described (Knudsen and Konishi, 1977).

In the pigeon there is a second auditory area in the
telencephalon which is anatomically connected to one of
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
that nucleus basalis and its surroundings represent a
multisensory area involved in pecking of the pigeon (De-
liusetal., 1979; Schall and Delius, 1986; Schall et al., 1986).

VI. BEHAVIORAL ASPECTS

A. Behavioral Audiograms

Audiograms (frequency-dependent threshold of
hearing) have been assessed in a variety of species
(Dooling 1980, 1992). The best hearing is in the range
of 1 to 4 kHz and there is a steep increase in the thresh-
old up to 10 kHz, which is the upper limit of hearing

in birds. The low-frequency slope is about —10 to
—15 dB/octave and the high-frequency slope is about
30 to 50 dB/octave. Intensities at the best frequencies
are 5 to 10 dB SPL in most birds (Sound Pressure Level:
O dB = 20 uPascal) but about —15 to —20 dB in owls;
that is, hearing in owls is at least 20 dB more sensitive.
In the pigeon the low-frequency slope is very flat (—8
dB/octave; blackbird: —15 dB/octave; Hienz et al., 1977)
and hearing extends into the infrasound range down to
0.1 Hz (Figure 16; Kreithen and Quine, 1979).

B. Frequency Discrimination

Birds are well equipped to discriminate frequency
differences and frequency difference limens (frequency
difference, Af, which just can be discriminated) are simi-
lar to mammals or humans. Weber fractions (Af/f) range
from 0.004 to 0.018 in various species (untrained human:
0.004; Sinnott et al., 1980; Kuhn et al., 1980).

C. Intensity Discrimination

Difference limen, to discriminate two sounds of dif-
ferent intensity, is as sensitive as in mammals or humans
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 ears
is small. This is important for sound localization.

D. Time Resolution

Time resolution of avian hearing is again in the range
of humans (Dooling, 1980). Two sounds separated by
a gap (gap detection) are recognized as separate if the
gap exceeds values of 2 to 10 msec (Wilkinson and
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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, © Springer-Verlag.)

Howe, 1975; Klump and Maier, 1989). This has been
confirmed at the neural level by recordings from Field
L neurons (Buchfellner et al., 1989). A group of neurons
strongly responded to gaps of a few milliseconds. Gap
detection should be important for conspecific vocal com-
munication especially in duetting birds.

The discrimination of ongoing interaural time differ-
ence (phase difference) between both ears has been
tested as yet only in the pigeon in the behavioral context
(Lewald, 1987b). At frequencies below 1 kHz, time dif-
ferences as low as 10 usec (phase angle difference of
0.9°) can be discriminated but this threshold increases
rapidly up to above 100 usec (phase angle: 144°) with
increasing frequency. These results agree with similar
data from mammals and humans.

E. Sound Localization

Sound localization depends on the function of two
ears and location of a sound source is extracted from
binaural disparities. A variety of disparities are used:
arrival time (interaural time difference, ITD), phase
difference (IPD), intensity difference (I1ID), spectrum

of frequencies (ISD) at both ears, especially in natural
sounds. Monaural cues may also be used (Knudsen,
1980). This requires moving the head in the sound field
(estimation of elevation of a sound source by humans).
The generally small heads of birds impose some limita-
tions. Given a head diameter of 2 cm, the maximum
time difference between both ears is about 60 usec.
Phase differences between both ears depend on fre-
quency and at higher frequencies (short wavelength)
the same phase may occur at both ears (phase ambigu-
ity). This is, however, not a severe problem for birds
because of the limited hearing range: wavelength at
8 kHz is 4.2 cm, about double that of “average” head
diameter. It seems that phase-locking in central neurons
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 the
hearing range in the barn owl.

The duplex theory of sound localization assumes
that sound localization at low frequencies (no sound
attenuation by the head) uses phase differences
whereas at high frequencies (phase ambiguity) intensity
differences are used (sound shadow of the head in-
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creases with frequency). This concept seems to fit for
nonspecialized birds (Lewald, 1990) but is probably
not valid for owls.

Most birds are able to localize sound in azimuth but
not in elevation. Minimum resolvable angle of location
of a sound source is about 6° in the pigeon (Lewald,
1987a) but may be much larger in songbirds (e.g., 20°
in the great tit; Klump et al., 1986). In the barn owl this
angle is as low as 1 to 2° (Knudsen and Konishi, 1979;
Knudsen et al, 1979). Owls are able to localize sound
both in azimuth and in elevation and minimum localiza-
tion error is similar in both directions. Detection of
azimuth depends on ongoing time differences up to fre-
quencies of 8 kHz and detection of elevation depends
on intensity differences which arise from facial ruff and
asymmetrical ears. However, detection of elevation is
much better with noise than with tones which suggests
that the frequency spectrum difference between both
ears (ISD) is important also.

F. Echolocation

Echolocation occurs only in two families of birds,
the Steatornidae, which are represented by the oilbird
(Steatornis caripensis), and swiftlets of the family Apodi-
dae. Echolocation is used for orientation in dark caves.
Hearing ranges are not unusual with the best frequen-
cies between 1 to 3 kHz in oilbirds (Konishi and Knud-
sen, 1979) and about 1 to 5 kHz in swiftlets (Coles et
al., 1987). The energy of sounds used for echolocation
is highest in the range of best hearing.

VII. SUMMARY AND CONCLUSIONS

The auditory system of birds has been studied
in some detail at all levels both anatomically and
physiologically. Furthermore, hearing performances
are well investigated in behavioral experiments. Com-
pared to mammals there are some differences in the
structure of the avian ear. Although tuning of auditory
nerve fibers is as sharp as in mammals the mechanisms
which contribute to this tuning seem to be different
but are not yet fully understood. Central pathways
and central processing are as elaborate as in mammals.
Although there is no neocortex in the avian brain
the telencephalic auditory area shows layers which
may be compared to the layers typical for the mamma-
lian cortex. Barn owls have a unique sensitivity to
hear and localize sound sources (prey). This is due
to a number of now well-investigated specializations
in the auditory system. The study of this highly evolved
system contributed much to the understanding of hear-
ing mechanisms in general.
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I. CHEMOSENSORY SYSTEMS

The chemical senses are commonly thought to fall
into three classes: (1) olfaction (smell), (2) gustation
(taste), and (3) chemesthesis (the common chemical
sense). In birds, as in most other vertebrates, olfaction is
usually thought to be a telereceptor, capable of receiving
airborne chemical stimuli in extreme dilution over rela-
tively great distances. Olfactory receptors are located
in the nasal conchae. Gustation, on the other hand,
usually requires more intimate contact between the
source(s) of chemical stimuli and receptors. Gustatory
receptors are located in the taste buds of the oral cavity.
Chemesthesis is usually reserved for nonspecific stimuli,
which are often irritating or painful. Chemoreceptive
fibers are concentrated in exterior mucous membranes,
although they occur throughout the animal.

Traditional emphasis in describing responsiveness to
chemical stimuli has been placed on taste and smell.
This emphasis is misplaced. Trigeminal chemoreception
(chemesthesis) also may be involved. The sensory affer-
ents of the trigeminal and olfactory nerves are in close
proximity in the nasal cavity, and the trigeminal and
gustatory nerves are in close proximity in the oral cavity.
Most chemicals can stimulate multiple sensory afferents,
although circumstances may favor detection by one sen-
sory system over others. Except in the case of electro-
physiological studies in which specific nerve function in
response to specific chemical stimulus can be docu-

Copyright © 2000 by Academic Press.
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mented, attributing specific sensory mediation of a
chemostimulant is not possible.

Il. CHEMESTHESIS

Chemesthesis is the perception of chemically induced
pain. A major component of the chemesthetic system
is the trigeminal nerve (TN). The TN is the principal
somatic sensory nerve of the head, and its primary func-
tion is the coding of mechanical and thermal stimuli.
However, the trigeminal nerve also contains chemore-
ceptive fibers that mediate the detection of chemical
irritants (Silver and Maruniak, 1980). The somatosen-
sory system is the primary somatic sensory system of
the rest of the body. Like the TN, the somatosensory
system primarily codes for mechanical and thermal stim-
uli, but it does have sensory afferents that are chemosen-
sitive (Kitchell and Erikson, 1983), though little is
known about this system in birds. Sensitivity to chemical
irritants is adaptive because animals can avoid noxious
stimuli before actual physical damage occurs.

A. Trigeminal Chemoreceptors

Chemosensitive fibers of the avian trigeminal and
somatosensory systems are similar to mammalian sen-
sory afferents. Most are unmyelinated C-type polymo-
dal nociceptors with conduction velocities of 0.3—1 m/
sec. However, some myelinated A-delta high-threshold
mechanoreceptors with conduction velocities of 5-
40 m/sec also respond to chemical stimuli. The discharge
patterns and conduction velocities for the chicken (Gal-
lus gallus var domesticus), duck (Anas platyrhyncos),
and pigeon (Columba livia) are similar to those ob-
served in mammals (Gentle, 1989; Necker, 1974).

The underlying physiological and biochemical pro-
cesses of chemically induced pain appear to be similar
for birds and mammals. Endogenous pain-promoting
substances such as substance P, SHT, histamine, brady-
kinin, and acetylcholine evoke pain-related behaviors
in chickens, pigeons, and guinea pigs (Gentle and Hill,
1987, Gentle and Hunter, 1993; Szolcsanyi et al., 1986).
Prostaglandins that modulate the pain response in mam-
mals also subserve this function in starlings (Sturnus
vulgaris), and their effects can be abolished by prosta-
glandin biosynthase inhibitors, such as aspirinlike anal-
gesics (Clark, 1995a). However, there are profound dif-
ferences in how birds and mammals respond to
exogenous chemical stimuli. In mammals, chemicals
such as capsaicin are potent trigeminal irritants. These
irritants deplete substance P from afferent terminals

and the dorsal root ganglion, producing an initial sensiti-
zation followed by a desensitization to further chemi-
cal stimulation (Szolcsanyi, 1982). In contrast, birds are
insensitive to capsaicin (Mason and Maruniak, 1983;
Szolcsanyi et al., 1986). Peripheral presentation of cap-
saicin to pigeons and chickens does not cause release
of substance P in avian sensory afferents (Pierau et al.,
1986; Sann et al., 1987; Szolcsanyi et al., 1986).

B. Innervation of Chemesthetic Receptors

The trigeminal nerve is the VIth cranial nerve in
birds, arising from the rostrolateral medulla near the
caudal surface of the optic lobe (Getty, 1975; Schrader,
1970). The TN travels along with the trochlear nerve
(IV), entering a fossa in the floor of the cranial cavity
where the trigeminal ganglion (TG) is found. The TG
is subdivided into a smaller medial ophthalmic region
and a larger lateral maxillomandibular region from
which the nerve splits into three branches. In the
chicken, the ophthalmic branch of the TN innervates
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 ophthalmic
branch has a communicating ramus with the trochlear
nerve which serves for motor control of the eye region.
This aspect can provide for reflexive response to irritat-
ing stimuli to the ocular region. The larger medial ramus
accompanies the olfactory nerve into the nasal fossa via
the medial orbitonasal foramen. The maxillary branch
of the TN provides sensory input from the integument
of the crown, temporal region, rostral part of the exter-
nal ear, upper and lower eyelids, the region between
the nostrils and eye, conjunctival mucosa, the mucosal
part of the palate, and the floor and medial wall of the
nasal cavity. The mandibular branch of the TN provides
sensory input from the skin and rhamphotheca of the
lower jaw, intermandibular skin, wattles, oral mucosa
of the rostral floor of the mouth, and the palate near
the angle of the mouth.

C. Behavioral Responses to Chemical Stimuli

Although the morphological organization of the pe-
ripheral trigeminal system in birds is not very different
from that found in mammals (Dubbeldam and Karten,
1978; Dubbeldam and Veenman, 1978), profound func-
tional differences appear to exist (Mason et al., 1989;
Norman et al., 1992; Mason and Otis, 1990; Mason et
al., 1991a,b). Birds rarely avoid mammalian irritants,
even though the avian trigeminal system is responsive
to chemical stimuli (Walker et al, 1979; Mason and



Chapter 3. The Chemical Senses in Birds 41

Silver, 1983). For example, cedar waxwings (Bomby-
cilla cedrorum; Norman et al.,, 1992) are indifferent to
=1000 ppm capsaicin, the pungent principle in Capsi-
cum peppers, whereas mammals typically avoid much
lower concentrations: 100 ppm capsaicin is typically
avoided by rodents (Figure 1). Nevertheless, it is inter-
esting to note that birds can be trained to avoid mamma-
lian irritants (Mason and Clark, 1995a) and that some
trigeminal input appears to mediate the response (Ma-
son and Clark, 1995b).

Many aromatic structures are aversive to birds
(Avery and Decker, 1991; Clark and Shah, 1991a,

1993; Crocker and Perry, 1990; Crocker et al, 1993;
Kare, 1961; Mason et al., 1989). Several lines of evi-
dence suggest that a variety of compounds have intrin-
sic properties that cause them to be aversive on a
purely sensory basis. First, the aversive quality is
unlearned; that is avoidance occurs upon initial contact
(Clark and Shah, 1991b). Second, there is no evidence
that consumption is altered by gastrointestinal feed-
back—intake of fluid treated with these sensory repel-
lents is constant over time (Clark and Mason, 1993).
Third, birds seem unable to associate the aversive
quality of the stimulus with other chemosensory cues,
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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
does not occur (Clark, 1995b; Mason et al., 1989).
Fourth, birds do not habituate to the stimulus—
avoidance persists in the absence of reinforcement
(Clark and Shah, 1994; Mason et al, 1989).

D. Structure—Activity Relationships for
Aromatic Stimuli

The structure—activity relationships of aromatic
avian repellents have been elucidated. An aromatic par-
ent structure is critical for repellency. Factors that affect
the delocalization of electrons around the aromatic
structure contribute to modifying the repellent effect.
Thus, acidic substituents to the benzene ring generally
detract from repellency, and this is amplified if the acidic
function is contained within the electron-withdrawing
group. Electron donation to the benzene ring enhances
repellency. Heteroatoms that distort the plane of the
aromatic structure tend to lessen repellency (Clark and
Shah, 1991a, 1994; Clark et al., 1991; Mason et al., 1991a;
Shah et al., 1991, 1992) (Figure 2).

E. Responses to Respiratory Stimuli

Changes in carbon dioxide concentration in the naso-
pharynx region can cause species—specific changes in
reflexive breathing in birds (Hiestand and Randall,

(o]

Food intake (g)

1941). However, concentrations of carbon dioxide that
are sufficiently high to be irritating to mammals have
no effect on blood pressure, heart rate, tidal volume,
breathing frequency, upper airway resistance or lower
airway resistance in geese (Anser anser and Cygnopsis
cygnoid; Callanan et al., 1974). Similarly, geese respond
differently than mammals to exposure to sulfur dioxide,
but in a similar manner when exposed to ammonia and
phenyl diguanide (Callanan et al., 1974).

F. Nasal and Respiratory Irritation and
Interaction of the Olfactory and
Trigeminal Systems

The trigeminal nerve is important in the perception
of odors (Keverne et al, 1986; Silver and Maruniak,
1980; Tucker, 1971). Electrophysiological evidence
shows that the trigeminal nerve is responsive to odors,
albeit generally less sensitive than the olfactory nerve
(Tucker, 1963). Behavioral assays yield similar results.
Pigeons trained to respond to odors fail to respond after
olfactory nerve transection. However, odor responding
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 of
pigeons decreased by 2—-4 log units (vapor saturation)
after olfactory nerve transection.

Although olfaction can modulate responding to
chemical irritants, it is relatively unimportant. Clark
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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
of repellent anthranilates was partially a consequence
of olfactory cues. When the olfactory nerves of starlings
were transected, avoidance of the anthranilate repel-
lents was mildly suppressed. When the ophthalmic
branches of the trigeminal nerve were cut, the starlings
became insensitive to the repellent effects of the an-
thranilates (Mason et al., 1989).

G. Summary

The anatomical configuration and the physiological
and biochemical processes of chemosensory afferents
of the avian trigeminal and somatosensory systems are
similar in birds and mammals. However, there are sig-
nificant differences in sensitivity to exogenous chemical
stimuli between these two taxa. Structure—activity stud-
ies suggest that these differences may reflect different
receptor mechanisms in peripheral afferents. Confirma-
tion using molecular and pharmacological techniques is
needed to clarify this possibility.

Ill. GUSTATION

A. Taste Receptors

In comparison to other vertebrates, birds have few
taste buds (Table 1). They are distributed throughout
the oral mucosa, but most often in close association with
salivary gland openings (Berkhoudt, 1985). The greatest
numbers are on the caudal surface of the tongue and
the pharyngeal floor (Kare, 1971; Gentle, 1975; Kare
and Rogers, 1976). Ontogenetic changes in taste bud
number occur (Duncan, 1960). Adult chickens have
twice the number of taste buds of day-old chicks (Lin-
denmaier and Kare, 1959; Saito, 1966). However, within

TABLE 1 Absolute Number of Taste Buds in
Various Animals®

Species Number Source
Chicken 24 Lindemaier and Kare (1959)
Bullfinch 46 Duncan (1960)
Starling 200 Bath (1906)
Japanese quail 62 Warner et al. (1967)
Lizard 550 Schwenk (1985)
Kitten 473 Elliot (1937)

Bat 800 Moncrieff (1951)
Human 9,000 Cole (1941)

Pig 15,000 Moncrieff (1951)
Rabbit 17,000 Moncrieff (1951)
Catfish 100,000 Hyman (1942)

“ Modified from Kare and Mason (1986).

adults, the number of taste buds declines with age (Bote-
zat, 1910; Duncan, 1960; Lalonde and Eglitis, 1961).

Saliva is critical for the transport of taste stimuli to
receptors (Belman and Kare, 1961). This is particularly
true for birds, since avian taste buds do not open directly
into the oral cavity via taste pores (Berkhoudt, 1985).
Although the role of saliva on avian taste responding
has not been extensively studied, there is evidence that
changes in salivary flow rate affect taste related behav-
iors. Gentle and Dewar (1981) and Gentle et al. (1981)
reported significant declines in taste avoidance by chicks
that were vitamin A and zinc deficient. These deficien-
cies lower salivary flow rate.

B. Innervation of Taste Receptors

The lingual branch of the glossopharyngeal nerve
was once considered the only gustatory nerve in birds
(Kitchell et al., 1959; Duncan, 1960; Halpern, 1963; Ka-
dono et al., 1966; Landolt, 1970). However, more recent
investigations show that the palatine branch of the facial
nerve (Krol and Dubbeldam, 1979) and the chorda
tympani (Berkhoudt, 1985; Gentle, 1979, 1983) also
transmit gustatory information.

C. Taste Behavior

Simple evaluations of ingestion are the most common
laboratory method used to measure the sensitivity of
birds to taste stimuli, although operant methods have
been used (Mariotti and Fiore, 1980). Usually, the test
stimuli are presented in aqueous solution, and animals
choose between mixtures and distilled water. Chickens
show a characteristic response to aversive oral stimula-
tion typified by persistent tongue and beak movements
and head-shaking and beak-wiping behaviors (Gentle
1973, 1976, 1978). No characteristic responses to presen-
tations of neutral or appetitive oral stimuli have been
observed (Gentle, 1978; Gentle and Harkin, 1979).

D. Response to Sweet

Many species show modest preferences for natural
sugars mixed with drinking water (Brindley, 1965; Brin-
dley and Prior, 1968; Duncan, 1960; Engelmann, 1934,
1937, 1960; Gentle 1972, 1975; Gunthur and Wagner,
1971; Harriman and Milner, 1969; Rensch and Neunzig,
1925; Warren and Vince, 1963). Strong preferences are
exhibited by parrots, budgerigars, hummingbirds, and
other nectar-feeders (Bradley, 1971; Hainesworth and
Wolf, 1976; Kare and Rogers, 1976; Stromberg and
Johnsen, 1990).
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A variety of granivores and some omnivores reject
sugars, perhaps for physiological reasons. For example,
red-winged blackbirds select pure water over sucrose
(Rogers and Maller, 1973; Martinez del Rio et al., 1988).
Common grackles (Quiscula quiscula), European star-
lings, cedar waxwings, and robins (Turdus migratorius),
also reject sucrose, although other sugars (e.g., fructose,
glucose) are preferred (Schuler, 1980, 1983). Brugger
and Nelms (1991), Brugger (1992), and Brugger et al.
(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-
sorption (Martinez del Rio, 1990; Martinez del Rio et
al., 1988; Martinez del Rio and Stevens, 1989; Brugger
and Nelms, 1991).

Besides taste, osmotic pressure, viscosity, melting
point, nutritive quality, digestibility, and toxicity are all
involved in birds’ response to tastes. Some have sug-
gested that visual properties and surface texture some-
times take precedence over all other qualities in the
birds’ selection of food (Engelmann, 1957; Kare and
Rogers, 1976; Morris, 1955; Kear, 1960; Mason and
Reidinger, 1983a,b). Across species, no physical or
chemical characteristic has been shown to reliably pre-
dict how a bird on an adequate diet will respond to the
taste of a solution (Kare and Medway, 1959).

E. Response to Salt

Sodium chloride rejection thresholds for 58 species
ranged from 0.35% in a parrot to 37.5% in the pine
siskin (Carduelis pinus; Rench and Neunzig, 1925).
Salt-eating has been reported for a number of spe-
cies (Reeks, 1920; Mousley, 1921, 1946; Pierce, 1921;
McCabe, 1927; Gorsuch, 1934; Aldrich, 1939; Marshall,
1940; Peterson, 1942; Calhoun, 1945; Packard, 1946;
Bleitz, 1958; Duncan, 1964; Cade, 1964; Dawson et al.,
1965; Mason and Espaillat, 1990). Numerous finches of
the family Carduelidae have notorious appetites for salt.
Cross-bills can be caught in traps baited with salt alone
(Welty, 1975; Willoughby, 1971). Cade (1964) suggests
that finches, which have 0.001-0.03% sodium in their
diets (Altmann and Dittmer, 1968), are chronically so-
dium deficient.

The presence of a nasal salt gland is associated with
salt acceptance taste thresholds. Birds without such
glands generally refuse concentrations of salt that are
hypertonic to their body fluids (Bartholomew and Cade,
1958; Bartholomew and MacMillian, 1960). However,
rejection thresholds in no-choice tests do not always
predict responding in choice situations. When given a
choice, gulls (Larus spp.) (with salt glands) select pure
water over saline solution (Harriman, 1967; Harriman

and Kare, 1966). Similarly, penguins prefer fresh water
after having been at sea for extended periods (Warham,
1971). Preference could reflect the toxic effects of
chronic exposure to saline or salt waters. Mallards pos-
sess salt glands (Shoemaker, 1972), but hatching success
and duckling survival is influenced by the salinity of
drinking water in the natal marsh (Mitcham and Wobe-
ser, 1988). The order of acceptability of ionic series by
birds does not appear to fit into the lyotropic or sensitiv-
ity series reported for other animals.

F. Response to Sour

Birds are tolerant of acidic and alkaline solutions
(Fuerst and Kare, 1962; Table 2), and some species
exhibit preferences for acid over plain tapwater (Brin-
dley and Prior, 1968). Not surprisingly, species differ-
ences exist. Rensch and Neunzig (1925) and Engelmann
(1934) reported that pigeons were more sensitive than
ducks or fowl. Engelmann (1950) also reported that
chicks were more sensitive than adults. Berkhoudt
(1985) reports that hooded crows (Corvus corone) are
profoundly sensitive to hydrochloric acid and speculates
that this sensitivity might be linked to the assessment
of the quality of carrion as potential food. Although the
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
resources. For example, even though starlings prefer
insect prey to fruit, juvenile starlings are less successful
in capturing animal prey than are adults (Stevens, 1985).
Accordingly, juveniles eat large amounts of fruit be-
cause it is readily available. Much of this fruit is unripe
and sour.

G. Response to Bitter

Avian responsiveness to bitter is enigmatic. In some
cases, compounds evoke similar responses in mammals
and birds (e.g., quinine hydrochloride; Engelmann,
1934; Gentle, 1975). In others, compounds that are ex-
tremely bitter to humans (e.g., sucrose octaacetate) are
readily accepted by birds (Halpern, 1963; Heinroth,
1938). This acceptance may reflect physiological insensi-
tivity (Kitchell et al., 1959, Landolt, 1970). There is evi-
dence that acceptance may decrease as individuals age
(Brindley, 1965; Cane and Vince, 1968).

The bitter phenolic compounds produced by some
plants (Robinson, 1983) and utilized by various species
of pharmacophagus insects (Nishida and Fukami, 1990)
may serve as defenses against birds (e.g., Greig-Smith,
1988; Rodriguez and Levin, 1976). There is abundant
evidence that the tannin content of fruits and grain is



TABLE 2 The Influence of pH on Fluid Preferences of the Chick”

Substance pH1® pH2¢ Versus Percentage intake?
Acetic acid 2.9 32 Water 16.1
Acetic acid 4.1 4.5 Water 533
Acetic acid 49 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 521
Acetate buffer 5.1 5.1 Water 57.6
Acetate buffer 5.1 51 Acetate buffer, pH 6 38.0
Acetate buffer 6.0 6.0 Water 54.6
Acetate buffer 6.0 6.1 Water 542
Acetate buffer 6.0 6.1 Phosphate buffer, pH 7 53.0
Acetate buffer 6.0 6.1 Phosphate buffer, pH 6 539
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 32 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 3 494
Hydrochloric acid 3.0 32 Water 59.1
Hydrochloric acid 3.1 3.1 Sodium hydroxide, pH 10.2 533
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 32 Water 525
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 72 Water 49.0
Potassium hydroxide 11.1 9.0 Water 483
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 111 9.5 Water 46.8
Sodium hydroxide 12.2 11.2 Water 333
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 32 Water 55.7
Sulfuric acid 4.1 6.9 Water 51.2
Veronal buffer 7.0 7.0 Water 51.8

“ From Fuerst and Kare (1962).

b pH1 = initial.
¢ pH2 = after 24 hr.
dPercentage intake =

(volume of test fluid consumed/total consumption) X 100. Each intake
percentage is the mean of 18 daily values.
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associated with resistance to bird damage (Bullard et
al., 1981; Greig-Smith et al, 1983; Mason et al., 1984),
and laboratory preference tests show that consumption
is negatively correlated with tannin concentration (Ma-
son and Espaillat, 1990). Other phenolic substances
(e.g., phenylpropanoids, including coniferyl and cinna-
myl derivatives; Crocker and Perry, 1990; Jakubas et
al., 1992) produce analogous effects. Jakubas and his
colleagues (Jakubas et al., 1992) suggest that it may be
possible to genetically engineer crops to produce ana-
logs of coniferyl alcohol as an inherent defense against
pests and pathogens. The occurrence of coniferyl alco-
hol is widespread in higher plants because it is the pri-
mary precursor of lignin (Hahlbrock and Scheel, 1989;
Lewis and Yamamoto, 1990). It may be possible to local-
ize production of these compounds to specific plant tis-
sues (Collins, 1986; Jakubas et al., 1992; McCallum and
Walker, 1990). By localizing the production of repellent
phenylpropanoids to specific plant tissues, autotoxic ef-
fects could be minimized along with the impact of these
compounds on the nutritional value and palatability of
the grain.

H. Response to Other Tastes

Apart from responses to simple tastes, reactions to
more complex substances and synthetic flavors have
been reported (Kare et al.,, 1957, Romoser et al., 1958;
Kare and Medway, 1959; Kare and Pick, 1960; Deyoe
et al., 1962). In general, birds are more sensitive to such
stimuli in drinking than in feeding tests.

Very few experiments have dealt with natural taste
compounds. However, there is evidence that several spe-
cies of shorebirds can discriminate between clean sand
andsand thathad contained worms (Gerritsen etal., 1984;
van Heezik et al., 1983). Conceivably, these birds were
detecting amino acids in mucus secretions of the worms.
Espaillat and Mason (1990) reported that both European
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-
tivity to other free amino acids or to protein is unknown.
However, L-alanine and similar substances (e.g., L-
glutamine) occur as free amino acids in vegetable matter,
fruits,and meat (Hacetal., 1949; Maedaet al., 1958; Baker
and Baker 1983). These substances could aid in food
search and selection. At least for starlings, assimilation
efficiency increases as the overall protein content of the
diet increases (Twedt, 1984).

There is also some evidence that taste sensitivity may
assist in the rejection of potentially dangerous natural
substances. Berkhoudt (1985) reports that a great-
crested grebe (Podiceps cristatus) apparently used taste
cues to reject minnows with slime infections of the epi-
dermis.

. Temperature and Taste

The domestic fowl is acutely sensitive to the tempera-
ture of water. Acceptability decreases as the tempera-
ture of the water increases above the ambient. Fowl can
discriminate a temperature difference of only 5°F, and
usually reject the higher temperature. Similar results
have been reported for red-winged blackbirds (Mason
and Maruniak, 1983). Chickens suffer from acute thirst
rather than drink water 10°F above their body temp-
erature. Because the response to temperature may
take precedence over all chemical stimulants (Kare and
Rogers, 1976), temperature should be eliminated as a
variable in taste studies of the fowl. The ecological rea-
son(s) underlying the interaction between taste and tem-
perature remains obscure.

J. Summary

Kare and Beauchamp (1976), in discussing the com-
parative aspects of the sense of taste in birds and mam-
mals, pointed out that most of the work on the basic
mechanism of taste has been conducted with mammals.
This mammalian work has suggested that the initial
interaction of a taste stimulus and a receptor cell occurs
on the microvilli of taste receptor cells. Although stimu-
lus—receptor interactions in avian taste are probably
similar to those described for mammals, this has not
been demonstrated.

Birds have a sense of taste. However, no pattern,
whether chemical, physical, nutritional, or physiologic,
can be correlated consistently with the bird’s taste be-
havior. The behavioral, ecologic, and chemical context
of a taste stimulant can influence the birds’ response.
The observed response, particularly to sweet and bitter,
indicates that the bird does not share human taste expe-
riences. The supposition that there is a difference in
degree between individual birds and an absolute differ-
ence between some species appears warranted.

IV. OLFACTION

A. Morphology of Olfactory System

Olfactory receptors are located in the olfactory epi-
thelium in the caudal conchae where each receptor cell is
surrounded by a cluster of supporting cells. The receptor
nerve dendrite passes through these cells to the lumen,
ending in a knob bristling with 6-15 cilia. The length
of the cilia vary with species. Black vultures have cilia
of 40-50 pm, while that of the domestic fowl is about
7-10 um (Shibuya and Tucker, 1967). To gain access
to receptors, odor molecules must diffuse through a
mucous membrane. The cilia of the sensory cells have
no transport function. Rather, the secretions covering
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the cilia provide rapid flow for transport of odor mole-
cules and must constantly be replaced to avoid receptor
habituation. Olfactory gland secretions are removed by
traction of the surrounding respiratory cilia.

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,
1966; Bang and Cobb, 1968). The extent of scrolling of
the caudal conchae is correlated with the relative size
of the olfactory bulb (Bang and Wenzel, 1986). Further-
more, olfactory thresholds and relative size of the olfac-
tory bulb are inversely related at the taxonomic ordinal
level; that is, orders with high olfactory thresholds have

relatively small olfactory bulbs (Clark et al., 1993; Table
3, Figure 4). These patterns suggest that the elaborated
olfactory systems belong to species with demonstrated
reliance on odor cues in the field (Stager, 1964; Hutchi-
son and Wenzel, 1980).

B. Innervation of Olfactory Receptors

Birds have a fully developed olfactory bulb, but lack
an accessory olfactory system—the vomeronasal organ
and accessory olfactory bulb (Rieke and Wenzel, 1975,
1978). However, the latter has been identified in the
early embryonic development of some birds (Matthes,
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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 Birds®

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 14 Piciformes 5 114 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

“ 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
structures, where the incoming olfactory nerve fibers
constitute the outer layer. The branching terminals pen-
etrate to the adjacent, glomerular layer, where they
connect with dendrites of mitral and tufted cells in
spherical arborizations called glomeruli. The perikarya
of these cells are in the deeper mitral cell layer, where
their axon leave to project to many areas of the fore-
brain. There are many interneuronal connections in the
layers between the mitral and glomerular regions. There
are no direct connections between contralateral bulbs
(Rieke and Wenzel, 1978).

C. Olfactory Neuronal Response

Single and multiunit electrophysiological responses
to odor stimuli are typically taken as definitive evidence
of olfactory capacity. Electrophysiological recordings
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FIGURE 4 Relationship between detection olfactory threshold and
relative size of the olfactory bulb for different orders of birds. (From
Clark and Shah (1993) with permission.)

of units and nerve fibers from mammals, amphibians,
reptiles, and birds respond to odor stimuli in a similar
fashion, irrespective of the gross anatomical develop-
ment of the species’ olfactory apparatus (Tucker, 1965;
Shibuya and Tonosaki, 1972). In black vultures, the elec-
troolfactogram (EOG) appears during inspiration and
less so at expiration. The EOG also coincides with peak
spike activity (Shibuya and Tucker, 1967). The spike
duration of 3—4 msec is similar to that observed for the
tortoise and frog (Gesteland et al, 1963; Shibuya and
Shibuya, 1963). Because olfactory nerve fibers are un-
myelinated, conduction velocities are slow, about 1.5 m/
sec (Macadar et al., 1980). As is the case for mammals,
continuous presentation of the stimulus to the bird’s
receptor field will result in physiological adaptation of
the nerve units. Recovery can be achieved within a few
minutes of rest. In terms of nerve function, species with
even the most vestigial olfactory anatomies compare
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-

tion or heart rate) to novel odor stimuli have been
observed (Wenzel and Sieck, 1972). However, habitua-
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tion to the stimulus under this paradigm is always
a difficulty.

Various operant and classical conditioning paradigms
have also been employed to determine olfactory ability
(Michelsen, 1959; Henton et al, 1966, Henton, 1969).
Positive or negative reinforcement is used to make the
olfactory stimulus a “‘biologically” relevant cue, irre-
spective of whether the odor cue is of natural relevance
to a species. Overall, classical conditioning techniques
have proven to be relatively poor assays for olfac-
tory discrimination in birds (Calvin et al, 1957), but
conditioned suppression variants have proven to be
quite reliable (Henton et al, 1966; Clark and Mason,
1987). A generally successful assay for determining ol-
factory detection and discrimination thresholds is car-
diac conditioning (Walker et al., 1986; Clark and Mason,
1989; Clark and Smeraski, 1990; Clark, 1991a; Clark et
al., 1993). In this procedure, the odor (the conditional
stimulus) is paired with an aversive experience; for
example, shock (the unconditional stimulus). Heart
rate is compared pre- and poststimulus presentation
throughout training, when a criterion level of cardiac
acceleration is achieved as a result of the stimulus—shock
pairing, tests can proceed on detection or discrimina-
tion tasks. Most birds that have been tested have
shown olfactory capabilities comparable to mammals
(Davis, 1973), and even passerines, with the least devel-
oped olfactory system, demonstrate behavioral respon-
siveness to odors (Clark and Mason, 1987; Clark and
Smeraski, 1990; Clark, 1991a; Clark et al, 1993) (Ta-
ble 4).

E. Olfactory Performance in the Field

The use of olfactory cues for locating food has been
documented for a number of species. Turkey vultures
are attracted to ethyl mercaptan fumes (Stager, 1964,
1967) and can locate decomposed carcasses in the ab-
sence of visual cues (Houston, 1987). Procellariiformes
can use odor cues as navigational aids in locating food
from considerable distances (Table 5). Black-footed al-
batrosses (Diomedea nigripes) are attracted to bacon
drippings from distances as great as 20 miles (Miller,
1942). Using cardiac conditioning techniques for esti-
mating odor detection thresholds, field observations,
and detailed atmospheric models of odor dispersion,
Clark and Shah (1992) estimated that the Leach’s storm
petrel (Oceanodroma leucorhoa) is capable of detecting
and homing in on an odor target for distances from 1
to 12 km.

Procellariiformes also appear to rely on olfactory
cues to locate their burrows, showing differential return
rates to their nest sites as a function of surgical manipu-

lation: control (C), sham surgery (SS), and olfactory
nerve section (ONS). For Leach’s storm petrel the re-
turn rates were C = 91%, SS = 74%, and ONS = 0%
(Grubb, 1974). For the wedge-tailed shearwater the re-
turn rates were C = 90%, SS = 70%, and ONS = 25%
(Shallenberger, 1975).

Pigeons can use odor cues for orientation and naviga-
tion (Papi, 1986; Wallraff, 1991; Waldvogel, 1989). How-
ever, reliance on odor cues for orientation is dependent
upon the atmospheric predictability of the cues experi-
enced during the bird’s development and early training
experience (Wiltschko et al., 1987). Pigeons can obtain
positional information when atmospheric odors are de-
rived from boundary-layer free airspace in an open land-
scape. However, positional information is obscured
when the atmosphere sample is derived from close to
ground level (Wallraff et al., 1993). When regional odor
maps cannot be relied upon because of atmospheric
instability, pigeons use a variety of alternative cues,
such as visual, magnetic, and polarized light to orient
themselves (Waldvogel, 1987).

A number of species have now been shown to be
capable of using olfactory cues to locate food. Ravens
(C. corax; Harriman and Berger, 1986), magpies (Bui-
tron and Nuechterlein, 1985), jays, crows (Goodwin,
1955), chickadees (Parus atricapillus; Jarvi and Wiklund,
1984), hummingbirds (Goldsmith and Goldsmith, 1982;
Ioale and Papi, 1989), honey guides (Archer and Glen,
1969), and kiwis (Wenzel, 1968) have all been shown
to be capable of using olfactory cues to locate and dis-
criminate between foods.

There are several intriguing studies suggesting that
odor recognition is important in the reproductive be-
havior of birds. Male mallards decreased social displays
and sexual behavior toward females when their olfac-
tory nerves were sectioned (Balthazart and Schoffen-
iels, 1979). When unfamiliar fruit odors were applied
to squabs of the ring dove (Streptopelia risoria), parents
decreased parental care, resulting in higher mortality
of scented squabs. Bilateral olfactory nerve cuts elimi-
nated the differential feeding of the scented and con-
trol squabs (Cohen, 1981). Olfactory recognition of
parents and/or home sites may be advantageous to
young as well. Just as in mammals (Corey, 1978),
domestic chicks show neophobia to familiar nests
treated with novel odors (Jones, 1988) and demon-
strate a preference for familiar nest odors (Jones and
Faure, 1982; Wurdinger, 1982).

There is also evidence that starlings may use olfaction
to select nest material used in the fumigation of ectopar-
asites and pathogens (Clark and Mason, 1985, 1987,
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 Ratio* Stimulus Min Max Source®
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 1.58 222 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

“ 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
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
and are capable of making discriminations between
complex sets of odors (Clark and Mason, 1987). How-
ever, olfactory discrimination by starlings shows a strong
correlation with breeding season (specifically nest-
building), suggesting hormonal influence on detection

and discrimination ability in this species (Clark and
Smeraski, 1990).

F. Summary

All evidence indicates that the extent of olfactory
development in birds is on par with that found in mam-
mals. Some species, such as passerines, have relatively
poorly developed olfactory capacities, though nonethe-
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TABLE 5 Summary of Olfactory Orientation toward a Prey-Odorized Target

for Seabirds
Percentages®
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 ef 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)

% Values are the percentage of the birds observed that were attracted to the target (control

or cod liver oil-soaked sponge).

less show some degree of olfactory acuity. Other species,
such as procellariiformes, have olfactory systems acutely
sensitive to odor cues. Relative to mammals, few system-
atic physiological and behavioral studies are available.
This gap in knowledge is unfortunate because there
is a well-developed anatomical database on the avian
olfactory system.
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I. INTRODUCTION

The contact of the body surface with the environment
is sensed by a variety of receptors located in the skin.
This chapter deals with the exteroreceptive cutaneous
sensory system. Deep receptors located in the viscera,
muscles, and joints are sometimes also included into the
somatosensory system. However, since they serve quite
different functions (e.g., gastrointestinal motility, circu-
lation, respiration, and motor control) they will not be
included here.

The somatosensory system may be divided into two
parts, the trigeminal system and the spinal system. The
trigeminal system primarily innervates the beak. The

Sturkie’s Avian Physiology, Fifth Edition
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spinal system innervates the body surface and the ex-
tremities (wings and legs).

Cutaneous receptors are the peripheral (dendritic)
endings of spinal or cranial ganglion cells. These endings
are specialized for being excited by mechanical, thermal,
or noxious stimuli. Accordingly the skin includes the
senses of mechanoreception (touch), thermoreception,
and nociception, which serve quite different functions.

The information taken up by the receptors is con-
veyed up to the telencephalon via relays in the brain-
stem. Both receptors and central pathways have been
studied with anatomical and electrophysiological means.
However, our knowledge of the somatosensory system
of birds is very limited compared to what is known of
the mammalian counterpart.

II. TYPES OF RECEPTORS AND AFFERENT FIBERS

In the avian skin there are both free nerve endings
and encapsulated endings (sensory corpuscles; Andres
and von Diiring, 1973; 1990; Andres, 1974; Gottschaldt,
1985). Whereas free nerve endings are thought to serve
mainly thermoreception and nociception, sensory cor-
puscles are mechanoreceptors.

Free nerve endings are supplied with unmyelinated
and thinly myelinated axons (C-fibers and Aé-fibers or
group IV and group III fibers), corpuscular cutaneous
mechanoreceptors are supplied with thickly myelinated
fibers of the AB-type (group II; group I or Aa-fibers
supply proprioreceptors). Accordingly, different groups

Copyright © 2000 by Academic Press.
All rights of reproduction in any form reserved.
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of fiber diameters and conduction velocities have been
described (Necker and Meinecke, 1984). C-fibers have
fiber diameters of less than 1 wm and conduction veloci-
ties (CV) of less than 2 m/sec. Aé-fibers have mean
diameters of about 2 wum and mean CVs of about 5 m/
sec. There are two groups of large myelinated AB-fibers
which have mean diameters of about 4 and 7 um and
mean CVs of about 15 and 35 m/sec, respectively.

A. Mechanoreceptors

Four main types of mechanosensitive sensory corpus-
cles may be distinguished in birds: Herbst corpuscles,
Merkel cell receptors, Grandry corpuscles, and Ruffini
endings. Although free nerve endings may function as
mechanoreceptors (Iggo and Andres, 1982), electro-
physiological evidence is lacking in birds.

1. Morphology and Distribution of
Cutaneous Mechanoreceptors

a. Herbst Corpuscles

Herbst corpuscles are lamellated sensory receptors
comparable to the Pacinian corpuscles in mammals. The
flattened axon ending is enlarged at its tip and is sur-
rounded by a central inner bulb (Figure 1f). The inner
bulb cells are of Schwann cell origin and form two op-
posing rows. The Schwann cell membrane adjacent to
the axon forms a complicated network of interdigitated
lamellae. Numerous fingerlike processes of the axon
protrude into and form contacts with the lamellae.
These axon processes are thought to be the sites where
the mechanical stimulus is tranduced into excitation of
the sensory membrane (Gottschaldt et al., 1982). The
inner bulb is surrounded by a capsule space which con-
tains cells of endoneural origin and collagen fibers which
form perforated concentric lamellae. The capsular space
is enclosed by an outer capsule whose dense lamellae
are of perineural origin. The myelinated afferent fiber
looses its myelin sheath before entering the inner bulb.

Herbst corpuscles are the most widely distributed
receptors in the skin of birds. They are located in the
deep dermis and they are found in the beak, in the legs,
and in the feathered skin (Gottschaldt, 1985). There is
a conspicuous assembly of sometimes more than one
hundred Herbst corpuscles on the interosseous mem-
brane of the leg (‘“‘Herbstscher Strang” [strand of Herbst
corpuscles]; Schildmacher, 1931). In aquatic birds like
ducks and geese, in some shorebirds, and in the chicken
there are bill tip organs with numerous Herbst corpus-
cles (Bolze, 1968; Gottschaldt and Lausmann, 1975;
Berkhoudt, 1980; Gentle and Breward, 1986). In feath-
ered skin they are associated with the feather follicles
and with muscles of the feathers (Stammer, 1961; Wink-

elmann and Myers, 1961; Ostmann ef al., 1963; Andres
and von Diiring, 1990). There is a decreasing number
from head to tail to neck to wing with relatively few
corpuscles on the back and fewest on the abdomen,
and flying birds are supplied with a larger number than
nonflying birds (Stammer, 1961).

b. Merkel Cell Receptors

Merkel cell receptors of the avian skin share some
similarity to the intraepidermal Merkel cell receptors
of mammals (Andres and von Diiring, 1973). They are,
however, located in the dermis. The basic morphology
of Merkel cell receptors is a Merkel cell and a disc-like
axon ending contacting this cell (Merkel cell neurite
complex; Figure 1b). Merkel cells are characterized by
their clear cytoplasm which typically contains dense-
cored granula. Fingerlike processes interdigitate with
the surrounding Schwann cells. It is still a matter of
speculation whether Merkel cells function as secondary
sensory cells like hair cells in the inner ear. There are
symmetrical membrane thickenings of the axon mem-
brane and of the apposed Merkel cell membrane which
resemble desmosomes rather than synaptic contacts
(Toyoshima and Shimamura, 1991).

Merkel cells may occur as single cells as well as in
groups and may even be organized as corpuscles with
stacked arrangement similar to Grandry corpuscles of
aquatic birds. Such corpuscles lack, however, a perineu-
ral sheath. Merkel cells have been found predominantly
in the beak and tongue of various nonaquatic birds
(Botezat, 1906; Saxod, 1978; Gentle and Breward, 1986;
Toyoshima and Shimamura, 1991; Halata and Grim,
1993) but they have been described for the toe skin
(Ide and Munger, 1978) and also for the feathered skin
(Andres and von Diiring, 1990).

¢. Grandry Corpuscles

Grandry corpuscles occur in aquatic birds (anseri-
forms) only (Gottschaldt, 1985). As with Merkel cell
receptors there is an intimate contact between Grandry
cell and nerve ending. Grandry cells are thought to be
of neural crest origin and are described as ganglion cell-
like. Typically two or more Grandry cells are stacked
with discoid axon endings in between the cells (Figure
1a). There is an ongoing debate whether Grandry cells
and Merkel cells are two varieties of the same cell (Toy-
oshima, 1993). Grandry cells in aquatic birds are gener-
ally larger than Merkel cells in nonaquatic birds. Except
for size, Merkel cells and Grandry cells share most struc-
tural specializations. Whereas Merkel cell corpuscles
lack a sheath, Grandry corpuscles are always encapsu-
lated by a single-layered capsule of perineural origin.

Grandry cells occur in the dermis of the bill of ducks
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: ¢, 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
organs, which are accumulations of sensory receptors
in connective tissue filled channels of the horny premax-
illary plate of the bill.

d. Ruffini Endings

Ruffini endings are well known and well studied in
mammals but there are only few reports of this type of
mechanoreceptor in the avian skin. Ruffini corpuscles
are the encapsulated modification of free stretch recep-
tors (Figures 1d and 1le; Andres and von Diiring, 1990).
There is an extensive ramification of the axon endings
which are in contact with bundles of collagen fibers.
The contact zones are probably the tranducer sites. A
capsule consisting of layers of perineural cells may lack
in avian Ruffini endings (Gottschaldt, 1985).

Ruffini endings have been identified so far only in
the bill of geese (Gottschaldt et al, 1982) and in the
beak of the Japanese quail (Halata and Grim, 1993).
There are, however, numerous Ruffini corpuscles in
joint capsules (Halata and Munger, 1980). There is elec-

trophysiolocical (Reinke and Necker, 1992a) but no
morphological evidence of Ruffini endings in the feath-
ered skin.

2. Electrophysiology of Mechanoreceptors

Electrophysiologically mechanoreceptors have been
characterized by their response to a standard ramp-like
stimulus with a plateau (Figure 2). There are rapidly
adapting (RA) and slowly adapting (SA) responses
which may be further subdivided (Iggo and Gottschaldt,
1974). Type SAI receptors respond both to the ramp
and to the plateau with a sustained firing at irregular
spike intervals (random or Poisson distribution of inter-
vals). This type of receptor may detect amplitudes of a
stimulus (strength of touch or pressure). In mammals
the morphological basis of this type of response is the
intraepidermal Merkel cell receptor. Type SAII recep-
tors also have a sustained firing rate. However, there is
often spontaneous activity and a regular firing (normal
or Gaussian distribution of intervals). In mammals the
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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 SAIl receptor
and the most effective stimulus consists of lateral
stretching of the skin. RA receptors respond to a change
of stimulus intensity only, for example, during the ramp.
Response varies with steepness (velocity of ramp). The
morphological basis for these velocity detectors are the
Meissner corpuscles in glabrous skin and lanceolate end-
ings in hairy skin of mammals; neither type of receptor
exists in birds. A very rapidly adapting type of response
shows spikes only at the beginning and/or end of the
ramp; that is, during the acceleration phase of the ramp
stimulus. This type of receptor responds best to vibra-
tion. The morphological basis of the vibration receptor
in mammals is a lamellated corpuscle, the Pacinian cor-
puscle. All types of responses have been observed in
birds also (Necker, 1983; Gottschaldt, 1985). However,
the correlation of structure and function is less clear in
birds than in mammals.

Thereisnodoubtthat Herbst corpuscles are vibration-
sensitive receptors (Dorward, 1970; Dorward and McIn-
tyre, 1971; Gottschaldt, 1974; Shen and Xu, 1994). Vibra-
tion receptors are usually characterized by strong phase
coupling; that is, there is one spike per stimulus cycle.
In the cycle histogram it can be seen that the spikes of
successive cycles fall within a limited phase angle range of
the full 360° cycle (Figure 3; Reinke and Necker, 1992b).

Herbst corpuscles are most sensitive to rather high fre-
quencies (Dorward and Mcintyre, 1971; Gregory, 1973;

Leitner and Roumy, 1974a; Horster, 1990; Reinke and
Necker, 1992b; Shen and Xu, 1994). Thresholds are rather
high below 100 Hz but decrease in the frequency range
300 Hz up to 1000 Hz (Figure 4). In the high-frequency
range threshold amplitudes may be less than 0.1 wm which
is in the range of human vibration sensitivity.

The morphological basis of velocity-sensitive rapidly
adapting responses is less clear although RA responses
are very common. In the bill of aquatic birds RA re-
sponses are most likely based on Grandry corpuscles
(Gottschaldt, 1974). RA responses in the chicken beak
have been ascribed to Merkel cell (Grandry) corpuscles
(Gentle, 1989). The morphological basis of RA re-
sponses in the feathered skin (Dorward, 1970; Necker
and Reiner, 1980; Necker 1985¢, Reinke and Necker,
1992a) is even less clear. Assuming, however, that avian
Merkel cell receptors differ in location and hence in
function from the mammalian counterpart (Andres and
von Diiring, 1990), and considering that there is a contin-
uum of rapidly adapting to slowly adapting responses
(Dorward, 1970; Necker, 1985c), one might argue that
RA receptors in the feathered skin are due to Merkel
cell receptor activation. This means that avian Merkel
cell receptors may have both rapidly adapting and slowly
adapting characteristics.

Both types of SA responses have been described in
birds. SAI responses have most clearly been demon-
strated so far only in the feathered skin (Dorward, 1970;
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FIGURE 3 Response of a vibration-sensitive afferent fiber. (a) Origi-
nal traces of action potentials (above) and a 300-Hz vibration stimulus
(below). (b) Cycle histogram of the same recording shows the occur-
ence of action potentials at a distinct phase of the stimulus cycle (0°
to 360°). (After J. Comp. Physiol. A, Spinal dorsal column afferent
fiber composition in the pigeon: An electrophysiological investigation,
H. Reinke and R. Necker, 171, 397-403, 1992, © Springer-Verlag.)

Necker 1985c; Brown and Fedde, 1993). Response char-
acteristics are very similar to those of mammalian Merkel
cell receptors. This includes a high dynamic sensitivity
during mechanical stimulation and cold sensitivity
(Necker, 1985¢c). The location near filoplume follicles
(Necker, 1985¢c) agrees with the anatomical demonstra-
tion of groups of Merkel cells in the follicle wall (Andres
and von Diiring, 1990).

Type SAII responses seem to be common in the beak
skin (Necker, 1974a,b; Gottschaldt, 1974; Gottschaldt
et al., 1982) and the Ruffini endings are most likely
the morphological basis (Gottschaldt et al., 1982). SAII
reponses have been observed in the feathered skin of
the pigeon also, and the most effective stimulus was
lateral stretch of skin, as in mammals (Reinke and
Necker, 1992a). SA responses of unclear origin (proba-
bly Ruffini endings or free stretch receptors) have been
described with wing afferents in the chicken (Brown
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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, © Springer-Verlag.)

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

B. Thermoreceptors

Thermoreceptors are thought to be free nerve end-
ings (Hensel, 1973). This seems to hold for avian ther-
moreceptors also since the conduction velocity of ther-
moreceptive afferents has been shown to be in the range
of As- and C-fibers (mean: 2 m/sec; Gentle 1989). Ther-
moreceptors are characterized by spontaneous activity
at normal skin temperature which increases during cool-
ing (cold receptors) or during warming (warm recep-
tors). Typically, rapid temperature changes result in an
excitatory overshoot. Thermoreceptors in the avian skin
(mainly beak and tongue) have been described repeat-
edly (Kitchell ez al., 1959; Leitner and Roumy, 1974b;
Gregory, 1973; Necker, 1972, 1973; Gentle, 1987, 1989;
Schifer et al., 1989). Most fibers were cold afferents and
there are only few demonstrations of warm receptors
(Necker, 1972, 1973; Gentle, 1987, 1989).

Both the dynamic overshoot and the static tempera-
ture-dependent activity of cold receptors in the beak
and tongue is lower than in mammalian cold receptors
(Figures 5 and 6). As in mammals there is a maximum
static and dynamic activity at about 25° to 30°C. There
is more indirect (Necker, 1977) than direct evidence of
cold sensitivity of the feathered skin (Necker and
Reiner, 1980; Necker, 1985b). Spontaneous activity of
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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 Schéfer et al. (1989), Brain Res. 501, 6672, with
permission from Elsevier Science.)

warm receptors is high and there is an increase of static
activity with increasing temperature in the range of 25°
to 45°C (Figure 6).

C. Nociceptors

Nociceptors respond to stimuli which threaten to
damage the skin. Both mechanical stimuli (pin prick,
squeezing) and thermal stimuli (heat above about 45°C)
are effective in exciting nociceptor afferents. Different
types of nociceptors have been described: high threshold
mechanoreceptors, heat nociceptors, and polymodal
nociceptors (activated by heat, mechanical stimuli, and
chemical agents like bradykinin; Burgess and Perl,
1973). All of these types seem to occur both in the
feathered skin (Necker and Reiner, 1980) and in the
beak skin (Gentle, 1989).

Nociceptors have no or only little spontaneous activ-
ity. High-threshold (nociceptive) mechanoreceptors in-
crease activity with increasing force of mechanical stim-
ulation (Figure 7a). Heat nociceptors increase activity
when skin temperature exceeds about 45°C, and there
is an increasing activation up to temperatures above
50°C (Figure 7b). All of these responses show slow adap-
tation. Nociceptors seem to be quite numerous both in
the beak skin and in the feathered skin (Necker and
Reiner, 1980; Gentle, 1989).
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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 thermal
stimulation of the beak of pigeons, R. Necker, 78, 307-314, 1972, ©
Springer-Verlag.)

Ill. CENTRAL PROCESSING

A. Somatosensory Pathways
1. Trigeminal System

The trigeminal nerve consists of three branches, the
ramus ophthalmicus, which innervates the orbita, the
nasal area, and rostral part of the upper beak; the ramus
maxillaris, which innervates the upper beak; and the
ramus mandibularis which innervates the lower beak.
The ophthalmic nerve and the maxillary nerve are pure
sensory nerves whereas the mandibular nerve is a mixed
sensory and motor nerve (Barnikol, 1953). Sensory com-
ponents of the facial nerve and the glossopharyngeal
nerve may join the trigeminal system (Dubbeldam et al.,
1979; Dubbeldam, 1984a; Bout and Dubbeldam, 1985).

The somata of the trigeminal nerve are located in
the trigeminal ganglion (g. gasseri). The central root
enters the brainstem and afferent fibers either ascend
in the ascending trigeminal tract (TTA), which ends in
the main sensory nucleus of the fifth cranial nerve (PrV,
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FIGURE 7 Dependence of activity of nociceptors on increasing
force (a) and increasing temperature (b). (After J. Comp. Physiol.
A, Cutaneous sensory afferents recorded from the nervus intraman-
dibularis of Gallus gallus var. domesticus, M. J. Gentle, 164, 763-774,
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nucleus principalis nervi trigemini), or descend in the
descending trigeminal tract (TTD), which extends cau-
dally to the upper spinal cervical segments (Karten and
Hodos, 1967; Dubbeldam and Karten, 1978; Dubbel-
dam, 1980). In the pigeon there is a lateral component
of TTD (ITTD) which mainly terminates in the external
cuneate nucleus of the medulla. There is a somatotopic
projection of the three divisions of the trigeminal nerve
to PrVin such a way that the mandibular branch projects
dorsally, the maxillary branch intermedially, and the
ophthalmic branch ventrally.

The TTD is accompanied by the nucleus of the TTD
(nTTD) which can be devided into several subnuclei
from rostral to caudal: pars oralis (or) near PrV, pars
interpolaris (ip), pars caudalis (cd), and spinal dorsal
horn (dh) in the upper cervical spinal cord (Figure 8). In
the nTTD fibers of the three branches of the trigeminal
nerve terminate in a topographic order in all subnuclei
(Dubbeldam and Karten, 1978; Arends and Dubbel-
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bill tip noil
tongue, / i

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 e/ al, 1984). The
more caudal subnuclei have projections to the neighbor-
ing reticular formation which may be important for mo-
tor control (see Chapter 6).

It has long been known that PrV projects via the
quintofrontal tract to the nucleus basalis (Bas) or nu-
cleus prosencephali trigeminalis of the telencephalon,
bypassing the thalamus (Cohen and Karten, 1974).
There is both an ipsilateral and a contralateral projec-
tion and in the mallard a topographic representation of
the branches of the trigeminal nerve could be demon-
strated (Dubbeldam et al.,, 1981, Figure 8). Nucleus ba-
salis projects to the nearby frontal neostriatum which
seems to be at the origin of a network connecting the
beak sensory system to the motor system, a circuit im-
portant for feeding (see Chapter 6).

2. Spinal System

Whereas the peripheral branches of spinal ganglion
cells innervate receptors in the periphery the central
branches enter the spinal cord by the dorsal root. Collat-
erals either ascend in the dorsal column or terminate
in the grey substance (for details of the spinal cord see
Chapter 5).

There are several ascending pathways in the spinal
cord. The main pathways described for the mammalian
spinal cord (dorsal column, spinoolivary, spinocerebellar,
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spinoreticular, spinomesencephalic, and spinothalamic)
are found in the bird also (see Chapter 5). However, there
is only sparse direct projection to the thalamus.

The dorsal column pathway (mechanoreception) is
outlined in Figure 9. Primary afferent fibers ascend in
the dorsal column to terminate in the dorsal column
nuclei (nuclei gracilis et cuneatus, GC; nucleus cuneatus
externus, CE) of the medulla oblongata (van den Akker,
1970; Wild, 1985; Necker and Schermuly, 1985; Schulte
and Necker, 1994). The medially located nucleus gracilis
(leg afferents) and the laterally located nucleus cuneatus
(wing afferents) can be separated in caudal parts of the
medulla only and there is an overlapping projection in
rostral GC and in the external cuneate nucleus (van den
Akker, 1970; Wild, 1985). The CE does not correspond
to the mammalian analog (no relay of forelimb muscle
spindle afferents). In addition to the primary afferent
fibers there are secondary afferents from laminae IV
and V neurons of the dorsal horn (see Chapter 5).

The dorsal column nuclei all project to the thalamus
via the medial lemniscus. There is a crossed and a
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-
alis pars dorsalis (MLD), and to nucleus spiriformes
medialis (Wild, 1989). The main somatosensory thala-
mic nucleus has now been identified as the nucleus dor-
salis intermedius ventralis anterior (DIVA) first de-
scribed in the owl (Karten ef al, 1978) and then
confirmed in the pigeon (Wild, 1987; Funke, 1989b;
Schneider and Necker, 1989). A smaller contingent of
dorsal column nuclei afferents reaches the nucleus dor-

mechanoreceptors

FIGURE 9 Schematic outline of central pathways of the mechanore-
ceptive spinal system. Bas, nucleus basalis; DH, dorsal horn; DIVA,
nucl. dorsalis intermedius ventralis anterior; DLP, nucleus dorsolater-
alis posterior; GC/CE, nuclei gracilis et cuneatus/nucleus cuneatus
externus; HA, hyperstriatum accessorius; I1Co, nucleus intercollicu-
laris; NC, neostriatum caudale; OI, oliva inferior.

solateralis posterior (DLP). There is a differential pro-
jection of GC and CE whose significance is unknown as
yet (Wild, 1989). The same thalamic targets are reached
by spinal afferents (Schneider and Necker, 1989).

The thalamic somatosensory nuclei have different
ipsilateral projections to the telencephalon. The DLP
projects to a somatosensory area in the medial caudal
neostriatum (NC) near the auditory field L (see hearing
Chapter 2) and to the rostrally adjacent intermediate
neostriatum (NT). The NC further projects to the overly-
ing hyperstriatum ventrale (HV; Funke, 1989b). The
main thalamic projection is from DIV A to a somatosen-
sory area far rostral in the telencephalon in the Wulst,
a rostromedial bulge in the avian telencephalon. The
rostral part of the Wulst serves somatosensory represen-
tation whereas the caudal part serves vision. This part
of the brain belongs to the hyperstriatum accessorium
(HA) and it is the intermediate part (IHA) which re-
ceives DIV A afferents (Wild, 1987; Funke, 1989b). Both
telencephalic areas are interconnected (Figure 9). Both
spinal somatosensory representation areas have connec-
tions to descending (motor) systems (see Chapter 6).

B. Electrophysiological Investigations
1. Thermoreception and Nociception

Nociception and thermoreception have been studied
so far only in the spinal dorsal horn. As in mammals,
nociceptive and thermoreceptive neurons are mainly
found in lamina I of the spinal dorsal horn both of the
cervical and of the lumbar enlargements (Necker, 1985b;
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; Giinther
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
stimulation was ineffective which confirms the lack of
glossopharyngeal projections to the trigeminal system
in the pigeon (Dubbeldam, 1984a).

There is evidence of responses of neurons in the so-
matosensory thalamus to beak stimulation (Delius and
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Bennetto, 1972; Witkovsky et al., 1973) and it seems that
DLP is the main site of thalamic beak representation
(Korzeniewska, 1987). Because of the lack of collaterals
from the quintofrontal tract this information may reach
the thalamus via the descending trigeminal system.

Processing in the nucleus basalis has been studied
both in the pigeon and in the mallard. In both species
receptive fields were often rather small especially at the
tip of the beak and there was a somatotopic organization
(Figure 8; Witkovsky et al., 1973; Berkhoudt et al.,, 1981).
The tongue was represented in the mallard but not in
the pigeon as expected from the anatomical studies. In
contrast to PrV all units showed rapid adaptation.

In sandpipers and snipes (family Scolopacidae) an
enormous enlargement of nucleus basalis forming a
bulge on the basolateral surface of the brain has been
observed (Pettigrew and Frost, 1985). Electrophysiolog-
ical recordings revealed an overrepresentation of the
bill tip. By analogy to the fovea in the eye a tactile fovea
has been postulated for these birds.

b. Spinal System and Body Representation

The spinal dorsal horn has been studied electrophysi-
ologically in detail in the pigeon cervical enlargement
(Necker, 1985a,b, 1990) and in the chicken lumbosacral
enlargement (Woodbury, 1992). There is a somatotopic
organization similar to that in mammals; for example,
distal parts of the extremities are represented medially
and proximal parts laterally (see Chapter 5).

Mechanoreceptive neurons are located in lamina IV
of the dorsal horn both in the pigeon and in the chicken.
Both slowly adapting and rapidly adapting responses
have been observed but there is no clear evidence of
input from Herbst corpuscles in the cervical cord of the
pigeon although it seems to be present in the lumbosa-
cral enlargement of the chicken. In the ascending dorsal
column many primary afferent fibers respond to vibra-
tory stimuli (Reinke and Necker, 1992b).

In the dorsal column nuclei there is evidence for a
separate representation of leg and wing at least in caudal
parts of these nuclei (Necker, 1991). Many neurons in
the GC show Herbst corpuscle input and there are also
slowly adapting responses (Reinke and Necker, 1996).
CE seems to process primarily deep input (joint recep-
tors). However, input from muscle spindles was not
found. Together with the finding that the CE does not
project to the cerebellum (Wild, 1989) this supports the
assumption that the avian CE is not homologous to the
mammalian external cuneate nucleus.

Delius and Bennetto (1972) were the first to record
somatosensory responses from the avian thalamus in the
DLP/DIVA region. Whereas the DLP turned out to be a
multimodal nucleus processing both somatosensory and
visual and auditory stimuli DIVA seems to be a specific

somatosensory relay (Korzeniewska 1987; Korzeniew-
ska and Giintiirkiin, 1989). A detailed analysis showed
that most DIVA neurons respond specifically to body
stimulation (Schneider and Necker, 1996). Receptive
fields were often large, normally covering the whole ex-
tremity and some including both extremities. The small-
est receptive fields were located on the toes. A somato-
topic organization was largely missing although the area
with predominant wing responses could be separated
from amore rostral area with predominant leg responses.

The telencephalic areas (NC/NI/HV, THA) were
studied at the single-unit level (Funke, 1989a). Both
areas disclosed poor somatotopic organization. Re-
ceptive fields were smaller in IHA than in NC. Accord-
ingly, there was a faint somatotopy in the Wulst (HA)
area with rostral parts of the body being represented
superficially and caudal parts in deeper layers. In the
owl a detailed representation of the toes was found in
the Wulst area (Karten er al, 1978). There was
no somatotopic representation of the body in the
NC/NI and adjacent HV and bimodal input (auditory/
somatosensory) was common in this caudal area (Funke,
1989a). These differences in the two areas suggest that
the HA area may be compared to ST and NC/NI to SII of
the mammalian somatosensory cortical representations.

IV. BEHAVIORAL ASPECTS

A. Mechanoreception

Cutaneous mechanoreceptors are involved in a vari-
ety of behavioral responses. Most evident is a contribu-
tion of beak receptors to feeding (see Chapter 6). In
this context it has to be kept in mind that the avian
beak serves as a prehensile organ comparable to the
human hand. Parrots and birds of prey use both feet
and beak for the handling of food items. Interestingly
both beak and feet (toes) are the only parts of the avian
body which are represented in great detail in the CNS.

In the feet the conspicuous strand of Herbst corpus-
cles on the interosseous membrane is exquisitely suit-
able to detect vibrations of the ground (Schwartzkopff,
1949), perhaps even earthquakes (Shen and Xu, 1994).

Mechanoreceptors in the feathered skin can detect
disorders of the plumage (Necker, 1985a). This may
trigger preening although this behavior does not neces-
sarily depend on sensory input (Delius, 1988). Vibra-
tions of the plumage occur during flight and mechanore-
ceptors may detect turbulences in the air stream and
in this way influence flight control. Air stream evoked
stimulation of mechanoreceptors in the feathered skin
is important for flight pattern (Gewecke and Woike,
1978) and for flight reflexes (Bilo and Bilo, 1978). It is
interesting that information from feather mechanore-
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ceptors is conveyed directly from the spinal dorsal horn
to the cerebellum (see Chapter 5).

B. Thermoreception

Thermoreception clearly serves temperature regula-
tion in this homeothermic class of vertebrates (see
Chapter 14). This is valid both for autonomic and behav-
ioral thermoregulation. There is, however, not much
evidence for behavioral responses apart from thermo-
regulation. In incubator birds like the mallee fowl (fam-
ily Megapodiidae) thermoreceptors in the beak seem to
be used for controlling the temperature of the incubator
mound (Frith, 1959).

C. Pain

The behavior of birds to noxious stimuli has been
studied employing pinch, feather plucking, heat, and
pain-producing substances (Wooley and Gentle, 1987,
Gentle and Hill, 1987; Szolcsanyi et al,, 1986; Gentle
and Hunter, 1990; Gentle, 1992). Pinching and a hot
plate evoke reflex motor behavior (withdrawal reflex).
Noxious heat (comb only), however, results in passive
immobility which was observed during feather removal
also (note that feather pecking is common in commer-
cially reared poultry). This points to two types of re-
sponses to noxious stimulation, namely reflex/escape
(flight-fight response) and immobility (conservation—
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withdrawal) which may be mediated by different types
of nociceptors (Gentle, 1992). Apart from motor re-
sponses, changes in blood pressure and heart rate were
observed during noxious stimulation and there was a
parallel increase in heart rate and nociceptor activity
above about 47°C in pigeons standing on a hot plate
(Figure 10; Necker, unpublished data). These responses
may well be mediated by the spinal lamina I-brainstem
pathway (see above). Reflex responses occur only at
very high temperatures (above 60°C) in hot plate experi-
ments (Sufka and Hughes, 1990, own observation).

The time course of pain-related behavior after beak
amputation (trimming) studied as the number of pecks
in a visual stimulus task includes a pain-free period of
about 1 day which is followed by long-lasting guarding
behavior (Gentle et al, 1991). This means that birds
may experience chronic pain (Gentle, 1992).

V. SUMMARY AND CONCLUSIONS

The avian somatosensory system is largely compara-
ble to the mammalian one although there are much less
detailed investigations. This includes the function and
morphology of cutaneous receptors, organization of
central pathways, and central processing. Altogether, a
major difference between the avian and the mammalian
somatosensory system is the lack of a detailed somato-
topy in the brain. This poor somatotopy may be due
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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, © Springer-Verlag;
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to the feather cover which does not allow punctuate
stimulation of skin where the receptors are located.
There is, however, a detailed beak and toe representa-
tion. This corresponds to a skilful use of these organs
in handling of food or other objects. Whereas there is
adouble representation of the body in the telencephalon
as in mammals, the beak (head) is represented only
once (Bas), and there is no relay in the thalamus. The
meaning of this difference and of the nonadjacent loca-
tion of all somatosensory areas (see Figure 9) is unclear
and awaits further investigations.
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I. INTRODUCTION

The general organization of the avian spinal cord
resembles that of all other vertebrates. There are, how-
ever, some specializations which birds largely share with
the phylogenetically related class of reptiles. Compared
to the mammalian cord the most outstanding deviations
are the lack of a cauda equina and a filum terminale
and the occurance of a sinus rhomboidalis or lumbosa-
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cralis. At the microscopic level there are some significant
differences in the organization of cell groups and path-
ways. Birds differ from most other vertebrates in their
kind of locomotion—bipedal walk and flight. It has to
be kept in mind that specializations in the spinal cord
may result from adaptations to this peculiar kind of loco-
motion.

This chapter deals with the structure and function of
the spinal cord of adult birds. There is a considerable
number of anatomical and functional studies of the de-
velopment of the chicken cord as a model of embryonic
development. Since most of these studies were aimed
at understanding the development of the spinal cord or
central nervous system in general, they are not in-
cluded here.

II. GROSS ANATOMY

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 column
(Figure 1a). Each segment gives rise to a pair of spinal
nerves. The number of segments varies from species
to species. The pigeon has 39 segments (14 cervical, 6
thoracic, 4 lumbar, and 15 sacrococcygeal; Huber, 1936)
and the ostrich 51 segments (15 cervical, 8 thoracic, 19
lumbosacral, and 9 coccygeal; Streeter, 1904). There
are two distinct enlargements, the cervical enlargement
(C11 to T1 or segments 11 to 15 in the pigeon), whose

Copyright © 2000 by Academic Press.
All rights of reproduction in any form reserved.
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FIGURE 1 (a) Outline of the spinal cord of the pigeon. Cervical
segments: 1-14 (C1-C14), thoracic segments: 15-20 (T1-T6), lumbar
segments: 21-24 (L1-L4), sacrococcygeal segments: 25-39 (SC1-
SC15). (b) Lumbosacral enlargement with sinus. (After Nerve roots
and nuclear groups in the spinal cord of the pigeon, J. F. Huber,
J. Comp. Neurol., Copyright © 1936 John Wiley & Sons, Inc.
Reprinted by permission of John Wiley & Sons, Inc.)

segments innervate the wing via the brachial nerve
plexus, and the lumbosacral enlargement (L1 to SC2
or segments 21 to 26 in the pigeon), whose segments
innervate the legs via the lumbosacral plexus. The lum-
bosacral enlargement contains the very conspicuous
rhomboid or lumbosacral sinus with the gelatinous or
glycogen body as a peculiarity of all birds (Figure 1b).

In cross sections of the spinal cord a central gray
substance with surrounding white matter can be distin-
guished (Figure 2). The gray substance which contains
the cell bodies has been divided into a dorsal horn, a
ventral horn, and an intermediate gray in between both
horns. The white matter has been divided into a dorsal
funiculus or dorsal column, a lateral funiculus, and a
ventral funiculus. Peripheral afferent nerve fibers have

VF

FIGURE 2 Cross-sectional anatomy of the spinal cord including af-
ferent and efferent peripheral connections. Ag, 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 Wichtler, 1969). It
is supplied with blood vessels and unmyelinated fibers
(Paul, 1971). Its function is unknown. A less conspicuous
glycogen body surrounding the central canal of cervical
segments 14 and 15 has been described in the chicken
(Sansone and Lebeda, 1976).

IlI. CYTOARCHITECTONIC ORGANIZATION OF
THE SPINAL GRAY

In the dorsal horn a marginal layer, a substantia gela-
tinosa, a nucleus proprius, and, in the enlargements, a
magnocellular column can easily be discriminated. The
intermediate gray shows no specializations, and there
is the group of large motoneuron somata in the ventral
horn, especially of the segments innervating the limbs.
A more detailed description of the spinal gray which
follows a scheme of lamination originally described for
the cat exists for the spinal cord of the pigeon (Leonard
and Cohen, 1975a) and of the chicken (Brinkmann and
Martin, 1973; Martin, 1979). According to this scheme
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(Figure 3) there are nine laminae labeled I to IX. Cells
near the central canal may be grouped into lamina X.

The head of the dorsal horn contains laminae I to
IV. Lamina I is characterized by small cells with few
large cells (cells of Waldeyer) bordering the gray sub-
stance. Lamina II contains many small cells. Because of
its gelatinous appearance in histological sections this
lamina have been named Substantia gelatinosa. Lamina
III has fewer cells than lamina II. There is a difference
between the pigeon and chicken in that lamina III is
not ventral but medial to lamina IT in the chicken (Brink-
mann and Martin, 1973). Lamina I'V represents the nu-
cleus proprius of the dorsal horn and consists of a dis-
tinct group of medium-sized multipolar cells. Lamina V
in the neck of the dorsal horn contains cells of various
sizes. In the enlargements the very large cells of Clarke’s
column (CIC) or magnocellular column form a distinct
group of neurons within lamina V.

Laminae VI to VIII occupy the intermediate gray
and part of the ventral horn. Its delineation is uncertain.
There are both small and large cells. The motoneurons
in the ventral horn make up lamina IX. This lamina has
two subdivisions in the enlargements, a lateral column
(motor supply of limb muscles) and a medial group
corresponding to lamina IX of all other segments (motor
supply of axial muscles; Huber, 1936). In thoracic and

sacral segments there is a column of Terni dorsal to the
central canal which contains the preganglionic neurons
of the autonomic nervous system.

In birds there are several groups of neurons outside
the gray substance (paragriseal cells, Figure 4). Lateral
to the head of the dorsal horn there are neurons which
seem to correspond to the lateral spinal nucleus of mam-
mals (Necker, 1990a). A functional equivalent of the
mammalian lateral cervical nucleus seems to be absent
in birds (van den Akker, 1970). In thoracic segments
neurons are found in Lissauers tract (entrance zone of
dorsal root fibers; see Figure 2) outside the gray (van
den Akker, 1970; Giinther and Necker, 1995). In the
lumbosacral cord there are numerous paragriseal cells
in the lateral and ventral funiculi (Huber, 1936; Leonard
and Cohen, 1975a).

Marginal neurons at the lateral border of the spinal
cord and in close proximity to the dentate ligament
(specialization of the meninges) are found throughout
the length of the spinal cord (Huber, 1936). There are
major marginal nuclei of Hofmann-Koélliker or acces-
sory lobes of Lachi in the lumbosacral enlargement and
minor marginal nuclei in all other segments (Figure 4;
Kolliker, 1902; Huber, 1936). The accessory lobes form
distinct protuberances from the ventrolateral funiculi at
segments L1 to SC4 in the pigeon. They are supported

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
© 1975 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.]
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FIGURE 4 Distribution of special cell groups along the spinal cord.
AL, accessory lobes; CIC, Clarke’s column; G, glycogen body; LSN,
lateral spinal nucleus; LT, Lissauers tract neurons; MN, marginal
nuclei; PGC, paragriseal cells; SBC, spinal border cells; and T, column
of Terni.

by the dentate ligament which has at this level of the
spinal cord both a longitudinal and a transverse compo-
nent (Schroeder and Murray, 1987). The accessory lobes
lie between the roots as do the minor nuclei. Aside from
nerve cell somata the minor marginal nuclei contain few
glial material but the accessory lobes contain similar
cells as the glycogen body.

IV. PERIPHERAL INPUT TO THE SPINAL CORD

When entering the spinal cord the dorsal roots sepa-
rate into a bundle of coarse fibers which runs medially
and a lateral bundle of fine fibers which enters through
Lissauers tract (Nieuwenhyus, 1964). This separation
can be shown electrophysiologically (Figure 5): record-
ings from the medial cord show short-latency responses
from fast-conducting large fibers only (N1 in Figure 5),
whereas lateral recordings show in addition long-latency
responses of small myelinated (N3 in Figure 5) and
unmyelinated fibers (Necker, 1985a).

The fibers bifurcate into an ascending branch and a
descending branch (van den Akker, 1970; Leonard and
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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.
Brain Res., Projection of a cutaneous nerve to a spinal cord of the
pigeon. 1. Evoked field potentials, R. Necker, 59, 338-343, Fig. 2,
1995a, © Springer-Verlag.)

Cohen, 1975b). Most medial fibers terminate in the dor-
sal horn but some reach the ventral horn (see Figure
2). Most fibers terminate in adjacent segments but part
of the ascending fibers reach the dorsal column nuclei
in the brain stem. Although there is no separation into
a fasciculus gracilis (hindlimb afferents) and a fasciculus
cuneatus (forelimb afferents), at cervical levels leg affer-
ents always assume a medial position in the dorsal col-
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
the dorsal horn to reach deep layers of the dorsal horn
(Ohmori et al.,, 1987; Ohmori and Necker, 1995).

The projection of peripheral nerves to the spinal cord
has been studied repeatedly (van den Akker, 1970; Leo-
nard and Cohen 1975b; Necker and Schermuly, 1985;
Wild, 1985; Woodbury and Scott, 1991; Schulte and
Necker, 1994). All these investigations show that there
is a somatotopic organization of this projection which
is similar to that found in mammals. The extremities
are represented in such a way that distal parts (toes) are
represented medially and proximal parts (upper arm,
thigh) laterally. There is, however, considerable ana-
tomical overlap of projection fields of individual nerves
(Schulte and Necker, 1994).
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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;
Giinther and Necker, 1995).

B. Laminae Il and Il

The small cells in laminae II and III do not project
beyond a few segments and are thought to belong to the
propriospinal system. As in mammals small peripheral
fibers terminate in lamina II (Woodbury and Scott,
1990) which thus seems to be involved in nociception.
Large cutaneous fibers terminate in lamina III (and I'V)
where they probably contact dendrites of lamina IV
neurons as in the mammalian dorsal horn (Brown,
1981). There are no detailed investigations of these lami-
nae in birds.

C. Lamina IV (Nucleus Proprius)

Lamina IV or nucleus proprius is a well-
circumscribed group of medium-sized multipolar neu-
rons which receive an afferent input from large fibers
of cutaneous mechanoreceptors. Accordingly, response
latencies are short and nearly all neurons respond to
light mechanical stimulation of the skin (LTM neurons;
Necker, 1985b; Woodbury, 1992). There is a distinct
topographic organization in lamina I'V with distal parts
of the limbs being represented medially and proximal
parts laterally (Figure 6; Necker 1990b). As in mammals
this physiologically defined somatotopy shows less over-
lap than the anatomical one (Schulte and Necker, 1994).

The majority of lamina IV neurons projects in the
dorsal column or dorsolateral funiculus to the dorsal
column nuclei (Funke, 1988; Necker, 1991). There is,

primaries

secondaries

FIGURE 6 Somatotopic representation of the wing in the spinal
dorsal horn of the pigeon. (A) Two recording sites (medial and lateral).
(B) Receptive fields on the wing corresponding to the recording sites
shownin A (same arrows). (After Exp. Brain Res., Sensory representa-
tion of the wing in the spinal dorsal horn of the pigeon, R. Necker,
81, 403-412, Fig. 11, 1990b, © Springer-Verlag.)

however, a difference between cervical and lumbar lam-
ina IV neurons. Whereas cervical neurons project pre-
dominantly to the dorsal column nuclei, those of lumbar
segments do not project beyond the cervical enlarge-
ment (Necker, 1991). A distinct group of cervical lamina
IV neurons has descending projections. This means a
reciprocal innervation of cervical and lumbosacral en-
largements by lamina IV neurons. This scheme of inner-
vation which seems to be peculiar to birds, may be
important for coordination of wing and leg movements
(Necker, 1990a, 1994).

A further group of lamina IV neurons located in
most caudal cervical segments and in thoracic segments
projects to the cerebellum (see Figure 9; Necker, 1992).
This pathway, which is not present in mammals, may
be important for control of flight.

D. Lamina V

Lamina V includes Clarke’s column at the enlarge-
ments which will be considered separately below. Me-
dial lamina V receives an input from large afferent fibers
and medial lamina V neurons, especially those of lumbar



76 Reinhold Necker

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
monosynaptic connections between muscle afferents
and motoneurons (Rabin 1975a). This means that birds
have not only polysynaptic reflexes but monosynaptic
reflexes like mammals also.

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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FIGURE 7 Motor columns in the brachial cord of the chicken. Abbre-
viations of muscles (lowercase abbreviations are nerves): BB, M. bi-
ceps brachii; CBCa, CBCp, M. coracobrachialis caudalis, cranialis;
EMR, M. extensor metacarpi radialis; FCU, M. flexor carpi ulnaris;
HT, M. humerotriceps; LD, M. latissimus dorsi; Pc, M. pectoralis, SbC,
M. subcoracoideus; SpC, M. supracoracoideus; Spn, M. supinator; ST,
M. scapulotriceps; and StC, M. sternocoracoideus. After Ohmori et
al. (1982) with permission.
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cervical enlargement (Necker, 1990b). Cervical Clarke’s
column neurons project ipsilaterally to the cerebellum
whereas those of the lumbar cord cross to the contralat-
eral side and recross at the level of the brainstem to
terminate in the ipsilateral cerebellum (see Figure 9;
Vielvoye, 1977; Necker, 1992). Cervical Clarke’s column
seems to correspond to the external cuneate nucleus in
the brainstem of mammals since both nuclei process
proprioreceptor afferents from the forelimb. It is un-
clear why the location is so different. Clarke’s column
in the lumbar cord seems to be the equivalent of the
mammalian Clarke’s column. However, the course of
the pathway arising from these cells is uncrossed in
mammals. In both classes of vertebrates, however, the
projection is to the ispilateral cerebellum.

H. Column of Terni

The cells of this medial column receive an input from
visceral afferent fibers (Ohmori et al., 1987) and from
the hypothalamus (Cabot et al., 1982). They have been
shown to innervate visceral organs (Cabot and Cohen,
1977; Ohmori et al., 1984).

I. Paragriseal Cells (See Figure 4)
1. Lateral Spinal Nucleus (LSN)

Input and function of LSN is unknown. The projec-
tion is similar to that of lamina I neurons; that is, to the
brainstem reticular formation and adjacent structures
(Necker, 1989; Giinther 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 (Giinther 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

There is probably no peripheral input to these numer-
ous paragriseal cells in the lumbosacral enlargement.
Recent investigations showed that cells of the accessory

lobes have terminals near these paragriseal cells which
might be one of their inputs (Necker, 1997). Since they
project to the cerebellum (Necker, 1992; see Figure 9)
they seem to be involved in sensorimotor control. How-
ever, their function has not yet been investigated.

4. Marginal Nuclei

Of all paragriseal cell groups only the minor marginal
nuclei have been shown to have an input from peripheral
nerves (van den Akker, 1970). This input is probably
from axial muscle afferents since radial nerve afferents
do not reach the marginal nuclei (Necker and Schulte,
1994). The axons of the marginal cells cross to the con-
tralateral side where they ascend and descend in the
ventrolateral cord for a few segments (Necker, 1997).
The exact terminations and functional implications are
not yet known.

So far no input for the accessory lobes in the lumbosa-
cral cord could be demonstrated. However, the course
of the axons of these cells has been shown both for the
chicken (Matsushita, 1968; Eide, 1996) and the pigeon
(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 or
collaterals reach the ventrolateral funiculus where they
contact spinocerebellar paragriseal cells (Necker, 1997).
It has been suggested that the accessory lobes may func-
tion as mechanoreceptors (Schroeder and Murray,

cervical

lumbosacral
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FIGURE 8 Schematic representation of afferents and efferents of the
cervical marginal nuclei (top) and of the lumbosacral accessory lobes
(bottom). AL, accessory lobes; DRG, dorsal root ganglion cell; MN,
marginal nucleus; PGC, paragriseal cell; and SC, spinocerebellar tract.
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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 (Kiihn 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-
cantly beyond the enlargements (Streeter, 1904). Fibers
in the dorsal column are afferents of cutaneous mecha-
noreceptors and of joint receptors (Reinke and Necker,
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).

The spinocerebellar pathways travel in the lateral
funiculus. Four different pathways can be distiguished
from dorsal to ventral (Figure 9; Necker, 1992). Fibers
from cervical lamina IV neurons some of which project
to the cerebellum, assume the most dorsal pathway. This
is followed ventrally by fibers from cervical Clarke’s
column. Fibers from lumbar Clarke’s column, spinal
border cells, and paragriseal spinocerebellar cells all
cross to the contralateral side where they first course in
the ventral funiculus and then shift dorsally to join the
cervical Clarke’s column fibers ventrally. The most ven-
tral pathway consists of fibers from cervical spinal bor-
der cells whose axons first course medially and then
ventrally into the ventral funiculus with a dorsalward
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FIGURE 9 Cells of origin and spinal pathways of spinocerebellar
tracts of the pigeon. (After Anat. Embryol., Spinal neurons projecting
to an anterior or posterior cerebellum in the pigeon, R. Necker, 185,
325-334, Fig. 9, 1992, © Springer-Verlag.)

shift during their ascent. The course of spinocerebellar
cells located in the medial motor column is unclear.

There is a rostral (lobules I to VI) and a caudal
somatosensory area in the cerebellum (lobule IX). The
spinocerebellar pathways terminate in both areas except
for the spinal border cells, which project to anterior
cerebellum only. Whereas the main input to the anterior
cerebellum seems to be from the proprioreceptive sys-
tem (Clarke’s columns, SBC), that to the posterior cere-
bellum is dominated by lamina I'V neurons; that is, cuta-
neous mechanoreception (Necker, 1992).

The axons of lamina I neurons predominantly course
in the dorsolateral funiculus (Giinther and Necker,
1995). Lateral lamina V, intermediate gray, and ventral
horn neurons probably project in more ventral parts of
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the lateral funiculus and lateral parts of the ventral funic-
ulus. All these pathways largely terminate in medullar
nuclei (reticular formation, inferior olive, nucleus tractus
solitarius, and parabrachial area). This means that a sig-
nificant spinothalamic pathway is lacking in birds.

VII. DESCENDING PATHWAYS

A variety of brainstem nuclei has been shown to project
to the cervical cord in pigeons (Cabot et al, 1982) or
lumbar cord in chickens (Webster and Steeves, 1991).
These include from rostral to caudal: paraventricular nu-
cleus in the hypothalamus (PVM); interstitial nucleus of
Cajal (IS); intercollicular nucleus (ICo) and nucleus ruber
(Ru) in the midbrain; nuclei coeruleus (LoC) and sub-
coeruleus (Scd, Scv); large parts of the mesencephalic,
pontine, and medullar reticular formation; caudal raphe
nuclei; and vestibular nuclei (mainly lateral vestibular or
Deiters nucleus). For more details see Figure 10.

The main projection of the PVM as part of the auto-
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
contralaterally in the medial dorsolateral funiculus and
terminals are found in laminae V to VII; in the interme-
diate gray (Wild et al., 1979).

There are several raphe—spinal projections of presum-
ably serotonergic neurons in the lateral and ventral funic-
ulus to laminae I and II, laminae V-VII, central areas
including column of Terni, and lamina IX (motoneu-

RAPHE

FIGURE 10 Descending pathways in the pigeon cervical enlarge-
ment (based on Cabot et al., 1982). GC, dorsal column nuclei; IS,
n. interstitialis Cajal; PVM, n. paraventricularis; Rgc, n. reticularis
gigantocellularis; Rm, Rp, Rob, nucll. raphe magnus, pallidus, obs-
curus; RP, n. reticularis pontis; RU, n. ruber; SC, n. subcoeruleus; and
VESTIB, nn. vestibularis. Reprinted from Progress in Brain Research:
Descending Pathways to the Spinal Cord, Vol. 57, Cabot et al., Avian
bulbospinal pathways: anterograde and retrograde studies of cells of
origin, funicular trajectories and laminar terminations, pp. 79-108,
Copyright (1982), with permission from Elsevier Science.

rons). Reticular formation and vestibular projections
course in the ventral funiculus and terminals have been
demonstrated in the medial ventral gray (Janzik, 1966).

Long descending tracts from the forebrain (sep-
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).

On the whole, the cells of origin of descending projec-
tions are well known but their termination is less well
studied and there is not much known about functional
aspects of descending input to the spinal gray and to the
motoneurons. Lesion studies suggest that the descending
pathway from the medullar reticular formation is essential
for walking in ducks (Webster and Steeves, 1991). Disyn-
aptic vestibular input to neck motoneurons has been dem-
onstrated electrophysiologically; wing and leg motoneu-
rons were not affected by the same stimuli (Rabin, 1975b).
This latter finding could be explained by later findings
which showed that vestibular reflexes are greatly fascili-
tated by activation of cutaneous mechanoreceptors as is
the case during flight (Bilo and Bilo, 1978, 1983).

VIII. SUMMARY AND CONCLUSIONS

Although cytoarchitectonics and pathways of the spi-
nal cord of birds have been studied in some detail there
is still a limited amount of knowledge of functional as-
pects.

There seems to be a rather clear separation of noci-
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
cells” in both enlargements. However, since the projec-
tion to the cerebellum is similar, the different locations
do not necessarily mean functional differences between
the two classes of vertebrates. Electrophysiological in-
vestigations should clarify this issue. Some lamina IV
neurons (cutaneous mechanoreception) have projec-
tions that differ from the mammalian ones. These modi-
fications (reciprocal innervation of the enlargements,



80 Reinhold Necker

projection to the cerebellum) may well be understood
as adaptations to flight.

Because of the location in the lumbosacral cord the
numerous paragriseal cells and the accessory lobes seem
to play a role in bipedal walking. Functional evidence
is, however, lacking. It seems that the marginal nuclei
outside the lumbosacral enlargement are involved in
proprioreception (probably interneurons in sensorimo-
tor propriospinal circuits). However, the meaning of
the location of the marginal nuclei far outside the gray
substance is completely unknown.

Sensorimotor circuits in the spinal cord have been
studied in great detail in the mammal (Jankowska,
1992). Such investigations are nearly completely lacking
in birds. There are some reflex studies, however, mainly
in embryonic stages (Bekoff, 1992). Despite being in-
volved in bipedal walking and bird flight the contribu-
tion of the spinal cord to this and other sensorimotor
control systems is far from being elucidated sufficiently.
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I. INTRODUCTORY REMARKS

All animals are active; each activity depends upon
the well coordinated action of groups of muscles. The
nervous system is responsible for this coordination. Mo-

Sturkie’s Avian Physiology, Fifth Edition

83

tor control and the organization of the motor control
systems in birds are the subjects of this chapter.

Motor control systems have a hierarchical organiza-
tion; that is, they comprise centers in ‘“‘lower” and
“higher” parts of the central nervous system. Each level
has its specific function: motor centers in the central
nervous system activate muscles; higher centers control
and coordinate the activity of the respective motor cen-
ters. Such higher centers can be premotor regions in
the brainstem, but parts of the cerebellum and the telen-
cephalon are also involved. There is also a hierarchy of
motor activities: reflexes, fixed or—perhaps better—
modal action patterns and complex behavior. More
complex activities require more complex control
systems.

These few observations already suffice to make clear
that there is not just one motor control system: activities
of different complexity and using varying mechanical
systems each require their own motor control system,
even though some of these systems may share nervous
centers. Further it is important to keep in mind that the
muscular systems of the various mechanical systems may
have a different embryological origin and thus may be
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 motor
nerves, whereas the muscles of the jaws and some of
the tongue muscles are considered ““visceral”” and inner-
vated by visceromotor nerves (e.g., Romer and Pars-
sons, 1977). We will begin to consider several motor

Copyright © 2000 by Academic Press.
All rights of reproduction in any form reserved.
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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-
eral types of eye movements can be distinguished such
as saccades (fast flicks elicited by a sudden stimulus)
and smooth pursuit (following a moving target). The
combined movements of head and eyes are also of im-
portance when, for example, fixing objects like food
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.
Emphasis in this section will be upon eye movements
and the neural substrate for their control. However, the
two types of movements cannot be regarded entirely
independently, as they may share parts of their premo-
tor systems.

A. Oculomotor Nuclei and Eye Muscles

Six muscles are responsible for all movements of the
eye (Figure 1). These extrinsic eye muscles are inner-
vated by branches of the oculomotor,trochlear and ab-
ducens nerves. Each muscle has its own motor cell group
(Table 1). The two muscles that turn the eye to dorsal
are innervated by contralateral centers, the other mus-
cles by ipsilateral cell groups. It is interesting to note
that apparently the cells innervating the contralateral
m. rectus superior migrate during ontogeny from one
side of the brain to the other, thus forming an oculomo-
tor decussation (Heaton, 1981). Several regions send
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FIGURE 1 Ventral view of a bird’s head showing the eyes, extrinsic
eye muscles, and nerve branches innervating these muscles. Abbrevia-
tions: br.s., brainstem; co., chiasma opticum; hy., hypothalamus; l.o.,
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;

N.III, N.IV, N.VI, oculomotor nerve, trochlear nerve, abducens nerve.
(Modified after Bubien-Waluszewska (1981) with permission.)

projections to these motor nuclei, such as the vestibular
nuclei and several parts of the reticular formation in
the mesencephalon and pontine region (Labandeira-

TABLE 1 The Extrinsic Eye Muscles and Their Innervating
Motor Nuclei

Muscle Motor nucleus”

Rectus inferior
Rectus medialis
Rectus superior

Ipsilateral Om p. dorsolateralis (Omdl)

Ipsilateral Om p. dorsomedials (Omdm)

Contralateral Om p. ventromedialis
(medial part) (Omvm,med)

Ipsilateral m VI (VI)

Contralateral m IV (IV)

Ipsilateral Om p. ventromedialis (lateral
part) (Omvm,lat)

Rectus lateralis
Obliquus superior
Obliquus inferior

“Om, nucleus oculomotorius; m IV, n. trochlearis; m VI, n. abdu-
cens (Heaton and Wayne, 1983; Labandeira-Garcia e al., 1987; Sohal
and Holt, 1978).
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Garcia et al., 1989). Two systems serve to stabilize the
visual field.

1. Optokinetic Nystagmus

The optokinetic nystagmus (OKN) is found in all
classes of vertebrates including birds. It is a visuomotor
reflex that serves to stabilize the retinal image with
respect to movements of the animal or of its environ-
ment. Under experimental conditions OKN is a stereo-
typed pattern of eye motion consisting of a pursuit
movement (slow phase) followed by a rapid movement
in the opposite direction (saccadelike resetting fast
phase) (Fite, 1979). The reflex arch underlying OKN
consists of displaced ganglion cells occurring in the pe-
ripheral part of the retina (see Chapter 1) and projecting
to part of the contralateral accessory optic system, the
nucleus of the basal optic root (Figure 2: nBOR; Reiner
et al., 1979). The cells of this center project directly to
oculomotor neurons: a dorsal part of nBOR is sensitive
to dorsal movements in the visual field and projects
to the ventromedial part of the ipsilateral oculomotor
nucleus (Omvm). The nBOR proper is sensitive to ven-
tral movements and projects to the dorsolateral part
of the contralateral Om (Omdl) and trochlear nucleus
(Brecha and Karten, 1979; McKenna and Wallman,
1985). This is a disynaptic feedback from retinal gan-
glion cells to the oculomotor system; that is, a closed-
loop system: visual information is used directly to com-
pensate for movements of the visual field. The nBOR
cells are particularly sensitive to slow, wholefield visual
motion. A small number of units respond to binocular
stimulation, some with a preference for motion in the
same direction, others for motion in opposite directions
in the two eyes, enabling the bird to distinguish transla-
tional and rotational movements (Wylie and Frost,
1990).

In addition to the direct retinal input nBOR receives
afferents from several visual centers—pretectal nuclei
and the ventral lateral geniculate nucleus (see Chapter
1)—from the telencephalon and from several other ar-
eas. The variety of input is reflected in a wide variety
of transmitters and neuropeptides in this center (Britto
et al., 1989). One of the important neurotransmitters is
GABA (gamma-aminobutyric acid), which has a role
in modulating the directional selectivity of nBOR cells.
The source of this GABA-ergicinput is uncertain. There
is evidence that the visual Wulst (see Chapter 1) influ-
ences the directional selectivity of nBOR units (Britto
et al., 1990). The nBOR itself has direct projections to
folia IXc,IXd, and the paraflocculus of the cerebel-
lum as well as indirect cerebellar projections via the
oliva inferior (Brecha et al., 1980). The possible role of
this cerebellar input will be discussed in a later section.

Finally, the nucleus interstitialis of Cajal is a re-
lay between nBOR and motoneurons in the cervical
cord.

The n. lentiformis mesencephali (LM; Figure 2B) is
the second cell group of the accessory optic system.
Units in this center are sensitive for rather fast move-
ments (20-60°/sec), predominantly (=60% of the units)
in the horizontal plane (Winterson and Brauth, 1985).
This cell group does not project directly to the oculomo-
tor nuclei, but has reciprocal connections with nBOR
(Figure 2C). Further, it sends efferents to the cerebel-
lum, partly directly and partly indirectly via the lateral
pons (Clarke, 1977). Bodnarenko et al. (1988) mapped
the metabolic activity in the lentiform nucleus using
[1*C]-2-deoxy-D-glucose: when part of the eye was oc-
cluded, only part of the nucleus was labeled; the lenti-
form nucleus receives a retinotopically organized
input.

Cells use glucose when active. Deoxy-D-glucose is taken up by

the cells but cannot be digested. It remains in the cells and

can—if radioactively labeled—be visualized in histological sec-

tions using autoradiography. This technique can be used to
estimate differences in activity between cell groups.

In case of binocular stimulation in the horizontal plane
the OKN appears to be asymmetrical, as the amplitude
is larger after stimulation in the temporal-nasal direc-
tion than after stimulation in the nasal-temporal direc-
tion (Gioanni et al., 1981). Suppression of the GABA
activity in the accessory optic nuclei destroys this asym-
metry; it has been suggested that these nuclei code the
visual signal according to coordinates corresponding to
vestibular input (Bonaventure et al., 1992).

2. The VestibuloOculomotor Reflex

When a bird’s body orientation is changing with re-
spect to the horizontal position, the animal is perfectly
able to keep its head in a stable horizontal position.
The vestibular nuclei record all movements of the head.
This information is used to correct both head and eye
movements. Direct vestibulocollic motor and vestibulo-
oculomotor pathways are instrumental in this correc-
tion. Vestibular cell groups send fibers either to the
neck muscle motor neurons, to the motor nuclei of the
eye muscles, or to both (Figure 3). In particular, one
vestibular cell group, the n. tangentialis, receives very
large afferents from the vestibular sense organ and sends
direct projections to the ipsilateral dorsomedial oculo-
motor nucleus (Omdm) and possibly to the remaining
contralateral cell groups, thus forming a fast reflex path-
way (Wold, 1978; Cox and Peusner, 1990). However,
there is not yet unanimity about the precise pattern of
vestibular projections to the oculomotor complex (e.g.,
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, nucleusintercollicularis; Ime, 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

© 1980 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)

that nuclei responsible for horizontal eye movements
(Omdm and mVI) receive vestibular input from one
side (the ipsilateral or contralateral vestibular nuclei,
respectively); those responsible for vertical and oblique
movements receive bilateral input (Table 2). The effect
is that vestibular input will always cause the two eyes
to move in the same direction. For example, stimulation
in the right horizontal vestibular ampulla causes a twitch
of the two eyes to the left (du Lac and Lisberger, 1992).
This is an example of a feedforward system: the vestibu-
lar information is used to correct eye movements before
visual feedback can reach the oculomotor nuclei. This

is due to the fact that the vestibular pathway has less
synaptic interruptions from receptor to oculomotor cell
than has the visual pathway (see retinal structure, Chap-
ter 1). Moreover, the tangential vestibular nucleus,
source of the vestibulooculomotor projection receives
input via a system of large (i.e., fast) fibers. This picture
may be too simple, as little is known about the kind of
neurotransmitters used in the vestibulooculomotor sys-
tem. Recently, Wentzel ef al. (1995) showed that in rab-
bits the ipsilateral projection from the superior vestibular
nucleus is predominantly GABA-ergic (i.e., inhibitory),
whereas other vestibular nuclei exert an excitatory effect.
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FIGURE 3 Scheme of vestibular projections to oculomotor centers
(mIII, mIV, mIV) and the motor neck system (SSp). VeD, VeDL,
VeM, VeS, nucleus vestibularis descendens/dorsolateralis/medialis/
superior; Tang, nu. (vestibularis) tangentialis.

As in the optokinetic system, a second vestibuloocu-
lar control pathway includes part of the cerebellum.
Cerebellar projections to the vestibular nuclei arise from
several regions including the flocculus. When a single
electrical pulse is given simultaneously to the vestibulum
and flocculus, the effect of the vestibulum stimulation
(see above) is suppressed (du Lac and Lisberger, 1992).
This cerebellar involvement may serve to refine the
vestibular control, possibly by a learning process. The
vestibulooculomotor reflex can undergo rapid, but long-
lasting adaptive changes under experimental conditions
in both newly hatched and adult animals (Wallman et
al., 1982; chicken).

B. Vestibulocollic and Tectobulbospinal
Control of Head and Neck Movements

It is clear that visual orientation depends upon eye
movements as well as upon head movements. The motor
pools innervating the neck muscles, responsible for head
movements, are part of the motor system of the cervical
(spinal) cord and will not be discussed here. However, the
brainstem contains premotor centers of the neck motor
system using the same type of information as the oculo-
motor system. Visual information from the mesence-
phalic (optic) tectum enters one of these premotor cen-
ters (Tellegen and Dubbeldam, 1994) via a crossing of

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
(Arendsetal., 1991),as well asindirect 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; Arends et al., 1991). We will return to the role
of the reticular formation in the next sections.

lll. THE MOTOR CONTROL OF JAW
AND TONGUE MOVEMENTS

A. Jaw Opening and Closing Muscles and
Their Motor Nuclei

The jaw muscles have a visceral origin (are part of the
pharyngeal region). Therefore, the nerves innervating
these muscles and the corresponding motor nuclei are
considered visceromotor elements (Romer and Pars-
sons, 1977). In contrast to the situation for the oculomo-
tor nerves, the two nerves leave the brainstem dorsolat-
erally and not ventrally. A complication in birds is that
they possess a so-called kinetic skull. This means that
not only the lower jaw, but also the upper jaw moves
to open the beak. Movements of the upper beak depend
upon the presence of the quadrate bone; this has articu-
lations with the skull and with the lower jaw. Movements
of the beaks are achieved by four groups of muscles,
two groups of beak openers and two groups of beak
closers (Figure 4A). One opener group consists of the
depressor muscles running from the caudal part of the
lower jaw to the skull. This muscle complex is innervated
by motor neurons of the facial nerve and is responsible
for lowering the mandible. The second group of beak
opener muscles, the protractors, is attached to the quad-
rate bone and to the skull; contraction of these muscles
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)®

Side origin (vest.input)® Direction (eye motion)¢

Omdl Ipsilateral Contralateral
Omdm Ipsilateral Ipsilateral

Omvm,med Contralateral Contralateral
Omvm,lat Ipsilateral Contralateral
v Contralateral Contralateral
VI Ipsilateral Contralateral

Contra-ipsilateral l
Ipsilateral —m
Contra-/ipsilateral 1
Contra-/ipsilateral 'Y
Contra-/ipsilateral N
Contra-/ipsilateral «m

“Several authors, see text.
bAccording to Correia et al. (1983).
“m, 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; mV1I, 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
this movement to the upper beak (Figure 4A) pushing
its tip upward. Adductor muscles connecting lower jaw
and skull cause a closing movement of the lower jaw;
the pterygoid muscles at the ventral side of the head

are responsible for the backmovement of the quadrate
bone and closing movement of the upper beak. The
openers of the upper beak and the two groups of beak
closing muscles are innervated by motor neurons of the
trigeminal nerve (e.g., Wild and Zeigler, 1980).
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This description is a gross simplification of a very
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
of the beak. These motor centers can be identified by
tracing methods: tracers are injected in the muscles and
transported to the motor centers, where they can be
visualized. Electrostimulation in such a motor center
results in a short contraction (twitch) of the correspond-
ing muscle. The electrical activity of the muscle can be
recorded directly by electromyography.

Electromyography: Recording of voltage gradients produced
by currents in the muscle tissue during activation of muscle
fibers by the innervating motor neurons.

Electromyography can be used to record the normal
pattern of activity of a group of muscles; for example,
during the pecking of a free-moving bird. During normal
movements, beak-opening and -closing motor neurons
fire alternately, the periods of activity partly overlapping
(Figure 5). Myograms show that the activity of facial
and trigeminal innervated beak-opening muscles pre-
cedes the activity of the two trigeminal innervated beak-
closing muscles during fast pecking movements. Jaw-
closing muscles may be active during part of the opening
movement and determine maximal opening amplitude
(Bout and Zeigler, 1994). A superimposed system is
required to generate this pattern of alternating activities;
the activity of the motor nuclei is under control of a
premotor system. Before having a closer look at this
presumed premotor system (or systems) we will have a
look at another complex kinetic system: that of the
tongue.

B. Intrinsic and Extrinsic Tongue Muscles

Movements of the tongue are caused by two groups
of muscles. The extrinsic muscles are part of the visceral
musculature, comparable to the jaw muscles. These ex-
trinsic muscles are innervated by a trigeminal motor
center (intermandibular muscle), a facial center (stylo-
hyoid and serpihyoid muscles: tongue protractors), and
a glossopharyngeal center (geniohoid muscle: tongue
retractor; Dubbeldam and Bout, 1990). The second
group, the intrinsic muscles, have a somatic origin and
are innervated by part of the dorsal motor nucleus of
the 12th cranial nerve, the hypoglossal nerve. Notwith-
standing their different embryological origin, the two
groups of muscles behave in a similar way. The positions
of the motor nuclei innervating the various muscles are
wide apart. As jaws and tongue move in close harmony
during feeding, drinking, and comparable actions, a pre-
motor system is needed not only to coordinate the activ-

ity the tongue motor centers, but also the activity of
these centers and that of the jaw motor centers.

C. Bulbar Premotor Centers and
Proprioceptive Control

The motor centers of the jaw muscles receive input
from two sources. One source is the mesencephalic tri-
geminal nucleus; this is a sensory center innervating the
muscle spindles in the jaw muscles (Figure 4B). Muscle
spindles are receptors sensitive to stretch of muscles
and are part of the proprioceptive system (e.g., Manni
et al., 1965). A muscle spindle consists of a few small,
intrafusal muscle fibers surrounded by a capsule. The
intrafusal fibers are innervated by two types of afferent
nerve fibers (Ia and II fibers) showing dynamic and
static responses, respectively (for details of muscle spin-
dles; see Maier, 1992). Two further categories of motor
neurons can be distinguished, a-motor neurons and -
motor neurons. The latter category innervates the intra-
fusal muscle fibers and thus can influence the sensitivity
of the muscle spindles. The -y-cells are smaller than the
a-motor neurons innervating the extrafusal (‘“normal’)
muscle fibers. The two categories of neurons mingle in
the motor nuclei.

The cells of the mesencephalic trigeminal nucleus
project directly to the a-motoneurons of the jaw closers
thus forming a monosynaptic reflex (Passatore et al.,
1979). The muscle spindles are distributed in such a way
that they are in the best position to record changes of
length of the muscles (Bout and Dubbeldam, 1991); jaw
openers don’t have muscle spindles. Stretch of a muscle
spindle causes activation of the motoneurons innervat-
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 muscle
spindles may have a role in the control of the gape of
the beak (Dubbeldam, 1984).

The reticular formation is the most important source
of input to the motor nuclei; that is, it can be considered
the premotor system of the jaw motor system (Berk-
houdt et al., 1982, Arends and Dubbeldam, 1982). The
reticular formation is characterized by the presence of
many dispersed interconnected interneurons. Roughly,
it consists of three longitudinal zones in the brain stem:
a dorsolateral and a ventromedial parvocellular zone
(both containing small cells) and a ventral gigantocellu-
lar zone (with large cells). The two parvocellular zones
contain the jaw premotor system. The dorsolateral zone
can be subdivided in a rostral, an intermediate, and a
caudal compartment (Bout and Dubbeldam, 1994). The
rostral compartment sends ipsilateral projections to the
jaw-closing motor nuclei, the caudal one to the jaw-
opening centers. The two compartments receive input
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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 © 1994 John Wiley & Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)

from the mesencephalic trigeminal nucleus; propriocep-
tive information from the muscle spindles can thus be
used to control indirectly the motor activity of both the
jaw-opener and jaw-closer motoneurons. The ventrome-
dial parvocellular zone is not compartmentalized. Cells
over the whole length of this zone project bilaterally
to the motor centers of jaw-opening and jaw-closing
muscles (Bout and Dubbeldam, 1994).

Often pecking—the basic mode of feeding in
birds—is considered a stereotyped pattern of move-

ments; the term fixed action pattern expresses this ste-
reotypy. However, it has been recognized that this pat-
tern is less stereotyped than initially assumed. For
example, Zeigler et al. (1980) demonstrated that in pi-
geons the gape of the beak during pecking is tuned to
the size of the food particles. Partly, this tuning depends
upon visual information, but also tactile sense is impor-
tant both for this tuning and for monitoring the transport
of food through the oropharyngeal cavity (e.g., Zweers,
1982). Tactile (trigeminal) input reaches the dorsolat-
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eral premotor system via the nuclei of the descending
sensory 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
modal—modifiable—rather than a fixed motor pattern.
Both the dorsolateral zone and the ventromedial zone
receive direct input from a telencephalic sensorimotor
region (Dubbeldam and den Boer, 1994); the most lat-
eral part receives a cerebellar input (Arends and
Zeigler, 1989, 1991b). This strongly suggests that the
premotor regions are under control of higher centers
(see below).

Several models of pattern generating neuronal con-
figurations have been developed. So far, however, no
generally accepted model exists; moreover, none of
these models has been designed specifically for the situa-
tion in birds. Although there is no direct evidence in
birds, work in mammals suggests that the parvocellular
premotor areas do have a crucial role in generating
jaw motor patterns. There is further evidence that the
ventromedial zone has a comparable function for tongue
muscle motor centers and craniocervical muscle motor
centers, thus integrating the activity of the various mus-
cle systems (Tellegen and Dubbeldam, 1994). Such a
coordination is a prerequisite when pecking, preening,
and other behavioral activities are considered to be the
effects of integrated motor patterns of jaw, tongue, and
neck muscles.

IV. OTHER PREMOTOR AND MOTOR SYSTEMS
IN THE BRAINSTEM

A. Locomotion Centers

The reticular formation contains premotor neurons
not only of motor systems of the head, but also of motor
systems of the spinal cord; among others, those of the
locomotor systems (flying and walking). Steeves et al.
(1987) could demonstrate that electrical stimulation in
the gigantocellular formation of the medulla oblongata,
as well as in the subtrigeminal region of the caudal
medulla, evokes locomotory movements in decerebrate
birds (Figure 6; goose and duck). Earlier, we saw that
the gigantocellular region contains also premotor neu-
rons of the neck muscle system—a coincidence of pre-
motor elements for locomotion and head movements
seems quite obvious, when looking at a walking chicken.
However, this is not proof of such a relationship!

B. Centers for Vocalization and Respiration

Birds use their syrinx to produce sounds. The syrinx is
an organ at the transition of the trachea and bronchiae.
Vocalization depends upon the control of a few small
syringeal muscles and the precise regulation of the
stream of (expiratory) air passing through the trachea.
This requires a close coordination of the motor centers
of the syringeal and respiratory muscles. The caudal

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
the syringeal muscles; the motor cells of the respiratory
muscles are part of the motor system of the spinal cord.
However, several cell groups have a role in the control
of respiration: a dorsomedial cell group in the mesence-
phalic nucleus intercollicularis (Figure 12) and the n.
retroambiguus in the medulla oblongata. The latter ap-
pears to be a premotor center of motor neurons inner-
vating abdominal expiratory muscles (Wild, 1993a). The
nucleus ambiguus is a cell group innervating laryngeal
muscles and thus may be also of importance for vocaliza-
tions. In songbirds these centers are all under direct
telencephalic control (Wild, 1993b); we will return to
this topic when discussing the telencephalic systems.

V. STRUCTURE AND FUNCTION
OF THE CEREBELLUM

Birds possess a well-developed cerebellum, but, as
in mammals, its precise role in the control of motor
activity is not yet well understood. However, there is
little doubt that the ease and precision of motor perfor-
mance depend upon an intact cerebellum. Before having
a closer look at this aspect we will consider the organiza-
tion of the cerebellum. Two major cell regions can be
distinguished, the cerebellar cortex and the central cere-
bellar nuclei. The cerebellar cortex has essentially the
same structure in all vertebrate groups. It is a three-
layered structure with an outer molecular layer, a mono-

layer of Purkyne cells (P-cells) and an inner granular
layer. In Nissl-stained sections the molecular layer looks
rather “empty,” as it contains relatively few cell bodies.
The P-cells have large cell bodies and large dendritic
trees extending to the outer surface of the molecular
layer. Each tree lies in a single plane, the dendrites
of all P-cells forming parallel planes (Figure 7). The
granular layer consists of densely packed, small cell bod-
ies, the granular cells. The cerebellum has two systems
of afferent fibers, the climbing fibers and the mossy
fibers (Figure 7). Many sources send mossy fibers to the
granular layer, where each fiber makes contact with
several granular cells. Each granular cell sends its axon
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
run parallel to each other and perpendicular to the plane
of the dendrites of the P-cells (Figure 7). In this way
each parallel fiber makes contacts with many P-cells and
each P-cell receives input from many parallel fibers.
The oliva inferior—a lamellar cell group in the me-
dulla oblongata—is the source of the second input sys-
tem, that of the climbing fibers. Each of these fibers
“climbs” in the dendritic tree of one P-cell and each
P-cell receives one climbing fiber. The inferior olive
projects to the cortex in a strictly ordered way; that is,
each particular part of the olive has its own projection
area in the cortex (Furber, 1983). The effect is that
longitudinal zones of olivocerebellar projections, so-
called modules, can be recognized (Arends and Voogd,
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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
described in an electrostimulation study (Goodman et
al., 1964), but later studies revealed a more complex
pattern—we will return to this issue.

The axons of the P-cells form the output of the cere-
bellar cortex; the central cerebellar nuclei and some
vestibular nuclei are the targets of these fibers. The
input of both the climbing fibers and the mossy fibers
plus parallel fibers is excitatory; the P-cells have an
inhibitory effect on the activity of the central nuclei.
Collaterals of the P-cell axons reenter the molecular
layer and have an inhibitory effect on neighboring
P-cells. In mammals, three more cell types are found in
the outer layers of the cerebellar cortex in addition to
the P-cells—stellate, basket, and Golgi cells—which all
have inhibitory effects. Probably, such cells also occur
in the avian cerebellum, but no details are available in
the literature. The study of neurotransmitters may shed
some more light. GABA is the inhibitory neurotrans-
mitter of these interneurons in mammals; in the pigeon
GABA-A receptors have been found in both the granu-
lar and molecular layer, GABA-B receptors only in the
latter (Albin et al., 1991). GABA-A is coupled to an
inhibitory chloride channel and GABA-B to a G-
protein-coupled receptor that modulates potassium and
calcium channels. This strongly suggests that interneu-
rons modulate the activity of P-cells in birds also.
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Marr (1969) was the first to develop a model ascribing
a learning function to the cerebellum. He defined a
module as consisting of a number of microzones. Each
zone can be considered a three-step computing device
with a receptor part consisting of the mossy fibers, an
associative part (the granular cells + parallel fibers),
and an effector (the P-cells). Such a microzone may
control a specific motor function. The role of the climb-
ing fibers would be the refining of the synaptic relation-
ship between granular cells and P-cells resulting in an
optimalization of the control. In the original theory this
role of climbing fibers was restricted to the early devel-
opment; in this respect the theory did not hold. More
recent studies ascribe a specific role to the climbing
fibers in the fine tuning of P-cell activity. It has been
demonstrated that the neurons of the inferior olive oper-
ate as “‘a distributed system, whose collective activity is
rhythmic and temporally related to specific parameters
of movement” (Welsh et al., 1995). In the vision of these
authors the rhythmic olivary input may cause groups of
P-cells to fire synchronously; the axons of these P-cells
may converge upon specific motor zones within the cen-
tral cerebellar nuclei and, through these, control specific
motor activities. The cerebellar nuclei do not project
directly to motor centers, but their output reaches sev-
eral vestibular nuclei and many parts of the reticular
formation, through two large fiber systems (Figure §;

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, interstitial nucleus of Cajal; LoC, locus ceruleus; n'TTDor. nucleus oralis of descending 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,
VeLyv, vestibular cell groups. [Modified after Organization of the cerebellum in the pigeon (Columba
livia):I1. Projections of the cerebellar nuclei, J. J. A. Arends and H. P. Zeigler, J. Comp. Neurol., Copyright
© 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
thus be used in the control of beak movements such
as pecking.

VI. TELENCEPHALIC CENTERS FOR
MOTOR CONTROL

The telencephalon comprises the highest hierarchical
centers for the processing of sensory information and
the control of motor activity. A telencephalon consists
of an outer pallial and a deeper subpallial region. The
cortex of the mammalian forebrain contains neurons of
pallial origin, and the basal ganglion or corpus striatum
contains the subpallial cell populations. For a long time
the avian forebrain was assumed to consist of a hypertro-
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-
cently, the interpretation of the avian forebrain has
changed thoroughly. For the following overview it is
sufficient to subdivide the telencephalic hemisphere
roughly into three regions (Figure 9). One region forms
aslight dorsal bulge and is called the eminentia sagittalis
or Wulst; it is bordered by a shallow furrow, the valle-
cula. The second and largest part is often indicated as
the dorsal ventricular ridge; in fact, this term reflects
the embryological origin of this region. The paleostriatal
complex is the deepest part of the telencephalon. The
first two regions contain areas that are recipients of
ascending sensory systems (Chapter 4); these regions
are of pallial origin and may contain the same popula-
tions of cells that form the cortex in mammals (Nauta
and Karten, 1970). The paleostriatal complex is a sub-

FIGURE 9 Three main telencephalic subdivisions: the dorsal Wulst
(W), the dorsal ventricular ridge with neostriatum (N), hyperstriatum
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
medial to the lateral ventricle (VL).

pallial structure and corresponds to the mammalian
basal ganglion (Karten and Dubbeldam, 1973). It re-
ceives input from the overlying telencephalic parts as
well as from the mesencephalon, but no ascending sen-
sory input. Each of these regions includes the source of
a large descending or extratelencephalic fiber system.
We will have a closer look at these systems and see
what role each may have in the control of motor ac-
tivity.

A. Eminentia Sagittalis (Wulst) and
Septomesencephalic Tract

The Wulst is one of the few telencephalic areas with
a clear cortical appearance. In the pigeon and owl four
layers can be distinguished, from dorsal to ventral the
hyperstriatum accessorium (HA), the nucleus intercala-
tus of HA (IHA), the hyperstriatum intercalatum supre-
mum (HIS), and the hyperstriatum dorsale (HD). The
four layers are not obvious in all avian species. The
IHA is the main recipient of thalamic (i.e., sensory)
input, whereas HA is the origin of the septomesenceph-
alic tract. The rostral part of the Wulst receives somato-
sensory input, the caudal part visual input (Chapter 4).
The septomesencephalic fibers arising from the rostral
part of HA form the basal branch of this tract, the fibers
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basal branch TSM

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;
Karten, 1971; Verhaart 1971). The latter branch projects
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
(Leresche et al., 1983). The basal branch splits off after
descending through the septum of the forebrain and
runs caudally along the ventral margin of the brainstem.
In its caudal course it sends projections to the prerubral
area and, in the owl, to the nucleus ruber, to the medial
spiriform nucleus, to the medial reticular formation and
pontine nucleus and, in the owl and the parrot, also
to the gracilis—cuneatus complex (Karten, 1971: owl;
Zecha, 1962: parrot). The reticular formation and
(pre-)rubral region are premotor centers for spinal func-
tions, whereas the medial spiriform and pontine nuclei
are relays for cerebellar input (Figure 10). Taking these
connections into account the basal branch appears to
convey information from telencephalic centers to motor
control centers. In parrots this system is large and can
be followed into the cervical cord. It has been speculated
that it is comparable to the mammalian pyramidal or
corticospinal tract, its importance in parrots having to do

with the high prehensile abilities of their feet. However,
there is no experimental evidence to support this claim
(Webster et al., 1990).

B. Archistriatum and
Occipitomesencephalic Tract

The archistriatum is one of the regions derived from
the dorsal ventricular ridge, other parts are the neostria-
tum and hyperstriatum ventrale (Figure 9). The neostri-
atum embraces telencephalic end stations of ascending
sensory systems—the nucleus trigeminalis prosenceph-
ali or n. basalis (tactile sense head region), the ectostria-
tum of the visual system, and field L of the auditory
system (see Chapters 1-2). Each of these sensory cen-
ters is, via relays in the neostriatum and hyperstriatum
ventrale, connected with the archistriatum, a region in
the temporal pole of the telencephalon. Such circuits
have been described for the visual system (Ritchie, 1979)
and the trigeminal system (Figure 11; Wild et al, 1985;
Dubbeldam and Visser, 1987) and can be considered to
be sensorimotor circuits. Interruption of the visual cir-
cuit (e.g., bilateral ablation of the lateral neostriatum)
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FIGURE 11 Example of intratelencephalic sensorimotor circuits:
cells in nucleus basalis (trigeminal system, see Chapter 3) project to
neostriatum (N) and hyperstriatum ventrale (HV'). N-cells project to
the paleostriatal complex (PC) and via a relay in lateral N (NL) to the
archistriatum (A). PC and the lateral part of the lobus parolfactorius
(LPO) are source of the ansa lenticularis (AL), A of the occipitomes-
encephalic tract (TOM). Modified after Dubbeldam and den Boer-
Visser (1994).

causes a visuomotor deficit during feeding in pigeons:
birds can still direct their peck, but have difficulties with
grasping and ingesting grains (Jédger, 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
disturbance of motor performance through these pro-
jections to the premotor system. To demonstrate the
importance of the intratelencephalic pathways we will
have a closer look at a specific system, the vocalization
system in songbirds.

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
parolfactory lobe, from here to the medial part of the
dorsolateral thalamic nucleus (DLM), then to the lateral
magnocellular nucleus of neostriatum (IMAN), and fi-
nally from here again to RA. Fibers from RA join the
TOM and terminate directly on several centers con-
nected with the respiration system (e.g., nucleus inter-
collicularis, I1Co; 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
centers. Respiration has an important role in producing
sounds. Manogue and Paton (1982) demonstrated that

FIGURE 12 Vocalization circuits in the brain of a song bird. Explana-
tion in text. Abbreviations: DLM, medial part of dorsolateral thalamic
nucleus; fL, field L (auditory center); HVC, “high-vocalization cen-
ter”’; 1Co, intercollicular nucleus; IMAN, lateral magnocellular nucleus
of anterior neostriatum; mXII, hypoglossal motor nucleus (innervating
syrinx); RA, nucleus robustus of archistriatum; X, area X in parolfac-
tory lobe.
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the effect of electrostimulation in HVC or RA on the
activity of the syringeal motor nucleus is influenced by
the respiration: the effect was much larger during expira-
tion than during inspiration; apparently, respiratory cen-
ters in the brainstem have a gating function; that is,
they control the activity of the syringeal part of the
hypoglossal motor center.

The intratelencephalic vocalization system presents
a unique system and many fascinating phenomena have
been discovered about the properties of, in particular,
the circuit including HVC and RA. A few will be men-
tioned. A first observation concerns the occurrence of
auditory activity in several centers of the vocal control
system; an important function may be auditory feed
back, at least during learning (e.g., Doupe and Konishi,
1991). Deafening adult zebra finches does not disturb
their song. Sutter and Margoliash (1994), studying syn-
chronous activity of HVC units in zebra finches in re-
sponse to autogenous song, found no clear topographic
distribution of units responding to specific syllables.
Most units reacted within a narrow range of time.
McCashland (1987), recording single- and multiunit ac-
tivity from the interface nucleus, HVC and RA, found
that the units in these centers are sequentially activated
before the onset of song. The correspondence of the
pattern of activity in these cell areas and the timing of
song elements suggests that these nuclei “generate or
relay learned temporal cues for song” (McCashland,
1987). Because of their stereotyped songs zebra finches
are very suitable for studying the effects of electrophysi-
ological interference during song. In a series of experi-
ments using chronically implanted electrodes into either
the HVC, the RA, or the connecting fiber system, Vu
et al. (1994) demonstrated that only stimulation in HVC
affects the temporal pattern of song, whereas stimula-
tion in RA may disrupt a syllable, but not the temporal
pattern of song. Their conclusion is that RA is part
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-
trols the syringeal activity directly via the projection
from RA to the motor nucleus innervating the syringeal
muscles (Figure 12). However exciting these observa-
tions may be, many details about the further organiza-
tion of this network still have to be filled in.

C. Paleostriatal Complex and
Ansa Lenticularis

The deepest ventromedial part of the avian telen-
cephalon is the paleostriatal complex consisting of a
paleostriatum augmentatum (PA), paleostriatum primi-
tivum (PP), and a nucleus intrapeduncularis (INP),

whereas also the lobus olfactorius (LPO) is considered
part of this complex (Figures 9 and 10; Karten and
Dubbeldam, 1973). It is a subpallial structure compara-
ble to the basal ganglion of the mammals. Large parts
of the Wulst and dorsal ventricular ridge send input to
LPO and PA (Veenman et al, 1995). PA projects to
PP; the latter structure and LPO are the source of the
third large extratelencephalic pathway, the ansa lenticu-
laris. This fiber system has projections to several nuclei,
including the lateral spiriform nucleus and the nucleus
tegmenti pedunculopontinus (review in Reiner et al,
1984). These nuclei have a substantial input to the optic
tectum; probably this system plays an important role in
visuomotor control. The n. tegmenti pedunculopontinus
projects back to the paleostriatal complex; at least part
of this projection is dopaminergic (uses the neurotrans-
mitter dopamine). In this respect this cell group is com-
parable to the mammalian substantia nigra; in man,
disturbance of this dopaminergic projection is the cause
of pathological motor disturbances such as Parkinson’s
disease. A comparable phenomenon has not been de-
scribed in birds. However, injections with neurotoxic
substances (e.g., kainic acid) in the paleostriatal complex
of pigeons do cause disturbances such as irregular jerky
head movements and abnormal head postures (Rieke,
1980). In particular, in birds with damage to PP and
INP, rotating movements toward the side of the damage
were observed.

Through the multiple projections the paleostriatal
complex receives not only input from the visual system,
but also from other sensory systems. The input from
the various sources may be used to coordinate head
position or, more generally, body position with object
location in space (Reiner et al., 1984; Dubbeldam and
den Boer-Visser, 1994). In particular, the lateral spiri-
form nucleus and deep tectal layers may be instrumental
in the control of this type of movements.

VII. CONCLUDING REMARKS

It is clear that motor control is not the function of
one specific region of the brain; on the contrary, large
parts of the brain are involved. Each region appears to
have a specific role, but there are still many unanswerred
questions about the nature of these roles. A further
complication is that motor control systems for different
activities may share part of their circuitry. This may be
due partly to the need to coordinate the activity of
certain motor systems. Anyhow, the picture arising from
the preceding overview makes clear that the central
nervous system is not composed of a number of indepen-
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dent parallel organized systems, but is an integrated
system serving many functions.
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I. INTRODUCTION

The autonomic nervous system (ANS) of birds, as
in mammals, has traditionally been described as a
network of nerves innervating smooth and cardiac

Sturkie’s Avian Physiology, Fifth Edition
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muscle, striated intrinsic muscle of the eyes, and some
types of secretory cells (Bennett, 1974). It is usually
presented anatomically as a motor or effector system
that innervates a large number of body organs known
as viscera within the thoraco-abdominal-pelvic body
cavity and cranium. Functionally it is an important
neural system intimately involved in many basic, physi-
ological functions and behaviors critical to the survival
of an organism, and hence, its species. Specific exam-
ples of its direct regulation of physiological processes
include respiration, cardiovascular function, thermo-
regulation, osmotic balance, gastrointestinal move-
ments, and circadian rhythms. Examples of the latter
are the regulation of feeding, sexual behavior, and
diurnal and circannual rhythmic behaviors displayed
by many, if not all, avian species. Manifestation of
the behaviors just listed require emotions, motivation,
and/or cognitive function for appropriate execution.
It is clear that the ANS responsible for regulating the
previously listed physiological functions and behaviors
involves more than an extensive network of ganglia
and peripheral nerves outside the confines of the
central nervous system. In effect the system regulates
processes that involve conscious acts as well as basic
ones which function automatically; therefore, it must
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 and
functions controlled by the system, with particular
emphasis on the ability of birds to display homeostasis
and dynamic shifts in homeostatic regulation through-
out their annual cycles to maximize their fitness.

Copyright © 2000 by Academic Press.
All rights of reproduction in any form reserved.
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II. COMPONENTS

A. General Description

The principal components of the ANS include the
sympathetic (thoracolumbar), parasympathetic (cranio-
sacral), and enteric nervous systems (Langley, 1921).
The sympathetic and parasympathetic systems inner-
vate the same end organs but, in general, liberate differ-
ent neural transmitter substances and have generally
opposing actions on visceral functions. It has been sug-
gested that the terms sympathetic and parasympathetic
should be discarded with respect to their use in the avian
nervous system since deviations from the traditional
anatomical separation have been reported (Bennett,
1974). On the other hand, it is the opinion of this author
and others (Akester, 1979) that the traditional scheme
found in the mammalian literature is a very useful
framework from which students can develop an anatom-
ical and functional understanding of the nervous system
to justify its retention. Therefore it should be noted that
the following is clearly a simplification. The scheme,
however, should serve to synthesize past data and, more
importantly, suggest hypotheses which can be tested in
the future.

The principal components of the ANS reside mostly
in the viscera, hence they are regarded as predominantly
peripheral and motor. Figure 1 shows a schematic dia-
gram of the principal peripheral or motor components
of the ANS. The sympathetic nervous system is depicted
on the left while the parasympathetic nervous system
is shown on the right. Note that both the sympathetic
and parasympathetic nervous systems consist of a num-
ber of two-neuron complexes: a preganglionic and post-
ganglionic neuron. The former resides within the central
nervous system (brain or spinal cord). Therefore the
preganglionic neurons should be regarded as central
components of the ANS. A number of ganglia have been
identified and examined in birds. The cranial (superior)
cervical ganglion (g.) is an important sympathetic g. that
contains neurons which project to the pineal as well as
to other organs (Figure 1). Major parasympathetic g.
include the ciliary, ethmoid, sphenopalatine, geniculate,
and chorda tympani (Figure 1). Detailed descriptions
of each can be found in Akester (1979) and Bubien-
Waluszewska (1981). A second constituent (not shown)
is a set of sensory (visceral afferent) fibers from the
heart, lungs, gastrointestinal tract, and other viscera that
projects to specific subnuclei within the nucleus (n.)
tractus solitarius (nTS). The nTS will be discussed in
a later section, as it is a major interface between the
peripheral and central nervous system regarding the
ANS. A third constituent of the ANS is a series of mono-
and multisynaptic connections to the preganglionic neu-

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 are
constituents of the ANS: the visceral forebrain system
and the limbic system. The two will be discussed near
the end of the chapter. A final component of the ANS
is a series of circumventricular organs (CVOs) that will
be referred to as the neuroendocrine/paracrine portion
of the ANS. Circumventricular organs contain special-
ized ependymal cells, neurons, and neuropeptides, the
latter of which can either be released into or taken up
from the cerebrospinal fluid. In addition to neurons that
make point-to-point contact via synapses, CVOs have
elements that can release substances into the cerebrospi-
nal fluid or vasculature and affect target structures lo-
cated at a distance thereby serving more of a paracrine
and neuroendocrine role. Two CVOs that have received
considerable attention are the median eminence (the
interface between the brain and pituitary gland) and
the pineal gland. Refer to Chapter 16 on the pituitary
gland and Chapter 21 on the pineal for more detail on
the neuroendocrinology and function of these important
organs. Figure 2 shows the location of CVOs currently
identified in avian species.

[ll. PERIPHERAL MOTOR COMPONENTS OF THE
AUTONOMIC NERVOUS SYSTEM

A. Sympathetic Nervous System

The sympathetic nervous system of birds and mam-
mals consists primarily of a chain of ganglia on each
side of the spinal cord at the level of the thoracic and
lumbar regions (Figure 1). Since the thoracic and lumbar
vertebrae are highly fused in birds due to their adapta-
tion for flight (Gill, 1995), individual vertebra are not
numbered and therefore ganglia found within the para-
vertebral chain are not numbered as well. Individual
ganglia, however, have been clearly and carefully de-
scribed by Hsieh (1951) and Akester (1979). A general
scheme that occurs in both mammals and birds is that
the preganglionic component is a short neuron that orig-
inates in the spinal cord and projects to a ganglion.
Within the ganglion, a major neurotransmitter released
by the terminal region of the neuron is acetylcholine
(ACh). Acetylcholine is synthesized from choline and
acetyl CoA as shown in Figure 3. Choline is a vitamin
and is required in the diet for adequate ACh production
and for the prevention of perosis or twisted leg problems
in poultry (Scott et al,, 1969). The enzyme acetylcholin-
esterase is available to inactivate ACh such that post-
ganglionic neurons do not continuously respond to the
presence of ACh (Kandel et al., 1991). Nicotinic recep-
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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
each ganglion. Postganglionic neurons usually have
longer processes compared to preganglionic ones and
project to a target organ within the viscera. A major
neurotransmitter released from postganglionic neurons
is norepinephrine (NE) and the receptors specific for
NE are a- or B-receptors (Cooper et al., 1991; Kandel
et al., 1991). The precursor of NE is an essential amino
acid, tyrosine, that must be provided in poultry rations
(Scott et al., 1969). Tyrosine is then converted to a series

of catecholamines beginning with L-dopa and ending
with epinephrine. The metabolic pathway for NE syn-
thesis can be found in Figure 4 (modified from Cooper
etal.,, 1991). As depicted in Figure 1, there are exceptions
to the generalized scheme of a short preganglionic neu-
ron projecting to a chain of ganglia found on either side
of the spinal cord and a long postganglionic neuron. In
addition, avian species have specialized ganglia found
within the viscera. One unusual and important group
of ganglia found in birds is known as the intestinal or
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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.
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FIGURE 3 The synthesis and degradation of acetylcholine within
the autonomic nervous system.

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 short
processes and, similar to its preganglionic neuron, re-
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tyrosine. The key enzymes in the pathway include: 1 (tyrosine hydroxylase), 2 (aromatic
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leases ACh. The receptors found within the targeted
visceral organ are muscarinic (Kandel ez al., 1991).

IV. CENTRAL COMPONENTS OF THE
AUTONOMIC NERVOUS SYSTEM

A. Sympathetic Nervous System

Cell bodies or perikarya of preganglionic neurons of
the sympathetic nervous system of mammals form a
distinct column within the thoracolumbar region of the
spinal cord known as the intermediolateral cell column
(IML; Kandel et al, 1991). The avian homolog of this
cell column is known as the n. intermediomedialis, pars
commissurae dorsalis (Breazile and Hartwig, 1989). For-
merly the n. was known as the column of Terni (Terni,
1923; Hosoya et al., 1992). It is the dorsal commissural
portion of the intermediate nucleus and is shown as the
cell group directly dorsal to the central canal of the
spinal cord (Figure 5). Neurons from the brain project
to the various levels of the groups of preganglion neu-
rons that are found from the last cervical segment,
through all of the thoracic, lumbar, and the first or
second synsacral segments of the spinal cord (Macdon-
ald and Cohen, 1973). The major groups of projection
neurons from the brain to the nuclei intermediomedialis
(nIMM) originate from the central gray as shown in Fig-
ure 6. Note that the substantial grisea centralis or central
gray (GCt) first appears at the level of the midbrain or
mesencephalon (Figure 6A, plane A5.0) and continues
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
tissue (Kuenzel and Masson, 1988). It therefore com-
prises a large number of neurons providing input into

the extensive series of preganglionic neurons through-
out the thoracolumbar region of the spinal column.
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,
major projections can be traced to the central gray from
the hypothalamus, particularly the ventromedial hypo-
thalamic nucleus (VMN, Krieger et al., 1979; Saper et
al., 1976). The findings are significant in that the VMN
can then be regarded as forming part of a sympathetic
neuroanatomical pathway that has importance regard-
ing homeostasis and energy intake (Luiten ef al., 1987).
The pathway will be discussed later under the section
entitled “Functional Neural Pathways of the Autonomic
Nervous System.” It should be noted that the projection
from the VMN (also referred to as the n. medialis hypo-
thalami posterioris) to the GCt of birds, although pres-
ent, is not a major projection system compared to that
in mammals (Berk and Butler, 1981). Therefore the bird
may have a polysynaptic pathway from the VMN to the
nIMM rather than a two-neuron pathway (VMN to GCt,
GCt to IML) as demonstrated in mammals. There also
exists a direct projection from the paraventricular n. to
the thoracic spinal cord and therefore presumably to the
column of Terni or nIMM (Berk and Finkelstein, 1983).

B. Parasympathetic Nervous System

The effector portion of the parasympathetic nervous
system in the brain of birds is illustrated in Figure 7.
The accessory oculomotor n. (one of several motor n. of
cranial nerve III), considered equivalent to the Edinger-
Westphal n. of mammals (Niimi et al, 1958; Heaton
and Wayne, 1983; Breazile and Kuenzel, 1993) and the
motor n. of the VIIth, IXth, and Xth cranial nerves
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nIMM (CT)

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
7). In addition, the ventrolateral medulla contains para- of the parasympathetic nervous system are the dorsal
sympathetic neurons involved in controlling the cardio- motor nucleus of the vagus (dMnX) and its associated
vascular system (Figure 7). Of the specific brain areas n. tractus solitarius (nTS). The dorsal vagal complex,

AS5.0

A B

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 AS5.0 (5.0 mm anterior to zero reference plane; Kuenzel and Masson. A
Stereotaxic Atlas of the Brain of the Chick (Gallus domesticus), © 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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n IX-X (dMnX)

Rpg! (vim)

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, vim). APa, area postrema; AVT, area ventralis of
Tsai; EW, Edinger-Westphal nucleus; FLM, fasciculus longitudinalis medialis; IP, interpeduncular n.; MnVIId
and MnVIlv, 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 OMy, dorsomedial, dorsolateral and ventral oculomotor nerve n.; Rpgl (vim), n. reticularis paragigan-
tocellularis lateralis (ventrolateral medulla); TS, tractus solitarius.

comprised of two complex nuclear groups, the dMnX
and nTS, has been studied extensively in the pigeon
Columba livia (Figure 7). Katz and Karten (1979,
1983a,b, 1985) subdivided the dMnX and nTS into at
least 12 and 19 subnuclei, respectively. Tract-tracing and
neuropeptide anatomical studies have been conducted

to establish possible functions of subnuclei. For both
birds and mammals, the nTS receives primary afferent
fibers conveying taste or gustatory and visceral sensory
information from the facial, glossopharyngeal, and vagal
nerves (Beckstead and Norgren, 1979; Dubbeldam,
1984; Dubbeldam et al., 1976, 1979). Gustatory afferents
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terminate in rostral portions of the nTS while visceral
afferents project to more caudal regions of the nucleus.
The complex nTS can also be topographically organized
into functional medial and lateral tiers. Gastrointestinal
afferents originating from the thoracic and abdominal
cavities project upon the medial tier while cardiovascu-
lar (heart and aortic arch) and pulmonary (lungs) affer-
ents project upon the lateral tier (Katz and Karten, 1979;
1983a,b). Directly ventral to the nTS is the dMnX, a
major source of preganglionic motor neurons of the
parasympathetic nervous system (Figure 7). The nTS
therefore is strategically located to either relay afferent
information to upper brainstem, mid- and forebrain
structures (discussed under the section ‘“Functional
Neural Pathways of the Autonomic Nervous System””)
or immediately relay sensory information via vagovagal
reflexes directly to the dMnX (Berk and Smith, 1994).
Of interest is that within the medial tier of the nTS, there
is a rostrocaudal topographic organization of afferents
from the gastrointestinal tract that matches the rostro-
caudal topography of the gastrointestinal tract. This is
paralleled by a partial topographic organization within
the dMnX with respect to its series of preganglionic
neurons innervating target viscera (Katz and Karten,
1985; Schwaber and Cohen, 1978). Another important
anatomical characteristic of the nTS is the presence of
the taenia choriodea and the lateralis superficialis of the
taenia choroidea which are suggested homologs of the
mammalian area postrema (Berk, 1991). The area post-
rema (APa) is a circumventricular organ (Figures 2, 7,
and 9C) and contains modified glial cells and neurons
which not only sense constituents within the cerebrospi-
nal fluid but also may release neuromodulators into the
ventricular system thereby having a paracrine function
(Vigh, 1971; Leonhardt, 1980; Vigh-Teichmann and
Vigh, 1983).

The other source of preganglionic parasympathetic
neurons that has not been studied rigorously in birds
are those responsible for projecting to the pelvic plexus
(Figure 1). The pelvic plexus contains both sympathetic
and parasympathetic neurons situated within the mesen-
tery supporting the rectum and cloaca. Together with
the intestinal nerve (Remak’s nerve) the plexus regu-
lates movements in the distal parts of the alimentary
canal, ureters, oviduct in the female, and ductus deferens
and erectile vascular bodies of the male (Akester, 1979).

C. Hypothalamopituitary and
Hypothalamo-ANS Systems

The preoptic-hypothalamic system of birds consists
of at least 21 distinct nuclei as described in past stereo-
taxic atlases (van Tienhoven and Juhész, 1962; Feldman
et al., 1973; Youngren and Phillips, 1978; Karten and
Hodos, 1967; Zweers, 1971; Stokes et al., 1974; Baylé et

al., 1974; Vowles et al., 1975; Kuenzel and van Tienho-
ven, 1982; Kuenzel and Masson, 1988). Certain nuclei
have been shown to contain specific neuropeptides af-
fecting the ANS and have projections to the median
eminence, neurohypophysis, dorsal vagal complex, or
midbrain central gray and therefore are central compo-
nents of autonomic pathways. The following is a brief,
selected list of nuclei of importance to ANS function.
The medial preoptic n. (POM) within the preoptic
area (POA) has been shown to be a sex-related dimor-
phic nucleus in birds (Viglietti-Panzica et al., 1986; Pan-
zica et al., 1987). It occurs within the central region of
the POA and terminates at the cross-sectional plane of
the quail brain that shows the presence of the anterior
commissure (Figures 8A, 8B). The POM has been dem-
onstrated to be approximately 40% larger in male than
female Japanese quail. Further analysis has revealed
two cytoarchitectural differences in the POM: dorsolat-
eral and medial subnuclei. Only the former showed hy-
pertrophy of neurons and an overall increase in volume
following high levels of testosterone in males but not
females (Panzica et al., 1991). Numerous past studies
have supported the role of the preoptic area (POA) in
sexual behavior and reproductive function. Electrolytic
lesions destroying the POA, including the POM, re-
sulted in a decrease in gonadal function (Ralph, 1959;
Ralph and Fraps, 1959) and a marked decline in sexual
behavior (Barfield, 1965; Meyer and Salzen, 1970;
Haynes and Glick, 1974). When androgen was im-
planted directly into the POA, it activated copulatory
behavior in roosters (Barfield, 1969). Autoradiography
was used to first show testosterone-binding sites within
the POA and other brain areas of the chicken (Meyer,
1973). A polyclonal antibody developed from a syn-
thetic portion of the androgen receptor and immunocy-
tochemistry have been used to confirm the presence
of androgen receptors in the POM of Japanese quail
(Balthazart et al., 1992). In addition, the conversion of
testosterone to estradiol is thought to be critical for the
interaction of gonadal steroids with neurons within the
brain and activation of copulatory behavior. The en-
zyme responsible for the conversion of testosterone to
estradiol is aromatase. Aromatase-immunoreactive
neurons were found within the POM as well as estrogen
receptors. Of interest was that few neurons within the
POM showed colocalization of aromatase and estrogen
receptors (Balthazart et al., 1991). Recently quail aroma-
tase cDNA was utilized to produce a recombinant pro-
tein from which a polyclonal antibody was produced.
The more specific antibody was utilized in immunocyto-
chemistry and confirmed previous work identifying ir
neurons within the POM. More ir neurons for aromatase
were found in the quail POA than were found previously
utilizing a polyclonal antibody to human aromatase
(Foidart et al., 1995). An earlier study (Berk and Butler,
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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), © 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.
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1981) examining efferent pathways of the POM re-
ported that it contained neurons that projected to the
area ventralis of Tsai, n. intercollicularis and central
gray (Figure 6) of the midbrain. The latter, in particular,
suggests that the POM has input into a structure that

is regarded as a central component of the sympathetic
nervous system.

The paraventricular n. (PVN) is a complex one and
in mammals it comprises 8 to 10 subnuclei (Swanson and
Kuypers, 1980). In the chick, it is a very heterogeneous
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structure consisting of 10 subnuclei (Kuenzel, 1994a).
The magnocellular portion of the nucleus extends from
a rostral position directly beneath the anterior commis-
sure for approximately 2.0 mm in a caudal direction
(Kuenzel and Masson, 1988). The cells project to the
neurohypophysis, contain arginine vasotocin and meso-
tocin, and are involved in water balance and contraction
of smooth muscle (Berk and Butler, 1981; Berk and
Finkelstein, 1983; Goossens et al, 1977; Bons, 1980).
The large cells of the PVN are therefore comparable
to those found within the supraoptic n. (SOe, SOv; Fig-
ures 8A, and 8C). The PVN of the pigeon, however,
also has neurons which project to the external zone of
the median eminence and therefore the PVN serves an
additional function to regulate anterior pituitary func-
tion (Berk and Finkelstein, 1983). In mammals, parvo-
cellular neurons within the PVN contain corticotropin
releasing hormone (CRH) and project to the external
zone of the median eminence (Lechan et al., 1980). The
CRH neurons not only regulate adrenal function, they
also affect metabolism and food intake. A detailed ac-
count of the PVN and two other nuclei, the ventrome-
dial hypothalamic n. and the lateral hypothalmic area,
with respect to their regulation of food intake, will be
included under the next major section, ‘‘Functional Neu-
ral Pathways of the Autonomic Nervous System, Feed-
ing System.”

The system of gonadotropin-releasing hormone
(GnRH) neurons is discussed in the chapters of the male
and female reproductive systems (Chapters 22 and 23).
They are included here as they form several groups of
neurons in the preoptic, hypothalamic, thalamic, and
midbrain regions. A major group of GnRH neurons
occurs in the bed n. of the pallial commissure (nCPa;
Kuenzel and Blihser, 1991). GnRH neurons found
within the nCPa (Figure 8B) and preoptic area project
to the median eminence and affect the release of lutein-
izing hormone and follicle stimulating hormone from
the anterior pituitary (J6zsa and Mess, 1982; Sterling
and Sharp, 1982; Mikami et al., 1988; Foster et al., 1987).

The suprachiasmatic n. (SCN) is a controversial struc-
ture within the brain of avian species. Two nuclei have
been proposed as the SCN of birds: (1) SCN, pars medi-
alis (SCNm; Crosby and Woodburne, 1940), and (2) n.
decussationis supraopticae, pars ventralis (DSv; Figures
8B, and 8C, respectively) or lateral hypothalamic reti-
norecipient n. (Repérant, 1973). It is not clear which of
the two nuclei are homologs of the mammalian SCN
as each differs chemoarchitecturally from that of the
traditional mammalian SCN (Norgren and Silver, 1990).
Due to its involvement with the eyes and the pineal
gland for regulating circadian rhythms (see Chapter 21),
it is an important hypothalmic n. To date, the afferent
and efferent pathways from each of the proposed n.

have not been completely described. Perhaps in avian
species the functional SCN has been parceled into two or
more subnuclei. Certainly past studies involving lesions
targeted to the SCNm which disrupted circadian
rhythms in birds were large enough such that both the
SCNm and DSv were disrupted (Ebihara and Kawa-
mura, 1981; Simpson and Follett, 1981; Takahashi and
Menaker, 1982).

The inferior hypothalamic and infundibular n. (IH,
IN; Figure 8D), the latter considered equivalent to the
arcuate n. of mammals, are two additional groups of
neurons that have important interactions with the me-
dian eminence and the ANS. The two nuclei, in addition
to the caudalmost portion of the VMN, comprise the
infundibular or tuberal nuclear complex. Lesions of the
infundibular complex, in which the IN and IH have been
destroyed, result in termination of gonadal function,
including an inability of lesioned birds to show future
gonadal growth following photoperiodic stimulation
(Graber et al., 1967; Wilson, 1967; Stetson, 1969; Sharp
and Follett, 1969; Oliver, 1972; Stetson, 1972; Davies
and Follett, 1975). A tuberohypophyseal tract has been
described that projects from the infundibular n. to the
entire length of the median eminence (Wingstrand,
1951; Oksche and Farner, 1974). Hence, that tract might
be the one responsible for maintaining or facilitating
gonadal development. Of interest is that neither GnRH
neurons nor their fiber tracts have been shown to occur
within the TH/IN region (reviewed in Kuenzel, 1993).
Two major populations of neurons have been described
to occur within the IH/IN region: neuropeptide Y
(NPY) neurons (Kuenzel and McMurtry, 1988; Aste et
al., 1991; Kuenzel et al., 1994; Kuenzel and Fraley, 1995)
and vasoactive intestinal polypeptide (VIP) neurons
(Yamada et al, 1982; Silver et al., 1988; Mauro et al.,
1989; Sharp et al., 1989; Kuenzel and Blihser, 1994). It
has been reported that chicks given a substance, sulfa-
methazine, that markedly stimulated gonadal develop-
ment, resulted in a significant increase in darkly immu-
nostained NPY neurons within the IH/IN region
(Kuenzel et al., 1994). Concomitantly, plasma LH and
FSH were significantly elevated (Kuenzel et al, 1995)
in treated chicks compared to controls suggesting that
sulfamethazine may facilitate gonadal development via
an activation of NPY neurons. Related to the previous
immunocytochemical data is the finding that chronic
intracerebroventricular injections of NPY resulted in a
significant increase in gonadal size in immature chicks
(Fraley and Kuenzel, 1993). Therefore past lesion stud-
ies within the infundibular nuclear complex of several
avian species cited above that significantly reduced go-
nadal function could have been the result of compromis-
ing NPY-like neurons within the IH/IN complex. It is
not known, however, if NPY neurons in the ITH/IN com-
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plex project to the median eminence and therefore are
the neurons comprising the tuberohypophyseal tract. In
addition, one cannot rule out the significance of VIP
neurons found within the TH/IN complex. It has been
reported that VIP not only releases prolactin (Opel and
Proudman, 1988) but also LH (Macnamee et al., 1986)
and a subpopulation of VIP neurons within the medio-
basal hypothalamus immunostained with an antibody
to opsin, suggesting that some of the VIP neurons may
be encephalic photoreceptors (Silver et al., 1988). Future
studies are therefore required to establish whether NPY,
VIP, or both sets of neurons within the mediobasal
hypothalamus are required to function with GnRH neu-
ronal terminals found within the median eminence to
effect gonadal development in avian species.

D. Other Systems Involving
Circumventricular Organs (CVOs)

Earlier in the chapter it was stated that CVOs (Figure
2) are an important constituent of the ANS of birds
in that they contain the appropriate neural and glial
components that can secrete as well as internalize neuro-
modulators via the cerebrospinal fluid. Three CVOs
potentially play key roles within the ANS of birds. The
first is the lateral septal organ (LSO; Figures 2 and 9A).
The LSO has been shown to be a CVO in birds as

first proposed and described in the chick (Kuenzel and
vanTienhoven, 1982; Kuenzel and Blihser, 1994). It is
found at the base of the lateral ventricle and contains
highly modified ependymal cells, an incomplete blood—
brain barrier, and cerebrospinal fluid-contacting neu-
rons (Figure 9A). A subpopulation of the VIP cerebro-
spinal fluid-contacting neurons also immunostained
with an antibody to opsin suggests that they may be
deep encephalic photoreceptors (Silver et al., 1988). The
last finding is of significance since avian biologists have
been searching for several decades for the location of
neurons that respond to photoperiodic stimulation. It
has been well documented since the original finding of
Rowan (1926) that the reproductive system of birds is
activated by increased daylength. The location of the
sensory system remains unknown. Compelling evidence
has been obtained showing that the eyes and pineal
gland are not essential for the progonadal effects of
photostimulation. The remaining possibility is that deep
encephalic photoreceptors occur within diencephalic tis-
sue (reviewed in Kuenzel, 1993), an hypothesis origi-
nally proposed by Karl von Frisch (1911). Two loci have
emerged as the most likely candidate(s). The first is the
infundibular nuclear complex (described in Chapter 16),
while the second is located within the ventral forebrain
and is proposed to be the LSO. A subset of the VIP-
containing cerebrospinal fluid-contacting neurons

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
housing deep encephalic photoreceptors. Further study
is necessary to provide the critical, direct evidence. Later
in the chapter, the LSO will be presented as a compo-
nent of the visceral forebrain system, a key brain system
that directly projects to, and therefore is a part of, the
ANS of birds. In summary, the LSO of birds is strategi-
cally located to receive as well as integrate information
that regulates critical physiological and behavioral func-
tions controlled by the ANS.

The median eminence (ME) is the second CVO and is
shown schematically in Figure 9B. It is a most important
CVO as it is the interface between the central nervous
system and pituitary gland, hence the endocrine system.
Directly beneath the ME is the anterior pituitary while
the caudal continuation of the ME becomes the poste-
rior pituitary or neurohypophysis (NH; Figure 2). The
neurosecretory neurons within the hypothalamus re-
sponsible for controlling gonadal (GnRH neurons), thy-
roid (thyroid-releasing hormone neurons) and adrenal
gland (corticotropin-releasing hormone and arginine va-
sotocin neurons) function, or growth (growth hormone
stimulating and somatostatin neurons) and prolactin se-
cretion (VIP neurons) all project to the ME. The termi-
nals release neurohormones or hypophysiotropic factors
into a capillary plexus known as the hypophysial portal
system. Specific pituicytes within the adenohypophysis
respond to the neurohormones by secreting anterior
pituitary hormones into the cardiovascular system. Note
that the ME contains anatomical constituents similar to
the LSO (Figure 9B). The ME consists of modified
ependymal cells, aminergic and peptidergic neurons, ce-
rebrospinal fluid contacting neurons, and an incomplete
blood-brain barrier (Oksche and Farner, 1974). Please
refer to chapters pertaining to the pituitary gland and
endocrinology, thyroids, and adrenals for more details
on the regulation of the endocrine system. The posterior
pituitary is organized very differently. Magnocellular
neurons, primarily located within the PVN, SOe, and
SOv nuclei (Figures 8A and 8C) project directly into
the posterior pituitary. The neurosecretory hormones
arginine vasotocin and mesotocin are secreted directly
into the posterior pituitary where they can be stored
temporarily or released into the circulatory system and
transported to either the kidneys or smooth muscle of
the reproductive system (see Chapters 11, 22, and 23).

The area postrema (APa) is the third CVO of impor-
tance to the ANS (Figures 2 and 9C). It, along with the
nucleus tractus solitarius (nTS), serves as an interface
between the ANS and the central nervous system. In
the literature, the avian APa is referred to as the taenia
choroidea. It has been proposed that the taenia choroi-
dea and its adjacent lateral, superficial n. are homolo-
gous to the mammalian APa (Berk, 1991). Similar to

the LSO and ME, the APa lacks a complete blood—brain
barrier. More importantly, afferents from the viscera,
particularly from the aortic arch (Katz and Karten,
1979), pulmonary tissue, and gastrointestinal tract (Katz
and Karten, 1983a,b) project to the nTS, which is di-
rectly ventral and medial to the APa (Figure 9C). The
APa and its adjacent nTS comprise an important site
within the brainstem for parasympathetic neurons and
associated functions of the ANS.

V. FUNCTIONAL NEURAL PATHWAYS OF
THE AUTONOMIC NERVOUS SYSTEM

The major functions associated with the ANS include
cardiovascular regulation (Jones and West; Chapter 9),
respiration (Powell and Mitchell; Chapter 10), osmo-
regulation (Goldstein and Skadhauge; Chapter 11),
thermoregulation (Dawson and Whittow; Chapter 14),
circadian rhythms and photoperiodism (Gwinner and
Hau; Chapter 21), and the regulation of food intake.
The latter will be utilized as an example of how specific
groups of cells within the brains of birds project to the
motor or efferent components of the ANS and therefore
form a functional neural pathway with that system.
Thereafter, the visceral forebrain system in birds will
be characterized as it is a more global neuroanatomical
pathway and therefore subserves more than one func-
tion. Recently, it has been proposed to regulate the
annual cycles of birds (Kuenzel and Blihser, 1993). Fi-
nally, components of the limbic system of birds will be
described as it shares several neural structures with the
visceral forebrain system and therefore should be con-
sidered part of the ANS.

A. An Autonomic Pathway Regulating
Food Intake

For many years a dual-center hypothesis was utilized
to explain the neural regulation of food intake in mam-
mals (Stellar, 1954). It was based upon the work of
Hetherington and Ranson (1940), who demonstrated in
rats that bilateral lesions of the ventromedial hypothala-
mic n. (VMN; Figure 8C) resulted in increased food
intake and marked obesity. Further research involving
bilateral lesions of the lateral hypothalamic n. (LHy;
Figures 8C and 8D) resulted in an opposite effect, com-
plete absence of feeding and drinking (Anand and Bro-
beck, 1951). The ventromedial hypothalamus, termed a
‘“‘satiety” center, was proposed to contain a set of neu-
rons that projected to and inhibited a lateral hypothala-
mic area, the “feeding” center. More recently the past
hypothalamic model has been incorporated into a path-
way involving the ANS and offers a more complete
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explanation for regulating food intake. The model,
termed the autonomic and endocrine hypothesis, sug-
gests that lesions of the ventromedial hypothalamic n.
result in a significant decrease in sympathetic activity.
Therefore with or without an increase in food intake,
the animal will have a lower metabolic rate and higher
release of corticosteriods and insulin from the adrenal
cortex and pancreas, respectively (Inoue and Bray, 1979;
Bray and York, 1979; Bray, 1991). The result will be
an increase in lipogenesis. Neuroanatomical data have
supported the “autonomic and endocrine’ hypothesis.
Tract-tracing studies in the rat have shown that the
VMN contains neurons which project to the central gray.
In turn, the central gray has neurons that project monsy-
naptically to the intermediolateral column of the spinal
cord (Luiten et al., 1987). As discussed earlier in the
chapter, the intermediolateral column houses the pre-
ganglionic neurons of the sympathetic nervous system.
As suggested by the “autonomic and endocrine” hy-
pothesis, VMN lesions significantly disrupt neuroana-
tomical connections of the sympathetic nervous system
resulting in decreased sympathetic activity. The affected
animal gains weight, particularly body lipids. In contrast,
the LHy contains neurons that project directly to the
nTS and dMnX (Luiten e al, 1987). As mentioned
previously, the dMnX comprises preganglionic neurons
of the parasympathetic nervous system. Therefore bilat-
eral lesions of the LHy result in an interruption of a
neural pathway involving the parasympathetic nervous
system. Greater activity thereby occurs in the sympa-
thetic nervous system followed by an increased meta-
bolic rate and loss of body weight. Another hypothala-
mic n. has been shown to play a key role in food intake,
the paraventricular n. (PVN; Figure 8C). Of interest is
that the PVN has direct projections to the central gray
as well as the nTS and dMnX and therefore has connec-
tions to both arms of the ANS. In mammals the PVN
has been shown to be one of the most sensitive sites in
the brain for stimulating food intake following direct
application of norepinephrine, neuropeptide Y, G-
endorphin, and galanin (Leibowitz, 1978; Leibowitz and
Hor, 1982; Stanley and Leibowitz, 1984; Stanley et al.,
1985; Kyrkouli et al., 1990). Further studies have shown
that the most sensitive brain site for eliciting food intake
in the rat following direct application of NPY occurs in
the perifornical hypothalamus which lies next to, but is
separate from, the PVN (Stanley et al., 1993).

In avian species, considerably more research is
needed to establish the neural pathway responsible for
regulating food intake via the ANS. Nonetheless, the
following evidence thus far suggests a system similar to
that established for mammals. Electrolytic lesions of the
VMN of Leghorn chickens (Lepkovsky and Yasuda,
1966; Snapir et al, 1973; Sonoda, 1983) and the VMN

and IH of white-throated sparrows (Kuenzel and Helms,
1967, 1970; Kuenzel, 1974) effected hyperphagia and
obesity. Bilateral hypothalamic lesions have been per-
formed in chickens (Feldman et al, 1957), white-
throated sparrows (Kuenzel, 1972), pigeons (Zeigler,
1976; Zeigler and Karten, 1973; Zeigler et al., 1969) and
broiler chicks (Kuenzel, 1982). Lesions targeted in and
around the LHy on both sides of the brain reduced
food intake. A marked difference between birds and
mammals was found; namely, the aphagic response was
not permanent. Large, bilateral lesions involving both
the ansa lenticularis and quinto frontal tract or the stra-
tum cellulare externum (Figure 8C, 8D) were most ef-
fective for reducing food intake, however, intake usually
returned to preoperative levels within 4 to 7 days (Kuen-
zel, 1982). Similar results were obtained when stimulus-
bound feeding was attempted in fowl. More than 625
sites were implanted with electrodes for electrical brain
stimulation in conscious animals. No positive brain loci
were identified for stimulus-bound food intake as has
been demonstrated frequently in mammals (Tweeton et
al., 1973). Of interest is that neural pathways have been
traced from specific hypothalamic areas to the hindbrain
in birds. It has been shown that the VMN does project
to the central gray, similar to mammals. The beginning
and end of the central gray (GCt) are shown in Figure
6. In the chick brain, the GCt continues for at least
3.4 mm and therefore is an extensive structure in the
rostrocaudal direction. A difference, however, is that
the GCt projection is not as robust as the mammalian
one suggesting that important GCt input may be coming
from nuclei other than the VMN (Berk and Butler,
1981). Similar to mammals, the LHy has been shown
to project directly to the vagal complex. A discrete por-
tion of the LHy, the stratum cellulare externum (SCE),
projects to the nTS and dMnX and hence the SCE has
been proposed to be homologous to the LHy of mam-
mals (Berk, 1987). The PVN of birds has similar projec-
tions to that established for mammals. Monosynaptic
connections have been shown to occur from the PVN
to the GCt and from the PVN to the thoracic level of
the spinal cord. Presumably, therefore, a monosynaptic
connection occurs between the PVN and the n. inter-
mediomedialis (the column of Terni) within the spinal
cord. The PVN also has monosynaptic connections to
the vagal complex (Berk and Finkelstein, 1983). There-
fore the PVN has both sympathetic and parasympathetic
connections. A compilation of current anatomical con-
nectivity among the VMN, LHy, PVN, and ANS in birds
is shown in Figure 10.

Sparce research has been completed regarding the
function of the PVN in birds. Bilateral lesions of the
PVN have not been completed to date to determine
whether birds will become hyperphagic. Norepineph-
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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-
thalamic nuclei resulted in increased food intake in
broiler chicks (Denbow and Sheppard, 1993). Direct
administration of other biogenic amines and neuropep-
tides to the PVN have not been attempted.

B. Visceral Forebrain System

A second neural system that has been proposed to
exist in mammals is a visceral forebrain system. Similar
to the feeding circuit described above, the VFS is inti-
mately involved with the ANS, particularly the parasym-
pathetic nervous system. Its components in birds (dis-
played as double-underlined structures) and its known
anatomical pathways are shown in Figure 11 and Table
1. Two significant structures of the VFS include the
nTS and parabrachial n. (PB) as all other nuclei of the
mammalian VFS system have reciprocal monosynaptic
connections with them (van der Kooy et al, 1984). In
birds, all subcortical structures of the VFS have been
shown to have single neuron connections with the nTS
except the infundibular n. (IN) as illustrated by a dashed
line in Figure 11. The major role of the VFS in mammals
is to influence cardiovascular, respiratory, and gastroin-
testinal functions including the possibility of interfering
with or overriding brainstem homeostatic mechanisms
during periods of stress or emotional activity (van der
Kooy et al., 1984). Of interest is that a systematic brain
mapping study was conducted in the pigeon where brain
loci were determined that significantly altered blood

pressure, heart rate, and respiratory rate following elec-
trical stimulation. It was found that all subcortical com-
ponents of the VFS (refer to Table 1), when electrically
stimulated, resulted in cardiovascular and respiratory
changes (Macdonald and Cohen, 1973). In addition, a
recent immunocytochemical study was completed show-
ing the location of vasoactive intestinal polypeptide
(VIP)-immunoreactive neurons and fibers throughout
the chick brain. It was noted that all components of the
VES of birds have VIP neurons or fibers (Kuenzel and
Blihser, 1993, 1994). When one examines the functions
of VIP found in the mammalian literature, a majority
directly involve the ANS including vasodilation, in-
creased blood flow and exocrine gland secretion, neuro-
endocrine release of prolactin, neuroendocrine stimula-
tion or inhibition of luteinizing hormone, stimulation of
male sexual behavior and thyroid hormone secretion,
alteration of energy metabolism, and modulation of cir-
cadian rhythms (reviewed in Kuenzel and Blihser,
1993). Other neural components that could be included
in the VFS of birds are the ventrolateral medulla, area
ventralis of Tsai, locus ceruleus, and substantia nigra;
as each was shown to significantly alter respiratory and
cardiovascular function when electrically stimulated
(Macdonald and Cohen, 1973), has monosynaptic con-
nections with the nTS (Arends et al., 1988), and contains
immunoreactive VIP perikarya and fibers (Kuenzel and
Blihser, 1994). To date, the most controversial compo-
nent of the VFS of birds is the caudal dorsolateral neo-
striatum (NEOcdl, Figure 11), as it has been proposed
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LSO, nAc

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
(Mogensen and Divac, 1982; Divac and Mogensen, 1985;
Divac et al., 1985; Waldmann and Giintiirkiin, 1993;
Rehkdmper and Zilles, 1991); however, in contrast to
mammals, the forebrain structure does not have mono-
synaptic connections with the nTS or PB (Wild et al.,
1990). More recently, a larger region of the avian neo-
cortex including the NEOcdl has been termed the pal-
lium externum and it projects to the striatum of the
basal ganglia (Veenman et al., 1995). Further studies
are therefore needed to determine whether the avian
NEOcdl is equivalent to the mammalian prefrontal cor-
tex. Nonetheless, a VFS appears to exist in the avian
brain and the complex pathway, with its direct connec-
tions to the ANS, as discussed in the last two sections
of this chapter, has possible ramifications concerning
the current genetic selection programs in the poultry
industry as well as with the neuroanatomical system

proposed to regulate the annual cycles of migratory
birds.

C. Limbic System

The limbic system of mammals includes a number of
anatomical substrates involved in emotions. Some of its
anatomical structures reside within the cortex and its
functions include motivation, memory, and learning.
One might question why the system should be associated
with the ANS. An overwhelming argument favoring
its inclusion is that a primary function of the ANS,
particularly when its sympathetic division dominates, is
to prepare an organism for a “‘fight-or-flight” reaction.
Such a response involves emotional behavior, memory,
and learning to enhance survival of the species. Al-
though it remains an ill-defined neural system in birds, it
will be shown that two of its components (hypothalamus
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TABLE 1 Components of the Visceral Forebrain System in Mammals and Birds

Mammalian structure Avian equivalent® Abbreviation
A. Cortical component
(1) Med. lat. prefontal cortex Caud. dorsolat. NEOcdl
neostriatum”
B. Subcortical components
Ventrolateral forebrain
(2) Central n. amygdala Archistriatum®¢ A
Dorsolat. n. post. Apdl
mediale Am
n. taeniae Tn
Septal Area
(3) Bed n. stria terminalis n. accumbens nAc?
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 birds®
Midbrain and Pons
(9) Substantia nigra Substantia nigra TPc
(10) Locus ceruleus Locus ceruleus LoC
Medulla oblongata
(11) Ventrolateral medulla Ventrolateral medulla vim
“caud. = caudal; dorsolat. = dorsolateral; lat. = lateral; med. = medial; n. = nucleus;

post. = posterior.
bControversial equivalents.

“Avian 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.

“Based 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-
viously.

The concept of a limbic lobe within the forebrain of
mammals was proposed by James Papez and expanded
upon by Paul MacLean, who introduced the term limbic
system (Kandel et al., 1991). Specific anatomical compo-
nents of the mammalian system include the cingulate
gyrus and other inner cortical areas that form a ring
around the thalamus and hypothalamus. Other constit-
uents include the hippocampal formation, amygdala,
septal nuclei, habenula, hypothalamus and the mesolim-
bic dopamine system (Kandel et al., 1991). In birds, the
hippocampus (Hp; Figure 8B) and amygdala (Tn, Am,
Ap; Figures 8C and 8D) are relatively large and distinct
cortical structures. The hippocampal and parahippo-
campal areas and their cytochemical composition have
been examined in pigeons (Erichsen et al., 1991; Krebs
et al., 1991). The equivalent structure of the amygdala in

birds includes three proposed nuclear groups: n. taeniae,
medial archistriatum, and posterior archistriatum (Zeier
and Karten, 1971). The mesolimbic dopamine system,
the last structure listed as part of the mammalian limbic
system, has been examined in birds (Kitt and Brauth,
1986). The system, originating in a midbrain nucleus, the
area ventralis of Tsai (AVT; Figure 7), consists largely of
dopaminergic neurons which project to the hypothala-
mus, habenula (HL, HM, SHL; Figure 8D), preoptic
area (anterior portion of hypothalamus ventral to the
septomesencephalic tract (TSM; Figure 8A)), septal
area (SM, SL; Figure 8B), amygdala, and hippocampal
complex (Kitt and Brauth, 1986). All of the structures
just listed are considered components of the limbic
system.

Functionally, the hippocampus of birds has been
shown to be involved with food storage behavior (Healy
and Krebs, 1993) and homing (Bingman, 1993). Both
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behaviors involve memory. The latter has particular sig-
nificance regarding not only the ability of birds to find
home roosts each day, but also the annual feat of migra-
tory birds to journey to their appropriate breeding
grounds and wintering grounds each spring and fall,
respectively. The amygdala of birds has been shown to
function in arousal and to affect emotional behavior.
Phillips (1964) reported that mallard ducks placed in
cages show considerable fear responses and do not ini-
tially breed well in captivity. Bilateral lesions involving
the amygdala, particularly its pathway projecting to the
hypothalamus, resulted in a marked taming effect. The
greatly reduced escape behavior resulted in increased
ovarian growth and function in lesioned birds. Addi-
tional studies will need to be completed to establish
complete, functional neural pathways responsible for
emotional and cognitive behaviors expressed by birds.

VI. SHIFTS IN HOMEOSTASIS: AN AUTONOMIC
HYPOTHESIS EXPLAINING THE REGULATION OF
ANNUAL CYCLES OF BIRDS

Avian species, particularly migratory birds inhabiting
the temperate zone of North America, Europe, or Asia,
display very pronounced physiological and behavioral
events throughout their annual cycles such as increased
food intake resulting in large depositions of body fat,
molt of feathers, migration, and reproduction. Each of
the events occurs in an orderly and predictable sequence
and requires a considerable amount of energy. Research
efforts over the past few decades have shown that go-
nadal development (Rowan, 1926), premigratory fatten-
ing (King and Farner, 1965), molt, and migratory orien-
tation (Emlen, 1969) can be expressed at different times
of the year by manipulating the photoperiod. More in-
terestingly, if one subjects birds to constant environmen-
tal conditions over long periods of time, testes develop-
ment, molt, and nocturnal activity (an expression of a
bird’s motivation to migrate in a cage environment)
persist but in more frequent cycles than would have
occurred under a natural photoperiod (Gwinner, 1991).
Therefore, circannual cycles behave similarly to circa-
dian rhythms (e.g., sleep—wake cycles and activity and
body temperature cycles) of avian or mammalian physi-
ological variables measured under constant environ-
mental conditions. Therefore, it has been proposed that
circannual rhythms are long-term manifestations of cir-
cadian rhythms and both are the result of an endogenous
rhythm that can be synchronized by external factors,
particularly photoperiod (Gwinner, 1981).

An unanswered question to date is what constitutes
the control system that regulates the annual cycle of
birds? It has been argued for some time that prolactin

within the pituitary gland is a key hormone, since exoge-
nous injections effect both premigratory fattening
(Meier and Farner, 1964) and migratory behavior
(Meier et al., 1965). The mediobasal hypothalamus has
also been proposed since medial lesions destroying the
VMN and part of the IH and IN disrupted all of the
ethophysiological events of the annual cycle of the
white-throated sparrow, Zonotrichia albicollis (Kuen-
zel, 1974). The pineal gland and suprachiasmatic nucleus
have also been implicated (refer to Chapter 21). Re-
cently, the visceral forebrain system (VFS) has been
proposed to constitute the neural system that regulates
the annual cycle of birds (Kuenzel and Bldhser, 1993;
1994; Kuenzel, 1994b). Its components have already been
detailed (Figure 11; Table 1). The following is a synopsis
of how the VFS functions to control circannual cycles
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 (long
distant migrants) begin to display hyperphagia during
the early spring in anticipation of migration to the north-
ern breeding grounds. In effect, there occurs a marked
shift in homeostasis with respect to maintaining a partic-
ular body weight. It is not uncommon for individuals of
some species to double their food intake, fat deposition,
and display a 50% gain in body weight within a 2- to 4-
week period in anticipation of a rigorous migratory
flight. The parasympathetic nervous system (PNS) ap-
pears to dominate in order to effect the rapid gains in
lipid stores. Upon attaining the desired weight gains,
birds shift into another phase of their annual cycle as
they begin their spring migratory journey. Most passer-
ine species are nocturnal migrants; therefore they
change from a diurnal existence to one of nearly com-
plete wakefulness over several days as they migrate until
arriving at the breeding grounds. Other drastic changes
occur. Prior to and during spring migration, birds feed
and migrate in flocks. This social behavior exhibited by
many is quickly transformed into a competitive, territo-
rial one upon arrival on the breeding grounds. The ago-
nistic behavior, particularly demonstrated in males, con-
tinues until a mate is found and the breeding cycle is
initiated. Characteristic of this period is a continuous
loss in body weight due to a high energy expenditure
involved in securing a mate. Thereafter, yet another
dynamic ethophysiological shift occurs and throughout
the period of incubating their eggs, there may be a
complete cessation of food intake by parents resulting
in a significant loss of weight. Finally, a major postnup-
tial or basic molt occurs where both the flight and body
feathers are replaced. A significant increase in daily
metabolism has been documented with a nearly com-
plete loss of body lipid reserves (Dolnik and Gavrilov,
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1979). In effect, from the initiation of spring migration
to the end of postnuptial molt, a shift in the balance of
the ANS has occurred such that the sympathetic nervous
system (SNS) eventually dominates. Throughout the
late spring and early summer, the gradual predominant
effects of the SNS are responsible for the continued loss
in weight and most body lipid reserves. The physiologi-
cal processes responsible for molt that occur during the
summer are critical. The process of molting not only
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-
ing long photoperiods of the summer/early fall months.
It is therefore proposed that some time between the
beginning of postnuptial molt and the beginning of fall
migration, a final shift in balance of the ANS occurs with
the PSN dominating again. Birds consequently show an
increase in food intake and body weight in anticipation
of fall migration. The hyperphagic response, body
weight gain, and nocturnal activity displayed by migra-
tory birds in the fall have been shown to be significantly
less than the same events recorded for spring migration
(Kuenzel and Helms, 1974). Data suggest that fall migra-
tion may be a more leisurely process for some species
of migratory bird. In addition, the data suggest that the
PNS is not as dominant during the start of fall migration
as it is when birds begin to prepare for the next season’s
spring migration. The dramatic shifts in homeostasis is
orchestrated by the VFS that has direct connections to
the PNS and SNS. Vasoactive intestinal peptide (VIP)
operating within the VFS may be one of the critical
neuromodulators that is responsible for altered balance
of ANS. Time will tell whether this simple model may
explain the apparent shifts in homeostasis that have
been documented in the past literature as a typical mi-
gratory bird quickly passes through several distinct
phases of an annual cycle to attain optimal conditions
for surivival of its own species.

VII. CONSEQUENCES OF GENETIC SELECTION
FOR RAPID GROWTH IN BROILERS AND
TURKEYS: AN IMBALANCED AUTONOMIC
NERVOUS SYSTEM

Since the 1950s geneticists within the commercial
poultry industry have been selecting birds for growth
rate and feed conversion. In effect, by selecting for rapid
growth, broilers and turkeys have also been inadver-
tently selected for appetite. Broiler breeders are a good
example of birds that have a voracious appetite and a
tendency to become obese. Their offspring are generally
hypoactive and have a significantly lower basal meta-
bolic rate compared to Leghorns (Kuenzel and Kuenzel,

1977). Consequently, broilers show a dominance of the
PNS similar to rats receiving lesions to the ventromedial
hypothalamic nuclei and in some obese humans (see
section ““An Autonomic Pathway Regulating Food In-
take””). Due to the tendency of broilers to show obesity,
avian leg weakness, and diseases associated with the
cardiovascular system, it will be important in the future
for poultry geneticists to attempt to bring back into
balance the SNS and PNS of some commercial poultry
strains (Kuenzel, 1994a).
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I. INTRODUCTION

Avian skeletal muscle and the process of transmission
between somatic nerves and skeletal muscle in birds are
essentially similar to mammalian skeletal muscle. Figure
1 shows the basic striation pattern of skeletal muscle.
Many of the established properties of avian skeletal
muscle have been comprehensively reviewed previously
(Berger, 1960; George and Berger, 1966; Bowman and
Marshall, 1972; van den Berge, 1975). In this chapter
we have concentrated on more recent work.

II. DEVELOPMENT OF AVIAN MUSCLE

The chick has been the major species in which mor-
phological studies of avian myogenesis have been made.
Muscle development has been studied both in vivo and
in tissue culture, but owing to the difficulty of defining
in situ which cells will eventually form skeletal muscle
fibers, most of our information on early-stage myogen-

Sturkie’s Avian Physiology, Fifth Edition

123

esis derives from tissue culture studies from single devel-
oping muscle cells. Clones, which can be grown in cul-
ture from cells capable of forming muscle, can be
identified. The change in numbers of muscle precursor
cells (myoblasts) has been studied in chick limb muscle
(Bonner and Hauschka, 1974); myoblasts amenable to
cloning appear on about Day 3 in ovo. The numbers
increase about six- to sevenfold over the next 6 days.
Myogenesis, both in vivo and in vitro, consists of the
fusion of spindle-shaped, uninucleated myoblasts (Fig-
ure 2) to form multinucleated myotubes that will eventu-
ally grow into mature muscle fibers.

Transmission and scanning electron microscopy has
been used to study morphological changes in the early
stages of myogenesis of chick embryo muscle cells in
culture (Shimada, 1972a,b). Myogenic cells grow very
close together, with small projections extending from
some myotubes which attach the cell both to adjacent
myoblasts and to the surface of the culture dish. Addi-
tionally, a cell-surface material is observable that is pos-
sibly involved in cellular adhesion. Numerous close junc-
tions with an intercellular distance of 2.5-10 nm and
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 the
appearance of vesicles and tubules between the adjacent
cytoplasms. At the final stage, remnants of broken cell
membranes disappear and a common cytoplasm is
formed.

Both thick myosin (15-16 nm in diameter) and thin
actin (5-6 nm in diameter) filaments are synthesized
by clusters of cytoplasmic ribosomes (polysomes). This

Copyright © 2000 by Academic Press.
All rights of reproduction in any form reserved.
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FIGURE 1

S

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
myoblast fusion. There is a progressive organization of
myofibrils during growth resulting in the mature cell
having a cross-striated pattern similar to that of adult
skeletal muscle (Shimada et al, 1967; Askanas et al.,
1972).

During the earliest myotube stage in embryonic chick
muscle, both in vivo and in vitro, the sarcoplasmic reticu-
lum develops in isolated portions from rough-surfaced
endoplasmic reticulum (Ezerman and Ishikawa, 1967,
Shimada et al.,, 1967, Larson et al., 1970, Chan et al.,
1990). Subsequently, the isolated portions of sarcoplas-
mic reticulum join together to create a network around
the contractile filaments. The transverse tubular system

develops more slowly than the sarcoplasmic reticulum;
the surface membrane of the myotubes invaginates to
form the T-tubules. Initially the T-tubules consist of
shallow vesicles connected to the sarcolemma, but with
time they project deeper and deeper into the myotube
until contact is made with the sarcoplasmic reticulum
(Chan et al., 1990).

FIGURE 2 Phase-contrast micrographs of chick embryo skeletal
muscle cells growing in culture. (A) Twenty-four-hour cell culture
showing myoblasts (M) and fibroblasts (F). (B) Seven-day culture
showing several long myotubes (MT), one of which shows extensive
cross-striations (arrows). Scale bar is 50 wm in both A and B.
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The above stages are followed by the main period of
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,
1974; Vrbova et al., 1978 for reviews). An example is
the chicken latissimus dorsi muscles where mean fiber
diameter increases tenfold from 4 to 6 wm in 18-day-
old embryos to 40-60 wm in 8-month-old chickens
(Shear and Goldspink, 1971). There are also structural
changes in Z-disks during growth in chickens (Ahn et
al., 1993). Mechanical strength increases in the weeks
after hatching, and the disks in leg muscle become
stronger than those in breast muscle. Z-disks are known
to be associated with a very large protein (connectin,
or titin) that connects them to thick filaments. Titin is
also present in chicken muscle (Tan ef al, 1993), and
it changes its isoform during development (Hattori et
al., 1995).

Normal contractile activity is essential for post-
hatching muscle growth. Immobilization of chicken pos-
terior latissimus dorsi (PLD) muscles for periods up to
11 months results in a dramatic reduction of fiber size
(Shear, 1978, 1981). In mature fowls the atrophy is com-
pletely reversible, but when the immobilization is initi-

ated immediately posthatching it is only partially re-
versed.

Ill. MUSCLE FIBER TYPES

Asin amphibians and reptiles, as well as in mammals,
some of the avian muscle fibers adapt for rapid, intermit-
tent contraction whereas others adapt for more continu-
ous contraction. These functional differences require
differences in the structure and biochemistry of fibers.
Muscles are usually described as slow or fast contracting.
However, this represents an oversimplification of the
situation. The color of the muscles (red or white) does
not adequately describe the variety of fiber types that
exist either. Indeed, most individual muscles contain a
mixture of fiber types, and often more than two types
can be distinguished (e.g., Khan, 1976; Toutant et al.,
1980; Billeter et al., 1992). Five major fiber types have
been recognized on the basis of biochemical and mor-
phological criteria (Table 1) (Barnard et al., 1982). With
the important exception of the multiply innervated slow-
contracting fibers (which are common in avian, amphib-
ian, and reptilian, but not mammalian muscle), the fiber
types in the chicken muscle are closely similar to those

TABLE 1 Comparison of Different Fiber Types in Chicken Muscle”

Twitch fibers

Tonic fibers

I ITA 1B 112N 1B

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-TR? 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

“Adapted from Barnard et al. (1982) with permission.
bNADH-tetrazolium reductase.
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found in mammalian muscle. Very little mammalian
muscle is multiply innervated; the extraocular muscles
and esophagus are exceptions. Slow-contracting mam-
malian muscles (e.g., the soleus of the cat) are focally in-
nervated.

In addition to the morphological and enzymatic dif-
ferences which are shown in Table 1, avian white and
red fibers differ in their ultrastructure. Generally, white
fibers have a very definite fibrillar appearance (Fibrillen-
struktur) similar to that of mammalian muscle, whereas
red fibers have a more granular and indefinite appear-
ance (Felderstruktur).

In Fibrillenstruktur fibers (Figure 3A), the myofibrils
are polygonal in cross section and uniform in diameter
and have a regular arrangement, being separated from
each other by a granular sarcoplasm. The cross-
striations are evident; the dark A (anisotropic)- and
light T (isotropic)-bands. Each I-band is bisected by a
smooth Z-line running directly across the fibril (see Fig-
ure 1). The H-zone, where only thick filaments are
found, can be observed in the midsection of the A-band.

The actin and myosin filaments interdigitate on each
side of the H-zone causing the greatest optical density
in the sarcomere. An M-band can be seen bisecting
every H-zone. Taking the chicken posterior latissimus
dorsi (PLD) as an example, the myofibrils are 0.5-1 um
in diameter, the A-filaments are 1.55-1.6 wm long, and
the I-filaments 1.05 wm long. The I-filaments broaden
as they approach the Z-line and overlap 30-40 nm with
those of the next sarcomere.

In Felderstruktur fibers (Figure 3B), the fibrils are
very irregular in both size and distribution. The fibrils
connect with each other only at points along the length
of the fibrils. In the chicken anterior latissimus dorsi
(ALD), the fibrils appear ribbon-shaped in cross section,
having diameters of 0.5-1 wm by 2-5 um. The fibrils
are not regularly surrounded by sarcoplasm and gran-
ules. The Z-lines take a zigzag course across the width
of the fibril. The A-, I-, H-, and M-bands can be distin-
guished, although the M-line is somewhat less distinct
in Felderstruktur than in Fibrillenstruktur fibers. The A-
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
arranged at the level of the Z-line, where they can over-
lap those of the next sarcomere by around 100 nm. One
particularly unusual feature is a network of filaments
that encircles the fibrils at the Z-line level. Additionally,
there is a less well-developed and regular arrangement
of the T tubules and sarcoplasmic reticulum in Felder-
struktur than in Fibrillenstruktur fibers. Pigeon ALD
fibers appear to have some unique structural features
(Khan, 1993).

During development, fibers of posterior latissimus
dorsi muscles of the chicken become faster-contracting
than ALD fibers at about the same time as the density
of triads becomes higher (Takekura et al, 1993). The
sarcoplasmic reticulum also begins to differentiate
around this stage, but the final fiber-type-specific distri-
bution of T-tubules occurs after hatching. Other studies
have correlated the development of the functional Ca?*-
channels of the sarcoplasmic reticulum with that of spe-
cific forms of foot proteins (Sutko et al., 1991). There
are two isoforms of the sarcoplasmic reticulum Ca2*-
release channel (or “ryanodine receptor’) in chicken
skeletal muscles. They have similar conductances but
different activation and inactivation properties (Percival
et al., 1994). The a-isoform appears to be essential for
normal excitation—contraction coupling (Ivanenko et
al., 1995).

There are also developmental changes in expression
of isoforms of troponin T that correlate with differences
in Ca’" sensitivity and contractility in fibers from ALD,
PLD, and pectoralis major muscles (Reiser et al., 1992).
The fast-contracting PLD and pectoralis major fibers
become more sensitive to Ca?* during maturation, which
corresponds to changes in isoforms of troponin T, but
not of troponin C or I or troponomyosin. There are
overall changes in troponin C expression during devel-
opment, however (Berezowsky and Bag, 1992).

IV. INNERVATION

There is an intimate association between the muscle
structure and its innervation. Thus, the final maturation
and long-term survival of skeletal muscle is highly de-
pendent on innervation by the motor neurones. The
development of the neuromuscular junction is required
before individual muscle fibers can fulfill their adult
role. The development of nerve—muscle connections has
been studied in many species, including in chick muscle
(Hirano, 1967; Atsumi, 1971; Landmesser and Morris,
1975; Kikuchi and Ashmore, 1976; Atsumi, 1977; Bur-
rage and Lentz, 1981; Bourgeois and Toutant, 1982;
Adachi, 1983) and in pigeon muscle (Torrella et al,
1993). Nerve fibers are observable as early as when the

myoblasts are the predominant cell type, but at this
early stage there is no evidence of specialization of the
nerve ending or of localization of acetylcholinesterase,
which is used as a marker of functional transmission. It
has been suggested that the cell adhesion molecule, N-
cadherin, may be involved in stabilizing neuromuscular
contacts (Cifuertis-Diaz et al., 1994). As myotube devel-
opment proceeds, occasional nerve—muscle contacts can
be observed. In the intercostal muscles of chick em-
bryos, a few neuromuscular contacts are observable by
Day 6 of incubation. The first development of primitive
neuromuscular junctions occurs between Days 7 and 10,
and by Days 15-16 mature neuromuscular junctions
can be found; these are associated with fully developed
muscle fibers. From then on the size of the neuromuscu-
lar junction increases with muscle growth, but the basic
morphology remains essentially unchanged (Atsumi,
1971). In embryonic chick ALD the morphological de-
velopment of neuromuscular junctions has been corre-
lated with the onset of transmitter release measured
using electrophysiological techniques (Bennett and Pet-
tigrew, 1974). The sequence of innervation has been
studied in chick PLD muscles by Bourgeois and Toutant
(1982). Additionally, Adachi (1983) has observed that
the neuromuscular junctions of different muscles ma-
ture at different times, with proximal muscles preceding
distal ones.

In the chicken, innervation patterns are related to
the different fiber types. White Fibrillenstruktur fibers
are focally innervated by one or only a few nerve termi-
nals, as in mammalian muscle, whereas the Felder-
struktur-containing red fibers are multiply innervated
by many nerve terminals (Ginsborg and Mackay, 1961;
Hess, 1961). The endplate structure differs in focally
and multiply innervated fibers: endplates in focally in-
nervated fibers sit on top of the fiber and postjunctional
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 different
neuromuscular junctions (Maier, 1991). Intracellular
microelectrode studies have shown that in multiply in-
nervated fibers the maximum distance between adjacent
junctions is of the same order of magnitude as the space
constant of the fiber. Ginsborg and Mackay (1961) using
electrophysiological techniques to record junctional
electrical activity in the form of miniature endplate po-
tentials, measured the average distance between neuro-
muscular junctions in the ALD of a 2-week-old chick
as 225 um; at 15 weeks this increased to 790 um. Hess
(1961) found a distance of 1000 wm in adult chickens.
The distance between endplates appears to be directly
proportional to the length of the muscle fiber suggesting
that the number of junctions is established early in de-
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velopment and remains constant during growth. Gins-
borg and Mackay (1961) estimated that there were
about 80 junctions on each of the fibers of the ALD
that extend the length of the muscle.

V. ELECTRICAL PROPERTIES OF MUSCLE FIBERS

The resting membrane potential of mature avian
muscle fibers is similar to that of other skeletal muscles
(i.e., around -70 to -90 mV). In general, adult muscle
fiber membranes are much more permeable to K* than
to Na™, and this differential permeability develops dur-
ing growth.

The membrane-passive electrical properties of a mus-
cle fiber determine its response to an electrical stimulus.
A high fiber input resistance will result in a large voltage
response to a given current pulse; long space and time
constants will allow the response to spread over a large
area of the membrane. There are very marked differ-
ences in membrane-passive properties in avian multiply
and focally innervated fibers (Fedde, 1969; Gordon et
al., 1977b). The differences are linked to the observa-
tions, as in mammalian muscle, that propagating muscle
action potentials can be generated in focally innervated
fibers, but not always in multiply innervated fibers. In
focally innervated chick PLD fibers, propagated muscle
action potentials can be elicited by single nerve impulses
or by direct electrical stimulation of the muscle fibers
(Ginsborg, 1960b; Hnik et al., 1967. However, in multi-
ply innervated chick muscle, it is less straightforward.
It has been found that in vivo the ALD muscle of the
chick responds to single-shock nerve stimulation with
only local endplate potentials; no action potential is
produced. Propagated muscle action potentials can only
be elicited in vivo by closely spaced twin pulses or by
single shocks after a period of high-frequency nerve
stimulation (Jirmanova and Vyklicky, 1965; Hnik et al.,
1967). However, in vitro, either nerve stimulation or
direct muscle stimulation can elicit propagated muscle
action potentials in the ALD muscle (Ginsborg, 1960b).

In focally innervated twitch fibers, propagated muscle
action potentials emanate from the endplate region
as a result of local electrical activity from chemical
transmission (see later). These fibers have short space
(<1 mm) and time constants (3—-4 msec) so that the
local potential change evoked by transmitter acetylcho-
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,
in the multiply innervated fibers, contraction can be
initiated directly by the spread of the acetylcholine-
induced potential change. To facilitate this, these fibers
have long space (~2 mm) and time constants (~30 msec)

and there are many endplates per muscle fiber. Multiply
innervated fibers have high membrane resistances
(30004000 Qcm?) compared to those of focally inner-
vated fibers (500-600 Qcm?); this results in a large volt-
age change in response to the transmitter-induced local
current flow through the endplate ion channels. Thus,
the combination of electrical properties with the large
number of endplates allows simultaneous multiple local
responses produced by transmitter acetylcholine to ex-
cite the contractile mechanism and produce a muscle
contraction.

In terms of the development of the differences be-
tween the fiber types, at 14 days in ovo, the electrical
properties of ALD and PLD fibers are found to be
similar. The properties of the PLD change within the
first 2 weeks of hatching; some of the changes are associ-
ated with the membrane becoming permeable to CI°
ions (Poznansky and Steele, 1984).

Not surprisingly, given the vastly different mecha-
nism of initiation, the action potentials of the PLD mus-
cles are larger and have a faster maximum rate of rise
than those of ALD muscles when they are observed
(Cullen et al., 1975). Also, the action potential conduc-
tion velocity in the two muscles is markedly different;
in the isolated PLD muscle at 31-36°C, the conduction
velocity was 2.3-2.8 m/sec, compared to a value of 0.41—
0.7 m/secin isolated ALD muscle at 28-34°C (Ginsborg,
1960b). The difference in conduction velocity is related
to the difference in contraction speed of the two
muscles.

The different rates of rise of action potentials in the
different muscle types presumably relates to different
densities of voltage-dependent Na*-channels. The ap-
pearance of such channels in immature chick muscle
can be stimulated by the acetylcholine receptor inducing
factor ARIA (Corfas and Fischbach, 1993). The num-
bers of Na* channels expressed in cultured chick skeletal
muscle may be regulated by intracellular levels of Ca®*
(Satoh et al., 1992).

Although the action potentials in mature twitch fibers
of avian muscles result from activation of Na* chan-
nels, less-developed muscle fibers also have voltage-
dependent Ca®*-channels (e.g., Yoshida et al, 1990;
Satoh et al.,, 1991). The numbers of such channels can
be increased by electrical stimulation (Freud-Silverberg
and Shainberg, 1993), although the density of Ca?*-
channel binding sites does not appear to be different
between T-tubules from normal and dystrophic chickens
(Moro et al, 1995).

VI. CONTRACTILE PROPERTIES

Avian skeletal muscle contains actin and myosin fil-
aments, arranged in the classical interdigitated pattern
(see above). It is also known to contain the regulatory
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contractile proteins troponin, tropomyosin, and «-
actinin (Allen et al, 1979; Devlin and Emerson,
1978, 1979). It is therefore assumed that the process of
excitation—contraction coupling in avian muscle is es-
sentially the same as that in mammalian muscle. Thus,
certainly in focally innervated avian muscle fibers, it is
assumed that muscle action potentials spread down the
T-tubules to activate the contraction mechanism.

The contraction times of multiply innervated muscles
with a Felderstruktur are 5 to 10 times slower than those
of singly innervated muscles with a Fibrillenstruktur.
This can be observed both in vivo (Hnik et al., 1967)
and in vitro (Ginsborg, 1960b; Gordon and Vrbova,
1975; Gordon et al., 1977b). The time to reach one-
half maximum response to a 40-Hz tetanus was about
400-500 msec in the chicken ALD, but only about
50 msec in the chicken PLD. Two other multiply inner-
vated muscles of the chicken, the adductor profundus
and the plantaris, have been shown to contract with
velocities similar to that of the ALD (Barnard et al,
1982).

Contractile property development has been studied
by Gordon et al. (1977a,b) in chicken ALD and PLD
muscles. After 14-16 days incubation the contraction
speeds of both embryo muscles were similar (time to
half-maximal tension response to 40 Hz stimulation was
~400-500 msec). Little change in the contraction speed
of ALD muscles was observed during subsequent devel-
opment. In contrast there was a progressive increase in
the speed of contraction of PLD muscles

VII. NEUROMUSCULAR TRANSMISSION

The neurotransmitter at avian skeletal muscle neuro-
muscular junctions is acetylcholine. Evidence for this
includes the facts that choline acetyltransferase, the en-
zyme that synthesizes acetylcholine, is present in
chicken ALD and PLD muscles and its activity increases
during development (Betz et al., 1980). Drugs such as
hemicholinium, which inhibits choline uptake; vesami-
col, which blocks synaptic vesicular transport of acetyl-
choline; and B-bungarotoxin, which blocks acetylcholine
release, block neuromuscular transmission in chicken
muscle (Marshall, 1969, 1970; Dryden et al., 1974). Thus,
it appears from pharmacological inference that prejunc-
tional events at avian junctions share common basic
mechanisms with the more widely studied mammalian
and amphibian systems. Thus, it is likely that acetylcho-
line is synthesized from its precursors by choline acetyl-
transferase in the cytoplasm of the nerve terminal. It is
now known that acetylcholine is loaded into synaptic
vesicles, their storage structures, by a two-stage concen-
trative mechanism. In this, protons enter the vesicle

by an active transport mechanism involving a V-type
ATPase. Intravesicular protons are then exchanged for
acetylcholine via the acetylcholine transporter itself
(see Parsons et al, 1993 for review). The vesicles are
thought to be anchored to the intraterminal cytoskele-
ton, including actin strands, by a family of synaptic
vesicle-associated proteins, the synapsins. Phosphoryla-
tion of synapsin by a calcium/calmodulin-dependent
protein kinase leads to the freeing of the synaptic vesi-
cle, allowing it to travel toward the active zones or
release sites in the prejunctional sarcolemma. A pleth-
ora of prejunctional proteins have been associated with
the actual process of release, including synaptobrevin,
synaptotagmin, syntaxins, synaptophysins, and the a-
latrotoxin receptor, rab3A. One possible mechanism is
that synaptotagmin, associated with the vesicle, binds
to the a-latrotoxin receptor, which is associated with
the sarcolemma, forming a fusion pore through which
the contents of the vesicle can be released into the
synaptic cleft (see Catsicas et al., 1994 for review).

Although the release of acetylcholine from avian mo-
tor nerve terminals is dependent on extracellular Ca?",
as in amphibian and mammalian species, the Ca’'-
channels are different from those in murine motor
nerves. Release of acetylcholine from chicken motor
nerves is sensitive to w-conotoxin GVIA, whereas that
from mouse motor nerves is not (De Luca et al., 1991).

On the postjunctional side of the membrane, nicotine
itself was long ago demonstrated to cause contracture
of avian muscle (Langley, 1905; Gasser and Dale, 1926).
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 time
for mammalian skeletal muscle. Brown and Harvey
(1938) showed that close-arterial injection of acetylcho-
line into the gastrocnemius muscle of anesthetized
chickens caused a biphasic response, a rapid contraction
of the focally innervated fibers followed by a slower,
longer-maintained contracture of the multiply inner-
vated fibers. The presence of acetylcholine receptors in
avian muscle has been demonstrated unequivocally by
the binding of a-bungarotoxin, an extremely potent and
almost irreversible binding component for muscle-type
nicotinic receptors from the venom of the Taiwan krait
(Chang et al.,, 1975).

The muscle-type nicotinic receptor, which represents
the chemically excitable portion of the muscle mem-
brane, constitutes the recognition site for the chemical
transmitter and a cation channel. Thus, it is a ligand-
gated cation channel. It is one of a family of such ligand-
gated channels, which includes the SHT;, GABA,4, gly-
cine, and kainate-type glutamate receptors. It is made
up of a protein pentamer inserted into the electrically
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
Na* and K* 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-6-e. In Torpedo receptors, where much
of the original work was performed, and in immature
mammalian muscle, the e-subunit is replaced by a vy-
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
M1-M4. The five M2 «a-helices of the constituent sub-
units form the inner wall of the channel. The two a-
subunits appear identical in amino acid composition.
However, their pharmacological binding properties are
different. Thus, in Torpedo receptor dimers formed
from ( plus a-or from a-plus-6 have different binding
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
does not appear to play a role in binding.

As indicated earlier, the distribution of endplates
and therefore of acetylcholine receptors is different on
multiply and focally innervated avian muscle. In the
focally innervated fibers, acetylcholine sensitivity ap-
pears only at the single neuromuscular junction area of
the fiber, whereas there are several peaks of sensitivity
in multiply innervated fibers associated with the larger
number of endplates per fiber (Fedde, 1969). There is a
corresponding difference in the pattern of spontaneous
miniature endplate potential activity (Figure 4) (Gins-
borg, 1960a). In a focally innervated preparation, minia-
ture endplate potential rise times recorded from any
individual fiber do not vary greatly (Figure 4a). In multi-
ply innervated muscles, miniature endplate potentials
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FIGURE 4 (a) Focal and (b) diffuse spontaneous activity (mepps)
recorded with intracellular electrodes from two different fibers of the
same chick biventer cervicis muscle at 37°C. The relatively constant
shape of the potentials in a indicates that they originated at a focal
endplate close to which the fiber was impaled. The variations in the
shapes of the potentials in b indicate that they originated at junctions
at a variety of distances from the point at which the fiber was impaled.
Reproduced with permission from Ginsborg (1960a).

have widely varying rise times. The smaller potentials
measured have longer rise times than larger potentials,
suggesting that the small potentials originate some dis-
tance from the site of the recording electrode (Figure
4b). This diffuse pattern of electrical activity has been
related to multiple innervation and the more uniform
electrical activity to focal (or single) innervation.
Miniature endplate currents from chick ALD and
PLD muscles have been recorded using the two-micro-
electrode voltage clamp technique (Harvey and van
Helden, 1981) (Figure 5). In the focally innervated PLD
fibers, miniature endplate currents with fast growth
times could only be recorded from a single site on each
fiber, whereas miniature endplate currents could be re-
corded from many locations on fibers in ALD muscles.
Consistent with Ginsborg’s data, obtained using single-
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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, mp, are shown

in the arrows in C and D.

electrode potential recording techniques (Ginsborg,
1960a), the miniature endplate currents in ALD muscles
had a much wider range of amplitudes and growth times,
consistent with multiple innervation, than those in PLD
muscles. In the ALD fibers, very slowly rising miniature
endplate currents were frequently observed having am-
plitudes much greater than predicted from cable theory
for the propagation of a transient signal along a muscle
fiber. The significance of these giant, slow spontaneous
events is unknown, although similar phenomena have
been described in mammalian preparations treated with
certain drugs (Molgé and Thesleff, 1982).

There is little evidence for significant differences in
the functional (Harvey and van Helden, 1981) or bio-
chemical (Sumikawa et al., 1982a,b) properties of recep-
tors from different types of chicken muscle. Thus, in

contrast to findings on multiply and singly innervated
fibers of the snake (Dionne and Parsons, 1981) and frog
(Miledi and Uchitel, 1981), receptors in both types of
chicken muscle have similar channel properties (Harvey
and van Helden, 1981). Both types of muscle have the
same transmitter reversal potential. Similar single-
channel conductances (20-40 pS) and single channel
lifetimes (4-8 msec at resting potentials of -60 to
-80 mV at room temperature) were observed, and simi-
lar temperature and voltage sensitivities were measured.
One major difference from mammalian or amphibian
receptors was that the channel lifetimes of chicken ace-
tylcholine receptors were consistently longer than those
of the other species measured under the same condi-
tions. Such long channel lifetimes are also found in choli-
noceptors of denervated and in immature mammalian
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muscle, and there is some evidence for an immunologi-
cal similarity between such mammalian receptors and
those on mature avian ALD muscles (Hall et al., 1985).
During development of mammalian muscle it is known
that there is a change to short open times (Sakmann
and Brenner, 1978). This is associated with the change
from a +y- to e-subunit in the receptor. However, the
corresponding change does not occur during the devel-
opment of chicken ALD or PLD from 16-day-old em-
bryos to 14-week-old animals (Harvey and van Helden,
1981), although there are developmental changes in the
molecular forms of acetylcholinesterase at ALD and
PLD neuromuscular junctions (Jedrzejczyk et al., 1984).

Acetylcholine receptor turnover has been estimated
for in vivo developing chicken muscle by measuring the
rate of release of bound radioactivity from radiolabelled
a-bungarotoxin (Betz et al, 1980; Burden, 1977a,b).
Both junctional and extrajunctional receptors had simi-
lar half-lives (~30 hr) until about 3 weeks after hatching,
when the junctional receptors reached the adult half-
life of about 5 days (Burden, 1977b; Betz et al, 1980).
The mechanisms responsible for the change in rate of
metabolism are not known, but they presumably relate
to changes in the cytoskeleton. The change in avian
muscle happens much more slowly than in mammalian
muscle. Close packing of receptors does not by itself
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).

The study of the distribution of acetylcholine recep-
tors has been extended to investigations of gene expres-
sion and of cytoskeletal proteins that might be associ-
ated with clusters of receptors. A glycoprotein has been
isolated from chick brain that increases the appearance
of receptors in chick myotubes: it has been called ARIA
for “acetylcholine receptor-inducing activity.” A partial
pro-ARIA cDNA has been cloned, and it was shown to
produce functionally effective ARIA after transfection
into kidney cells (Punn and Tsim, 1995). The glycopro-
tein ARIA has also been shown to induce the produc-
tion of Na*-channels in cultured chick muscle, suggest-
ing that it might regulate several genes important for
the development of neuromuscular junctions (Corfas
and Fischbach, 1993). Developmental changes in the
activity of genes coding for acetylcholine subunits have
been studied (e.g., Jia et al., 1992), as has the localization
of relevant mRNAs by in situ hybridization (Piette et
al., 1992). The link between electrical activity of chick
muscle (at least in denervated muscle) and inactivation
of genes coding for acetylcholine receptors appears to
involve the activation of protein kinase C (Huang et al.,
1992, 1993), which also regulates other muscle genes
(Choi et al., 1991).

Agrin induces the clustering of acetylcholine recep-
tors on membranes of cultured chick myotubes, and
agrinlike molecules are present at developing neuro-
muscular junctions. Agrin also influenced the distribu-
tion of some cytoskeletal proteins, including filamin,
«a-actinin, and vinculin, but had no effect on actin or
tropomyosin (Shadiack and Nitkin, 1991). It is probable
that proteins like filamin contribute to the stability of
the clusters of acetylcholine receptors in mature skele-
tal muscle.

ATP is released along with acetylcholine from motor
nerves because it is contained within synaptic vesicles
along with acetylcholine. It is not clear if ATP has a
role in neuromuscular transmission in adults, but several
ATP-induced responses have been demonstrated in de-
veloping chicken muscle and in immature muscle cells
in tissue culture. ATP was shown to induce a rapid
depolorization by activating a single class of ion channel
which was permeable to monovalent cations and anions
(Thomas and Hume, 1990). ATP also induced a slower
activation of K*-channels (Hume and Thomas, 1990),
which involves two distinct classes of channels with dif-
ferent conductances (23 and 50 pS) (Thomas and Hume,
1993). From pharmacological experiments with a range
of ATP agonists and antagonists, it appears that the
same class of ATP receptor is linked to both types of
response (Thomas et al., 1991).

VIII. USES OF AVIAN MUSCLE IN
NEUROMUSCULAR PHARMACOLOGY

It has long been known that avian and amphibian
muscles respond quite differently from mammalian
muscle to the addition of acetylcholine and other nico-
tinic agonist drugs such as nicotine and decamethonium
which cause endplate depolarization. In early studies of
neurotransmission, mimicking of the effects of nerve
stimulation by injection of putative chemical transmit-
ters helped to lead to theories of chemical synaptic trans-
mission. However, confirmation of chemical transmis-
sion in all types of skeletal muscle was hampered by
the fact that innervated mammalian muscle does not
respond to intravenously injected acetylcholine or to
acetylcholine injected into the solution bathing an iso-
lated muscle. In contrast, nicotine and acetylcholine had
long been known to produce contracture responses
when injected intravenously into chickens (Langley,
1905; Gasser and Dale, 1926). It was not until after the
discovery of the release of acetylcholine from mamma-
lian motor nerves (Dale et al, 1936) that Brown (1938)
showed that close intraarterial injection of acetylcholine
was required to produce contraction responses in mam-
mals similar to those produced by nerve stimulation.
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The difference between the responses of avian and
mammalian muscle to endplate depolarizing drugs is
related to the previously described innervation and
excitation—contraction coupling mechanisms of multi-
ply and focally innervated muscles. Thus, in focally in-
nervated muscles, simultaneous activation of the end-
plate receptors on many individual muscle fibers is
necessary to obtain a synchronized contraction of the
muscle. This is difficult to achieve with applied agonists.
In multiply innervated muscles, the local endplate depo-
larizations directly excite the contractile mechanism
without the necessity for action potential generation.
The muscle will remain in contracture for as long as the
depolarizing agent remains activating the receptors. The
amplitude of the tension response is related to the num-
ber of receptors occupied by the drug, and this phenom-
enon can be exploited in the study of the action of drugs
acting at the neuromuscular junction.

The contracture response of avian multiply inner-
vated muscle has been used to study the actions of nico-
tinic agonist drugs in the same way as in other multiply
innervated muscles, such as the frog rectus abdominis
and the leech dorsal muscle. Isolated muscles that have
been used for this purpose are the anterior latissimus
dorsi (Ginsborg and Mackay, 1960), the semispinalis
cervicis (Child and Zaimis, 1960), the biventer cervicis
(Ginsborg and Warriner, 1960), and the tibialis anterior
(van Reizen, 1968) muscles; the latter two muscles also
contain significant numbers of focally innervated fibers.
Multiply innervated fibers in the necks and legs of birds
has been utilized to differentiate between neuromuscu-
lar blocking drugs of the depolarizing and nondepolariz-
ing types (Buttle and Zaimis, 1949; Zaimis, 1953, 1959;
Bowman, 1964). These types of drugs are used clinically
as skeletal muscle relaxants. However, depolarizing
drugs possess several undesirable effects relating to their
mechanism of action that necessitate their identification
and removal from testing programs designed to discover
new agents. Depolarizing agents such as decametho-
nium, suxamethonium, and carbolonium produce, on
intravenous injection in birds, a characteristic spastic
paralysis with the neck pulled back and the legs rigidly
extended. In contrast, nondepolarizing agents such as
tubocurarine produce a flaccid paralysis. Despite the
usefulness of this test in unanaesthetized birds, its use
is contraindicated on ethical grounds.

It is possible to construct classical concentration—
response curves to nicotinic agonists on isolated
avian multiply innervated muscle and hence to study
the effects of nicotinic antagonists. From these
concentration—response curves it is possible to show
competitive and noncompetitive blockade of nicotinic
receptors by examination of the shape and position of

concentration—response lines in the presence of the an-
tagonist.

In our own laboratories, as in others, the isolated
chick biventer cervicis nerve—muscle preparation has
been widely used as a simple, inexpensive preparation
for the initial screening of drugs thought to act at the
neuromuscular junction. In this context it has a valuable
use both in research and in undergraduate teaching.
The muscle can be readily isolated together with its
motor nerve, which is encapsulated in its tendon. As
the muscle contains a mixture of focally and multiply
innervated fibers, stimulation of the motor nerve results
in twitch responses mainly of the focally innervated
fibers, whereas addition of agonists results in contrac-
ture responses of the multiply innervated fibers (Figure
6). Drugs that act to change postjunctional acetylcholine
receptor responsiveness affect responses to both nerve
stimulation and added agonists. In contrast, drugs that
act by changing the release of acetylcholine from the
nerve terminals either reduce or increase responses
to nerve stimulation, but the responses to added agon-
ists remain unchanged. This is shown with 34-
diaminopyridine which increases transmitter release
(Figure 6). Actions of drugs directly on muscle contrac-
tility can be assessed on preparations stimulated directly
by addition of KCIl or by electrical stimulation after
abolition of neuromuscular transmission. We have used
this preparation to study the effects of various groups
of drugs affecting neuromuscular transmission including
competitive neuromuscular blocking agents (Gandiha
et al., 1975; Durant et al., 1979; Marshall et al, 1981;
Habtemariam et al., 1993; Verma et al., 1994), irrevers-
ible postjunctionally acting snake toxins (Dryden et al.,
1974; Harvey et al., 1978, 1982; Harvey and Tamiya,
1980), postjunctionally active receptor-associated chan-
nel-blocking drugs (Harvey et al., 1984), prejunctionally
active blocking drugs interfering with acetylcholine me-
tabolism (Marshall, 1969, 1970a,b), snake toxins and
antibiotics that reduce acetylcholine release (Dryden et
al., 1974; Singh et al., 1978; Faure et al., 1993), aminopyri-
dines (Bowman et al, 1977, Harvey and Marshall,
1977a,b,c), snake and scorpion toxins that increase
transmitter release (Barrett and Harvey, 1979; Harvey
and Karlsson, 1980, 1982; Marshall and Harvey, 1989;
Rowan et al., 1992; Hollecker et al., 1993), myotoxic and
neurotoxic phospholipases A, (Rowan et al, 1989a,b,
1991; Mollier et al., 1989; Takasaki et al., 1990; Chwetzoff
et al., 1990; Geh et al, 1992; Fatehi et al., 1994), and
anticholinesterase agents (Gandiha et al., 1972; Green
etal., 1978; Braga et al., 1991). In the case of the last class
of drugs, it should be noted that chicken muscle acetyl-
cholinesterase may be insensitive to some types of inhibi-
tors (e.g., Anderson et al., 1985). The preparation has also
been used as amodel to study the type of drug interaction
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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.)

that causes muscle damage in malignant hyperthermia: a
combination of halothane and suxamethonium induced
release of creatine kinase, which was prevented by chlor-
promazine (McLoughlin et al., 1991).

Because of its simplicity in use, the chick biventer
cervicis preparation was recommended as a standard
preparation for the screening of snake venoms for neu-
rotoxic and myotoxic effects and for checking that anti-
venoms can neutralize such effects of venoms (Harvey
etal., 1994). This use was demonstrated with six Interna-
tional Reference Antivenoms designated by the World
Health Organization (Barfaraz and Harvey, 1994).
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I. INTRODUCTION

Birds have evolved a high-performance cardiovascu-
lar system to meet the rigorous demands of running,
flying, swimming, or diving in a variety of environments,
some of them very harsh. Sustained high levels of activ-
ity in these environments place severe demands on the
transport capabilities of the cardiovascular system to
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provide adequate delivery of oxygen to working vascu-
lar beds and to provide efficient removal of metabolic
products. Furthermore, birds are homeothermic organ-
isms and the cardiovascular system plays a major role
in conserving or removing body heat. The descriptions
of the component parts of the circulatory system in this
chapter illustrate that these transport requirements are
met in a variety of ways in birds inhabiting particular
environmental niches. This chapter describes the mor-
phology and functional aspects of the avian heart (Sec-
tion II), hemodynamics of the circulation (Section III),
the vascular tree (Section IV), and the physiological
properties of the blood (Section V). A common thread
running through this discussion is that the component
parts of the circulation must cooperate in an integrated
fashion in order to ensure that oxygen delivery to the
tissues matches demand. The integrative control of the
avian circulation by autoregulatory, humoral, and neu-
ral mechanisms is described in Section VI.

Modern birds are probably derived from theropod
dinosaurs (Chiappe, 1995), while mammals have de-
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
terms avian and mammalian stocks have been separated
for a substantial period of time. As one might expect,
significant differences in cardiovascular structure and
function have arisen in the two groups since their separa-
tion, yet a number of similarities in their circulatory
systems are also evident. Such similarities probably rep-
resent both the conservation of characteristics common
to organisms ancestral to the two groups and the results

Copyright © 2000 by Academic Press.
All rights of reproduction in any form reserved.
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of convergent evolution once the stocks had divided.
However, our knowledge of cardiovascular structure
and function is far more limited in birds than in mam-
mals. In comparing the characteristics of the avian car-
diovascular system with those of the mammalian circula-
tion throughout this chapter, we have attempted to
clarify the nature of the divergent and convergent fea-
tures of this system in the two groups.

This review of the avian cardiovascular system draws
on a number of excellent previous reviews, including
major works by Akester (1971), Jones and Johansen
(1972), Bennett (1974), Baumel (1975), Akester (1979),
Cabot and Cohen (1980), West et al. (1981), Benzo
(1986), and the previous edition of this volume (Sturkie,
1986b). This chapter represents an update and extension
of these works and summarizes recent contributions in
additional areas not previously covered.

IIl. HEART

A. Gross Structure and Function
1. Functional Anatomy

The avian heart, like that of the mammal, is a four-
chambered, muscular fluid pump that intermittently
pressurizes the central arteries, inducing blood flow to
the capillary beds of both the systemic and pulmonary
circulations. Functionally, these circuits lie in series with
each other, and blood returns to the heart to be pressur-
ized before entering either circuit. As in mammals, the
right ventricle pressurizes the pulmonary circulation,
the left ventricle the systemic circulation. In each case,
the pressure differential between the central mean arte-
rial pressure and the central venous pressure drives
blood flow (the cardiac output) through the resistance
to flow offered by the microvessels of the circulation.
The left and right atria receive blood at central venous
pressure before it enters the ventricles. In common with
the atria of mammals, these chambers probably function
more as blood reservoirs for their respective ventricles
than as important “‘superchargers” for ventricular pres-
sure. The resistance to blood flow, the peripheral resis-
tance, is lower in the pulmonary than in the systemic
circuit, so the right ventricle is required to generate less
pressure than the left ventricle to produce the same
volume flow rate. This difference in ventricular pressure
is reflected in the gross anatomy of the ventricles, the
myocardium of the right ventricle being thinner than
that of the more powerful left ventricle.

In birds, the heart is located in the cranial part of
the common thoracoabdominal cavity, with its long axis
slightly to the right of the midline. It is partly enclosed
dorsally and laterally by the lobes of the liver. A very

thin but tough, fibrous pericardial sac encloses the heart.
This sac contains a small volume of serous fluid that
provides lubrication for the rhythmic motion of the car-
diac contraction cycle. The pericardium is loosely
attached to the dorsal surface of the sternum and the
surrounding air sacs and more firmly to the liver. It is
also attached, via the peritoneum of the hepatic perito-
neal cavities, to the vertebral column. These attach-
ments secure the apex of the heart within the median
incisura of the liver and in the caudoventral axis of the
thoracoabdominal cavity. The outer fibrous layer of the
pericardial sac is continuous with the outer adventitial
layer of the large central blood vessels. The pericardial
membrane is relatively noncompliant and therefore
strongly resists large, rapid increases in cardiac size
which might be caused by volume overload of a heart
chamber. The noncompliant nature of the pericardial
sac may result in some degree of mechanical coupling
between the ventricles via the contained incompressible
lubricating fluid. For example, an increase in diastolic
pressure in one ventricle may be transmitted to the
other, increasing pressure and decreasing compliance.

2. Heart Size

In birds, heart mass scales in respect to body mass
as My, = 0.014M,>°! (Bishop and Butler, 1995). In mam-
mals the relationship is My, = 0.0058M,, *** (Prothero,
1979), where My, is heart mass and My, body mass.

When compared with mammals, birds of a given body
mass have a significantly heavier heart. This may be
due to the high aerobic power input needed to sustain
flapping flight. Furthermore, unlike mammals in which
heart mass is almost directly proportional to body mass,
in birds the exponent denoting proportionality is sig-
nificantly less than one. This means that larger birds
like swans, ducks and geese tend to have proportionally
much smaller hearts in relation to their body mass than
do smaller birds. Thus, heart mass represents about 1.1%
of body mass for a bird like the racing pigeon (421 g),
compared with 0.8% for the 2.95 kg Pekin duck; this
relationship is shown in Figure 1 (Grubb, 1983; Bishop
and Butler 1995). In at least one large species, the barna-
cle goose (mass 1.6 kg), the heart can hypertrophy be-
fore migration to an estimated 1.1% of body mass
(Bishop et al., 1995). Therefore, large flying birds may
have the genetic potential to increase heart size, and
therefore cardiac output, through either seasonal hu-
moral mechanisms or in the long term through natural
selection. Hummingbirds have proportionally larger
hearts than all other birds (shown separately in Figure
1), probably reflecting the high aerobic demands of hov-
ering flight. For 25 species of hummingbirds: M, =
0.025M,>% (Hartman, 1961).
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FIGURE 1 (A) Heart mass as a percentage of body mass. (B) Heart
mass in grams, plotted against body mass (g) for 488 avian species,
including 25 species of hummingbird. Hummingbird data are repre-
sented by the filled triangles and dashed line; all other species are
represented by open circles and solid line. (After Physiological model-
ling of oxygen consumption in birds during flight, C. M. Bishop and
P. J. Butler, J. Exp. Biol. 198, 2153-2163, 1995, © Springer-Verlag.)

3. Cardiac Chambers

The avian heart has two completely divided atria and
ventricles. These chambers are functionally equivalent
to those of the mammalian heart, serving to distribute
cardiac output both to the systemic circulation and to the
lungs. In life, the atria are rounded chambers, distended
with blood in atrial diastole. In excised hearts they may
collapse, causing auricles to appear. The right atrium
tends to be much larger than the left. The wall of the
avian atria and ventricles, as in mammals, consists of
endocardial, myocardial, and epicardial layers. The
atrial walls are generally thin, although atrial muscle is
arranged in thick bundles forming muscular arches. The
right and left transverse arches are arranged at right
angles to the dorsal longitudinal arch and the interatrial
septum. The transverse arches branch into smaller bun-
dles which fuse with a circular muscle band (muscularis
basianularis atrii) at the ventral limits of the atria. Con-
traction of atrial muscle nearly empties the atria. In
many species the atria lack functional inflow valves, so
that the importance of atrial contraction for ventricular
filling may be slight.

The muscular architecture of the ventricles is more
complex than that of the atria and includes a superficial

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
the lower systolic pressures generated by this chamber,
made possible by the low vascular resistance of the avian
lungs. Another consequence of this geometry is that
relatively large changes in stroke volume can be made
by small changes in the degree of shortening of right
ventricular muscle fibers.

4. Valves

Blood entering the left ventricle from the left atrium
on atrial systole passes through an orifice guarded by a
membranous atrioventricular (AV) valve, similar in gen-
eral structure toamammalian AV valve. The valve forms
a continuous membrane around the aperture. The valve
is tricuspid, not bicuspid as it is in mammals, but in the
avian heart the cusps of this valve are poorly defined. The
anterior and posterior leaflets are small. The large aortic
(medial) leaflet is connected to the bases of the left and
noncoronary cusps of the adjacent aortic outflow valve
by fibrous tissue. The free margin of the valve is well se-
cured to the left ventricular endocardium by numerous
inextensible chordae tendineae. This arrangement pre-
vents valve eversion during ventricular systole.

Blood passing from the right atrium to the right ven-
tricle enters through an orifice guarded by an AV valve
that is structurally unique to birds. In pronounced con-
trast to the fibrous structure characteristic of the mam-
malian tricuspid valve, in birds the right AV valve con-
sists of a single spiral flap of myocardium attached
obliquely to the free wall of the right ventricle (Figure
3; Lu et al, 1993a). This spiral flap is apposed to a
downward extension of the free wall of the right atrium.
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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 um 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 © 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.
Definitive physiological experiments have not been per-
formed to resolve this issue, but the balance of current
evidence suggests that both portions of the valve are elec-
trically activated before the ventricular myocardium to
dynamically contract and close the AV orifice at the start
of ventricularsystole (Luezal., 1993b). Thisis clearly very
different from the closure mechanism in mammals, in
which the leaflets of the tricuspid valve float up into the
right AV orifice, moved by the AV pressure differential
generated during ventricular systole itself.

The outflow valves from the right and left ventricles
are, at first glance, more conventional (mammalian) in
nature. The pulmonary outflow valve consists of three
semilunar cusps. It prevents regurgitation from the pul-
monary artery into the right ventricle, the valvules open-
ing as pressure in the ventricle falls below that in the
pulmonary trunk on ventricular diastole. There are also
three semilunar cusps in the aortic outflow valve, but
they are much more rigid than those of the pulmonary
outflow valve and are firmly attached to underlying myo-
cardium. The cusps are linked by a ring of fibrous tissue
that lies within a complete ring of underlying, circumfer-
entially arranged, myocardial cells. The ring is com-
pleted by an arch of cardiac muscle that lies between
the left coronary cusp of the aortic outflow valve and
the aortic leaflet of the left AV valve as shown in Figure
4 (Lu et al.,, 1993a). This anatomical arrangement con-
trasts with that in the mammalian heart, in which there
is only connective tissue, not myocardium, between that
part of the muscular ring lying between the aortic wall

i \..

FIGURE 4 Photomicrograph of a histological section of the chicken
heart, taken in a modified sagittal plane through the anterior column
of the muscle arch, indicated by an asterisk. The muscle arch lies be-
tween the left coronary aortic valve cusp (curved arrow) and the aortic
leaflet of the left AV valve (straight arrow). IAS, interatrial septum;
LA, left atrium; LV, left ventricle. (After Histological organization of
the right and left antrioventricular 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 © 1993 Wiley-Liss, Inc. Reprinted by permission of Wiley-
Liss, Inc., a subsidiary of John Wiley & Sons, Inc.)

and the adjacent mitral valve; in mammals the myocar-
dial ring is incomplete. In the bird, however, this sphinc-
terlike myocardial cylinder is potentially capable, on
contraction, of constricting the left ventricular outflow
tract. Lu et al. (1993a) propose that the muscular ring
could act as a sphincter controlling the rate of left ven-
tricular outflow by modulating outflow resistance. An-
other attractive possibility is that muscular contraction
of the myocardial ring could close the relatively rigid
cusps of the aortic outflow valve. The middle bundle
branch of the Purkinje system is connected to the arch
of muscle, so its contraction may start relatively early
in the cardiac cycle. Obviously, physiological studies are
urgently needed to determine whether either of these
intriguing mechanisms operate in the avian heart.

5. Coronary Circulation

Oxygenated blood destined to supply the avian myo-
cardium via the right and left coronary arteries enters
the right ventral and left aortic sinuses, which lie imme-
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diately downstream from the cusps of the aortic outflow
valve. Most birds have two entrances to the coronary
circulation, although there is individual variation so that
up to four openings have been observed. In chickens
the right ventral sinus leads into the right coronary ar-
tery, which then divides immediately into a superficial
and a deep branch (Figure 5). The superficial branch
follows the groove (coronary sulcus) between the right
ventricle and atrium and supplies the cardiac muscle
of both chambers. The larger deep branch supplies the
ventral wall of the right ventricle, the dorsal walls of
both atria, and the muscular right atrioventricular valve.
In most species the right coronary artery is dominant
and also supplies the ventricular septum, the heart apex,
and much of the left ventricular myocardium. The left
coronary artery arises from the left aortic sinus and also
has a superficial branch which follows the left coronary
sulcus. Another superficial branch gives off atrial and
ventricular tributaries, and a deep branch supplies the
ventral myocardium of the left ventricle. It is not uncom-
mon in chickens for the left coronary artery to be domi-
nant, in which case it supplies almost all of the left
ventricular myocardium and the heart apex. There are
frequent anastomoses between the branches of the coro-
nary arteries, particularly near the coronary sulcus.

Five groups of cardiac veins, with frequently anasto-
mosing small tributaries, return venous blood from the
myocardium into the right atrium via a coronary sinus.
Small cardiac veins open directly into the atria and the
right ventricle. This basic anatomical pattern of coro-
nary circulation is seen in birds ranging from the
chicken, duck, and pigeon (West et al, 1981) to the
ostrich (Bezuidenhout, 1984).

The rate of perfusion of the myocardium of the bird
heart is high compared with the perfusion rates of most
other avian tissues, as shown in Figure 25 (see Section
IV,B,3) (Johansen, 1964; Jones et al., 1979). The con-
stantly active cardiac muscle is perfused at a much
higher rate than resting skeletal muscle. Presumably, as
in mammals, the majority of avian coronary blood flow
occurs in diastole, so we might expect coronary flow to
increase if the diastolic interval is prolonged, provided
arterial driving pressure does not fall. This combination
of factors occurs during avian diving, in which the heart
slows and the arterial pressure is maintained by an in-
crease in peripheral resistance. In mallards coronary
flow is well maintained under these circumstances
(Jones et al., 1979).

Generally, a reduction in the oxygen supply, or an
increase in myocardial oxygen demand, results in a com-
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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
factors presumably come into play during high-altitude
flight in birds. In Pekin ducks and bar-headed geese
coronary blood flow (expressed per gram of wet heart
weight) was about 3.5 ml min~! g! at sea level when
the inspired partial pressure of oxygen (P;O,;) was
142 mmHg. Exposure to severe hypoxia (28 mmHg
P,0,) resulted in increases in coronary blood flow of
5.5 and 2.7 times respectively in ducks and geese (Faraci
et al., 1984). These were largely brought about by de-
creases in coronary vascular resistance in response to
hypoxia (Figure 6). Although bar-headed geese are ac-
complished high-altitude fliers, in contrast to ducks, the
geese showed smaller increases in coronary blood flow
under the conditions of these experiments. However,
these smaller increases in flow still satisfied myocardial
oxygen demand because arterial oxygen content (C,0;)
was higher in the geese than in the ducks.

When migrating at extreme altitude (up to 9000 m)
bar-headed geese must hyperventilate to maintain P,O,
at adequate levels in the face of reduced P;O,. As a
consequence of increased ventilation, carbon dioxide is
removed from the blood at an increased rate and P,CO,
falls. Therefore arterial blood in the geese flying at high
altitude is both alkalotic and hypocapnic. Carbon diox-
ide is a potent coronary vasodilating agent in mammals,
coupling increased aerobic metabolism in the myocar-
dium to an increased rate of oxygen delivery, accom-
plished by decreases in coronary resistance and in-
creases in coronary blood flow. On the other hand,
hypocapnia results in increased coronary flow resis-
tance and decreased coronary blood flow. This would
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obviously be highly undesirable in a bird engaged in ac-
tive high altitude migratory flight. Interestingly, the rela-
tionship between coronary blood flow and P,CO, in
bar-headed geese appears to be quite different in the hy-
pocapnic and hypercapnic ranges of PCO,_ Over a hy-
percapnic range of P,CO, from about 30 to 60 mmHg
there is a linear increase in coronary flow with P,CO,, as
in the mammal. However, in the hypocapnic condition,
when P,CO, is 30 mmHg or lower, there appears to be no
effect of P,CO, on coronary blood flow or resistance
(Faraciand Fedde, 1986). Whether this represents a specific
vascular adaptation securing myocardial oxygen delivery
during high-altitude flight remains to be determined.
Turkeys sometimes show a congestive cardiomyopa-
thy that is presumed to be of viral origin, the so-called
“round heart disease.” In this condition, systemic hypo-
tension and low cardiac output, caused by reduced left
ventricular myocardial shortening, are probably the re-
sult of reduced subendocardial coronary perfusion rate
(Einzig et al., 1980). Turkeys with round heart disease
also show an altered EKG pattern (see Section I1,C 4).

B. Cardiac Variables

The avian cardiovascular systemis not merely areplica
of the arrangement in mammals, despite similarities in
performance between the two systems. Birds have larger
hearts, bigger stroke volumes, lower heart rates, and
higher cardiac outputs than mammals of corresponding
body mass (Grubb, 1983). In addition, in many avian spe-
cies mean arterial pressure is higher than that found in
mammals of comparable body mass (see Smith, 1994).
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FIGURE 6 Responses of the coronary circulation to hypoxia in Pekin ducks and bar-headed
geese. (Left) coronary blood flow (ml min~! g™!); (right) coronary vascular resistance (mmHg
ml min~! g! ) as a function of the arterial O, partial pressure (P,0,). All values are means
+ S.E. (n = 5) except at 25 Torr, where means for two geese were plotted. An asterisk
represents significant difference from normoxia (highest P,0, 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.)
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Cardiac output, the product of stroke volume and heart
rate, is of particular interest because it is a major determi-
nant of the rate of oxygen delivery to tissues.

In resting birds left ventricular stroke volume (V)
was found to be almost directly proportional to body
mass (M) (Grubb, 1983). For nine species of birds rang-
ing in body mass from 0.035 kg (budgerigar) to 37.5 kg
(emu) Grubb found that V; = 1.72M,**7, where V; is
in milliliters and M, is in kilograms. Heart rate (¢H,
beats min~!) at rest was found to be slower in larger
birds: (H = 178.5M,,°%2. Cardiac output (CO, ml kg*
min~!) at rest, the product of stroke volume and heart
rate, therefore scaled with the mass of the bird as:
CO = 307.0M,*®. The corresponding relationship for
mammalian cardiac output (Holt ez al, 1968) is CO =
166M,*"°. These results show that birds have a propor-
tionally larger cardiac output compared with a mammal
of the same body mass. In larger birds resting heart rate
is slower than in smaller birds. Recently, Bishop and
Butler (1995) found that for 49 species the allometric
relationship for heart rate at rest was (H = 125M, %%,
while for birds in flight it was (H = 480M, %, It is
interesting that the heart rate—body mass relationship
during flight has a more shallow slope than that in resting
animals, indicating that larger species show a greater
increase in heart rate in absolute terms in the transition
from rest to flight (Figure 7). Bishop and Butler (1995)
suggest thatthe body mass exponent of stroke volume
in flight should be similar to that at rest (My*%), even
though the absolute value of stroke volume may in-
crease during flight. Therefore, in flight, it is predicted
that cardiac output will scale to body mass as the sum of
the exponents for stroke volume and heart rate (M,>"").
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FIGURE 7 Heart rate (beats min~') plotted against body mass (kg)
for 49 species of birds, including 7 species of hummingbirds, at rest
and in flight. Hummingbirds, open triangles (rest) and filled triangles
(flight). Other species, filled circles (rest) and open circles (flight).
(After Bishop and Butler, 1995, J. Exp. Biol, Company of Biolo-
gists, Ltd.)

In flight, as at rest, larger species show lower coronary
perfusion rates per mass of body tissue. It is likely that
this reflects an optimization of the arterial oxygen supply
at the tissue level, the body mass exponent for cardiac
output being very similar to the exponent for mass-
specific oxygen consumption. Thus, natural selection
probably acts on cardiac output to maintain the arterio-
venous O, difference at a similar level across different
avian species. Stroke volume is constrained by cardiac
geometry such that, on theoretical grounds, V should
be closely proportional to M}, and M, (Schmidt-Nielsen,
1984; Astrand and Rodahl, 1986). Therefore, the lower
mass—specific cardiac outputs of larger avian species,
matching their lower mass—specific VO, levels, are re-
flected in their lower heart rates.

C. Fine Structure and Cardiac
Electrophysiology

1. Fine Structure

Histologically the atria and ventricles are quite simi-
lar consisting of an external layer, the epicardium, which
is separated from an inner endocardium by the mass
of heart muscle, the myocardium. Ventricles are much
thicker than the atria due to extensive proliferation of
the myocardial layer. The epicardial and endocardial
layers are morphologically similar, consisting of loose
connective tissue and elastic fibers bordered by a single
layer of squamous epithelial or endothelial cells, respec-
tively. The atrial and ventricular septa have endocardial
layers facing the lumens of their respective cavities with
myocardial cells between them. In the sparrow and
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 wm in diameter compared with the
10- to 15-wm diameter of mammalian cells. (3) Avian
myocardial cells lack transverse tubules (T-tubules)
which are prominent in mammalian cardiac muscle. The
membrane surrounding the muscle fibers (sarcolemma)
consists of two parts, a cell membrane (plasmalemma)
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and an external layer interconnected with an interstitial
network of collagenous fibers. In mammalian cardiac
muscle, T-tubules form as invaginations of the plasma-
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,
Figure 8). In mammals, the T-tubule system increases
the surface area of the myocardial cells to the extent
that the surface-to-volume ratio of a mouse cardiac cell
(15-um diameter) is the same as that of a finch (8-um
diameter). The finch and the mouse have similar cardiac
frequencies (Bossen et al., 1978).

The connection between the sarcoplasmic reticulum
and the plasmalemma occurs through “couplings” and
in birds, lacking a T-tubule system, these couplings occur
at the surface of the cell (Figure 8). Couplings are ef-
fected by junctional processes that extend from the cyto-
plasmic face of the sarcoplasmic reticulum (junctional
sarcoplasmic reticulum, JSR) that are very closely ap-
posed to the inner surface of the plasmalemma. Birds
also possess an extended junctional sarcoplasmic reticu-
lum (EJSR), which occurs in the region of the Z-bands
but it is anomalous in that although it resembles the
JSR in most respects, the actual junctional processes
may be separated from the plasmalemma by a cleft of
several microns. EJSR is much less developed in chicken
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than in passerines (Sommer et al., 1991). Interestingly,
the volume of JSR in mouse hearts and the total volume
of JSR (20%) and EJSR (80%) in the finch are virtually
identical (Bossen et al., 1978).

2. Excitation—Contraction Coupling

Excitation—contraction coupling describes how an
electrical signal, the action potential (AP), traveling
along the plasmalemma evokes calcium release from
the sarcoplasmic reticulum (SR) in the region of the
myofibrils, causing a change in actin—-myosin interac-
tions which leads to muscle contraction. The transduc-
tion between the electrical signal and Ca?* release from
the JSR is effected by a transmitter which is, in fact,
calcium itself. In the first step of this process, the AP
causes voltage-dependent Ca?* channels to open in the
sarcolemmal membrane through a conformational
change in the channels. Ca®" then enters the cell and
diffuses to receptors on the junctional processes where
it acts as a transmitter, opening Ca®*-dependent Ca®*
channels which in turn release Ca** sequestered in the
sarcoplasmic reticulum. This Ca?*-induced Ca®" release
(CICR) is crucial for the physiological function of the
bird heart in which the EJSR, which is the majority of
the junctional SR, is separated from the plasmalemma

H-TT

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-
sitely fine regulation of force generation in myocytes.
In cardiac muscle, contraction is “‘all or none” and force
modulation must be done at the cellular level by regulat-
ing not only the amount of Ca?" entering through the
sarcolemma, but also its effect on Ca®>* release from
the SR.

3. Conduction System

The cardiac conduction system of the avian heart
consists of the sinoatrial (SA) node, atrioventricular
(AV) node, AV Purkinje ring, His bundle, and three
bundle branches (Figure 9). Histologically, three types
of cells are associated with the conducting system.
(1) Pacemaker cells (P-cells) are small and spherical in
shape and are found in both the SA and AV nodes. P-
cells have the property of repetitive spontaneous depo-
larization. (2) Transitional cells (T-cells) are much
smaller and have fewer microfibrils than cardiac muscle
cells; their structure is intermediate between normal
cardiac muscle cells and Purkinje fibers. (3) Purkinje
fibers are large, elongated, brick-shaped cells containing

LEFT S-A VALVE

RIGHT S-A VALVE M

[

RIGHT ATRIUM:
PURKINJE

RIGHT VENTRICLE: .
PURKINJE d

il

RIGHT VENTRICLE:
MUSCLE

few myofibrils. Many Purkinje cells, however, contain
longitudinal fibers called intermediate filaments; these
are part of the cytoskeleton, serving to maintain cell
shape as the myocardium contracts. Purkinje cells may
be up to 5 times the diameter of myocardial cells.

The SA node is located close to the opening of the
venae cavae into the right atrium although there is con-
siderable species variation in birds. The SA node con-
sists of P- and many T-cells and is enclosed in a loosely
organized connective tissue sheath. The T cells transmit
impulses from the pacemaker to atrial muscle cells. The
SA node is morphologically, and perhaps physiologi-
cally, diffuse in birds and the primary electrical pace-
maker region appears to change position spontaneously
within the node (Hill and Goldberg, 1980).

All the muscle fibers within a given cardiac chamber
should contract more or less simultaneously while, for
normal cardiac function, it is essential that the atria
contract before the ventricles. The wave of excitation
which is initiated in the SA node is delayed at the AV
node allowing the atria to empty before ventricular con-
traction begins. The electrical impulse which initiates
contraction spreads through the atria and ventricles at
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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 sec™!, whereas conduction through

the AV node is two to three orders of magnitude slower.
Spread of excitation through myocardial muscle occurs
from one muscle cell to the next as well as along special-
ized conducting pathways. Individual muscle cells are
discrete entities but they behave electrically as if they
were all joined together to form a syncytium. This prop-
erty results from low electrical resistance in parts of
the cell membrane where cell apposition is very close.
Junctional complexes, the intercalated disks, commonly
join myocytes end-to-end in avian myocardium, occur-
ring at right angles to the long axis of the myofibrils.
Intercalated disks consist of two components, desmo-
somes, which mechanically couple the cells together,
and nexuses, which couple cells electrically. A nexus
may be viewed as an array of unit electrical resistors
with their number being inversely proportional to the
electrical resistance between the cells (Sommer, 1983).
Interestingly, there are few nexuses along the longitudi-
nal axes of myocardial cells.

The speed at which the wave of electrical excitation
propagates through the ventricles is enhanced by a spe-
cialized conducting system of Purkinje fibers but
whether a specialized conducting system also exists in
the atria of birds is controversial. In the atrium, waves
of electrical and contractile activity proceed in the same
direction, from the SA to AV nodes, which may mean
that a specialized conducting system is unnecessary here.
However, both atria contain Purkinje cells, and these
have been described both morphologically and physio-
logically as being organized to preferentially direct the
wave of activation toward the AV node (Davies, 1930;
Hill and Goldberg, 1980). The contrarian view is that
since the Purkinje cells in the atria are mixed diffusely
among the normal myocardial cells then they may repre-
sent the remnants of an embryological anlage left over
from the time when that anlage was building the ventric-
ular conducting system (Sommer, 1983).

The atrial wave of excitation crosses to the ventricle
through the AV node which, in birds, is a somewhat
controversial structure because many morphological in-
vestigations have failed to locate it, although its presence
has been established in functional studies. In the chicken
the AV node is located in the right side of the base of
the interatrial septum (Davies, 1930; Lu et al, 1993b;
Ying et al.,, 1993) although in Indian fowl, Pucnonotus
cafer, house sparrow, Passer domesticas, and in Babo
begalensis it is located in the left AV junction (Mathur,
1973). The His bundle and its three bundle branches of
Purkinje cells arise from the AV node. The right and
left bundle branches emerge from the septum to form
a network in the subendocardium of the right and left
ventricles, respectively, penetrating the myocardium

along the tracts of the coronary arteries (periarterial
Purkinje fibers).

An indication of the theropod ancestry of birds can
be inferred from the conducting system of the heart.
Birds, unlike mammals, possess an AV ring of Purkinje
fibers on the right side of the heart which runs up and
around the right AV valve (Figure 10; and see Section
II,A4). The middle bundle branch, after separating
from the others, runs around the aorta and connects to
the AV ring forming a figure eight (Lu et al, 1993b).

Purkinje cells conduct electrical impulses much faster
than cardiac myocytes. In mammals, part of the reason
for this high conduction speed is that Purkinje cells lack
a T-tubule system. T-tubules increase the surface area
of the cell and therefore membrane capacitance (in-
creasing the length of time a given amount of electrical
charge will take to alter membrane potential); a high
capacitance thus slows conduction velocity. However,
in birds, there is no T-tubule system associated with
either myocardial or Purkinje cells, yet the latter still
conduct impulses at a faster rate. This is because conduc-
tion velocity varies directly with cell diameter and avian
Purkinje cells are much larger than myocardial cells.
Furthermore, a higher conduction velocity may be fos-
tered in Purkinje cells by intermediate filaments which
serve to keep the cell round. Also, the electrical resis-
tance between Purkinje cells is lower than that between
myocardial cells because nexus size also increases with
cell diameter, acting to further increase conduction ve-
locity. Finally, in mammals with extremely large hearts
(i.e., ungulates), the Purkinje cells within a bundle are
tightly packed together and surrounded by an insulating
membrane so that they behave electrically as a single
fiber of a diameter equal to that of the whole bundle.
Purkinje cells are likewise bundled in the avian heart but
whether this enhances conduction velocity is uncertain
because the bundles lack a connective tissue sheath and
are therefore not insulated from surrounding tissues.

4. Electrophysiology

The Purkinje fibers follow the coronary arteries and
therefore take a relatively short course through the thick
left myocardium. This accounts for the rapidity of arrival
of the wave of excitation at a given point on the surface
of the left ventricular wall in the avian heart (Lewis,
1916). The sequence of depolarization is, according to
Kisch (1951): right ventricle apex, right ventricle base,
left ventricle base, left ventricle apex. Moore (1965) has
mapped epicardial activation and suggests that in the
turkey the apical third of the right ventricular epicar-
dium is activated earliest, the upper basilar third is inter-
mediate, and the pulmonary outflow tract is the last
region activated in the whole heart. The anterior one-
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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
left ventricle are activated before the basilar regions,
the whole left ventricular epicardium being activated
in 12.5 ms. Lewis (1916) and Mangold (1919) suggest
somewhat different sequences (see Table 1). Kisch’s
suggestion that the conducting system stimulates heart

muscle only at places of direct contact between its termi-
nal fibers and heart muscle and not along the entire
course of the conducting system receives support from
his own work (Kisch, 1951) showing that subendocardial
muscle is activated about 20 ms later than the earliest
activated subepicardial muscle, which in turn suggests

TABLE 1 Ventricular Depolarization in Birds®

Moore (1965)

Kisch (1951)

Mangold (1919) Lewis (1916)

Right ventricle Apex 1
Base 4
Left ventricle Apex 2
Base 3

(SRS
N A W=
W 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
muscle. However, Davies (1930) and Lu et al. (1993b)
both suggest that since the bundle branches lack a fi-
brous sheath there will be early and widespread propa-
gation of the impulse in the septal region and thence
along the bundle to all parts of the ventricles. In fact,
Moore (1965) described early activity in the cranial part
of the septum which was then followed by contraction
of its basal region. Obviously, these two suggestions
concerning the conduction network are mutually exclu-
sive, and clarification of the problem must await further
experimental work.

The conducting system of the bird heart has been
investigated by recording transmembrane potentials
from cells in the heart of the chicken and turkey (Moore,
1965; 1967). The pacemaker cells of the SA node, in
the absence of any extrinsic influences, set the heart
rate. Cells that function as pacemakers show a character-
istic slow depolarization during diastole, the steepness
of the depolarization being related to the degree of
automaticity inherent in the cell (the fastest cells to
depolarize drive the slower), whereas cells not sponta-
neously active show a steady membrane potential during
diastole (Figure 9). Action potentials recorded from the
junction of the left SA valve with the sinus venosus
show diastolic depolarization (prepotentials) with a slow
transition to the ascending phase of the actual AP (Fig-
ure 9), in contrast to the relatively more rapid rise of
the AP recorded in the right SA valve itself, indicating
that cells in the right SA valve are triggered by the
pacemaker cells. The duration of APs recorded from
ventricular muscle cells is longer than those recorded
from atrial muscle cells (Figure 9). Purkinje fibers dis-
play a prominent sharp peak to their APs, which is
followed by a distinct plateau, a feature not seen in APs
from atrial or ventricular muscle cells. The duration of
depolarization is also much longer in Purkinje fibers
although diastolic depolarizations have not been re-
corded from avian Purkinje fibers. The longer duration
of the Purkinje APs as compared with those of ventricu-
lar myocytes indicates a long refractory period which
would tend to prevent extrasystole and possible fibrilla-
tion by assuring a concerted depolarization of the ven-
tricular muscle (Moore, 1965).

The summed electrical activity of the heart (electro-
cardiogram, ECG) is usually recorded indirectly with
electrodes placed on the surface of the body or just
under the skin. (A direct ECG recording would be made
by dividing the sternum and placing recording elec-
trodes on the surface of the heart). In birds, as in mam-
mals, three standard leads (I, II, and IIT) are used, fol-
lowing the model first conceived by Einthoven about
100 years ago. The body is a volume conductor of elec-
tricity and the waves of depolarization and repolariza-

tion that sweep across the heart can be reduced to a
single electrical dipole. The dipole has magnitude
(volts), direction, and sense (positive or negative), so it
is a vector quantity. In Einthoven’s concept the cardiac
vector is situated at the center of an equilateral triangle
(Figure 11) formed by the bipolar lead connections.
Lead I connects across the thorax from the right (nega-
tive electrode) to the left (positive electrode) wing bases.
Lead II is recorded between right wing base (negative
electrode) and left thigh (positive electrode). Lead 111
is connected between the left wing base (negative elec-
trode) and the left thigh (positive electrode). The ar-
rangement of these leads is such that, in humans and
many other mammals, the polarity of the recorded sig-
nals is positive. In contrast, in birds, the polarity of the
major component of the ECG (ventricular contraction)
is negative (Figure 12).

There has been some controversy over what the typi-
cal avian ECG looks like (Figure 12). For instance,
Kisch (1951) reported the presence of P, QRS, and T
waves, whereas Mangold (1919) reported that the elec-
trocardiogram of birds has no R component, but instead
a deep S wave. Sturkie (1986a) reported the presence
of P, a dominant S, and T waves, a small R, but no Q
wave. The status of the Q wave has not been clarified
by more recent work. There is general agreement that
it is absent in the chicken (Goldberg and Bolnick, 1980),
small in the turkey (McKenzie et al., 1971), and promi-
nent in some duck ECGs (Figure 12; Cinar et al., 1996).
Aside from being useful in monitoring heart rate the
ECG can also be used to access the timing of the various
phases of the cardiac cycle, since components of the
ECG can be identified with atrial (P wave) and ventricu-
lar (QRS or RS) depolarization as well as repolarization
of the ventricles (T wave). The duration of the P wave
is the period of atrial depolarization and repolarization
while the P-R duration includes the conduction delay
at the AV node. QRS or RS represents ventricular acti-
vation and the T wave is the period in which the heart
is completely depolarized. QT or RT duration repre-
sents the duration of a complete cycle of activation and
relaxation of the ventricle (Figure 12). Most of these
intervals are fixed, so it is primarily the period between
the T and P waves (i.e., interbeat interval), which short-
ens and lengthens with increases and decreases in heart
rate, respectively. In fact, at very high heart rates the
T wave of one beat may come to overlie the P wave of
the next.

Bipolar recording of the standard limb leads means
that the cardiac vector is projected along the line be-
tween the two electrodes (Figure 11). When all leads
are used then it is possible to reconstruct the orientation
of the cardiac vector or mean electrical axis (MEA) for
any of the events of the cardiac cycle with respect to
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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 IIT) 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
in the frontal plane and, in mammals, the MEA of the
QRS is oriented downward (inferiorly) and to the left
(+ 60°). In contrast, the MEA of the QRS wave in the
bird heart is close to —90°, being oriented along the
long axis of the body, and superior to the frontal plane.
Hence, the QRS or RS wave is of negative polarity and
barely represented in lead I with the highest voltages
being recorded by leads IT or IIT (Figure 11). The mean
electrical axes of the P and T waves can be calculated
in a similar fashion. By using other cardiac leads in
addition to the standard limb lead I, Szabuniewicz and
McCrady (1967) were able to determine the MEAs of
the QRS or RS, P, and T waves of the heart in the
chicken not only in the frontal plane (—77.1°) but also
in the horizontal (+72.4°) and sagittal (—55.4°) planes.

As the mean electrical axis of the ventricular depolar-
ization phase is negative while that for the repolarization
phase is positive then the QRS or RS component de-
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
depolarization causes the ventricular myocardium to
become negative and repolarization drives the myocar-
dium positive. Also, the time courses of these waves are
different. Repolarization is slower than depolarization
so the T wave is more spread out than the QRS or RS
wave. In this context it should be noted that when the
ECG is recorded just for purposes of monitoring heart

rate, using a single pair of leads (usually II), the RS
wave is often presented as deflecting positively. This is
achieved by reversing the polarity of the lead II bipolar
electrodes (inverting Einthoven’s triangle, Figure 12)
and is done for artistic reasons.

Further interpretation of the ECG of birds is compli-
cated by variability in electrode recording sites, anatom-
ical differences between species, and the absence of a
large bank of data such as has been accumulated for
humans and, to a lesser extent, other mammals. In fact,
it seems most unlikely that rigorous, detailed investiga-
tion of the ECG of birds will ever be used for clinical
diagnosis. Boulianne et al. (1992) suggest that only dis-
eases that cause a shift in position of the heart in the
torso, and therefore alter the MEA, can be successfully
diagnosed by two-dimensional electrocardiography.
Round heart disease in chickens and turkeys produces
such a shift; the mean RS axis in the frontal plane aver-
ages +70° compared with —85° in the normal bird (Hun-
saker et al., 1971) (also see Section II,A,5).

Ill. GENERAL CIRCULATORY
HEMODYNAMICS

The three major constituents of the pulmonary and
systemic circulations are (1) the arteries or distribut-
ing vessels, (2) the capillaries or exchange vessels, and
(3), the veins which are storage vessels. Arterioles and
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
are regulatory vessels, directly controlling blood flow
distribution and indirectly controlling exchange of mate-
rials across capillary walls by adjustment of capillary
pressure.

The major arteries bifurcate many times before the
capillary beds and at each bifurcation vascular resistance
increases (McDonald, 1974). Volume flow in the parent
and daughter vessels remains the same in the steady
state but flow velocity in the daughters falls to about
80% of that in the parent vessel. Therefore, the sum of
the cross-sectional areas (772, where r is internal radius)
of both daughter vessels is greater than that of the parent
vessel by about 25%. Hence as the vessels divide flow
velocity falls so that in the capillary circulation flow
velocity is exceptionally low. This allows adequate time
for exchange of blood gases, nutrients, and metabolites
with the surrounding cells.

Pressure, generated by cardiac contraction, drives
blood flow around the circulation. Poiseuille’s law re-
lates volume flow (Q) to the pressure drop (P; — P,)

along a tube of radius (r) and length (L) during steady
flow, as follows:

wrt

Sul’ (M

where w is blood viscosity. Rearrangement of Eq. 1 hints
at a somewhat more familiar form,

e ©)
mr 0
because the term on the left hand side of Eq. 2 is vascular
resistance (R). Consequently,
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Q

or, for the whole body, total peripheral resistance (TPR,
kPa sec m %),

Q =(P, — P X

MAP — MVP
TPR = ———— 4
o (4)
where MAP is mean arterial pressure (kPa), MVP is

mean venous pressure (kPa), and CO is cardiac output



156 Smith, West, and Jones

(m?® sec™!). In order to compare animals of different
sizes it is usual to express cardiac output on a unit weight
basis (i.e., m® sec! kg ™).

Since the length (L) of any vascular channel is ana-
tomically fixed while blood viscosity will only vary by
2 to 3 times, then vascular resistance is dominated by
the radius of the vessels (Eq. 2). Consequently, with a
given pressure drop, halving vessel radius will reduce
flow to one sixteenth, as shown in Figure 13, for a change
in vessel radius from, for instance, two units (center
profile) to one (left profile). This has important implica-
tions for the control of blood flow distribution.

Poiseuille’s Law (Eq. 1) applies to steady flow but in
the major arteries flow is highly pulsatile. In pulsatile
flow, due to the inertia of the blood and high heartbeat
frequencies, flow amplitude may no longer vary linearly
with the pressure gradient. Nevertheless, the extent of
the deviation from Poiseuille’s law can be assessed from
a nondimensional constant & (Womersley, 1957)

_, [t )
w

where r is radius, fis heart rate, p is blood density, and
w is blood viscosity.

When a < 0.5 for the fundamental frequency (i.e.,
heartbeat frequency), the phase lag is negligible and
flow conforms approximately with that predicted by
Poiseuille’s equation. Calculations for the aorta of a
duck give a value for a of 6.0-7.0 for the fundamental
frequency (about 3 sec™!) so that estimation of flow by
the Poiseuille formula is not reliable. However, it is
obvious that for any given heart frequency, the value
of « is directly dependent on the size of the vessel.
Hence, in the femoral artery, « is certainly below 1, and
flow will vary approximately linearly with the pressure

gradient in this vessel. The vessels of the capillary circu-
lation are small and « will be likewise, so application of
Poiseuille’s formula to this vascular bed would appear,
superficially, to be most appropriate. Unfortunately
blood viscosity, which can be regarded as a constant
in larger vessels, may vary unpredictably in vessels of
capillary size (Section V,B). Therefore, caution is the
watchword when applying steady flow formulations to
flow driven by an oscillating pump but, even so, pulsatile
flow has a mean, steady flow component and Pouseuil-
le’s law can be applied to this component, as in calcula-
tions of total peripheral resistance (Eq. 4).

Fourier analysis of pulsatile flow (and pressure)
waveforms can be used to isolate the mean from the
oscillatory components. The latter are resolved as a
series of sinusoidal waves at the harmonics of the origi-
nal waveform (first harmonic is fundamental frequency
(f); second harmonic is 2f, ........ n'™ harmonic is nf). If
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-
ance. Consequently, vascular resistance (mean pressure
divided by mean flow) can be considered as the imped-
ance at zero frequency. The vascular impedance of any
region of the circulatory system is thus determined by
relating the corresponding frequency components of
pressure and flow waves recorded simultaneously at that
region. If pressure and flow are recorded at the input
to the aorta then aortic impedance is an expression
not only of the characteristics of the whole systemic
circulation but also of the afterload against which the
left ventricle must work.

Pressure and flow recorded at the input to the arterial
system start synchronously yet peak flow velocity is
reached before peak pressure. This rather anomalous
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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
through the arterial system. Therefore, for the pressure
pulse, a positive gradient between an upstream and
downstream point in an artery, established when the
crest of the pressure wave traverses the upstream point,
will reverse when the crest reaches the downstream
point. Hence the pressure gradient oscillates about a
mean in all arterial vessels and flow will rise or fall
or even reverse with these oscillations in the pressure
gradient, although the presence of valves on the outflow
tracts of the ventricles may limit the extent of reversal
at the root of the aorta. Nevertheless, it is obvious that
flow and pressure waves are not “in phase” and the
extent of the phase difference, at each harmonic fre-
quency, can be resolved by Fourier analysis.

The input impedance is presented (usually graphi-
cally, see Figures 21 and 23 in Section 1V) as a set of
terms of the values of modulus (|Z]) and phase (¢) at
each frequency obtained by Fourier analysis, thus:

_ pulsatile pressure

(z)) = (6)

pulsatile flow

and
(@) = 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
the embryo causes the left to develop, as in mammals.

This finding suggests that the retention or disappearance
of aortic arches is dependent upon hemodynamic condi-
tions, and it may be that the persistence of the right
arch simply results from the unique development of the
ventricular outflow tract in birds.

The first major vascular bed supplied by the aorta is
that of the heart. The coronary arteries, supplying the
nutritional and respiratory circulation of heart muscle,
arise from the ascending aorta close to the heart (Section
II,A,5). The ascending aorta then gives rise to two very
large brachiocephalic trunks (Figure 14), supplying
blood to the head, wings, and flight muscles. Each brach-
iocephalic vessel is usually larger in diameter than the
continuation of the aorta, reflecting the higher blood
flow rates in the brachiocephalics.

All the arteries of the head and neck are branches
of the carotid arteries. Surprising variation exists in the
pattern of the carotid arteries close to the heart. The
most common arrangement is two vessels of equal size
running side by side (Figure 14). Other patterns are:
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FIGURE 14 The major systemic arteries in the bird.
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(1) a single artery formed by fusion of both carotids
(herons, bitterns, and kingfishers); (2) a single vessel
due to loss of the right (passerines) or left (plovers)
carotid; or (3) two arteries of unequal size (flamingos,
sulphur-crested cockatoo).

Blood flow to the brain must not be interrupted, or
impairment of brain function rapidly ensues. The carotid
arteries lie in a groove in the base of the neck vertebrae
close to the axis of rotation and are therefore protected
from possible obstruction due to compression from neck
movements. Other safety measures are provided by
anastomoses between the carotid and vertebral arteries
and, at the base of the brain, by either an X-, I-, or H-
shaped junction between the carotids. This intercarotid
anastomosis has been found in all species of bird except
those of the suborder Tyranni (Baumel and Gerchman,
1968). Birds do not possess a cerebral arterial circle of
Willis comparable to that of mammals but, since the
intercarotid anastomosis is relatively large in many
cases, it may represent a more effective collateral circu-
lation than the mammalian arterial circle. Blood to the
wings and flight muscles is supplied by the subclavian
arteries. Each subclavian divides into two branches, the
brachial (wing) and pectoral (flight muscles).

The descending aorta runs caudally, ventral to the
vertebral column, giving off paired intercostal and lum-
bar arteries. Blood is supplied to organs within the abdo-
men and legs by the following vessels, originating from
the descending aorta (see Figure 14):

Celiac artery Liver, spleen, glandular stomach,

gizzard, intestine, pancreas
Cranial mesenteric artery Most of intestine, pancreas
Renal arteries Kidneys (anterior portion), testes
Femoral arteries Legs
Ischiatic arteries Middle and posterior portions of kidney
and legs; uterine region of oviduct
Caudal mesenteric artery Rectum and cloaca
Internal iliac arteries Walls of pelvis; oviduct
Caudal artery Tail, terminal branch of aorta

There are in effect three pairs of renal arteries in
birds, one pair arising from the aorta and two from the
ischiatic arteries. However, in Ardea cinerea one pair
of renal arteries arises from the femoral arteries instead
of the ischiatics.

The ischiatic artery is the major vessel supplying the
leg. At the level of the knee it meets and joins the
femoral artery to form the popliteal artery. This artery,
passing into the lower leg, divides to form the anterior
and posterior tibial arteries. In the tarsal region of the
leg and in the axillary region of many birds, there are
arteriovenous networks of vessels referred to as rete
mirabili (particularly prominent in wading and aquatic
birds). These structures serve as heat exchangers, since
warm arterial blood is brought into close proximity to

venous blood that has traversed the distal parts of the
limbs and is therefore colder. The countercurrent ar-
rangement of blood flow ensures that heat can be trans-
ferred from arterial to venous blood all along the length
of the artery and vein apposed in the rete, thereby reduc-
ing heat loss to the environment by reducing the temper-
ature of arterial blood flowing through peripheral thin-
ner sections like the web of the foot or the wing.

2. Functional Morphology of the Arterial Wall

The large arteries have two main functions. First,
they serve as low-resistance conduits carrying blood to
the arterioles for distribution to the peripheral vascular
beds. Second, the whole arterial system serves as a pres-
sure reservoir or Windkessel, accepting the volume of
blood ejected by the heart and converting the highly
pulsatile input into a steady flow of blood through the
capillary beds. The Windkessel results from wall elastic-
ity, particularly of those vessels close to the heart.

The central arterial vessels are indeed “elastic’” while
the more peripheral ones, certainly distal to the second
order of branching, are “muscular.” In elastic arteries,
the vast majority of the wall is made up of layers of
smooth muscle embedded in elastin fibers alternating
with layers of collagen. One layer, composed of a combi-
nation of muscular, elastic, and collagen fibers, forms a
single lamellar unit within the wall. Large numbers of
concentric lamellar units make up the bulk of the wall
of elastic arteries of pigeon, chicken, and the mute swan
(Cygnus olor) as shown in Figure 15 (Bussow, 1973).
Interestingly, the lamellar units do not form complete
cylinders around the vessel. This is particularly obvious
in vessels very close to the heart where an individual
lamella may extend around only one quarter, at most,
of the vessel circumference.

Wall structure of the muscular arteries is very differ-
ent. Muscular vessels consist largely of circumferentially
arranged smooth muscle cells with elastic fibers distrib-
uted, either singly or in bundles, as a wide-meshed
plexus between the muscle cells (Hodges, 1974). The
collagenous components are transferred to the outer
layer of the wall. An interesting embellishment of the
normal structure of muscular arteries occurs in the cra-
nial mesenteric artery of the chicken and turkey (Ball
et al., 1963). This vessel is invested by longitudinally
arranged smooth muscle fibres, the thickness of this
layer being approximately the same as that of the cir-
cumferentially oriented smooth muscle within the wall
proper. The functional significance of the external mus-
cle layer is unclear but it may serve to shorten the vessel
to accommodate changes in its position brought about
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
major branches, the thoracic aorta up to about the level
of the celiac artery, and the extrapulmonary portions
of the pulmonary arteries, while all branches of the
abdominal aorta as well as the caudal portion of the
aorta itself are muscular. In most regions of the arterial
tree the change from an elastic to a muscular wall occurs
rather abruptly, usually at a branch site. An exception
to this is in the aorta itself. In the aorta, the elastic and
muscular portions are separated by a segment of the
vessel extending from the coeliac artery to the ischiatic
arteries, whose wall structure fits neither description

very well. Furthermore, in both the pigeon and turkey
the wall in this region is transversely asymmetric with a
thick, muscular ventral wall and a thin elastic dorsal wall.

The arteries in vivo expand and recoil with every
heartbeat although this behavior is seldom mimicked in
in vitro experiments designed to study vessel mechanics.
Instead, the static rather than dynamic elastic behavior
of the arterial wall is usually investigated. Essentially,
a short length of excised blood vessel is inflated from a
syringe and the pressure change induced by a given
volume change is noted. These ‘“‘pressure—volume
loops™ give an immediate and compelling view of how
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arterial elasticity changes with the degree of inflation.
Furthermore, by using blood vessels from different areas
of the body, regional variations in elasticity are revealed.
Pressure—volume loops are usually J-shaped, showing
that the more a vessel is stretched the more resistant it
becomes to further stretch (Figure 16; Speckmann and
Ringer, 1966). The collagen fibres in the vessel wall
inhibit expansion at high pressures, whereas the proper-
ties of elastin dominate the lower pressure limb of the
curves. It is the compliance of elastin and the stiffness
of collagen working in concert that allows uniform and
smooth expansion of the vessel wall over a range of
distending pressures without formation of aneurysms.
In contrast, a wall in which the properties of extension
remain constant across the range of distending pressures
would be prone to aneurysm formation. Rubber has a
straight rather than J-shaped response to distension and
aneurysms always occur in the wall of cylindrical bal-
loons when they are inflated.

When a blood vessel is inflated more pressure is re-
quired to expand it than is recovered during recoil of
the elastic walls. The ratio between the energy recovered
in deflation to that expended in inflation is a measure of
the “resilience” of that vessel (Figure 16). Surprisingly,
“resilience” is similar for both thoracic (elastic) and
abdominal (muscular) aortae of the turkey. Over the
range of arterial pressures encountered in turkeys ‘resil-
ience”’ lies between 85 and 87%, values well above those
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of most mammals and approaching those obtained for
invertebrate blood vessels. In one sense, the higher the
“resilience” the better because most of the energy cost
of stretching elastic vessels with each cardiac ejection
will be returned by elastic recoil on deflation. Unfortu-
nately, if the “resilience” is too high then the vessels
may go into uncontrolled oscillations (resonance) par-
ticularly at the high repetition frequencies (heart rates)
seen in many birds. Obviously, vascular engineering in
birds is close to the edge.

Pressure—volume loops reveal characteristics specific
to particular segments of whole vessels, whereas the
properties of the materials making up a vessel wall are
revealed by stress—strain curves (Figure 17A). Stress is
the deforming force divided by the area of the vessel
wall over which it is applied while strain is the ratio of
the stretched radius to the unstretched radius of the
vessel. Stress—strain curves for the ascending and de-
scending aortae, the brachiocephalic arteries, and the
thoracic aorta of the duck (A. platyrhynchos) are shown
in Figure 17A. The stress—strain relationship for the
abdominal aorta lies to the left of that for the other,
more central, vessels indicating that, as in the turkey
(Figure 16), the abdominal aorta is much stiffer than
the other vessels, a finding which would be expected
given that the abdominal portions of the aortae of duck
and turkey have more collagen than do more central
segments of this vessel.
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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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Jones, unpublished).
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The slope of the line of a stress—strain curve is the
elastic modulus of the material making up the blood
vessel wall, but, since the slopes for blood vessels are
not linear, the elastic modulus is continually changing.
The incremental elastic modulus describes the elastic
modulus for a small increment in strain (Bergel, 1961).
Incremental elastic moduli for the duck aorta, which
are similar to those for the turkey aorta (Speckman and
Ringer, 1964), are shown in Figure 17B. The moduli for
the abdominal aorta are well above that for the thoracic,
confirming that the former is stiffer than the latter. Nev-
ertheless, these moduli are one to two orders of magni-
tude below those obtained from arteries in correspond-
ing parts of the mammalian vascular tree. In mammals,
the lamellar units in the wall form complete cylinders
so that those laminae containing primarily collagen must
be stretched to the same extent as the more distensible
muscular laminae. Consequently, such rigid laminae are
more important in determining the degree of extension
of the wall. However, in birds, arterial lamellar units do
not form complete cylinders so there is some ‘“‘series”
coupling between the rigid and elastic components of
the wall which allows more distensible laminae to be
extended somewhat independently. Avian blood vessels
have much thicker walls than mammalian vessels of the
same diameter, thus compensating for their lower elastic
modulus (Bussow, 1973).

3. Relationship between Arterial Pressure and Flow

Each heartbeat sends a pulse through the arterial
system which arrives later at sites more distal to the
heart. The velocity at which the pulse wave travels is
lowest in the most distensible vessels and increases in the
stiffer peripheral vessels. In ducks, pulse wave velocity
increases from 4.4 = 0.8 m sec™! in the aortic arch to
11.7 = 1.2 m sec™! in the abdominal aorta, with the
major increase in velocity occurring in the thoracic aorta
(Langille and Jones, 1975).

When the pulse transit time occupies a considerable
proportion of each cardiac cycle then significant phase
changes occur between the pressure and flow pulses at
different arterial sites. In ducks, the time taken for the
pulse to travel from the heart to the distal end of the
abdominal aorta is around 20 ms, which is about 5-10%
of the cardiac cycle (Langille and Jones, 1975). Conse-
quently, in ducks, there are marked changes in the wave-
form of the systemic pressure pulse as it travels through
the arterial system (Figure 18). Both pulse amplitude
and the contour of the pulse waveform are altered, with
pulse pressure increasing by about 30%. This peaking
of the pressure pulse results from a marked increase in
the systolic portion with little change in the diastolic
portion (Figure 18).

Peaking of the pressure pulse is due to wave transmis-
sion effects, primarily wave reflections. All forms of
wave motion can be reflected by physical changes in the
system they are traveling through. When such changes
occur within the arterial system, incident pressure and
flow waves will be reflected back toward the heart. These
physical changes can be discrete discontinuities, such as
those due to arterial branching (McDonald, 1974) or
continuous variations in wall compliance due to an in-
crease in arterial stiffening toward the periphery (Lan-
gille and Jones, 1975; 1976). However, the major reflect-
ing site seems to be the terminal vascular bed. From
this site pressure and flow pulse waves are reflected
back toward the heart to interfere, destructively or con-
structively, with the incident wave generated by cardiac
contraction. This interference means that pressure and
flow waves recorded simultaneously at any one site in
the arterial system will be quite unlike those recorded
at another. In a reflectionless system, pressure and flow
pulses sampled at any given site should look similar to
those recorded anywhere else in the system.

An essential question concerns the nature of the ter-
mination that the peripheral vascular beds present to
outgoing pressure and flow waves. Peripheral beds are
“closed” terminations if they present a relatively large
impedance to pulsatile flow; they are “‘open” if they
present a relatively low impedance. In higher vertebra-
tes, reflections produce large oscillations in peripheral
pressures that drive small oscillatory flows through the
terminal vascular beds (Figure 18), indicating a high
terminal impedance; i.e., of the “‘closed” type. Hence,
the pressure should be reflected at the closed end with-
out a phase shift while, to satisfy the condition that high
pressure oscillations are required to drive low oscillatory
flows through a high terminal impedance, the reflected
flow wave should be inverted. That is, the reflected wave
should be 180° out of phase with the incident wave.
However, how much of the incident wave reaches the
termination (because the incident pulse is attenuated,
especially in the smaller vessels, as it propagates through
the system) and how much of the reflected wave gets
back to the heart (since its amplitude is also reduced
by damping) is still a matter of speculation.

The reflection coefficient (that portion of the incident
wave reflected by the terminal vascular beds) is ex-
tremely sensitive to the state of the peripheral vascula-
ture. Under resting conditions up to 80% of the incident
wave may be reflected. Intense vasoconstriction, which
occurs in ducks during forced diving or when voluntarily
diving birds are trapped underwater and unable to sur-
face, causes 100% of the incident wave to be reflected.
In contrast, vasodilatation of peripheral vascular beds,
occurring during exercise or hemorrhage, may reduce
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
system is complex, requiring harmonic analyses of pres-
sure and flow waveforms. Fortunately, a simple concep-
tual analysis of the interaction of incident and reflected
waves in the arterial tree is sufficient for the present
purpose. For simplicity, consider a pressure wave dis-
playing simple harmonic motion, as illustrated in Figure
19 (first harmonic). At the closed end of the system
(terminal vascular beds) both incident and reflected
pressure waves will be in phase and the waves will sum
giving an antinode, evident as an enlarged pressure os-
cillation. The reflected wave is shown as 40% of the
incident wave in Figure 19 so that the amplitude of the
resultant compound wave will be 140% of the incident
wave as is shown by the wave envelope. Now consider
a point one quarter wavelength back from the termina-
tion. The incident wave left here one-quarter of a cycle
before it reached the closed end and the reflected wave
takes another one-quarter cycle to return to this point,
so the incident and reflected waves are now 180° out of
phase and destructive interference produces a node,
evident as a decrease in pressure. Hence, the amplitude
of the resultant wave is some 40% smaller (as shown by

the wave envelope in Figure 19) than it would be in the
absence of reflections.

The flow wave will also be reflected such that the
incident and reflected waves are 180° out of phase at
the termination but are in phase one-quarter cycle away
from the terminal impedance. Hence, the flow waves
will cancel one another at the termination and will sum
at the heart. Therefore, highly oscillatory cardiac out-
flow is generated for less pulsatile pressure than would
be the case in a nonreflecting system; the advantage of
this is that more external cardiac work is available for
any given level of cardiac oxygen consumption
(Milnor, 1979).

The benefits of such reflections will be maximized
when the heart is one-quarter wavelength upstream of
the major reflecting site. In ducks, resting heart rate is
2-3 beats sec™! so even at the lowest pulse wave velocity
(4 m sec™!) the major reflecting site would have to be
located one third or one half meter from the heart—a
most unlikely possibility. During exercise, however,
heart frequency may double and the major reflecting site
would now be 16-25 cm from the heart. Unfortunately,
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 = 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 90° earlier and the reflected wave 90° later so that they are 180° 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-
tion during forced or voluntary diving, especially if the
bird is trapped underwater, would accentuate reflections
but heart frequency is now about 0.33 beats sec™! (or 1
beat every 3 sec).

Consequently, obtaining the necessary balance be-
tween heart rate and reflection coefficient to maximize
beneficial reflection effects seems unlikely. What then
are the consequences of a mismatch between pulse
wavelength and distance between the heart and major
reflecting sites? Let us assume that Figure 19 describes
the second and not the first harmonic of the pressure
wave. In this case, the first harmonic will be 90°, not 180°,
out of phase at the heart. This represents an antinode for
the first harmonic which will add to systolic pressure,
causing the heart to expend more energy. The heart will
be located at a node for the second harmonic but at an
antinode for the third (270° out of phase). As the first
three harmonics contribute about 80-90% to the origi-
nal pulse amplitude then the net effect will be an in-
crease in systolic pressure. In the duck, this is seen as
a significant early systolic shoulder in the pressure pulse
recorded in the aortic arch (Figure 18).

If the transit time of either pressure or flow waves
through the arterial system becomes less than 5% of the
cardiac cycle then reflection effects on the shapes of
these waves are not obvious. Nevertheless reflections

occur but they are diffuse, the pressure wave bouncing
back and forth between the heart and periphery, until
damped to extinction. In humans, atherosclerosis causes
a loss of pressure pulse amplification as the pulse travels
through the arterial system (O’Rourke et al., 1968); simi-
lar observations have been made in the turkey, Mel-
eagris (Taylor, 1964), where atherosclerosis is very com-
mon (Ball ez al.,, 1972; Manning and Middleton, 1972).
Loss of pulse amplification in atherosclerosis results
from a generalized stiffening of the major arteries, which
acts to speed pulse wave propagation and thereby mini-
mize wave transmission phenomena.

The hummingbird is among the smallest homeother-
mic vertebrates. Is it possible to predict the hemodynam-
ics of the hummingbird from our knowledge of hemody-
namics in the duck? Assuming pulse wave velocity is
unaltered, then for similar conditions to hold in both
hummingbird and duck, heart frequency (fz) must in-
crease in the same proportion as the linear dimension
(L) of the animal decreases with reduction in body mass
(M,). For birds, the allometric equation relating fi; and
M,y is fy = ki - My %22 (Grubb, 1983; and see Section
II,B), while L = k, - M, %33, where k, and k, are con-
stants.

According to this analysis, a hummingbird 400 times
smaller than a duck will have a fy 5.3 times higher but
L will decrease nearly seven times. Even at the highest
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fu reported for the giant hummingbird (Patagona gigas)
of 1020 beats min~! (Lasiewski et al., 1967), pulse transit
time as a proportion of the cardiac interval will be con-
siderably less than that in the duck and reflection effects
on pulse wave shapes will probably not be obvious
(Jones, 1991).

4. Vascular Impedance

While the complex pressure and flow waves recorded
in avian arteries (Figure 20) are not directly comparable
they, like all periodic signals, can be expressed as a sum
of sinusoidal signals of ascending frequency (harmonics).
These individual harmonics of pressure and flow are di-
rectly comparable (see McDonald, 1974). Comparison
can be done most conveniently by determining vascular
impedance versus frequency. Impedance modulus (am-
plitude of a pressure harmonic divided by amplitude of
the flow harmonic of the same order) is the analog of vas-
cular resistance that is applicable to pulsatile flows. Im-
pedance phase is simply a measure of the degree to which
pressure and flow oscillations are out of synchrony.

Figure 21A illustrates impedance versus frequency
curves for the circulation supplied by the descending
thoracic aorta of Anas, while Fig. 21B illustrates the
vascular impedance of the pulmonary circulation. Aortic
impedance falls from the value at zero frequency, the
peripheral resistance (Z,), to settle at a steady value at
high frequencies; this is an indication of the characteris-
tic impedance (Z,; Figure 21B). Peripheral resistance
and characteristic impedance are measures of arteriolar
caliber and aortic distensibility respectively, uninflu-
enced by wave reflection effects. Often, the modulus and
phase are not constant but fluctuate, these fluctuations
being caused by wave reflection effects from peripheral
vascular sites. A well-defined minimum in impedance
modulus of the aortic circulation, and a coincident rise in
impedance phase from negative values (pressure lagging
flow oscillations) to positive values (pressure leading
flow oscillations), are characteristics of a wave reflecting
system (Figure 21A). At the frequency of the impedance
minimum (10 Hz) the circulation imposes minimal load
for pulsatile flow on the heart (Figure 21A).

The reflection coefficient depends on the impedance
mismatch between the terminal arteriolar bed and the
supply artery and is given by the ratio

(Z, — Z)(Z: + Zy) X 100.

For the aortic circulation, the reflection coefficient is
high, being over 80%. However, in the pulmonary circu-
lation the absence of clear impedance minima suggests
that this low-resistance circulation does not give rise to
major reflections of the pulse wave. In fact, the reflection
coefficient for the pulmonary circuit is only 25%.

Pulsatile pressure and flow are generated by the first,
embryonic cardiac contractions. In Stage 24 chick em-
bryos pressure and flow waveforms resemble those re-
corded from mature animals despite the absence of the
semi-lunar valve apparatus in the heart (Figure 22;
Zahka et al., 1989). Both peripheral resistance and vas-
cular impedance modulus decrease with development
through stages 18 to 29 (3—6 days, development; Figure
23). Over this period, mean dorsal aortic pressure and
flow increase 13 and 10 times, respectively, the increased
flow being accommodated by the rapidly expanding ar-
terial bed. The velocity of pulse wave propagation in-
creases with developmental stage, from around 0.5 m
sec! at stage 18 to nearly 1 m sec™! at stage 24 (Yoshigi
etal., 1997). Hence, pulse transit time will be a negligible
fraction of the cardiac cycle (0.35-0.45 sec) so that re-
flection effects will be unimportant. Even if this were
not the case, reflection effects would be minimized in
the later stages of embryonic development because of
the marked decline in vascular resistance. Conse-
quently, the fall in vascular impedance during embry-
onic development is due to the growth of a larger, more
distensible, dorsal aorta in which elastic fibers first ap-
pear at stage 29 (Hughes, 1942).

B. Capillary Beds
1. Gas Exchange

Systemic capillaries form a vital functional interface
between the blood and the systemic tissues of birds.
The pathway between erythrocytes in capillary blood
and mitochondria in the surrounding tissue represents
the last in a series of resistances in the oxygen transport
pathway from the lungs. Oxygen and carbon dioxide
move between the systemic capillary blood and the sur-
rounding tissue mitochondria by simple diffusion.
Therefore, the diffusion distance from erythrocyte to
mitochondrion and the partitioning of diffusion resis-
tance along this route is of immense physiological inter-
est. The concept of a capillary domain, a volume of tissue
whose oxygen demands could potentially be satisfied by
diffusion from one capillary, was first expounded by
August Krogh in 1914 and remains a valuable concept
in understanding gas exchange in muscle tissue (Krogh,
1919). A simple explanation of the factors important in
capillary blood-tissue gas exchange, based on this
model, is to be found in West (1995).

Studies on the systemic capillaries of birds, in particu-
lar those of flight muscle, have been dominated recently
by two interesting themes: (1) the high workload of the
avian pectoralis major muscle during flight, reflected in
an increase in oxygen consumption of about five times
that at rest (Butler et al., 1977), suggests that the func-
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(B) circulations in a duck. (From Langille and Jones (1975), Am. J. Physiol., with permission.)

tional anatomy of the pectoral muscle capillaries may re-
veal adaptations to both high tissue oxygen demand and
mechanical tissue deformation during sarcomere short-
ening; and (2) some species fly at high altitudes. There-
fore, there may be specific adaptations in capillary den-
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FIGURE 22  Dorsal aortic pressure and flow velocity recorded simulta-
neously from a stage 24 chick embryo. The pressure and flow waveforms
are similar to those recorded from mature animals (see Figure 20) despite
the absence of a semilunar valve apparatus. (After K. G. Zahka, N. Hu,
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.)

sity or geometric arrangement that facilitates the delivery
of oxygen to the working pectoralis muscle in the face of
a relatively low P,O; (the pressure head for diffusion at
the arterial end of systemic capillaries) caused by a re-
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
in slow red fibers and fast white fibers of the anterior
and posterior latissimus dorsi respectively. Thus, tissue
capillary density decreased in muscle with larger fibers.
The maximum diffusion distance from capillary to mito-
chondrion in slow red fibers and fast white fibers of the
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FIGURE 23 Impedance modulus (upper) and phase angle (lower)
for chick embryos from stages 18 to 29. The identification key inset
in the upper panel also applies to the lower panel. (Modified from
K. G. Zahka, N. Hu, 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.)

gastrocnemius muscle was estimated to average 32.4 and
36.5 wm respectively (Snyder, 1990). This is similar to
the values obtained in mammals, suggesting that diffu-
sion distance has been highly conserved in vertebrate
evolution. Increasing the number of capillaries per fiber
appears to produce diminishing returns such that be-
yond two capillaries per fiber there do not appear to be
further measurable reductions in diffusion distance. In
contrast to the situation in neonatal mammals, the
capillary-to-fiber ratio in bird muscle appears to be fixed
around hatching. Because the fibers hypertrophy during
development, diffusion distances are shortest in newly
hatched chicks—some 18 um (Byers and Snyder, 1984).
The benefits conferred by reducing erythrocyte-to-mi-
tochondrion diffusion distance depend on assumptions
made about how the resistance to oxygen diffusion is dis-
tributed between source (blood) and sink (mitochon-
drion). It has been argued that the capillary-to-tissue in-
terface represents the major resistance (Gayeski and
Honig, 1986),in which case reducing the overall diffusion
distance would be of limited effectiveness compared with
increasing the area of this interface (see below).
Compared with the geometric arrangement in mam-
malian hindlimb muscle, there are a larger number of
capillary branches running perpendicular to the long

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 O, 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 flight
muscles have the highest oxygen demand of any verte-
brate skeletal muscle. It would be expected, therefore,
that the adaptations for effective gas exchange at the
capillary level would be most obvious in these birds.
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 either
of these factors would increase the flux of respiratory
gases for a given drop in PO, across the capillary—
mitochondrial diffusion distance. The ratio of capillary
surface area to muscle fiber surface area is about twice
as large in hummingbird flight muscle as in the rat soleus
muscle, with similar mitochondrial density in the two
muscles (Mathieu-Costello et al., 1992). Therefore, ac-
cording to Fick’s law, the rate of O, diffusion into the
avian fiber would be about double that in the rat, all
other factors being equal. This supports the idea that
the large area of the capillary—muscle fiber interface in
avian flight muscle plays an important role in enabling
these muscles to maintain an extremely high oxygen
usage during flight. The respiration rates of muscle mito-
chondria in working hummingbird flight muscle are
about double those in the locomotor muscles of mam-
mals. Interestingly the size of this interface in the pecto-
ralis muscle of the only actively flying mammal, the bat,
is similar to that in hummingbird flight muscle.

The basic structure of the capillary network in the
hummingbird is similar to that in pigeon flight muscle,
although capillary density tends to be higher in the hum-
mingbird. This results from the smaller cross-sectional
area of the muscle fibers (one-half for aerobic and one-
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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
of capillaries surrounding each fiber (Mathieu-Costello
et al, 1992). The smaller cross sectional area of fibers
may be an adaptation to reduce the diffusion distance
from capillary blood to the mitochondria. However,
some experimental and theoretical evidence shows that
the main drop in PO, occurs across the resistance of-
fered by the capillary—fiber interface and PO, then
declines more slowly, largely because of myoglobin-
facilitated diffusion (Honig et al., 1991). Thus, a large
contact area between capillary and fiber is probably a
more important factor in effective oxygen delivery than
a short path between capillary and mitochondrion. This
is particularly true for flight muscle in both birds and
bats where fiber myoglobin content, and therefore the
potential for facilitated diffusion, is high. Interestingly,
a comparison of actively flying and sedentary pigeons
showed little effect of flight conditioning on capillary—
fiber relationships. Wild pigeons had a greater aerobic
capacity than sedentary birds, achieved by a 30% greater
cross-sectional area of aerobic fibers in the pectoralis
together with a higher density of mitochondria. How-
ever, the capillary—fiber ratio was similar, as was capil-
lary length—fiber volume at a given mitochondrial den-
sity (Mathieu-Costello et al, 1994). This finding is
consistent with the results of Snyder and Coelho (1989),
who caused hypertrophy of the right anterior latissimus
dorsi of chickens by taping weights to the humerus. They
found that the increased number of capillaries per fiber

just matched fiber hypertrophy and concluded that mus-
cle growth was the primary determinant of capillarity.
Birds inhabit niches at a wide range of altitudes and
many seasonal migrations occur at high altitude. It is
therefore of particular and current interest to know
whether we can identify adaptations in the degree of
flight muscle capillarity associated with high-altitude
residence or flight. In view of the evidence outlined
above it might be predicted that any such adaptation
would increase the total surface area of contact between
capillary and muscle fiber, thereby increasing oxygen
conductance. However, the current evidence for adapta-
tion is sparse and contradictory. When wild pigeons
actively flying at 3800 m in La Paz, Bolivia were com-
pared with controls at sea level no adaptations in capil-
lary geometry or density could be identified that were
attributable to chronic altitude exposure (Mathieu-
Costello et al., 1996). On the other hand, Leon-Velarde
et al. (1993) found that the number of capillaries sur-
rounding a fiber was greater in the pectorals and some
limb muscles of Andean coots native to 4200 m com-
pared with controls at sea level. Furthermore, Canada
goose goslings hatching from eggs raised under hypoxic
conditions have been reported to show an increased
capillary-to-fiber ratio (Snyder, 1987). Diffusion dis-
tances were also claimed to be shorter in geese incu-
bated in mild hypoxia (94 torr) (Snyder et al., 1984).
However, other factors capable of facilitating oxygen
delivery, such as changes in Ps, (partial pressure of oxy-
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gen at which hemoglobin is half-saturated) and the
oxygen-carrying capacity of blood or increases in the
myoglobin content of muscle fibers may ultimately prove
to be more significant adaptations. Indeed, increases in
carrying capacity and high levels of tissue oxygen extrac-
tion have been demonstrated in unexercised pigeons ac-
climatized to high altitude (Weinstein et al., 1985).

2. Microvascular Fluid Exchange

Capillary fluid balance is maintained by the dynamic
interaction between hydrostatic and osmotic forces act-
ing across the capillary wall, as first described by Starling
over 100 years ago (Starling, 1896). Starling’s original
formulation has been modified and refined by Landis
(1927) and Kedem and Katchalsky (1958), yielding the
following equation to describe microvascular fluid ex-
change:

Jv = Kgc [(P. — Pr) — o4 (mp — m1)],

where Jv is net volume flow across the vascular wall,
K¢ is capillary filtration coefficient, P. and Pt are capil-
lary and tissue fluid pressures, respectively, (7p — 7r)
is colloid osmotic pressure difference between plasma
(p) and tissue (1), and oy is the osmotic reflection coeffi-
cient.

In the steady state, the capillary blood pressure op-
poses the blood colloid osmotic pressure (COP) to main-
tain tissue fluid balance. Blood pressure exceeds COP
at the arteriolar end of the capillary and is usually below
COP at the venous end. Fluids are secreted at the arteri-
olar and absorbed at the venous ends of the capillary.
Hence, for adequate fluid exchange, COP pressure must
offset capillary pressure, the latter being a reflection of
the arterial blood pressure (Landis and Pappenheimer,
1963). The value of the COP is determined by the con-
centrations and species of blood proteins as well as by
cations held in the plasma by the Donnan effect of the
proteins (Guyton et al., 1975). However, it is now clear
that microvascular fluid exchange is a dynamic process
in which extravascular forces such as tissue fluid pres-
sure, tissue colloid osmotic pressure, and the actual flow
of lymph can influence transcapillary fluid movement
(Taylor and Townsley, 1987). In addition to heterogene-
ity of Starling forces in different areas of the microvascu-
lar beds there is also the possibility that heterogeneity
of capillary membrane permeability will also contribute
to differences between global and local values of the
Starling pressures (Michel, 1997). In the light of recent
knowledge, the simplistic steady state view of secretion
at the arteriolar end of the capillary and absorption at
the venous end of the capillary can only be regarded as
a transient phenomenon at best.

Studies on avian species have contributed little to
this discussion although microvascular fluid exchange

in birds presents some unique and interesting features.
For instance, in turkey and duck, the ratio of protein
concentration in the interstitial fluid to that in the blood
is much lower than the ratio in mammals (Hargens et
al., 1974). Hargens et al. (1974) have pointed out that
the lower ratio in birds is correlated with a higher arte-
rial blood pressure. Also, birds as a group seem to be
highly resistant to hemorrhage, tolerating blood loss
much better than mammals. Kovach and Balint (1969)
have shown that increased hemorrhage tolerance be-
comes apparent only during prolonged bleeding because
hemodilution continues in the pigeon through the pe-
riod of blood loss, whereas in the rat no further hemodi-
lution occurs after about 15-20 min of bleeding. Hemo-
dilution is achieved by the inflow of isotonic fluid with
a low protein content.

The restoration of blood volume results from absorp-
tion of tissue fluid across the capillary walls due to re-
duced capillary pressure. This fall in capillary pressure
could be brought about by an increase in the ratio be-
tween pre- and postcapillary resistances as well as by
changes in arterial and venous pressures during hemor-
rhage. Resistance changes across the capillaries seem
to be the most important factor in rapid restoration
of blood volume in ducks. Blockade of a-adrenergic
receptors eliminates vasoconstriction in the skeletal
muscle, which forms the major reserve of tissue fluid
and leads to a greatly retarded restoration of blood
volume (Djojosugito et al, 1968). Djojosugito et al.
(1968) attribute the difference in ability to restore blood
volume after hemorrhage in ducks and cats to a very
pronounced reflex vasoconstriction in duck skeletal
musculature and to a capillary surface area in ducks
three to five times that in the cat, a condition that in-
creases the rate of absorption of fluid into the vascular
system (Folkow et al., 1966).

Many birds have extremely long necks with the head
being held a meter or more above the heart. Do these
birds have exceptionally high blood pressure to over-
come the gravitational effect on the circulation? High
blood pressures are not necessary to ensure flow to the
head. In a fluid- filled system, the gravitational pressure
of blood in the veins will counterbalance the gravita-
tional pressure in the arteries of the neck, much like
the loop of a siphon. In other words, it is no more
difficult for blood to flow uphill than downhill in a sys-
tem of closed tubes like the circulation. Overall circula-
tory flow around the body occurs due to a pressure
difference between the aorta and right atrium and it
matters little what actual route the blood follows.

If pressure is measured in the cerebral circulation of
a long-necked bird, this will be lower than that recorded
in the aorta just outside the aortic valves by an amount
sufficient to cause the required blood flow along the
neck artery (a small difference) and by the gravitational
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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
throughout the body. Vascular resistance, in turn, is
determined by a variety of hormonal, autoregulatory,
and neural control mechanisms (see Section VI). Values
obtained by different investigators for relative blood
flow (% cardiac output) to various organs differ widely,
probably reflecting differences in experimental tech-
nique, species, and “‘resting” conditions. Nevertheless,
it is apparent from the limited data available that the
heart, liver, kidneys, and intestines receive relatively
large percentages of the total cardiac output (Figure
25). The avian brain appears to receive about 3% of
cardiac output, similar to the proportion of cardiac out-
put going to the brain in a small mammal like the rat
at rest (Ollenberger and West, 1998).

By far the highest resting blood flows thus far mea-
sured in any avian organ (about 16 ml min~' g~! of wet
tissue weight) are found in the spleen (Figure 26). This
organ receives a disproportionately large percentage of
total cardiac output despite its small size (Figure 25).
High tissue flow rates also have been found in the mam-
malian spleen; a flow of some 12 ml min~! g~! has been
reported in conscious dogs (Grindlay et al., 1939). Such
high rates are almost certainly related to the dual func-
tion of this organ: as a filter for aging erythrocytes, which
are eliminated by the process of diapedesis; and as an
organ of the reticuloendothelial system, in which the
blood is cleaned by phagocytic reticuloendothelial cells
as it passes through the splenic sinuses and pulp. Obvi-
ously, a high flow rate is needed for this dual filtration
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FIGURE 25 Organ blood flow plotted as a percentage of cardiac
output in birds at rest. Standard error bars are shown where appro-
priate. Data are taken from Boelkins ez al. (1973) (chicken), Duchamp
and Barre (1993) (muscovy duckling), Jones et al. (1979) (Pekin and
mallard), Sapirstein and Hartman (1959) (chicken), Stephenson et al.
(1994) (Pekin duck) and Wolfenson et al. (1978) (chicken).

role to be effective. In contrast to splenic blood flow,
the rate of cerebral blood flow in birds is an order of
magnitude less. Blood flow to the whole brain and to
individual cerebral regions ranges from 0.43 to 1.6 ml
min~! g~! under normoxic conditions, as shown in Figure
26 (Bickler and Julian 1992, Butler et al., 1988; Faraci
and Fedde 1986; Faraci et al., 1984; Grubb et al., 1977,
Jones et al., 1979; Stephenson et al., 1994; Wolfenson et
al., 1982a). Both the heart and kidneys have relatively
high rates of mass specific blood flow, reflecting the high
oxygen demand of the contracting cardiac muscle and
the activity of energy-dependent membrane pumps in
renal tissue, respectively. Pectoral and gastrocnemius
muscle, on the other hand, show relatively low perfusion
rates at rest (Figure 26).

b. Effects of Swimming and Submergence on Tissue
Blood Flow

Surface swimming in tufted ducks at close to maxi-
mum sustainable speeds resulted in an increase of car-
diac output by 70%, from 276 ml min~! to 466 ml min .
Despite this, there were no increases in blood flow to

the brain, liver, adrenals, spleen, or respiratory muscles.
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FIGURE 26 Mass-specific organ blood flow (ml min~! g~!) in birds
at rest. Standard error bars are shown where appropriate. Data are
taken from Butler et al. (1988) (tufted duck), Duchamp and Barre
(1993) (muscovy duckling), Faraci et al. (1985) (Pekin duck), Jones
et al. (1979) (Pekin and mallard), Stephenson et al. (1994) (Pekin
duck), and Wolfenson et al. (1978) (chicken).

There was about a 30% increase in flow to the myocar-
dium, reflecting an increased oxygen demand of the
heart muscle. Blood flow to the active muscles of the
legs increased about three times, matching increased
oxygen demand. Interestingly, blood flow to the inactive
pectoralis muscles, and to some visceral organs like the
intestines and kidneys, actually decreased during swim-
ming, despite the increased cardiac output. This suggests
that the cardiac output is selectively redistributed during
swimming both by vasodilation in active muscle and
vasoconstriction in visceral organs and inactive muscle
(Figure 27; Butler et al., 1988). Short periods of under-
water swimming in redhead ducks resulted in blood flow
to the hind legs approximately doubling, suggesting that
the pattern of blood flow redistribution is similar to that
in surface swimming (Stephenson and Jones, 1992).
During forced submergence aquatic birds show
bradycardia, a reduction in cardiac output, and massive
peripheral vasoconstriction that in the case of the swim-
ming muscles is not counterpoised by vasodilation; the
latter response would normally result from the increased

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 min~!g! pre-
submersion and 0.88 ml min~! g! after 144-250 sec
of submergence. Cerebral flow increased from 0.43 ml
min~!g !to 3.68 ml min~! g~ over the same time period.
In Pekin ducks forcibly submerged until P,O, fell to
50 mmHg, cerebral blood flow increased from 1.58 ml
min~'g ' to 3.2 ml min~! g~!. 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).

¢. Changes in Blood Flow Associated with Flight

The pectoral muscles receive relatively low rates of
tissue blood flow at rest (Figure 25), but flow to these
muscles during flight has not been measured. During
bipedal locomotion in birds, blood flow increases sig-
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
described above, tissue blood flow to leg muscles in
ducks increases some 5-fold in ducks swimming at close
to maximum sustainable rates (Butler er al, 1988).
Therefore it is probably safe to assume that similar
increases in blood flow rates to flight muscle occur dur-
ing moderate to energetic flapping flight; less strenuous
flight may not involve such large changes in muscle flow
rates. By analogy, domestic chickens show little change
in leg muscle flow when walking on a treadmill, even
at metabolic rates over double the resting rate (Bracken-
bury et al., 1993).

Several studies have addressed the effects of simu-
lated high altitude flight on cerebral blood flow. At
altitude the arterial blood is presumably both hypox-
emic as a result of the reduced P;O, and hypocapnic as
the result of CO, washout by increased hypoxemia-
driven ventilation (Faraci et al.,, 1985). Carbon dioxide
is normally a potent vasodilator within the cerebral cir-
culation (Faraci and Fedde, 1986; Grubb et al., 1977), so
cerebral vasoconstriction is a distinct possibility under
these conditions. However, it turns out that cerebral
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blood flow is fairly insensitive to severe hypocapnia in
domestic geese and Pekin ducks and very insensitive in
bar-headed geese, a species well adapted to high altitude
(Bickler and Julian, 1992, Faraci and Fedde, 1986;
Grubb et al., 1977). In domestic geese, cerebral blood
flow decreased as P,CO, fell from 50 to 20 mmHg but
then reached a plateau. Bickler and Julian (1992), how-
ever, found that the PO, of cerebral tissue continued
to fall as P,CO, fell below 20 mmHg, possibly because
brain perfusion plateaued at a level lower than that in
normoxia. At altitude arterial blood is both hypocapnic
and hypoxemic, and hypoxemia also causes cerebral
vasodilation. In this context, Grubb et al. (1977) found
that concomitant hypocapnia could shift the onset of
hypoxia-driven vasodilation to a lower P,0O, range.

d. Changes in Blood Flow Associated with Ovulation

In laying hens there are dynamic changes in regional
blood flow to the reproductive organs associated with
ovulation (Boelkins et al, 1973). Scanes et al. (1982)
found that five major preovulatory follicles received half
of the total ovarian blood flow and that blood flow
increased during their maturation, but postovulatory
follicles received little blood flow. Prostaglandin F-2«
administration caused follicular vasoconstriction. Follic-
ular blood flow was also sensitive to the changes in the
distribution of cardiac output associated with activity
and temperature stress. Treadmill exercise sufficient to
cause a 150% increase in metabolic rate significantly

increased blood flow to the hindlimb muscles at the
expense of flow to the preovulatory follicles, but not to
other visceral organs (Brackenbury et al.,, 1990). Heat
stress also affects follicular blood flow. Elevating body
temperature by 1-2°C results in blood flow falling to
70-80% of control in the larger ovarian follicles and
58% of control in the uterus, as flow to the skin increases
(Wolfenson et al., 1978, 1981). During the passage of
an egg down the oviduct, blood flow increased threefold
in oviducal segments surrounding the egg. This may
have been due to increased oxygen demand associated
with contractile activity in the muscular layer of the
oviduct wall (Wolfenson et al, 1982b). Blood flow to
the shell gland was normally small, but increased five-
fold within a few hours after entry of an egg into the
gland, paralleling the time course of shell calcification.

C. Venous System
1. Functional Development of Venous System

The embryological development of the avian venous
system follows a typical vertebrate pattern. At about
the 15-somite stage of the avian embryo, paired cranial
and caudal common cardinal veins develop from a vas-
cular plexus in somatic mesoderm (Lillie, 1908; Sabin,
1917). The heart shifts caudally during embryonic devel-
opment, and the cranial cardinal veins elongate to be-
come the jugular veins. Subclavian veins, returning
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blood to the right side of the heart from the pectoral
region and the wings, arise as tributaries of the caudal
cardinal veins (Ede, 1964). The adult avian venous sys-
tem cranial to the heart differs in detail from the mam-
malian pattern in that there are two cranial (superior)
venae cavae. The right jugular vein is much larger in
diameter than the left, and there is an anastomosis be-
tween the jugular veins at the base of the head, allowing
some blood draining from the left side of the head and
neck to return to the heart in the larger right jugular
vein.

Development of the venous system caudal to the
heart is primarily concerned with the formation of the
physiologically important renal and hepatic portal ve-
nous circulations (see below). Subcardinal veins, which
develop along with the embryonic kidney (mesoneph-
ros), initially provide renal drainage into the caudal
cardinal veins. Eventually the anterior portions of the
caudal cardinal veins disappear and the subcardinals
form a connection with the ductus venosus, this connec-
tion becoming the caudal vena cava. The liver develops
around the ductus venosus, which subdivides into a cap-
illary bed, forming the hepatic portal circulation. The
cranial portion of the ductus venosus becomes the he-
patic vein and the caudal portion becomes the hepatic
portal vein. Finally, the renal portal veins form a junc-
tion with the caudal vena cava via the common iliac
veins and the caudal subcardinal veins are replaced by
the caudal renal veins.

2. Capacitance Function

The walls of the veins in birds are, as in mammals,
thinner than those of arteries so that venous distension
depends on a positive transmural pressure gradient.
The three basic components of blood vessel walls,
tunica intima, media, and externa, are present. The
tunica media is composed of circumferential smooth
muscle fibers. In larger veins elastic laminae appear
in the tunica externa, which makes up most of the
wall tissue. Veins near the heart are frequently invested
with cardiac muscle fibers that are apparently func-
tional. The caudal vena cava of the mallard can
occasionally be seen to contract at the same frequency
as the sinus venosus.

As in mammals, the avian venous system does not
necessarily represent a passive conduit returning blood
to the heart. The thin, distensible walls of veins mean
that these vessels are relatively compliant compared
with arteries. As applied to blood vessels, compliance
is the ratio of the change in vessel volume (AV)
resulting from a change in transmural distending pres-
sure (AP):

. |4

Compliance = N

In mammals, the entire vascular system has a compli-
ance of about 3 ml (blood) kg (body mass) mmHg .
The compliance of the arterial vascular segment is
only about 3% of that of the venous segment (Rothe,
1983). Therefore, despite the smaller vascular pressures
in the venous side of the circulation, at any one time
about 60-80% of blood volume is contained in the
veins. They are therefore referred to as capacitance
vessels. The capacity of the venous circulation can
change either passively by changes in transmural pres-
sure or actively by changes in the contractile state of
venous smooth muscle. A reduced transmural pressure
and therefore a passive elastic recoil of compliant
veins, or a reduction in venous compliance by active
contraction of smooth muscle in the venous walls,
mediated by a-adrenergic receptors (Section VI,B,3),
would both serve to reduce venous capacitance. This
transfers blood toward the heart. All other things
being equal, this would tend to increase atrial filling
and therefore cardiac output. The large veins of the
domestic fowl are well innervated with adrenergic
motor fibers (Bennett ef al., 1974, Bennett and Malmf-
ors, 1975b), and the density of this innervation suggests
that there is active control of venous capacitance
(Section VI,B,3), although to date there are no physio-
logical studies in birds analogous to those of adrenergic
effects on venous capacitance function in mammals
(Vanhoutte and Leusen, 1969).

3. Physiological Role of Veins
in Exercise and Submersion

Venous pressure in pigeons flying in a low-speed wind
tunnel increased to 2.5 mmHg from the resting value
of 1.2 mmHg (Butler et al, 1977). Cardiac output in-
creased 4.4 times during flight, mainly accomplished by
an increase in heart rate at a constant stroke volume.
In flight, the increased pressure gradient from the ve-
nous end of capillaries to the right ventricle increases
venous return, right heart filling, and cardiac output
via the Frank—Starling relationship. Venous pressure is
determined by the relationship between venous volume
and compliance, which is reduced as venous smooth
muscle contracts and the vein walls stiffen. In mammals
the venous beds of the liver, spleen, and skin act as
reservoirs of blood which can actively reduce their ca-
pacitance during exercise, thereby increasing venous
pressure and the volume of venous return to the heart
(Rothe, 1983). Whether these venous vascular beds also
constrict during flight exercise in birds is currently un-
known.
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Active venoconstriction may also be important in the
cardiovascular adjustments to diving in birds. Djojosug-
ito et al. (1969) provided indirect evidence that venous
pressure increased during diving in ducks and this was
confirmed by Langille (1983), whose results suggested
that this was due to active venoconstriction. In the latter
study, cardiac stroke volume fell if central venous pres-
sure was held constant during diving. This suggests that
reduced ventricular contractility, caused by an increase
in vagal motor nerve activity to the heart, is normally
counteracted during diving by increased venoconstric-
tion-induced filling via the Frank-Starling mechanism
(see Section VI,C,2.c).

4. Renal Portal System

In common with most other vertebrate groups,
birds possess a renal portal circulation. Venous blood
making its way back to the heart from the legs and
the lower intestine of birds enters the kidneys through
a renal portal system. Within the kidneys this blood
mixes with postglomerular efferent arteriolar blood in
peritubular sinuses that surround all nonmedullary
nephron segments and eventually flows toward the
renal veins. The physiological significance of the renal
portal system is currently poorly understood. About
50-70% of total renal blood flow is contributed by
the renal portal vein. However, this percentage is
highly variable between animals and can change rap-
idly in the same individual for no apparent reason
(Odlind, 1978). Part of the variability in flow can be
attributed to the status of active, innervated renal
portal valves within the iliac veins (Figures 28 and
29; Glahn et al, 1993). The valves receive dense
reciprocal motor innervation from the parasympathetic
and sympathetic divisions of the autonomic nervous
system (see Section VI,B,3). Adrenergic stimulation
produces relaxation of the smooth muscle of the valve,
and cholinergic stimulation produces contraction. In
contrast, smooth muscle of the renal portal vein itself
shows a predominantly adrenergic contractile response
typical of most vascular smooth muscle (Burrows et
al., 1983). The distribution of vascular resistance within
the portal system, governed by both the portal valve
and the alternate, parallel venous pathways for blood
returning to the heart (Figure 30) determine the
volume flow of renal portal blood.

There are several options for a “packet” of venous
blood returning from the legs in the external iliac veins
(Figures 29 and 30): if the renal portal valve is open
under the influence of sympathetic nervous system acti-
vation, blood can flow through the patent valve into the
common iliac vein leading to the vena cava and directly
back to the right side of the heart, bypassing the kidney.

If the valve is partially closed due to parasympathetic
stimulation, and resistance at the valve is high, blood
can alternatively enter the renal portal system by flowing
into the cranial and caudal portal veins. Thus the portal
veins are arranged functionally in parallel with the direct
venous route provided by the common iliac vein and
the vena cava. Blood entering the cranial and caudal
portal systems eventually drains into the internal verte-
bral venous sinuses and caudal mesenteric veins respec-
tively and makes its way back to the right side of the
heart by this route. Anteriorly the caudal mesenteric
vein connects with the portal system of the liver, provid-
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
can enter one or the other, but not both. Therefore,
variable fractions of venous blood derived from the legs,
tail, and lower digestive tract can return directly to the
right side of the heart (via the common iliac vein and
vena cava) or enter the renal (cranial portal vein) or
renal and hepatic portal systems (caudal portal vein)
(Figure 30). The overall pattern of venous flow will
depend on the distribution of vascular resistance within
the portal system.

Several workers have tried to ascribe a functional
significance to the renal portal system. This is a difficult
task in the face of the possibility of neural, humoral,
and local metabolic control all influencing the relative
resistances offered by the portal veins and valve.
Recent experimental evidence has resulted in the
development of the portal compensation hypothesis,
in which the parallel interconnecting veins described
above are viewed as an anastomosing network, with
the peritubular sinuses located in the renal cortex at
its center. Therefore, the amount of portal blood
flowing to the kidneys will depend on both the resist-
ances and pressures in the parallel shunt pathways
described above and resistance and pressure within
the peritubular sinuses.

Blood flowing from the renal glomeruli also enters
the sinuses and contributes to pressure within them
(Wideman et al, 1991), so any reduction in renal
arterial pressure below the autoregulatory range should
promote inflow to the sinuses from the portal veins.
It is known that if the portal system is intact, birds
can maintain total renal blood flow in the face of a
fall in renal arterial pressure to 40-50 mmHg. Should
arterial pressure fall, the glomerular vessels themselves
can, by autoregulation, maintain glomerular filtration
rate constant but only down to a minimum pressure
of 70 mmHg (Wideman et al, 1992). The wider auto-
regulatory range for total renal blood flow may be
due partially to an autoregulatory buffering effect by
the portal system. Experimentally reducing portal
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FIGURE 28 Tllustration 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
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
anterior part of the kidney apparently receiving a
greater contribution from the portal veins. This sug-
gests that renal arterial flow is normally lower in the
anterior kidney.

The functional significance of the portal system in
the environmental physiology of birds may be related
to salt loading and dehydration. Dantzler (1989) has
proposed that under these conditions the adaptive re-
sponse of the preglomerular arterial vessels of reptilian-
type nephrons in the superficial renal cortex is to con-
strict, causing sustained cessation of filtration. Renal
blood flow could be maintained under these conditions
by a compensatory increase in portal flow, maintaining

a nutritional blood supply to the cells of cortical neph-
rons (Wideman and Gregg, 1988).

V. BLOOD

A. Components

Circulating blood is a non-Newtonian fluid, consisting
of particles (the cellular components) suspended in
plasma. Avian blood characteristically differs from
mammalian blood in that erythrocytes are oval and nu-
cleated, thrombocytes are nucleated and are as large as
the other leucocytes, blood glucose level is typically
double that in mammals, and plasma protein content is
substantially lower. A modern account of techniques in
avian hematology and cytology is provided by Campbell
(1995). Rheologically, the suspension of cells (mainly
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FIGURE 29 Ventral view of the avian kidneys with a simplified
representation of the avian renal portal circulation and its connections
to the systemic venous system. (After Wideman ez al. (1992), Am. J.
Physiol. with permission.)

erythrocytes) in a homogeneous fluid phase (plasma)
confers unique properties on the resulting fluid. The
apparent viscosity of the blood will vary as a function of
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FIGURE 30 Three potential parallel shunt pathways in the renal
portal circulation. (1) The renal portal valve is open under influence
of its sympathetic motor innervation—venous blood flows from the
external iliac vein through the patent valve into the common iliac
vein, bypassing the kidney. (2 and 3) The renal portal valve is partially
closed and resistance at the valve is high. Blood returning from the
legs in the external iliac veins enters the cranial and caudal portal
systems. (After Akester (1967), with permission of J. Anat.)

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 um and width from 7.5 to
7.9 um, 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
through the capillaries.

B. Rheology

The viscosity of a homogeneous (Newtonian) fluid
is constant if measured over the range of flow rates
and tube diameters that are likely to be found in the
cardiovascular system. The properties of the tubing
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
viscosity is measured.

1. Effect of Hematocrit

Apparent blood viscosity varies as hematocrit varies.
Plasma, devoid of cells and particulate matter, has a
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-
ity 2.4 times that of plasma alone. However, there is an
exponential relationship between hematocrit and vis-
cosity so that an increase in hematocrit to 70% more
than doubles the apparent viscosity and has the same
effect on the resistance to blood flow (Berne and Levy,
1992). At low hematocrits, the viscosity of suspensions
of turkey erythrocytes in Ringer’s solution is compara-
ble to that of mammalian suspensions of the same hema-
tocrit, but as hematocrit approaches 85% viscosity of
turkey blood increases disproportionately more than
that of mammalian suspensions. This suggests that tur-
key erythrocytes may be less deformable than mamma-
lian erythrocytes. Avian erythrocytes differ from mam-
malian erythrocytes in size, shape, presence of a nucleus,
and possibly tensile properties of the membrane. The
presence of a nucleus with a length to width ratio greater
than that of the whole cell may lead to a high internal
viscosity, tending to decrease the deformability of the
cells (Usami et al., 1970). Another factor that may con-
tribute to a high internal viscosity in avian erythrocytes
is a relatively high concentration of free cytoplasmic
hemoglobin (Gaehtgens et al, 1981a). In mammalian
erythrocytes, velocity gradients in the plasma are trans-
mitted into the cytoplasm by a ““tank-tread”’-like motion
of the membrane, a feature which has been proposed
to help reduce the overall viscosity of the blood (Fischer,
1978). This mechanism may not occur in avian erythro-
cytes if their cell membranes are significantly stiffer than
those of mammalian cells.

2. Flow Velocity

As the velocity of blood flow increases in mammals,
apparent viscosity decreases. This is called ‘‘shear thin-
ning,” the term ‘‘shear” referring to the shearing of flow
laminae past each other in laminar flow. At low flow
rates, erythrocytes tend to aggregate, effectively form-
ing large particles which elevate blood viscosity. As flow
rates increase these aggregates break up, thus decreas-
ing apparent viscosity. Another flow-related factor re-
sponsible for a decrease in viscosity, particularly when
hematocrit is high, is the capability for deformation of
erythrocytes. At low to medium flow rates erythrocytes
assume a biconvex shape, but at higher flow rates the
cells deform in the direction of flow and assume a flat-
tened, ellipsoidal morphology (Cohen, 1978). This effect
diminishes apparent viscosity. This deformation is im-
portant in the capillaries: the diameter of mammalian
erythrocytes is around 8 um, yet cells deformed in the
flow stream can pass through a 3 um lumen.

3. Vessel Radius

If the viscosity of mammalian blood is measured as
it flows through small glass tubes, two interesting phe-
nomena are noted. First, hematocrit of flowing blood

measured in a small tube connecting a reservoir of blood
to a collecting vessel is lower than that measured in
blood taken from either vessel. Second, the apparent
viscosity of the blood in the tube decreases as a function
of tube diameter, if diameters are less than about
0.3 mm. The same effect applies to blood flow through
microvessels in situ. The hematocrit of blood measured
in arterial and venous microvessels in the cat has been
found to be lower than that recorded in large systemic
vessels (Lipowsky et al, 1980). These hematocrit- and
viscosity-related phenomena, discussed in Section V,B,2
above, are linked by the fact that the composition of
the blood actually changes as it flows through small
tubes of about the same diameter as capillaries. This is
because erythrocytes tend toward the center of the flow
stream, which has a velocity twice that of the average
flow velocity under the laminar flow conditions found
in these vessels. This velocity is therefore faster than
the average velocity for the plasma component of the
blood and results in relatively fewer erythrocytes in the
tube or capillary at any one time, compared to the num-
ber which would be present in the same volume of blood
sampled from a large vessel. This reduction in hematocrit
under dynamic conditions is called the Fahreus effect. It
isnot fully understood why the erythrocytes drift into the
center flow stream in small vessels, although it has been
shown that flexible particles like red blood cells show this
behavior but rigid particles do not.

The viscosity phenomena described above depend
on the ability of the erythrocytes to deform at high
flow velocities (shear thinning) and their stability of
orientation in the axial flow stream in small vessels (Fah-
reus effect). Mammalian erythrocytes deform readily,
and two of the most important prerequisites promoting
this phenomenon are the absence of a nucleus and other
organelles and a large surface-area-to-volume ratio.
While the latter factor is not significantly different from
that of duck erythrocytes (Gaehtgens et al., 1981a), it
might be predicted that the large, nucleated ovoid avian
erythrocytes would not deform as readily as mammalian
erythrocytes. Turkey red cells actually show a lower
tendency to aggregate in whole blood than do mamma-
lian erythrocytes, although increased concentrations of
fibrinogen and globulin can increase viscosity by increas-
ing the tendency to aggregate. Aggregation, however,
becomes less important at high shear rates. The viscosity
of suspensions of turkey red blood cells in Ringer’s
solution decreases as shear rates increase, but the sus-
pension still shows higher relative viscosity values than
even suspensions of nucleated erythrocytes of other
nonmammalian species. This disparity becomes even
more apparent at both high hematocrit and high flow
rates, as shown in Figure 31 (Chien et al., 1971). As flow
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 rbes of other nonmammalian vertebrates and humans. Left panel: rbcs suspended in
Ringer’s solution; right panel: rbes 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 rbes. (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-
mation occurs in both human and duck erythrocytes;
however, human cells are about twice as deformable
(Gaehtgens et al., 1981a). Therefore the contribution of
erythrocyte deformation to shear thinning is probably
less significant in birds than in mammals.

Human red cells orient themselves in a stable fashion
in the center of the axial flow stream in narrow capillar-
ies, but duck erythrocytes often tumble in the flow
stream and may orient themselves with their long axis
at an angle to the tube axis (Gaehtgens et al., 1981a).
This is because their relatively low deformability re-
duces their ability to “go with the flow” and yield to
local shear forces. Tumbling and the tendency to travel
at an angle to the tube axis both act to reduce the width
of the undisturbed plasma layer traveling next to the
capillary wall, suggesting that in bird capillaries there
may be a smaller Fahreus effect. The velocity of bird
red cells in small glass capillary tubes is significantly
faster than that of the suspending solution (Gaehtgens
et al., 1981b). This results in an effective reduction in

hematocrit and therefore in apparent viscosity of capil-
lary blood by the mechanism described above. The Fah-
reus effect is thus probably important in reducing resis-
tance and consequently the pressure required to drive
flow in bird microvessels. Indeed, there is evidence that
this may be the most important mechanism in determin-
ing viscosity-related resistance to flow in small capillar-
ies (Gaehtgens et al., 1981b). However, under the same
conditions of hematocrit and tube diameter, the relative
viscosity of suspensions of duck erythrocytes is 4-6
times greater than that of human cell suspensions, as
illustrated in Figure 32 (Gacehtgens ef al., 1981b). This
difference is probably due to the larger hydrodynamic
disturbance produced by a less stable orientation of
nucleated erythrocytes in the capillary flow stream. The
smaller the viscosity of a flowing suspension, the less
the particles will perturb the shearing laminae of flow.

Perhaps in compensation for the relatively high vis-
cous resistance in birds, there is a threefold increase in
muscle capillary density compared to cat muscle, and
brain capillaries occupy about double the volume of
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FIGURE 32 Effect of capillary tube diameter and hematocrit on the
relative viscosity of duck (filled symbols, heavy lines) and human
(open symbols, light lines) red blood cell (rbc) suspensions flowing
through glass capillaries. Hematocrit is represented as a fraction of
unity (e.g., 0.3 = 30%). The vertical dashed line represents the smallest
capillary diameter that can be traversed by rbcs without alteration of
their surface area/volume relationship by deformation. Note that the
relative viscosity of the duck rbcs is higher at all hematocrits, probably
reflecting their less stable orientation in the flow stream. (After Gaeht-
gens et al. (1981b), with permission.)

those in mammals (see Section IV,B). The different red
cell morphology in birds may therefore have resulted
in compensatory differences in the architecture of the
microvasculature compared to that of mammals.

C. Effects of Altitude

A common vertebrate response to the hypoxia pro-
duced by exposure to high altitude is to produce more
red cells (polycythemia), increasing hematocrit and
therefore the amount of circulating hemoglobin. This
will in turn improve oxygen conductance by increasing
the oxygen carrying capacity of the blood. As we can
deduce from the above discussion, development of poly-
cythemia will significantly increase blood viscosity, lead-
ing to increased resistance to blood flow through the
capillaries. Ultimately this trend will increase the power
output needed from the heart, which is already high in
the flying bird. In some circumstances, for example,
sedentary residence at high altitude, the advantages for
oxygen transport might outweigh the disadvantages to
cardiac energy output, but in flight at high altitude the
balance might be tipped in the other direction. The
hematocrit of Pekin ducks increases from 45.4% at sea
level to 55.9% after 4 weeks of high-altitude residence
(5640 m) with a corresponding increase in hemoglobin

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 O, affinity of the
blood are shown by sharp increases in hematocrit after
a week at 3800 m in house finches (native to low alti-
tudes) and parallel changes in rosy finches (native to
high altitudes), although these changes occur over a
markedly lower range of hematocrits in the latter species
(Clemens, 1990). The blood O, affinity (of which Psj is
an index) of rosy finches (Psp: 31 Torr) is higher than
that of house finches (Pso: 37 Torr), suggesting that the
adaptation of the high-altitude species to the require-
ments for O, transport at altitude favored increased O,
affinity over polycythemia, given the attendant increases
in blood viscosity associated with the latter response.
In pigeons, which are not native to high altitudes, resi-
dence at a simulated altitude of 7 km for 6 weeks re-
sulted in both a small reduction in Ps, (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 adaptational
changes to altitude between polycythemia (with atten-
dant changes in blood viscosity) and changes in hemo-
globin oxygen affinity varies in birds depending on spe-
cies and the circumstances of altitude exposure.

D. Temperature Effects

If a liquid is cooled, its apparent viscosity increases;
as a consequence of this, a “‘thinner” oil is used in an
automobile engine during colder weather to decrease
the work that moving parts must perform against inter-
nal viscous forces. Blood of Little and Adelie penguins
has been shown to have a lower viscosity than chicken
blood over a range of temperatures from 0 to 40°C,
suggesting that low viscosity may play a similar role in
aiding blood flow in small vessels of the flippers when
they are immersed in cold water, or come into contact
with ice (Clarke and Nicol, 1993). Under these condi-
tions countercurrent heat exchangers conserve body
heat, but as a consequence tissue temperature in the
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extremities approaches ambient temperature, increas-
ing the viscosity of the contained blood. Penguins main-
tain relatively low blood viscosity despite having very
large erythrocytes (1.7 times the volume of chicken eryth-
rocytes) and have significantly higher levels of plasma
proteins than chickens. However, penguin red cell count
is the lowest recorded in birds (with the exception of the
ostrich; Nicol et al., 1988). This may be a trade-off to keep
blood viscosity low, but could ultimately limit the scope
of aerobic capacity in these animals.

VI. CONTROL OF THE
CARDIOVASCULAR SYSTEM

A. Control Systems

Both the output of the heart and the resistance to
blood flow in the vascular beds are subject to wide
variations, depending on the type of activity in which
animals are engaged and the intensity of that activity.
As discussed above, cardiac output varies in proportion
to total body metabolic requirements while vascular
resistance varies on a regional basis according to the
blood flow requirements of different parts of the body.
Cardiac output and resistance are both under the control
of autoregulatory, humoral, hormonal, and neural in-
fluences. Arterial blood pressure is the product of car-
diac output and total peripheral resistance and it is this
pressure which produces the driving force to ensure
adequate blood flow to the vascular beds. Blood pres-
sure varies but over a proportionally narrower range
than either cardiac output or peripheral resistance. In-
vestigations of the regulation of cardiovascular function
have been driven by the broad assumption that blood
pressure is maintained within sensible limits to ensure
adequate tissue perfusion in the face of the variations
in cardiac output and peripheral resistance imposed by
changes in the external environment or in activity levels.

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
most rapid adjustments in cardiac output and peripheral
resistance, which may occur within the span of a few
heartbeats, are reflexogenic and primarily function to
maintain short-term homeostasis and to effect rapid car-
diovascular responses to changes in the internal or exter-
nal environments. Autoregulatory mechanisms acting
within vascular beds to modify blood flow as a result of
local changes in metabolites or other influences may
operate on a time scale of seconds to minutes. Changes
in humoral factors, such as levels of oxygen and carbon
dioxide, pH, and metabolic products, can affect cardio-
vascular receptors or circulatory elements directly, pro-

ducing changes in cardiac and vascular function directed
toward correcting these disturbances on a time scale
which may extend over long periods. An example of
this is in birds undertaking extended migratory flights
at high altitudes where inspired oxygen levels, and
therefore blood oxygen levels, are much lower than at
sea level. Circulating hormones can also affect both the
peripheral circulation and the heart, and levels of many
of these hormones in the blood may change depending
on the activity state of the animal or on the time of
year, as during molting or mating.

B. Control of Peripheral Blood Flow

Contraction of smooth muscle in the walls of arteries
provides the means for varying vessel caliber, and the
most effective location for altering blood flow by this
means will be where the ratio of wall cross-sectional
area to lumen area is maximal. The smallest arteries
and the arterioles possess the highest wall-to-lumen ra-
tio, and it is here that the contraction of individual
muscle fibers, coordinated over the whole cross-section
of the wall, will give the greatest change in resistance.
The largest component of vascular resistance in the
circulation is therefore set by the tone of the muscles
in the walls of these vessels. Arterial smooth muscle
tone is subject to modulation by several mechanisms:
(1) intraluminal pressure changes, leading to mechanical
autoregulation of blood flow; (2) humoral factors includ-
ing oxygen tension, levels of local metabolites, extracel-
lular ion concentrations, locally released vasoactive
agents, and circulating hormones and vasoactive agents;
as well as (3) transmitters released from autonomic
nerve terminals. Smooth muscle fibers in the walls of
veins are also influenced by these factors, providing
mechanisms for adjusting compliance of the venous
walls and thus some control of the rate of return to the
heart of blood in the central venous pool. The influences
of these regulatory factors on vascular function in birds
are discussed in the following sections.

1. Autoregulation

Vascular tone within a region of the circulation can
be defined as the average level of contraction of smooth
muscle fibers in the blood vessel walls within that region.
At a steady intraluminal pressure and in the absence of
extrinsic influences, spontaneous contractions of indi-
vidual smooth muscles occur at an intrinsic rate. In resis-
tance vessels the smooth muscle cells are arranged at a
right angle to, or on a shallow helix around, the axis of
flow, and the time-averaged tension generated by their
contraction, in balance with the intraluminal pressure,
will set vessel caliber and thus blood flow. An increase
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in arterial pressure will distend the vessel wall, increas-
ing the caliber of the vessel and therefore reducing resis-
tance to flow. As a result, blood flow through the vessel
will increase. This wall distension also increases the fre-
quency of contraction of the smooth muscles, and this
increased vasomotion will then act to reduce the caliber
of the vessel, increasing its resistance and restoring
blood flow toward its original level. Conversely, a reduc-
tion in pressure will reduce wall tension, resulting in
a decrease in the rate of smooth muscle spontaneous
activity. This leads to vasodilation and an increase in
blood flow to offset the effects of reduced perfusion
pressure. These myogenic changes in vascular caliber
thus provide a mechanism to autoregulate blood flow
around a preferred level in the face of variations in
tissue perfusion pressure. In most vascular beds, auto-
regulatory mechanisms are probably limited to the mod-
ulation of local blood flow to ensure even blood distri-
bution, as, for example, in the kidney where this mecha-
nism is important in maintaining glomerular flow rate
in the face of alterations in arterial blood pressure.
Throughout the body local pressure-induced autoregu-
lation will interact with locally released vasoactive
agents and with neurogenically mediated vasomotion
resulting from activation of autonomic reflexes to pro-
vide balanced adjustments in regional peripheral
blood flow.

2. Humoral Factors

Three broad classes of humoral factors affect blood
flow in the peripheral vasculature. One class includes
chemical factors such as PO,, PCQO,, lactic acid and
other metabolic byproducts, electrolyte concentrations,
and pH; these factors can act directly on myocytes. The
second class of factors consists of vasoactive agents re-
leased from the local vascular endothelial cells. This
group includes nitric oxide and possibly endothelin;
these factors are believed to act on smooth muscle cells
by receptor-mediated mechanisms. The third class in-
cludes circulating vasoactive agents, also acting via
receptor-coupled mechanisms to modify smooth mus-
cle contraction.

a. Chemical Factors

If the metabolic rate of a tissue increases, as, for
example, in skeletal muscle during exercise, regional
blood flow will increase due partly to local vasodilation
of resistance vessels and precapillary sphincters induced
by an increase in the concentration of lactic acid and
CO; and a fall in pH. Vasodilation under these circum-
stances is apparently produced by direct chemical effects
on the contractile apparatus of the vascular myocytes
(Mellander and Johansson, 1968). Vasodilation may be

further enhanced if local PO, falls or the concentrations
of extracellular ions such as K* increases. The resulting
increase in blood flow is called functional hyperemia
and serves to accelerate oxygen delivery to the muscle
and to increase the clearance rate of tissue metabolites.
During exercise, central arterial pressure may also rise
(Butler, 1991; Saunders and Fedde, 1994) and local myo-
genic autoregulation would, as outlined in Section
VI,B,1, attempt to limit the rise in blood flow; however
in tissue operating at a high metabolic rate, this mecha-
nism is to a large extent overridden by local chemical
vasodilatory influences. Vasodilation due to tissue hyp-
oxia and buildup of metabolites also occurs during peri-
ods of ischemia, for example, when blood flow to a
vascular bed is occluded as shown in Figure 33. Upon
release of the occlusion blood flow rises transiently to
several times the preocclusion rate, with the increase in
flow proportional to the duration of the occlusion. This
reactive hyperemia acts to restore tissue oxygen levels
and to remove metabolic products accumulating during
the period of occlusion. Local hypoxia also reduces the
vasoconstrictor effects of norepinephrine applied exog-
enously or released from sympathetic nerve terminals
in avian arteries in vitro (Gooden, 1980; and see Section
VI,B,2,b below), and might therefore be expected to
reduce the in vivo effectiveness of vasoconstriction me-
diated neurogenically or by circulating catecholamines
in support of the hyperemic response. Local hypercap-
nia also produces vasodilation and, in the hind limb
vascular bed of the duck, has an even stronger effect
than hypoxia in inhibiting neurogenic or catecholamine-
induced vasoconstriction (Lacombe and Jones, 1990).

b. Locally Released Vasoactive Agents

Endothelium-derived relaxing factor, now recog-
nized as nitric oxide (NO), is a small, rapidly diffusible
molecule released by enzymatic cleavage of L-arginine
from vascular endothelial cells of mammals (see Umans
and Levi, 1995 for review) and birds (Hasegawa et al.,
1993). In both of these vertebrate classes this molecule
exerts a powerful vasodilatory effect by relaxing precon-
tracted vascular smooth muscle. The release of NO as a
result of acetylcholine (ACh) stimulation of endothelial
cells thus provides part of the explanation for the vasodi-
latory effects of ACh in the circulation, as originally
proposed by Furchgott and Zawadzki (1980). In the in
vitro aorta of the fowl, ACh acting at muscarinic recep-
tors on endothelial cells provokes release of NO which
then produces local vasodilation (Hasegawa and Nishi-
mura, 1991). Another factor provoking release of NO
from avian vascular endothelial cells is angiotensin II
(AII); the vasodilation produced by NO release has
been proposed to cause the transient depressor effects
on arterial blood pressure observed in some birds imme-
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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.,
1990; Hasegawa et al., 1993; Takei and Hasegawa, 1990).
Mechanical stimuli such as flow-induced shear stress
(see Section V,B) may also elicit release of NO from
endothelial cells in the vasculature of birds. This effect
has been reported for mammalian vasculature (Umans
and Levi, 1995) and, given that blood flow rates in birds
are generally higher than those in mammals of compara-
ble body size, such a mechanism could provide addi-
tional local adjustment of the degree of vasodilation
within a vascular bed to match the immediate flow re-
quirements of that bed.

It is likely that other locally released vasoactive
agents, such as the peptide endothelin, may also be
important in adjusting regional blood flow in birds as in
mammals. Endothelin is the most potent vasoconstrictor
known in mammals (Inagami et al., 1995), but its vascu-
lar effects have not been evaluated in birds, nor has
the existence of intravascular endothelin receptors been
confirmed in this group of vertebrates. Receptors for
this peptide have, however, been demonstrated on avian
cardiac myocytes and their activation causes an increase
in contractile force (Kohmoto et al.,, 1993).

c. Circulating Agents

Circulating catecholamines have powerful effects on
all elements of the circulation in birds. The catechola-
mines epinephrine (EPI) and norepinephrine (NE) are
released into the circulation from adrenal chromaffin
cells and have direct effects on vascular smooth muscle.
Significant amounts of NE are also released into the

circulation by activation of the sympathetic nervous sys-
tem (discussed in Section VI,B,3 below). A number of
peptides which have vasoactive effects on mammalian
vasculature are also present in avian plasma, but the
specific actions of most of these peptides on the avian
vasculature have not been investigated in detail. Of
these peptides, the most extensively studied in birds with
respect to vasomotion are AIl and avian antidiuretic
hormone (ADH).

Circulating NE levels in conscious ducks and fowl at
rest are in the range of 3-5 nM (Lacombe and Jones,
1990; Kamimura et al., 1995), while the resting plasma
level of EPIis about half the value for NE (Lacombe and
Jones, 1990), as illustrated in Figure 34 A. EPI appears to
be released solely from the adrenal glands since removal
of these glands eliminates EPI from the plasma (La-
combe and Jones, 1990). The loss of adrenal glands
does not, however, markedly affect the resting level of
circulating NE which must therefore be due to spillover
into the plasma of NE released from sympathetic nerve
terminals by autonomic efferent activity. Circulating
levels of both EPI and NE vary under different physio-
logical conditions. For example, plasma catecholamines
can increase by factors ranging from 2 to greater than
1000 in ducks during involuntary submersion, with end-
dive levels being proportional to dive length as shown
in Figure 34B (Huang et al,, 1974; Hudson and Jones,
1982; Lacombe and Jones, 1990).

Both NE and EPI produce vasomotion in avian vas-
cular smooth muscle, acting via «- and B-adrenergic
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-
striction throughout the body. This vasoconstriction
causes an increase in blood pressure produced by the
collective effect of increases in resistance to flow in
individual vascular beds in the body, illustrated in Figure
35, by increased resistance in the hind limb vascular
bed. These vascular responses to NE are primarily medi-
ated by a-adrenergic receptors (Butler et al., 1986; Wil-
son and West, 1986; Bolton and Bowman, 1969). Activa-
tion of a-adrenoceptors on vascular smooth muscle acts
through second-messenger systems to mobilize internal
calcium stores and to open membrane calcium channels,
thus increasing intracellular calcium concentration and
activating the actin—-myosin contractile apparatus (see
Hirst and Edwards, 1989 for review). NE can also have a
vasodilatory effect on the vasculature of birds, mediated
through B-adrenergic receptors; however, this effect
is only apparent systemically after pharmacological
blockade of a-adrenoceptors (Butler er al., 1986). -
adrenergic vasodilation in the avian vasculature also
works by activating intracellular second messengers,
converting the actin-myosin complex to an inactive
form to promote relaxation. Combined «- and -
adrenergic blockade appears to eliminate all direct ef-
fects of NE on bird vascular smooth muscle. The overall
effects of NE on peripheral resistance therefore depend
on the relative abundance of a- and 3-receptors in indi-
vidual vascular beds. EPI also acts on adrenoceptors of
vascular smooth muscle but binds to a-receptors with a
higher affinity than to the 8 subtype, so exerts a stronger

vasoconstrictive effect for the same receptor density
than does NE.

Avian All is similar to the corresponding mammalian
peptide in its structure and in the biochemical pathway
of its production (see reviews by Wilson, 1989; Hender-
son and Deacon 1993). Renin, released from the juxtag-
lomerular cells lining glomerular afferent arterioles in
the kidney, produces the peptide angiotensin I by hydro-
lysis of angiotensinogen, a plasma a-globulin. Angioten-
sin-converting enzyme, which has been identified in cir-
culating plasma and fixed in the walls of blood vessels
in birds (Henderson and Deacon, 1993), then cleaves
angiotensin I to produce AIl. A number of stimuli such
as systemic hypotension, hypovolemia, decreased
plasma or distal tubule ion concentrations (particularly
Na'), or the activation of juxtaglomerular B-receptors
causes renin to be secreted into the plasma. This pro-
motes an increase in circulating angiotensin I, making
it available for conversion to AIl. AII affects circulatory
function at several levels, evoking responses in both the
central nervous system and the peripheral vasculature.
These responses are aimed at the conservation of water
and electrolytes in order to counter the original renin-
secreting stimulus.

Within the central nervous system, AII acts on recep-
tors of some hypothalamic neurons to promote drinking
behavior (Evered and Fitzsimmons, 1981). In the pe-
riphery exogenous or endogenous All produces either
an increase in systemic arterial blood pressure or a bi-
phasic hypotensive—hypertensive response, depending
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FIGURE 35 Responses of mean arterial blood pressure (P,) and resistance to blood flow
in the ischiatic artery (R;) of an adult duck to a bolus intravenous injection of norepinephrine
(NE, at arrow). The R; values for each data point were calculated from the corresponding
P, and ischiatic blood flow values (modified from Wilson and West, 1986; used by permission).

on species. In ducks (Wilson and West, 1986; Butler et
al., 1986) and pigeons (Evered and Fitzsimmons, 1981)
systemic injections of All produced dose-dependent in-
creases in arterial blood pressure. Butler et al. (1986)
and Wilson and West (1986) proposed that this response
was due to vasoconstriction resulting from All-
mediated release of NE from sympathetic nerve termi-
nals and enhanced EPI and NE release from the adrenal
glands; in their experiments - and (B-adrenergic block-
ade eliminated the pressor effects of All injection. In-
deed, Moore et al. (1981) maintained that AII has no
direct vasoconstrictor effects on arterial smooth muscle
in the fowl and Wilson (1989), in a review of the renin—
angiotensin system in birds, ascribes All-induced vaso-
constriction entirely to the effects of elevated catechola-
mine secretion.

In fowl and quail systemic AII injections produce a
rapid, transient hypotension followed by a prolonged
rise in arterial blood pressure (Nakamura et al, 1982;
Takei and Hasegawa, 1990). The hypertensive phase of
this response is mediated by adrenergic mechanisms, as
in the duck and pigeon, but the transient hypotensive
phase appears to be an indirect AIl effect on vascular
endothelial cells, working via the local release of NO
from these cells as described in Section VI,B,2,b above.

Arginine vasotocin (AVT), released from the poste-
rior pituitary into the circulation under conditions of

osmotic or hypovolemic challenge, is the avian homolog
of the mammalian antidiuretic hormone arginine vaso-
pressin. However, the effects on avian vasculature of
increased endogenous AVT levels after salt loading or
hemorrhage are not well understood, nor are the vaso-
motor effects of systemic AVT injections. In mammals
arginine vasopressin produces vasoconstriction in sys-
temic arterioles and in glomerular afferent arterioles,
both serving to facilitate antidiuresis. In birds AVT also
induces vasoconstriction of afferent glomerular arteri-
oles (see Braun, 1982 for review) but its effects on the
rest of the circulation are controversial. Several studies
have reported no cardiovascular consequences of AVT
injection, maintaining that the avian vasculature is not
sensitive to this peptide even at doses many times
greater than ““physiological” levels (Simon-Oppermann
et al., 1988; Robinzon et al., 1988). In contrast, Wilson
and West (1986) in ducks and chickens and Brummer-
mann and Simon (1990) in ducks found that systemic
injections of AVT produced hypotension accompanied
by tachycardia. The latter authors proposed that AVT
directly relaxes vascular smooth muscle, producing a
fall in arterial blood pressure which then evokes a
baroreflex-mediated tachycardia. However, Robinzon
et al. (1993) found in fowl that the direction of AVT-
mediated vascular responses depended on the dose and
method of application. Low doses given slowly by intra-
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venous infusion produced hypertension similar to the
mammalian response to arginine vasopressin, while bo-
lus intravenous doses produced the hypotensive re-
sponses reported in other avian studies. Robinzon et
al. (1993) therefore proposed that AVT acts primarily
via modulation of vascular caliber but that the degree
and direction of vasomotion was not uniform in beds
throughout the body. While there appears to be consen-
sus that AVT does have direct vascular effects in birds,
the understanding of its specific actions must await fur-
ther studies on isolated vascular beds in situ and on
blood vessels in vitro.

3. Neural Control

All parts of the systemic and pulmonary vascular
trees, except capillary beds, are innervated by the auto-
nomic nervous system. This innervation constitutes the
final common pathway for rapid and flexible control by
the central nervous system of regional distribution of
cardiac output. Autonomic outflow to the vasculature
is governed by a variety of reflexogenic inputs from
visceral or somatic receptors relayed through brainstem
and spinal cord pathways, and is also subject to influ-
ences originating at suprabulbar levels of the central
nervous system. However, the degree of vasomotion
produced in any region of the vasculature for a given
intensity of autonomic drive will depend on the densities
of effector terminals and postjunctional receptors in
that region.

The location of autonomic terminals within the vas-
cular wall is different in arteries and veins. Nerve fibers
and terminals in the walls of arteries are, with some
exceptions, limited to the tunica adventitia, extending
as far as the outer elastic lamina marking the border
between the adventitia and the tunica media (Bennett
and Malmfors, 1970). In this respect the innervation
pattern of avian arteries is similar to that in mammals
(see Hirst and Edwards, 1989 for a review of mammalian
arterial innervation). In contrast to the arterial innerva-
tion pattern, nerve fibers and terminals in avian systemic
veins are commonly apposed to smooth muscle in the
tunica media, as well as being located in the adventitia
(Bennet and Malmfors, 1970) and in this regard also
birds are similar to mammals (see Shepherd and Van-
houtte, 1975 for a review of the innervation of mamma-
lian veins).

In addition to intramural nerve fibers and terminals,
large and small nerves course over the outer surfaces of
both arteries and veins, and some vessels are completely
surrounded by plexi of nerve fibers. Furthermore,
throughout the body nerves generally accompany blood
vessels, running parallel with the vessels to form neuro-
vascular bundles. These close associations between

blood vessels and nerves have an important conse-
quence for experimental investigations of neurogenic
vasomotion. In assessing the effectiveness of neural con-
trol of vascular resistance in particular beds, electrical
stimulation of autonomic nerves is commonly employed.
However, some neural pathways to these beds may be
interrupted if supply vessels to the beds are manipulated
or sectioned (for example, to insert a blood flow probe)
between the stimulus site and the expected site of vaso-
motion.

a. Systemic Arterial Innervation

The aorta from its origin to the junction with the
celiac artery, the proximal brachiocephalic trunks, and
the most proximal parts of the common carotid arteries
are elastic vessels (see Section IV,A,2), having relatively
little smooth muscle and thus a correspondingly sparse
vasomotor innervation (Bennett and Malmfors, 1970;
Bennett, 1971). The aorta, especially close to its root
and adjacent to the root of the pulmonary trunk, has
numerous small cells in the adventitia which contain
catecholamines (Bennett, 1971). These cells occur singly
or in clusters, appear to be similar to amine-containing
cells of the carotid body, and are innervated by branches
of the vagus nerve. While these cells may be a source
of locally released catecholamines, it has also been sug-
gested that these cells may constitute chemoreceptive
“aortic bodies” (Bennett, 1971; Tcheng and Fu, 1962)
similar to those found at the homologous site in mam-
mals. In addition the adventitia of the aortic arch is
innervated by afferent vagal fibers with nerve terminals
transducing wall stretch and thus signaling an index of
central arterial blood pressure; these constitute the only
systemic arterial baroreceptors in birds (Jones, 1973).

The transition from elastic to muscular wall structure
occurs in the arterial tree distal to the branching points
of major distribution arteries from the great vessels.
This transition also marks an increase in the density of
innervation of the arterial wall, as shown in the photo-
graph of a branch of the posterior mesenteric artery of
the fowl in Figure 36. In some arteries such as the ischia-
tic, varicose fibers can be seen in the media as well as at
the medial-adventitial border (Bennett and Malmfors,
1970). Of the large muscular arteries, the common carot-
ids appear to be the most heavily innervated (Bennett
and Malmfors, 1970). Given that these arteries convey
the majority of blood flow to the avian brain, this density
of innervation possibly reflects a requirement for greater
autonomic control of cephalic blood flow than in other
beds. Vasomotor innervation of the smaller branches
of arteries within individual vascular beds supplied by
the large arteries has not been systematically described
but in all beds muscular arterioles, which constitute the
resistance vessels responsible for 70 to 80% of total
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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 um (modified from Bennett and Malmfors, 1970;

used by permission).

peripheral resistance, are densely innervated (Folkow
et al., 1966, Bennett and Malmfors, 1970).

The density of innervation of different regions of the
arterial tree is variable among bird species and this
variation has important consequences for differences in
regional neurogenic control of blood flow among spe-
cies. Large arteries supplying hindlimb muscles in ducks,
for instance, are more densely innervated than those in
turkeys, and this difference is correlated functionally
with an enhanced capability in the duck to generate and
maintain neurogenically mediated intense peripheral
vasoconstriction (Folkow et al, 1966). These authors
proposed that this was a general physiological adapta-
tion in diving birds, enabling the redistribution of blood
flow away from those peripheral vascular beds able to
withstand periods of ischemia and toward the central
circulation, thus conserving blood oxygen for ischemia-
sensitive heart and brain tissue.

Electrical stimulation of the sympathetic innervation
of a vascular bed evokes increases in vascular resistance
in that bed, mimicking the effect of elevated vasocon-
strictor outflow from the central nervous system. As
illustrated in Figure 37, graded increases in stimulation
frequency evoke proportionally larger increases in pe-
ripheral resistance in the hind limb vascular bed of the
duck, producing a maximal increase of up to 7 times

the prestimulus resistance value at a stimulation fre-
quency of 30 Hz. In contrast, stimulus frequencies of
less than 10 Hz are required to produce a maximal
increase in resistance in the cat hind limb (Folkow,
1952). The hind limb vascular bed in the duck thus
requires a greater degree of sympathetic drive than that
of the cat to achieve the same order of increase in
resistance to flow. This may reflect differences in the
distribution of sympathetic terminals to the arteries in
this bed in the two species. In support of this, Bennett
and Malmfors (1970) noted that the pattern of adrener-
gic innervation of small intramuscular arteries in birds
was not markedly different from that in mammals, but
observed a higher terminal density in larger arteries of
avians relative to mammals.

Some regions of the avian arterial vasculature have
specialized wall structures and unusual innervation pat-
terns, possibly reflecting enhanced capabilities for re-
gional control of blood flow. The anterior mesenteric
artery in several species of birds has, in addition to the
normal circular smooth muscle in the media, an outer
layer of longitudinal smooth muscle in the adventitia
(Bolton, 1969; Bennett and Malmfors, 1970; Bell, 1969;
Ball et al., 1963; see Section 1V,A,2). Adrenergic fibers
and varicose terminals are found at the adventitial—
medial border in this as in other arteries, but these
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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,
aligned in the direction of the muscle fibers. Longitudi-
nal muscle of this vessel also receives cholinergic inner-
vation (Bolton, 1967; Bell, 1969; Bennett and Malmfors,
1970), although this does not extend to the inner circular
muscle (Bell, 1969). Adrenergic nerve stimulation pro-
duces contraction of the circular muscle which is mim-
icked and blocked by «-adrenergic agonists and antago-
nists respectively (Bolton, 1969; Bell, 1969; Gooden,
1980). The longitudinal muscle is, however, relaxed by
adrenergic nerve stimulation, acting through g-
adrenergic receptors (Bolton, 1969; Bell, 1969). Stimula-
tion of cholinergic nerve fibers in an in vitro preparation
of a segment of the vessel caused the longitudinal muscle
to contract, shortening the whole segment. This did not,
however, markedly affect resistance to flow through the
vessel but in the shortened state adrenergic vasocon-
strictor responses of the circular muscle were found to
be exaggerated (Bell, 1969). The cholinergic innervation
of longitudinal muscle has thus been proposed to potent-
iate adrenergically mediated control of blood flow, pos-
sibly as an adaptation for rapid adjustment of intestinal
blood flow during stress (Bell, 1969). The fact that in-
creased sympathetic drive to this vessel has a relaxing
effect on the longitudinal muscle as well as a constricting
effect on the circular muscle would facilitate the effects
of cholinergic input in shortening the vessel segment.
Cholinergic input may also help adjust blood flow more
precisely when the length of the anterior mesenteric
artery changes during gross intestinal movements asso-
ciated with digestion.

Coronary arteries also possess an outer coat of longi-
tudinal muscle but adrenergic innervation of this muscle
layer is very sparse. In these arteries the majority of

adrenergic nerve fibers and terminals are found at the
adventitiomedial border, as in other arteries (Bennett
and Malmfors, 1970). There are no reports of cholinergic
innervation of the coronary arteries of birds. Cerebral
arteries are, however, dually innervated by adrenergic
and cholinergic fibers (Tagawa et al., 1979). Adrenergic
varicosities are located in the adventitia near the border
with the media throughout the cerebral circulation, in
common with most other arteries of the body. Choliner-
gic fibers as well are located in the tunica adventitia but
occur less frequently than adrenergic terminals (Tagawa
et al., 1979). It is presumed that, since cerebral arteries
have no smooth muscle in the adventitia, neurotransmit-
ters released from both types of terminals diffuse into
the media to act on muscle fibers there. Tagawa et al.
(1979) also reported that, as in mammals, some of the
cholinergic innervation of avian cerebral arteries ap-
pears to originate from central neurons, especially in
the diencephalon, as well as from peripheral neurons.
Studies in mammals have shown that the functional
significance of reflexogenic vasomotion in overall con-
trol of cerebral blood flow is relatively minor compared
with neurogenic control of blood flow in other vascular
beds in the body; intracerebral blood distribution is in-
fluenced mainly by local and possibly circulating hu-
moral factors (Kontos, 1981). This is likely to be true
also in birds; Stephenson et al. (1994) estimated that
neurogenic contributions to changes in cerebral blood
flow in ducks during diving were minor.

b. Systemic Venous Innervation

Large veins in birds are more densely innervated
than those in mammals. The density of noradrenergic
innervation of the chicken caudal vena cava is graded,
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increasing in portions of the vessel more distal to the
heart (Bennett, 1974; Bennett et al., 1974). The caudal
vena cava has an outer coat of longitudinal muscle as
well as an inner circular layer and both layers receive
adrenergic innervation, with the orientation of the ter-
minals and fibers following the direction of the muscle
fibers in each layer (Bennett, 1974). There is also a
sparse cholinergic innervation of this vessel. The supe-
rior venae cavae also have two muscle layers, with a
similar adrenergic innervation pattern to the caudal
vena cava (Bennett and Malmfors, 1970). The walls of
the pectoral, subclavian, celiac, and jugular veins contain
both circular and longitudinal smooth muscle, and the
innervation of these vessels is through a plexus of vari-
cose fibers and terminals located primarily between the
inner and outer muscle layers. Other veins, such as the
coccygeomesenteric vein, have primarily circular mus-
cle, innervated in the pattern illustrated in Figure 36.

Functionally, adrenergic vasomotion appears to be
preeminent in veins. Vasomotion of the caudal vena
cava and other major veins is mediated primarily by a-
adrenergic receptors producing vasoconstriction when
activated; no functional B-adrenergic receptors are pres-
ent (Bennett and Malmfors, 1974). Responses of venous
smooth muscle to cholinergic nerve stimulation are
weak and variable and probably do not contribute di-
rectly to neurogenic control of wall compliance; how-
ever, ACh released from cholinergic nerve terminals
can modulate the release of NE from local adrenergic
nerve terminals and thus may provide fine adjustments
of adrenergically generated venomotor tone.

Sympathetically mediated contraction of smooth
muscle in the major veins serves to decrease wall compli-
ance and vessel diameter, thus providing a reflexogenic
mechanism for reducing the volume of the central ve-
nous pool and increasing return of blood to the heart,
as discussed in Section IV,C,2. Langille (1983) proposed
that reflexogenic venoconstriction was responsible for
the increased central venous pressure observed in ducks
during involuntary submersion. This response may func-
tion to aid venous return to the heart to help maintain
stroke volume in the face of a reduction in cardiac con-
tractility which may develop during diving (Djojosugito
et al., 1969; Langille, 1983).

The renal portal valves, located bilaterally where the
external iliac veins join the junction of the caudal vena
cava with the caudal renal veins, are unique to birds.
These valves (Figure 28) are in the form of sphincters
of smooth muscle which can close off the direct route
for blood flow from the external iliac veins to the caudal
vena cava. Closure increases renal portal blood flow,
venous blood from the external iliac vein being then
partially redirected into the renal capillaries and thence
to the caudal vena cava, as discussed in Section IV,C 4.
The renal portal valve is heavily innervated by both

adrenergic and cholinergic nerve fibers (Akester and
Mann, 1969; Bennett and Malmfors, 1970) with recipro-
cal effects on the smooth muscle of the valve. Adrener-
gic nerve stimulation and sympathomimetic agents in-
duce relaxation, mediated by B-adrenergic receptors,
while cholinergic nerve stimulation and cholinomimetic
agents produce contraction via muscarinic receptors
(Bennett and Malmfors, 1975a; Sturkie et al., 1978). The
importance of this valve in the control of venous blood
distribution in the renal portal system has been the
subject of some debate (Akester, 1967; Section IV,C,4).
Recent functional studies of the avian kidney in sifu by
Glahn et al. (1993) have shown that the status of the
renal portal valve affects total renal blood flow by alter-
ing the amount of flow in the renal portal system. In
conditions of lowered arterial blood pressure in which
renal arterial perfusion is below the range of autoregula-
tion of glomerular blood flow, closure of the renal portal
valve raises renal portal blood flow to compensate total
renal blood flow (Glahn et al., 1993). Neural control of
the renal portal valve may thus form a component of
the suite of reflexogenic responses to hypotension or
hypovolemia.

c. Pulmonary Vessel Innervation

Adrenergic innervation of the pulmonary artery in
the fowl consists mostly of fibers with few varicose nerve
terminals. Fibers and nerve terminals form a plexus at
the adventitiomedial border of the artery, with some
projections into the circular smooth muscle of the media.
There is also smooth muscle oriented longitudinally in
the adventitia, but innervation of this is very sparse
(Bennett and Malmfors, 1970; Bennett, 1971). Some
intrapulmonary arterial branches have dense adrenergic
plexi occurring in short segments along their length
(Bennett and Malmfors, 1970), which may help to redis-
tribute blood flow to selected gas exchange areas within
the lung to optimize local ventilation—perfusion ratios
(Hebb, 1969).

The pulmonary veins proximal to the left atrium are
very densely innervated with adrenergic nerve fibers and
terminals, the density of this innervation being markedly
greater than in the pulmonary arteries (Bennett, 1971).
Abundant terminal varicosities and nerve fibers are lo-
cated in a plexus at the adventitiomedial border, with
some penetration into the media (Bennett, 1971; Ben-
nett and Malmfors, 1970). There is also longitudinal
smooth muscle present in the adventitia, with adrenergic
terminals between the muscle fibers (Bennett, 1971;
Bennett and Malmfors, 1970). The density of innerva-
tion of the longitudinal smooth muscle is reduced close
to the left atrium, increasing distally along the vessel
until the bifurcation to the lungs. At this junction there
is an abrupt decrease in density of innervation of the
entire vessel wall, and within the lungs the major
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branches of the pulmonary veins are very sparsely inner-
vated. Smaller branches of these vessels appear to have
no innervation (Bennett, 1971).

d. Autonomic Pathways

The cell bodies of adrenergic postganglionic vasocon-
strictor neurons innervating the vasculature are located
in paired paravertebral ganglion chains, in prevertebral
ganglia and, in some cases, in small ganglia scattered
throughout the viscera. Cells in the superior cervical
ganglion (representing a fusion of the two most cranial
cervical ganglia) innervate blood vessels of the head,
including those of the salt and salivary glands, via ce-
phalic extensions anastomosing with several cranial
nerves (Bennett, 1974). In birds pairs of sympathetic
ganglia are associated with the cervical vertebrae, and
cells in these ganglia innervate blood vessels of the neck.
The presence of cervical paravertebral ganglia in birds
constitutes a major difference in the organization of
the sympathetic nervous system between this vertebrate
group and mammals. In the caudal part of the neck, in
the thorax, and in the wings of birds the vasculature
is innervated by neurons in the thoracic paravertebral
ganglion chain. Sympathetic fibers reach wing vessels
primarily through the brachial plexus. Some thoracic
postganglionic neurons also contribute sympathetic fi-
bers to the greater splanchnic nerves innervating ante-
rior abdominal viscera via the celiac plexus (Bennet,
1971).

Vertebrae of the lumbar, sacral, and coccygeal spine
are fused to form the synsacrum in birds. The paraverte-
bral ganglion chains from each side in this region are
fused in the midline at about the level of the sixth coc-
cygeal segment in avian species so far examined, and
this combined sympathetic trunk continues caudally to
the pygostyle (Pick, 1970; Akester, 1979; Benzo, 1986).
Axons from postganglionic neurons in this part of the
sympathetic nervous system innervate abdominal and
pelvic viscera via the lesser splanchnic nerves and aortic
plexus, the hypogastric plexus, the pelvic plexus, and the
cloacal plexus. Some sympathetic postganglionic somata
are also located in prevertebral ganglia within these
plexi. In addition, lumbosacral sympathetic neurons
contribute vasoconstrictor axons to the hind limbs via
the lumbosacral plexus (Benzo, 1986; Bennett, 1974).

Sympathetic preganglionic cell bodies synapsing on
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
the spinal cord (see Section VI,C,2 below). All pregan-
glionic axons innervating postganglionic neurons in the
cervical sympathetic chain exit the spinal cord through
ventral nerve roots of cranial thoracic segments; there
are apparently no connections between the cervical spi-

nal nerve roots and the sympathetic ganglia in the neck
(Bennett, 1974; Akester, 1979; Pick, 1970). Although
no detailed analysis has been done of the segmental
locations of spinal preganglionic neurons projecting to
postganglionic vasoconstrictor neurons innervating the
thoracic, abdominal, pelvic, and limb regions, it is likely
that the locations of these neurons follows the mamma-
lian plan. That is, axons of preganglionic neurons in a
particular spinal segment emerge from the cord in the
ventral root of that segment to innervate postganglionic
neurons in ganglia at that level or within one or two
segments rostral or caudal to the exit site (see Gabella,
1976 for review).

Parasympathetic postganglionic neurons innervating
the vascular smooth muscle of such organs as salt glands
and salivary glands in the head of birds are located in
autonomic ganglia near or embedded in the organs (Ash
et al., 1969). Cell bodies of preganglionic neurons inner-
vating parasympathetic postganglionic vasodilator neu-
rons associated with structures in the head are located
in the oculomotor, facial, glossopharyngeal, and vagal
nuclei in the brainstem and course to peripheral ganglia
via the respective cranial nerves associated with these
nuclei (Akester, 1979). Postganglionic cholinergic nerve
fibers innervating arteries and veins of the body origi-
nate from the somata of neurons located in plexuses
associated with blood vessels themselves or, for vessels
of the abdominal viscera, in prevertebral ganglia con-
taining a mixture of adrenergic and cholinergic postgan-
glionic neurons (Bennett and Malmfors, 1970; Bennett,
1974). The location of cells of origin of preganglionic
axons innervating the postganglionic neurons producing
vasodilation in the viscera and skeletal muscle have not
been determined in detail. However, in birds the para-
sympathetic outflow is organized in cranial and sacral
tracts as it is in mammals. It would therefore be expected
that preganglionic neuronal somata responsible for va-
sodilation in thoracic and anterior abdominal viscera
and skeletal muscle in the upper part of the body are
located in medullary vagal motor nuclei, with their ax-
ons running to postganglionic neurons via the vagus
nerves. Similarly, vasodilation of posterior abdominal
and pelvic viscera and skeletal muscle of the lower part
of the body is likely to be mediated by preganglionic
neurons with their somata located at sacral levels of the
spinal cord and their axons innervating postganglionic
neurons via the abdominal and pelvic autonomic nerves.

C. Control of the Heart
1. Catecholamine Effects on the Heart

Both NE and EPI are present in circulating plasma
of birds (see Section VI,B,2,c for discussion), and these
amines have cardiac effects which include an increase
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in the rate of pacemaker depolarization (DeSantis et
al., 1975; Bolton and Bowman, 1969) and augmented
force of myocardial contraction (DeSantis et al., 1975;
Bennett and Malmfors, 1974; Bolton, 1967; Bolton and
Bowman, 1969). In isolated heart preparations and in
myocardial strips in vitro, NE has been found to be as
effective as, or more potent than, equimolar EPI in
producing inotropic and chronotropic augmentation.
This is in marked contrast to the condition in the mam-
malian heart, in which EPI is the more potent stimulant
(Gilman et al., 1990). In whole-animal experiments on
birds, intravenously injected boluses of NE and EPI
augment cardiac output by transiently increasing both
rate and force of contraction, contributing along with
peripheral vasoconstriction to catecholamine-mediated
hypertension (Wilson and Butler, 1983; Wilson and
West, 1986; Bolton and Bowman, 1969; Butler et al.,
1986). In the avian as in the mammalian heart, catechol-
amines appear to act primarily via 8-adrenergic recep-
tors on myocardial and pacemaker cells (Bolton and
Bowman, 1969; Butler et al,, 1986; Bolton, 1967).

2. Neural Control

The anatomical organization of the innervation of
the heart in birds has been studied for more than 100
years, first by gross dissection and then with a variety
of nerve-specific stains (see for example Abraham, 1969;
Hirsch, 1970; Pick, 1970), but these techniques have
not allowed the patterns of cardiac sympathetic and
parasympathetic innervation to be anatomicallly differ-
entiated. This is a factor of major importance in deter-
mining the mechanisms involved in neural control of
the heart. It is only recently, with the advent of histo-
chemical techniques specific for adrenergic and cholin-
ergic neurotransmitters or enzymes in the catabolic and
anabolic pathways of these transmitters, that the pat-
terns of dual, function-specific cardiac innervation have
begun to be explored. The most well-established histo-
chemical method for determining the peripheral distri-
bution of adrenergic nerves is that developed by Falck
(1962) to render catecholamines brightly fluorescent un-
der ultraviolet illumination in the light microscope. This
sensitive technique shows cell bodies, axons, and nerve
terminal varicosities, and most of the descriptions of
adrenergic innervation of the heart are based on the
use of this technique in whole-mounts or sections of
atrial and ventricular tissue. Histochemical assays for
the presence of acetylcholinesterase (AChE), based on
those developed by Koelle and others (reviewed by
Koelle, 1963), have been used to determine the distribu-
tion of parasympathetic innervation of the heart. There
are also more recent immunohistochemical techniques
available for identifying enzymes in the biochemical

pathways synthesizing neurotransmitters; specifically,
antibodies directed against dopamine [-hydroxylase
and tyrosine hydroxylase (NE synthesis) and choline
acetyltransferase (ACh synthesis) are commercially
available. These techniques, however, have yet to be
applied to the avian heart.

Interpretation of the results of studies using transmit-
ter-specific histological techniques to determine pat-
terns of autonomic innervation of the cardiovascular
system rests on two major assumptions: (1) that the
primary neurotransmitter released by the terminals of
sympathetic postganglionic neurons is NE, and (2) that
released by parasympathetic terminals is ACh. Func-
tional studies in bird hearts largely support this assump-
tion. However, recent work on peripheral autonomic
anatomy and function in a wide range of vertebrates
has emphasized the diversity of autonomic neurotrans-
mitters and neuromodulators in addition to the classic
transmitters utilized by this system (see Nilsson and
Holmgren, 1994; Armour and Ardell, 1994; and Furness
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
neurotransmitter-specific techniques are emphasized.

a. Sympathetic Innervation

i. Anatomy Postganglionic sympathetic nerve fibers
arising from neuronal somata extrinsic to the heart form
part of an intracardiac nerve plexus distributed through-
out all four cardiac chambers. The adrenergic innerva-
tion of the proximal part of the venae cavae appears to
be continuous with the intracardiac plexus associated
with the right atrium (Bennett and Malmfors, 1970).
Sympathetic nerve fibers form a network over the epi-
cardial surface of the right atrium, with some fibers
penetrating into the thin atrial wall to lie adjacent to
bundles of myocardial cells and others passing through
the wall to the subendocardium (Smith, 1971a). The
overall appearance of the plexus is that of a three-
dimensional latticework of fibers extending from the
epicardium through the wall to the subendocardium,
with varying concentrations of smooth (nonvaricose)
and varicose nerve fibers and nerve endings in different
regions of the atrial myocardium.

Bennett and Malmfors (1970) reported that the most
densely innervated region of the heart was the external
wall of the right atrium; furthermore, within this area
the region adjacent to the confluence of the venae cavae
with the wall contained the highest density of fibers and
terminals. These authors referred to this area as the
““sinu-atrial node,” presumably by analogy with the cor-
responding sharply defined sinoatrial node of the mam-
malian heart. There is, however, some evidence that the
cells in the primary pacemaker site in the right atrium
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of the bird heart may have a functional organization
different from that in the mammalian heart, in the area
of the junction of the sinus venosus with the sinoatrial
valves (Moore, 1965; and see Section II,C,3). These
valves are present in birds but are only represented by
a vestigial flap in mammals. A large number of the
nerve fibers in this area of the avian heart were varicose,
running among the myocardial cells and aligned with
the longitudinal axes of these cells. Another area with
a high density of adrenergic terminals was in the right
atrial wall near the atrioventricular border, an area cor-
responding to the atrioventricular node (Bennett and
Malmfors, 1970; Section II,C,3). Many nerve varicosities
were also associated with blood vessels in the right
atrial wall.

Bogusch (1974, osmium stain) reported in the fowl
that the specialized cells of the pacemaker areas and
conducting system in the right atrium are well inner-
vated by nerve fibers with frequent varicosities and some
bare nerve endings. In contrast, Yousuf (1965, silver
stain) found no investment of nerve fibers into the sino-
atrial node region and few in the atrioventricular node
in the sparrow heart. This disparity could be due to a
species difference or to a relative lack of sensitivity of
the silver stain; in any case, neither technique is neuro-
transmitter specific nor as sensitive as the amine fluo-
rescence technique. Full details of the sympathetic in-
nervation of the conducting tissues of the right atrium
are still not clear. A combination of immunohistochemi-
cal localization of dopamine hydroxylase or tyrosine
hydroxylase in nerve terminals and standard histological
processing for visualizing pacemaker cells and atrial
Purkinje fibers would address this problem.

A small number of strongly fluorescent cell bodies
are present in the right atrium and in the walls of some
parts of the vasculature after processing for amine-
related fluorescence. These cells are, however, not asso-
ciated with intracardiac ganglia (Bennett and Malmfors,
1970) and probably represent “small, intensely fluores-
cent” cells (SIF cells) or so-called “paraganglion cells”
(Eranko and Eranko, 1977) of as yet uncertain function.
There are, however, some fluorescent nerve endings
around the cell bodies of nonfluorescent ganglion cells
(Bennett and Malmfors, 1970), suggesting some form
of sympathetic modulation of the activity of intrinsic
cardiac neurons.

The right atrioventricular valve has a central layer of
connective tissue between two layers of cardiac muscle
(Section I1,A,4), and nerve bundles have been observed
in association with this connective tissue (Smith, 1971a).
In this study several general nerve stains as well as a
cholinesterase-specific stain were used, but unfortu-
nately no details are given regarding the specificity of
staining of the valvular innervation. However, Bennett

and Malmfors (1970) have shown that this valve is inner-
vated by adrenergic nerve fibers with few terminals,
arranged in a loose plexus in the leaves of the valve.
These observations suggest the existence of some degree
of neural control of this valve, possibly by both sympa-
thetic and parasympathetic limbs of the autonomic ner-
vous system.

Adrenergic innervation in the left atrium is less
dense than in the right atrium, but more dense than in
the ventricles. Adrenergic fibers and terminals of the
left atrial cardiac plexus, while distributed in a three-
dimensional pattern similar to that in the right atrium,
appear to be more evenly spread throughout the left
atrial wall with little variation in density. In addition,
the interatrial septum also receives adrenergic innerva-
tion as an extension of the epicardial plexus (Akester,
1971; Akester et al., 1969). The distal portion of the left
atrioventricular valve has a fibroelastic structure, while
more proximally cardiac muscle is associated with the
fibrous skeleton (Section II,A,4). Smith (1971a) has de-
scribed a fine network of nerve fibers, continuous with
the left atrial subendocardial plexus, investing the fi-
broelastic portion of this valve; no mention of an inner-
vation of the muscular portion of the valve was made
in this study. The staining technique used was again not
transmitter specific, so the left atrioventricular valve
may be under sympathetic or parasympathetic influence,
or both, or the innervation observed may be afferent.
However, regarding the latter possibility, Smith (1971a)
states that no simple or specialized nerve endings typical
of sensory receptors were observed in or near the left
atrioventricular valve.

The avian ventricles are relatively sparsely inner-
vated compared with the atria, but even so are more
densely innervated than are the ventricles of the hearts
of mammals (Smith, 1971b). Akester et al. (1969) and
Akester (1971) reported adrenergic innervation of the
interventricular septum, and Bennett and Malmfors
(1970) observed that innervation of this region was more
dense than that in the rest of the ventricle walls. While
these authors did not determine the intraseptal targets
of innervation, it is possible that some of these axons
may innervate intraseptal Purkinje cells since bare nerve
endings have been observed close to these cells (Akes-
ter, 1971). Regarding the innervation of the pulmonary
and aortic valves, Smith (1971a) reported that they were
sparsely innervated in comparison with the left atrioven-
tricular valve. Fibers in the pulmonary and aortic valves
comprise a plexus arranged to form a widely spaced
lattice in the basal parts of the valve leaflets.

In birds the sympathetic cardiac nerves arise from
the most rostral ganglia of the thorax and the most
caudal cervical ganglia, but there is some variation in
detail among different accounts (see Cabot and Cohen,
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1980 for summary). Macdonald and Cohen (1970) and
Cabot and Cohen (1980) describe the right sympathetic
cardiac nerve in the pigeon as a single trunk formed by
the anastomosis of postganglionic nerves arising from
the three most caudal cervical ganglia. These ganglia
are associated with spinal nerves contributing to the
brachial plexus; the most caudal ganglion of this group
is thus associated with the last spinal segment contribut-
ing to the brachial plexus. This description closely fol-
lows that of Malinovsky (1962) in the pigeon. In the
chicken, however, the origin of the right cardiac sympa-
thetic nerve is limited to the first thoracic paravertebral
ganglion (as defined by its location caudal to the head
of the first rib; Pick, 1970; Tummons and Sturkie, 1969;
see Figure 38).

There has been some controversy over the nomencla-
ture of avian sympathetic ganglia. Birds have a sympa-
thetic ganglion associated with each cervical spinal seg-
ment (Gabella, 1976; Pick, 1970) and this observation,
as well as variations in opinion on numeration of the
ribs in the bird, has made it difficult to be precise about
the terminology for the most caudal ganglion contribut-
ing to the cardiac nerve. Malinovsky (1962) holds that
this is the first thoracic ganglion, since it lies between
the heads of the first and second ribs. However, Macdon-
ald and Cohen (1970) have sided with earlier authors
in noting that the first rib should not be considered to
mark the first thoracic segment since this rib is reduced
in size and does not form part of the ribcage proper.
As Cabot and Cohen (1980) have pointed out, the issue
of terminology is not critical when considering func-
tional aspects of cardiac sympathetic outflow to the bird
heart, but may become important when attempting to
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FIGURE 38 Schematic representation of the sympathetic innerva-
tion of the chicken heart on the right side. In this species the cardiac
sympathetic nerve originates from the first thoracic paravertebral
ganglion. (Modified from Tummons and Sturkie (1969), Am. J. Phys-
iol. with permission.)

draw conclusions about the homology of this pathway
with the sympathetic innervation of the mammalian
heart. Mammals have no cervical paravertebral ganglion
chain, and postganglionic neurons efferent to the heart
in this vertebrate class are located in the middle cervical
ganglion and the stellate ganglion, the latter being
formed by the condensation of the caudal cervical and
first thoracic ganglia. This arrangement has no parallel
in birds.

Regardless of the number of ganglia contributing to
the right cardiac sympathetic nerve, the course of this
nerve to the heart appears to follow the same general
pattern in all avian species so far examined. The nerve
courses toward the heart in conjunction with a small
vertebral vein arising from the lateral aspect of the ver-
tebral column between the last cervical and first thoracic
spinal segments. The vessel and nerve merge with the
apical pleura of the lung and run together between the
pleural fascia. At the ventral surface of the pleura close
to the junction of the vertebral vein with the superior
vena cava, the nerve turns caudally along the vena cava
toward the heart, there forming two rami. The medial
ramus divides further and its fascicles enter the cardiac
plexus to distribute within the right atrial wall. The
lateral ramus joins the right vagus nerve in the vicinity
of the right pulmonary artery (Pick, 1970; Cabot and
Cohen, 1980; Tummons and Sturkie, 1969; Cabot and
Cohen, 1977a; Macdonald and Cohen, 1970; Malinov-
sky, 1962). The ganglionic origin of the left sympathetic
cardiac nerve is similar to that of the right, arising in
the chicken from paravertebral ganglion 14 (first tho-
racic) and in the pigeon by anastomosis of postgangli-
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
and Cohen (1970) undertook a series of neuronal degen-
eration studies in order to determine the ganglionic
distribution of the somata of postganglionic neurons
supplying axons to the heart. After section of the right or
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left cardiac sympathetic nerve in the thorax, the greatest
number of degenerating neurons was found in ganglion
14, with lesser numbers in ganglia 12 and 13; no degener-
ating neurons were observed in ganglia rostral or caudal
to this level. Postganglionic cells of origin of fibers in
the cardiac sympathetic nerves were thus located bilat-
erally in the same sympathetic ganglia which give rise
to the postganglionic nerves constituting the cardiac
nerve. In experiments in which the ganglia themselves or
the interganglionic sympathetic trunks were stimulated
electrically, Macdonald and Cohen (1970) obtained pos-
itive cardiac chronotropic responses of short latency
from ganglia 12 to 16, occasional longer-latency re-
sponses from ganglia 17 and 18, and none from ganglia
caudal to 18. Experiments in which stimulation of gan-
glia was combined with sections of the sympathetic
trunk above and below the stimulation site confirmed
these results. These data were interpreted to mean that
preganglionic axons originating in the spinal cord as
caudally as the 16th segment converged on postgangli-
onic cardiac neurons in ganglia 12 to 14. The longer-
latency cardiac responses to stimulation of ganglia 17
and 18 were attributed to sympathetic activation of the
adrenal glands and consequent release of catechola-
mines into the bloodstream; nerves arising from ganglia
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-
tinct due to small clusters of cells which extended into
the regions between segments 13 and 14 and caudal to
segment 21. Neurotracer studies using retrograde trans-
port of horseradish peroxidase have shown that spinal
preganglionic neurons efferent to the postganglionic
cells in ganglion 14 of the pigeon are present from the
caudal portion of segment 14 to the rostral part of seg-
ment 17 (Cabot and Cohen, 1977a). This finding pro-
vides strong anatomical support for the earlier conclu-
sion of Macdonald and Cohen (1970), reached on the
basis of functional and degeneration studies, that spinal
preganglionic inputs to cardiac postganglionic neurons
originate from segments 14 to 16, with some inputs pos-
sibly coming from segment 17.

The protocol used by Cabot and Cohen (1977a) did
not label cardiac preganglionic neurons specifically. In
a more recent study of the intraspinal circuitry involved
in sympathetic control of the heart, the region of the
spinal cord containing cardiac preganglionic motor neu-
rons has been more precisely mapped by Cabot et al.
(1991b). In this study, preganglionic neurons associated
with ganglion 14 in the pigeon were labeled using frag-
ment C of tetanus toxin (a nontoxic moiety which is
retrogradely transported by axons), injected into sympa-
thetic ganglion 14. These experiments confirmed the
location of preganglionic neurons in the column of Terni
and also demonstrated labeling of neurons lateral to this
nucleus (Figure 39) in an area which, in the mammalian
spinal cord, is occupied by sympathetic preganglionic
neurons of the nucleus intercalatus spinalis (Petras and
Cummings, 1972), a term that Cabot et al. (1991b) have
applied to the corresponding area in the pigeon spinal
cord. Their results show that cardiac neurons in the
spinal cord are not confined to the column of Terni. No
studies have yet been done to label cardiac postgangli-
onic sympathetic neurons in the bird which innervate
specific regions of the heart, but this will be a necessary
further step in order to determine the intraspinal loca-
tions of groups of neurons controlling cardiac functions
such as rate and contractility. A potentially useful ap-

FIGURE 39 Mediolateral distribution of cell bodies of spinal pregan-
glionic neurons labeled in the first thoracic segment (T1) of the spinal
cord by an injection of a retrograde neurotracer (fragment C of tetanus
toxin) into the right paravertebral ganglion 14 of the pigeon. The
largest root of the cardiac sympathetic nerve in the pigeon arises from
this ganglion. The diagram shows labeled neurons concentrated in
the column of Terni [cT, large cluster of dots closest to the central
canal (cc)], along with a lesser concentration of cells located more
laterally in the nucleus intercalatus spinalis (IC). Although pregangli-
onic neurons innervating the heart were not labeled specifically in
this experiment, their cell bodies will be among the labeled population.
Abbreviations: DH, dorsal horn; VH, ventral horn. Horizontal scale
bar represents 50 um. (Reprinted from Neuroscience 40, J. B. Cabot,
A. Mennone, N. Bogan, J. Carroll, C. Evinger, and J. T. Erichsen,
Retrograde, trans-synaptic and transneuronal transport of fragment
C of tetanus toxin by sympathetic preganglionic neurons, pp. 805-823,
Copyright (1991), with permission from Elsevier Science.)
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proach to this problem would be localized injections of
a retrograde neuroanatomical tracer such as fragment
C of tetanus toxin or pseudorabies virus into specific
regions of the heart. This tracer would then be trans-
ported retrogradely and transsynaptically so that both
cardiac postganglionic neurons and the spinal pregangli-
onic neurons afferent to them could be visualized. This
approach has proven advantageous in studies of cardiac
autonomic pathways in mammals (Strack et al, 1988).

The descending projections from higher centers in the
central nervous system to sympathetic preganglionic
neurons controlling the heart have not in general been
delineated in birds. However Cabot et al. (1982), in a se-
ries of anatomical studies in the pigeon, determined that
the overall pattern of projections to spinal preganglionic
neurons is very similar to that found in mammals, and this
anatomical data corroborates the results of earlier brain
stimulation studies in the bird. In particular, Cabot et al.
(1982) have shown anatomically that avian preganglionic
neurons receive direct projections from diencephalic and
medullary areas which, when electrically stimulated, pro-
voke cardioaugmentation (Macdonald and Cohen, 1973;
Folkow and Rubenstein, 1965; Kotilainen and Putkonen,
1974; Feigl and Folkow, 1963).

ii. Sympathetic Control Electrical activation of in-
tramural adrenergic nerves in the avian heart produces
augmented force of contraction and cardioacceleration.
Bolton and Raper (1966) and Bolton (1967) first demon-
strated sympathetically mediated augmentation of force
of contraction of electrically paced strips of in vitro left
ventricle from the fowl heart. In these studies, field
stimulation excited both cholinergic and adrenergic
nerves, and sympathetically mediated augmentatory ef-
fects were then pharmacologically isolated by the appli-
cation of atropine to eliminate parasympathetic inhibi-
tory effects. After muscarinic blockade, the increased
contractile force produced by field stimulation was at-
tributed to activation of adrenergic nerves since this
effect could then be blocked by B-adrenergic antago-
nists. These data provided the first evidence in birds
that the sympathetic nervous system can have a positive
inotropic effect directly on ventricular myocardial cells.

Similar field stimulation experiments on left and right
atria in vitro have shown that activation of intramural
sympathetic nerves has powerful effects on these cham-
bers. In the left atrium of the fowl heart, increased force
of contraction of myocytes resulted from sympathetic
nerve activation. These positive inotropic effects were
blocked by pB-adrenergic antagonists (Koch-Weser,
1971; Bennett and Malmfors, 1974; Bennett and Malm-
fors, 1975b). The right atrium in vitro responds to field
stimulation of intramural sympathetic nerves with an
increase in force of contraction and rate of pacemaker

discharge, with both effects mediated by B-adrenergic
receptors (Pappano and Loffelholz, 1974).

In the isolated chicken heart perfused in vitro by
Langendorff’s method, stimulation of the attached right
cardiac sympathetic nerve produces positive chrono-
tropic effects (heart rate increased from 186 to 292 beats
per min; Sturkie and Poorvin, 1973). The basal heart rate
of this isolated preparation, supplied with (presumably)
adequate oxygen in the perfusate at 40°C, might be
expected to be similar to that of the in sifu chicken
heart after bilateral section of the vagus and cardiac
sympathetic nerves (‘“decentralized” state), but this was
not the case. The mean rate of in situ decentralized
hearts was in the range of 235-285 beats per min (Tum-
mons and Sturkie, 1968; 1969). Under these conditions
stimulation of the peripheral stump of the right cardiac
sympathetic nerve increased heart rate to 345 beats per
min, an increase of 48%. By comparison, stimulation of
the right cardiac nerve stump attached to isolated hearts
in vitro produced a mean heart rate of 292 beats per
min. That is, maximal sympathetic stimulation in this
preparation could only raise heart rate to a level equiva-
lent to the basal rate of the decentralized heart in situ.
However, even though basal heart rate was different in
these preparations, the proportional increase in rate
during sympathetic stimulation was the same in both
cases. Thus sympathetically mediated chronotropic ef-
fects in the isolated heart may, in relative terms, reflect
the capabilities of this control system in the in vivo heart.

In a beating heart in vivo, stimulation of the cardiac
sympathetic nerves produces cardioacceleration. Tum-
mons and Sturkie (1968), in the unanesthetized chicken,
showed that either cardiac sympathetic nerve could pro-
duce this effect when stimulated: activation of the right
nerve increased heart rate by 48% above the prestimula-
tion value, while activation of the nerve on the left side
increased heart rate by 32%. In the pigeon, however,
Macdonald and Cohen (1970) found that only the right
cardiac nerve mediated cardioacceleration when stimu-
lated (Figure 40, top panel) while stimulation of the left
cardiac nerve altered the appearance of the T wave
of the electrocardiogram without a chronotropic effect
(bottom panel, Figure 40). Such functional asymmetry
in cardiac control has also been reported for the mam-
malian heart (Randall, 1994).

In the right atrium the role of the dense adrenergic
innervation of the sinoatrial area (see Section VI,C,2,a)
in control of heart rate is obvious and a number of
studies have shown that adjustments of heart rate in
vivo are made by the sympathetic nervous system under
a variety of physiological conditions. Furthermore, the
anatomical evidence for widespread cardiac innervation
and the data cited above for sympathetic influences on
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 © 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-
duce both global and regional enhancement of contrac-
tility. Two important functional consequence of this
arrangement are that (1) different patterns of sympa-
thetic outflow from the central nervous system to indi-
vidual chambers of the heart provide the means for
augmenting regional contractility differentially to match
the chambers’ pumping actions to the hydraulic imped-
ances into which they are working; and (2) the output
of each chamber can be controlled independently of
pumping rate. However, to understand the function of
this control system more thoroughly it is necessary to
establish whether different populations of pre- and post-
ganglionic sympathetic neurons do in fact innervate dif-
ferent cardiac regions and whether such subpopulations
may be differentially activated through reflexes driven
by receptors in specific cardiac or vascular reflexogenic
zones. Such an analysis is complicated by the location,
remote from the heart, of cells of origin of the postgan-
glionic sympathetic axons innervating the cardiac cham-
bers, in contrast to the intracardiac locations of the
postganglionic parasympathetic neurons.

Most studies of sympathetic control of cardiac func-
tion have affirmed the role of NE as the transmitter
released by avian postganglionic terminals on the myo-
cardium. However, the bird heart contains EPI as well
as NE (Sturkie and Poorvin, 1973; De Santis et al., 1975;
and data summarized in Holzbauer and Sharman, 1972).
It has been suggested that, in other organs such as the
rectum of the fowl, adrenergic terminals may release

EPI (Komori et al., 1979). In the isolated chicken heart,
De Santis et al. (1975) proposed that both EPI and NE
may act as sympathetic neurotransmitters, on the basis
of two main lines of evidence. First, sympathetic nerve
stimulation, infusion of tyramine (a compound pro-
voking the release of endogenous amines from sympa-
thetic nerve terminals) or depolarization of intracardiac
nerve terminals with a potassium-enriched perfusate all
produced elevated NE and EPI efflux from the heart.
Second, exogenously applied NE and EPI were equipo-
tent in augmenting cardiac rate and strength of con-
traction. These authors also treated hearts with 6-
hydroxydopamine to destroy sympathetic nerve endings
and found that this reduced the intracardiac concentra-
tions of both EPI and NE to very low levels. But De
Santis et al. (1975) did not perform the critical experi-
ment of determining the effect of chemical sympathec-
tomy on release of catecholamines during cardiac nerve
stimulation. Sturkie and Poorvin (1973), on the other
hand, concluded that even though they and other work-
ers had identified stores of both EPI and NE in the
heart, only NE appeared to be released during sympa-
thetic nerve stimulation. These authors concluded that
EPI was sequestered in nonneuronal stores and would
not, therefore, be involved in neurogenic control of the
myocardium. Currently the most widely accepted view
is that NE is the primary sympathetic neurotransmitter
in the avian heart, as in the mammalian heart.
Autonomic tone is usually taken to mean the level of
spontaneous and ongoing activity in autonomic nerves to
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the heart under “‘basal” or “‘resting”’ conditions (that is,
when the animal is not actively moving or engaged in ma-
jor physiological responses to its environment). Since
monitoring spontaneous nerve activity is technically dif-
ficult in any preparation other than the acutely anesthe-
tized animal instrumented for nerve recording, the level
of basal heart rate is usually taken as the major indicator
of cardiac autonomic tone as rate is easily measured un-
der a variety of conditions in the whole animal. An added
complication in analyzing tonic autonomic drive to the
heart is that both autonomic limbs can strongly affect
rate. Since rate is driven in opposite directions by para-
sympathetic and sympathetic inputs, the chronotropic ef-
fects of tonic activity in one limb can only be accurately
assessed in the absence of influences from the other limb.
Autonomic inputs to the heart can be selectively ablated
by a variety of means including surgical section of the
vagus or cardiac sympathetic nerves, chemical sympa-
thectomy (by pretreatment with agents which destroy ad-
renergic nerve terminals or by adrenergic blockade),
blockade of cardiac vagal effects with atropine, or a com-
bination of these methods.

The level of sympathetic tone to the heart can be
quantified by determining the change from basal heart
rate produced by any of the above methods for func-
tional sympathectomy after vagal influences on the heart
are removed; see Sturkie (1986b) for the development
of an equation expressing this concept. Widely varying
levels of sympathetic tone have been reported among
bird species and even among different studies of the
same species. A portion of this variability is likely due
to the use of anesthetics. Baseline heart rate itself will
change as a consequence of general anesthesia, and an-
esthetics will also have a blunting effect on autonomic
control of the heart (Vatner and Braunwald, 1975; Brill
and Jones, 1981; Lumb and Jones, 1984). Therefore the
most accurate assessment of cardiac sympathetic tone
would be made in awake, spontaneously breathing ani-
mals in a quiescent state after vagal influences on the
heart have been eliminated.

Johansen and Reite (1964) investigated the level of
autonomic tone to the heart in both awake ducks and
those under general anesthesia; the authors did not dif-
ferentiate between these states in reporting their data,
claiming that this made no difference to the outcome
of the experiments. In vagotomized ducks in this study,
B-adrenergic blockade produced a large fall in heart
rate, implying the existence of strong resting sympa-
thetic tone. Tummons and Sturkie (1969) reported that,
in awake chickens at 6 days after recovery from surgical
division of the cardiac sympathetic nerves, heart rate
was about 16% less than that in intact animals. In anaes-
thetized ducks Kobinger and Oda (1969), using pharma-
cological agents to inhibit sympathetic function at cen-
tral and peripheral levels of the nervous system, also

found evidence for significant sympathetic tone to the
heart. On the central side, they showed that clonidine-
mediated depression of vasopressor areas in the me-
dulla, including the sympathetic cardiomotor area, led
to a reduction in heart rate. On the peripheral side,
depletion of NE from peripheral sympathetic terminals
with reserpine, or prevention of NE release from these
terminals, also significantly reduced cardiac rate. None
of these experiments was done with accompanying vagal
blockade. In contrast to the results of Kobinger and
Oda (1969), Folkow et al. (1967) found no significant
change in heart rate after 3-adrenergic blockade in the
same species. However, a complicating factor in the
latter study was that the agent used (an experimental
B-blocker then under development) was acknowledged
by the authors to have a partial 8-agonist effect which
may have offset any effects of 3-blockade on basal heart
rate. Butler and Jones (1968; 1971) reported no signifi-
cant change in heart rate in unanesthetized ducks after
B-blockade with propranolol, an agent free of intrinsic
B-agonist effects. In awake chickens, Butler (1967)
found that B-blockade with the vagi intact produced a
significant fall in heart rate to 75% of the control rate.
B-blockade after vagotomy produced less of an effect,
reducing heart rate to 82% of the level in animals with
intact vagi. These results show that significant sympa-
thetic tone is present in the chicken, reinforcing the
contention that the level of this tone can only be accu-
rately assessed in the absence of parasympathetic input
to the heart. However, the results of Butler (1967) con-
trast with those of Tummons and Sturkie (1970), who
found that sympathetic nerve section produced a fall of
about 16% in heart rate from the level before nerve
section, while vagotomy produced a rise of about the
same proportion. Combined vagotomy and sympathetic
nerve section resulted in a heart rate not significantly dif-
ferent from that in intact animals. The authors therefore
concluded that, in resting intact animals, the balance be-
tween tonic sympathetic and parasympathetic inputs to
the heart maintained rate at the same level as the intrinsic
rate in animals after cardiac decentralization. It is clear
from the foregoing discussion that further studies of tonic
sympathetic drive to the heart must be rigorous in taking
both the state of anesthesia and the level of concomitant
parasympathetic drive into account.

An electrophysiological analysis of the compound ac-
tion potential of the right cardiac nerve in the pigeon has
shown that axons in this nerve can be categorized into
two groups separable by conduction velocity, as shown in
Figure 41 (Cabot and Cohen, 1977a). Fibers of the more
slowly conducting group (range 0.4-2 m sec™!) were
shown to mediate sympathetic cardioacceleration. The
range of conduction velocities of these axons lies within
that of unmyelinated sympathetic postganglionic fibers
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 wV 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 min~!. 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-
firms that 67% of axons in this nerve are unmyelinated
(Macdonald and Cohen, 1970). The faster-conducting
group of fibers in this nerve (range 2-5.6 m sec™!) are
likely to be myelinated axons. These make up the remain-
ing 33% of the total number of axons and probably repre-
sent so-called “sympathetic afferent” fibers (Malliani et
al., 1979) with receptor endings in the heart, great vessels
or lungs. Afferent fibers in cardiac nerves have been
shown to participate in cardiopressor reflexes in the pi-
geon (Cabot and Cohen, 1977b).

b. Parasympathetic Innervation

i. Anatomy Efferent neurons with their cell bodies
in the heart form the final common pathway for parasym-
pathetic control of cardiac function. These postgangli-
onic neurons receive synaptic inputs from terminals of
preganglionic neurons with their somata in the brainstem
and their axons coursing to the heart in the vagus nerves.
It is generally accepted that parasympathetic efferent
neurons in the heart are cholinergic, releasing ACh at

their myocardial terminals; this neurotransmitter acts to
modify myocardial function through postjunctional mus-
carinic receptors. Indeed, most of the anatomical studies
of parasympathetic innervation of the heart have used a
histochemical reaction indicating the presence of AChE
as a marker to determine the distribution of cholinergic
fibers and terminals of the cardiac plexus, as well as the
locations of intracardiac neurons. Cabot and Cohen
(1980) have extensively reviewed the cholinergic inner-
vation of the heart, so a brief synopsis of that review and
the contributions of later workers are combined below.
In all avian species so far examined, all four cardiac
chambers receive AChE-positive innervation (Hirsch,
1963; Yousuf, 1965; Smith, 1971a,b; Akester and Akes-
ter, 1971; Mathur and Mathur, 1974; Rickenbacher and
Miiller, 1979; Kirby et al, 1987). Smith (1971a,b), in
studies of the innervation pattern in the chicken heart,
determined that cholinergic nerves, nerve fibers, and
terminals formed a subepicardial ground plexus
throughout the atria and ventricles, penetrating into the
myocardium. Some fibers were observed to run all the
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way to the endocardial region where they contributed
to a subendocardial plexus which was also distributed
throughout the atria and ventricles. In many avian spe-
cies the overall intracardiac distribution of cholinergic
innervation parallels the distribution of adrenergic fi-
bers and terminals (Bennett and Malmfors, 1970). The
right atrium has been a particular focus for anatomical
studies of cholinergic innervation in view of the location
of the primary pacemaker in this chamber and the va-
gally mediated inhibition of pacemaker node discharge
rate. Yousuf (1965) noted in the sparrow heart that the
region around the sinoatrial node was the first part of
the heart to receive extrinsic cholinergic innervation
during embryological development and observed that
in later developmental stages this area and the right
atrial wall near the atrioventricular node were heavily
innervated. However, no nerve fibers were observed to
enter the sinoatrial node area proper, and only a few
fibers were present among the atrioventricular nodal
cells. This pattern has also been observed in the pigeon
heart (Mathur and Mather, 1974). However Gossrau (as
summarized in Akester, 1971) reported that in pigeon,
chaffinch, and canary hearts the pacemaker region had
a dense AChE-positive innervation, while in duck and
chicken this area was sparsely innervated. Differences
among these studies may be partly species dependent,
although the contrasting results of Mathur and Mathur
(1974) and Gossrau in the pigeon heart may be due
to differences in the techniques used. Bogusch (1974)
observed a dense cholinergic innervation pattern
around subepicardial Purkinje fibers of the fowl right
atrium but noted that the density of this innervation
decreased as the conducting fibers approached the atrio-
ventricular border. In this study, multiple nerve termi-
nals were only loosely associated with Purkinje fibers,
leaving some doubt as to the nature of the neuroeffec-
tor—tissue relationship in cholinergic control of conduc-
tion in the atrium. Sinoatrial valve remnants have also
been reported to be the targets of cholinergic innerva-
tion in the bird heart (Akester, 1971; Mathur and Ma-
thur, 1974).

Cholinergic innervation of the left atrium and the
ventricles has been less extensively studied than that of
the right atrium, but the general pattern of subepicardial
and subendocardial plexi with individual nerve fibers
and terminals extending into the myocardium, as de-
scribed by Smith (1971b), appears to hold. Extensive
cholinergic innervation has been described in the intera-
trial and interventricular septa (Akester, 1971), the right
atrioventricular valve leaflets (Akester, 1971; Mathur
and Mathur, 1974), and the left atrioventricular valve.
Here the AChE-positive nerve fibers enter the basal
half of the valve from the subendocardial plexus (Smith,
1971a). The cholinergic innervation of the avian chordae

tendineae is controversial: Smith (1971b) reported no
nerve fibers present in chordae tendineae of the chicken
heart, while Mathur and Mathur (1974) found in the
pigeon heart that these structures were innervated. The
function of such innervation is obscure since the chordae
tendineae contain no actively contracting tissue, serving
only to anchor the papillary muscles to the aortic valve
leaflets. It is most likely that the nerve fibers observed
in these structures are efferents en route to either the
valves or the papillary muscle, but some fibers may
subserve an afferent function.

The adventitia of coronary arteries associated with all
chambers of the bird heart is innervated by cholinergic
nerve fibers (Hirsch, 1963; Akester, 1971; Smith, 1971a)
but the origin of this innervation is not known. Choliner-
gic fibers innervating coronary arteries may originate
from postganglionic parasympathetic neurons within
the heart or may possibly be extrinsic “‘sympathetic cho-
linergic” fibers; in either case this innervation probably
functions to increase coronary blood flow by promot-
ing vasodilation.

In development of the chick heart, Rickenbacher and
Miiller (1979) determined that cell bodies of intracar-
diac neurons, clustered into ganglia, first developed in
the left ventricle, then a large group of ganglia became
evident around the coronary sulcus and the ventral sur-
face of the ventricles and, lastly, ganglia developed in
association with the dorsal atrial walls.

In the adult avian heart, ganglia are located primarily
in the subepicardial plexus, usually in association with
plexus nerves and frequently near the branch points of
these nerves. The somata of intracardiac neurons have
been characterized as multipolar (possessing more than
two processes; Smith, 1971b; Yousuf, 1965) but these
observations are limited to the hearts of only two species
(chicken and sparrow, respectively). No morphological
data exists on the variation of somatic dimensions or
on the length or specific projection targets of the pro-
cesses of intracardiac neurons in any avian species.

Histochemical reactions for AChE have been the
primary tool used in analyzing the distribution of intra-
cardiac neurons in the bird heart, and there seems little
doubt that these techniques allow visualization of most
if not all of these neurons. Such anatomical data, along
with evidence from the functional studies cited below,
supports the contention that the phenotype of avian
intracardiac neurons is cholinergic. However, AChE has
been detected in some nonneuronal elements associated
with the nervous system (see review by Fibiger, 1982)
and demonstration of the presence of this enzyme in
neuronal somata in the heart, although necessary, may
not be a sufficient criterion for designating these cells
cholinergic. In the central nervous system the most
widely accepted indicator of cholinergic function is the
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presence of choline acetyltransferase (ChAT), an en-
zyme in the pathway for ACh synthesis (Fibiger, 1982).
Reliable antibodies directed against ChAT are now
commercially available and have begun to be applied
to the mammalian peripheral autonomic nervous sys-
tem. A similar application of ChAT immunohistochemi-
cal techniques to the avian heart would help verify the
assumption that intracardiac neurons in this vertebrate
group are in fact of cholinergic phenotype.

In their analysis of the distribution of the intracardiac
ganglia during development, Rickenbacher and Miiller
(1979) found that the right ventricle wall contained
about half of the total number of ganglia, the right
atrium about one-fifth, the left ventricle about one-sixth,
and the left atrium possessed the fewest ganglia. In
the adult bird heart no quantitative studies of regional
neuron distribution have been done to date, so the abso-
lute number of neurons associated with each chamber
is not known. However the general pattern of distribu-
tion of intracardiac neurons in the adult heart has been
established (see Cabot and Cohen, 1980 for review).
Ganglia containing variable numbers of neurons are
present on both dorsal and ventral aspects of the left and
right atria and ventricles (Yousuf, 1965; Smith, 1971a,b;
Rickenbacher and Miiller, 1979; Kirby et al., 1987; re-
viewed by Cabot and Cohen, 1980). Smith (1971b) has
reported that a larger proportion of the total number
of intracardiac ganglia is found in the ventricles of bird
hearts than is the case in mammalian ventricles. Ganglia
have been observed near but not within the sinoatrial
node region (Yousuf, 1965; Smith, 1971b). Yousuf
(1965) reported that some neurons in the sulcus termi-
nalis appeared to send projections in the direction of
the nodal tissue. The atrioventricular nodal region was
also reported to be devoid of ganglia (Yousuf, 1965;
Smith, 1971b; Mathur and Mathur, 1974) but this region
and the atrioventricular bundle appeared to be inner-
vated by axons from ganglion neurons in the nearby
atrioventricular sulcus (Yousuf, 1975). Smith (1971b)
described high concentrations of ganglia within the dor-
sal right atrial wall near the ostia of the superior and
inferior venae cavae, near the roots of the pulmonary
veins on the dorsal aspect of the left atrium, within
the dorsal portion of the atrioventricular groove, and
clustered around the roots of the pulmonary artery and
aorta. In the ventricles neurons are located in a scattered
pattern reaching from the atrioventricular groove to the
apex on the ventral surface (Smith, 1971b; Rickenbacher
and Miiller, 1979). There are also numerous ganglia
associated with nerves accompanying atrial and ventric-
ular coronary arteries (Mathur and Mathur, 1974;
Smith, 1971b).

Recent studies in the mammalian heart have shown
that a number of neuropeptides are colocalized in axons,

terminals, and somata of cholinergic intracardiac neu-
rons, as well as in preganglionic terminals contacting
these neurons (Steele et al., 1994; 1996). Peptides consti-
tute an important class of neuromodulators in the pe-
ripheral autonomic nervous system, and their presence
in specific combinations in some peripheral neurons has
been proposed to chemically code subpopulations of
these neurons for specific functions such as vasomotion
or control of muscle cell contractility. In the bird heart,
substance P and vasoactive intestinal peptide have been
found in intracardiac neurons and their terminals, while
somatostatin is present in intracardiac terminals but not
in cell bodies (Corvetti et al., 1988). These neuropeptides
have been shown to exert powerful modulatory effects
on mammalian intracardiac neuronal activity and cardi-
odynamics (Armour et al., 1993) and their presence in
the bird heart indicates that they may play a prominent
role in modulation of ganglionic and neuroeffector
transmission in this vertebrate group. This constitutes
a promising but as yet unexplored area for the compara-
tive study of mechanisms of neural control of the heart.

The course of the avian vagus nerve and its cardiac
branches has been described for a number of species
(see Pick, 1970; Jones and Johansen, 1972; Cabot and
Cohen, 1980 for reviews). The latter review points out
that descriptions of the course and major branches of
this nerve are consistent among species so a general
summary of the avian vagal cardiac innervation will
be given here, based on the comprehensive reports of
Malinovsky (1962) and Cohen et al. (1970) in the pigeon
and the reviews cited above. Inside the cranium the
peripheral trunks of the vagus and glossopharyngeal
nerves originate bilaterally from large ganglia composed
of a fusion of the proximal ganglion of the glossopharyn-
geal nerve and the jugular ganglion of the vagus nerve.
The trunks of these nerves emerge together from the
skull through the jugular foramen, and immediately out-
side the foramen an anastomosis (of Staderini) connects
the vagal trunk to the petrosal ganglion of the glossopha-
ryngeal nerve. The vagal trunk continues caudad in the
neck along the dorsomedial aspect of the internal jugu-
lar vein, passing over the cervical spinal nerves on their
ventral sides. No major vagal branches arise from the
trunk along its cervical portion, although Malinovsky
(1962) described occasional small anastomoses with the
nearby cervical sympathetic trunk. At the level of the
thoracic inlet the nodose (alternatively termed distal
vagal) ganglia are present as spindle-shaped enlarge-
ments of the vagal trunks, as shown in Figure 42. Several
afferent nerves carrying the axons of receptors impor-
tant in the control of cardiovascular and respiratory
functions arise from each nodose ganglion. Along the
length of this ganglion, branches arise which extend
medially to innervate the thyroid, parathyroid and ulti-
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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).
The latter structure constitutes the primary locus for
peripheral chemoreceptors sensing arterial oxygen and
carbon dioxide tensions and pH in the bird (Jones and
Purves, 1970; see Section VI,D,1). Branches exiting from
the caudal portion of the nodose ganglion course to the
root of the aorta. On the right side, Nonidez (1935)
reported two such branches in the chick, which he desig-

nated “depressor’’ and “‘accessory depressor’ nerves by
analogy with the mammalian condition. Nonidez (1935)
reported no equivalent nerve on the left side, but in
other species nerves from the nodose ganglion coursing
to the aortic root (designated aortic nerves) have been
reported to be present bilaterally (Jones and Purves,
1970; Jones, 1973; Cohen et al., 1970; Jones et al., 1983;
Smith and Jones, 1990; 1992; summarized by Smith,
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1994; see Figure 42). These nerves ramify into a plexus
in the aortic wall. Jones (1973) first demonstrated that
the aortic nerves carried arterial blood pressure infor-
mation centripetally and that aortic baroreceptors were
involved in regulating and maintaining arterial blood
pressure in the duck.

A few millimeters caudal to the nodose ganglion the
vagal trunk splits, as shown in Figure 43, to form several
major divisions as it approaches the pulmonary artery.
Two of these circumscribe the pulmonary artery, rejoin,
and continue as the main vagal trunk en route to the
abdominal cavity while a third forms the recurrent laryn-
geal nerve, coursing craniad along the trachea; no car-
diac vagal branches arise from this nerve. Another major
vagal branch courses to the heart to enter the dorsal
cardiac plexus (Jones and Johansen, 1972; shown in
Figure 42). The remaining vagal branches form part of
the pulmonary innervation, running to the lungs along
the pulmonary arteries. The main vagal trunk, after

1 recurrent laryngeal nerve
(along trachea)

I subclavian artery {

| pulmonary vagal

branch O l

1 pulmonary artery

reforming caudal to the pulmonary artery, passes ventral
to the ipsilateral bronchus and over the dorsal surface
of the heart. From this portion of the trunk a variable
number of smaller branches arise and enter the cardiac
plexus. On the right side, these branches enter the heart
near the sinoatrial and atrioventricular nodes and at the
caval ostia; on both the left and right sides of the heart
vagal branches also enter the cardiac plexus in the vicin-
ity of the atrioventricular groove. That the cardiac
nerves described here constitute the major efferent va-
gal innervation of the heart has been confirmed by func-
tional studies in which electrical stimulation of the vagal
trunk was combined with surgical section of the trunk
and the various cardiac branches (Cohen et al., 1970).
Caudal to the origin of the most inferior cardiac
branches, the left and right vagal trunks pass ventral to
the pulmonary veins where both turn medially, coming
to lie in close approximation as they course to the ab-
dominal viscera (Figure 43).
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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; 1, left). (Modified from Cabot and Cohen (1980), with permission.)
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The location in the central nervous system of cells of
origin of vagal cardioinhibitory fibers in birds has been
investigated by a variety of anatomical and physiological
techniques. The extent of the medullary regions contain-
ing vagal preganglionic motor neurons innervating pha-
ryngeal structures and thoracic and abdominal viscera
was originally defined anatomically by determining the
extent of retrograde degeneration of neuronal somata
after section of the cervical vagus nerve (Cohen et al,
1970) and more recently by retrograde labeling of vagal
neurons with neurotracers applied to the peripheral va-
gus nerve (Katz and Karten, 1979; 1983a,b; 1985; Cabot
et al., 1991a). Cohen et al. (1970), working in the pigeon,
described three major subdivisions of the dorsal motor
nucleusof the vagusnerve (DMV) based on cytoarchitec-
tonic and morphological criteria. The principal medul-
lary location of neurons showing signs of degeneration
after section of the cardiac vagal branches was in aregion
extending from the obex to the rostral pole of the DMV,
with the highest density of degenerating cells in an area
between 0.6 and 0.8 mm rostral to the obex. At thisrostro-
caudallevel, these cells were primarily located in the most
ventral region of the DMV. The results of these experi-
ments suggested that the central arrangement of vagal
cardioinhibitory neurons in birds was different than the
mammalian condition; in mammals the primary locus for
these neurons is the nucleus ambiguus, ventrolateral to
the DMV (reviewed by Hopkins, 1987).

In the pigeon focal electrical stimulation of the re-
gions of the DMV shown anatomically to contain cell
bodies of putative cardioinhibitory neurons produced
short-latency decreases in heart rate; this response is
shown in Figure 44 (Cohen and Schnall, 1970). The
response was rapid, occurring within one or two cardiac
cycles after the start of stimulation, suggesting that
cardioinhibitory preganglionic cell bodies were being
directly stimulated. If stimulation was continued, com-
plete atrioventricular blockade could be produced in
some animals; a depressor response invariably occurred
secondary to all negative chronotropic responses (Fig-
ure 44). There was no lateral asymmetry in this response:
stimulating in the DMV on either side produced similar
cardioinhibitory responses. The cardiac effects pro-
duced by central stimulation could be mimicked by stim-
ulating the vagal trunks in the neck or at the thoracic
inlet (Cohen and Schnall, 1970). Field potential and
single-unit recordings made in the pigeon DMV during
stimulation of the vagal trunk provided further confir-
mation that the cell bodies of a large number of cardioin-
hibitory neurons were located in the central zone of the
DMV rostral to the obex (Schwaber and Cohen, 1978b).

Schwaber and Cohen (1978a), in an electrophysiolog-
ical study of the vagus nerves, found that when the
cervical vagus was stimulated at progressively greater
intensities the onset of bradycardia coincided with the

elicitation of a specific component of the compound
action potential (B1 wave, Figure 45). This component
was generated by the activation of a group of vagal
axons conducting in the velocity range of 8 to 14 m sec™ .
When the vagus nerve was stimulated with sufficient
intensity to evoke both the A and B1 components (trace
B of Figure 45) and a polarizing voltage was applied to
the nerve to block the A but not the B1 component,
the cardioinhibitory response was maintained. This led
the authors to conclude that fibers in the vagus nerve
responsible for generating the B1 component of the
compound action potential were responsible for cardi-
oinhibition. This was confirmed in experiments in which
field potential and single-unit activity were mapped in
the DMV in correlation with synchronous compound
action potentials recorded from the vagus nerve during
stimulation of this nerve (Schwaber and Cohen, 1978b).
In these experiments, stimulus-evoked activation of the
B1 component in the vagus nerve produced the shortest
latency, highest amplitude responses in the region of
the DMV, which had been shown in previous studies
to contain the somata of putative cardioinhibitory neu-
rons. In addition to the evidence from stimulus-evoked
potentials, recordings of spontaneously active single
units in the DMV rostral to the obex in awake, paralyzed
pigeons demonstrated rhythmic discharge patterns
phase-locked to mechanical events in the cardiac cycle
(Gold and Cohen, 1984). These authors also showed
that single-unit neuronal activity in this area was de-
creased or eliminated by external conditioning stimuli
(light flash, foot shock) which caused heart rate to in-
crease (see Section VLE).

The above anatomical and physiological evidence,
taken together, indicates that in the avian brain pregan-
glionic vagal cardioinhibitory neurons are located in the
ventrolateral region of the DMV rostral to the obex.
However a recent reexamination of the question of the
location of these neurons was undertaken by Cabot et
al. (1991a), using a new and more sensitive method
for retrograde neuroanatomical tracing. These authors
injected small volumes of the binding fragment of teta-
nus toxin into selected regions of the pigeon heart. This
neurotracer was taken up by local nerve fibers and ter-
minals at the injection site and transported retrogradely
to label the somata of vagal preganglionic cardiac neu-
rons in the medulla by two possible routes, both giving
similar end results. The first of these was via direct
uptake of neurotracer by fibers or terminals of the pre-
ganglionic neurons running through or close to the injec-
tion sites in the heart; in this case the tracer would be
transported directly back to the cell bodies. The second
route was via transsynaptic transport. Fibers and termi-
nals of postganglionic intracardiac neurons took up the
neurotracer from the injection sites, and upon traveling
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 © 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-
onic terminals contacting the postganglionic cells. From
these terminals the tracer was transported to the somata
of the preganglionic neurons. After intracardiac injec-
tion of the tracer, labeling of preganglionic vagal neu-
rons was found in two locations in the medulla (Figure
46). The majority of label was found in neurons located
ventrolateral to the DMV, in a site homologous to the
nucleus ambiguus of the mammalian brainstem; these
neurons were clustered within 0.5 mm of the obex as
shown in the bottom panel of Figure 46. A smaller
number of labeled neurons were found in more rostral
sections in an area bordering the ventrolateral margin
of the DMV (top panel of Figure 46), in close proximity
to the region delineated in the degeneration studies of
Cohen et al. (1970) and just ventral to the area described
in the functional studies of Schwaber and Cohen
(1978a,b). The results of Cabot et al. (1991a) have forced
a reevaluation of the central organization of neurons
controlling the avian heart, indicating that this organiza-
tion has much more in common with the mammalian
condition than was previously believed. However, these
new anatomical data have not been confirmed by physi-
ological studies. In addition, it still remains for the mem-
brane and firing properties of vagal cardioinhibitory
preganglionic neurons to be investigated to determine

if there are functionally discrete subpopulations within
this group of neurons and, if so, whether there is any
correlation between the functional properties of neu-
rons and their potential roles in controlling specific as-
pects of cardiodynamic function.

Little is known of the nature and origins of inputs to
medullary vagal cardiomotor neurons in birds. Berk and
Smith (1994) have shown in the pigeon that peptide-
containing projections to these neurons arise from the
area of the nucleus of the tractus solitarius (NTS). The
NTS is one target for afferent information from visceral
receptors carried in the vagus, glossopharyngeal, and
other cranial nerves, and such peptidergic projections
from the NTS to cardiomotor neurons may represent
an important viscerovisceral reflex pathway, as has been
described in mammals (Loewy and Spyer, 1990). In ad-
dition to inputs of peripheral origin, there is an extensive
pattern of projections to the DMV from structures lo-
cated more rostrally in the brain. Berk and Finkelstein
(1983) and Berk (1987) demonstrated projections from
the bed nucleus of the stria terminalis, the ventral pa-
leostriatum, and the medial and lateral hypothalamus
to the DMV. These forebrain inputs thus represent po-
tential pathways through which central nervous control
of cardiac function may be exerted in the interests of
homeostasis, as well as providing pathways for neurally
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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 X 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 sec™! and when activated
produce bradycardia. The vertical bar represents 250 wV; 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
required during exercise, feeding or other behaviors, or
in response to changes in the external environment.
In addition, Cohen and coworkers have explored the
central anatomical pathways mediating conditioned re-
sponses which target medullary cardiomotor neurons in
birds (see Section VLE). These cardiomotor neurons
therefore integrate information from visceral and other
receptors and from higher levels of the central nervous
system to control cardiodynamics, but our knowledge of
the integrative mechanisms involved is scant at present.

ii. Parasympathetic Control Acetylcholine acts in
the bird heart to depress atrial and ventricular myocyte
contractility, rate of discharge of pacemaker tissue, and
rate of conduction through the specialized conductive tis-
sues. ACh, released from preganglionic terminals, acti-
vates excitatory nicotinic receptors on the membranes of
postganglionic neurons in the heart and these neurons in
turn release ACh from their effector terminals to inhibit
cardiac functions. Intrinsic postganglionic parasympa-
thetic neurons release the majority of ACh which over-

flows from the isolated heart during vagal nerve stimula-
tion. Only a small fraction of the total amount of ACh
recovered in these experiments is released from vagal
preganglionic terminals, as shown by a large reduction in
vagally evoked ACh release after treatment of the isolated
heart preparation to prevent release of the neurotransmit-
ter from postganglionic terminals (Loffelholz et al., 1984).

ACh has different effects on the cell membrane con-
ductances and thus on contractile properties of myo-
cytes in the avian atria and ventricles. Inoue et al. (1983),
using intracellular electrode techniques in vitro, investi-
gated the effects of ACh on membrane ion conductances
of atrial and ventricular myocytes to determine how
these might differ. They found that, in ventricular mus-
cle cells, ACh reduced the force of contraction, dimin-
ishing both amplitude and time course of the action
potential, but did not change either resting membrane
potential or whole-cell resistance. On the other hand,
in atrial myocytes, ACh hyperpolarized the membrane
and reduced whole-cell resistance (implying an increase
in steady-state ionic conductances) as well as causing a
reduction in amplitude and time course of the action
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FIGURE 46 Outline drawings of transverse sections of the pigeon
medulla in the region of the obex, depicting the location of vagal
preganglionic neurons labeled by retrograde transport of tetanus toxin
binding fragment C injected into the heart (see text for explanation).
The 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
nucleus of the vagus (nX) in the nucleus ventrolateralis (VL). The
bottom panel, representing a section taken at the level of the obex,
shows additional labeled neurons in an area of the medulla which
may be the avian homolog of the mammalian nucleus ambiguus (nA),
ventrolateral to nX. Abbreviations: 10, inferior olivary nucleus; MLF,
medial longitudinal fasciculus; nTS, nucleus and tractus solitarius;
nTTD, nucleus and tractus trigemini descendens; NX, vagal nerve
rootlet; pH, plexus of Horsley. (Reprinted from Brain Res. 544, J. B.
Cabot, J. Carroll, and N. Bogan, Localization of cardiac parasympa-
thetic preganglionic neurons in the medulla oblongata of pigeon, Col-
umba livia: A study using fragment C of tetanus toxin, pp. 162-168,
Copyright (1991), with permission from Elsevier Science.)

potential. ACh binds to muscarinic receptors on myo-
cyte membranes, and the authors found that this induced
similar decreases in calcium-dependent sodium currents
in the two types of cells. However, atrial myocytes exhib-
ited in addition a muscarinically mediated increase in
an outward potassium current which accounted for the
hyperpolarization and reduction in resistance induced
by ACh; this mechanism was not present in ventricular
myocytes. These differences in response to ACh imply
that the same neurotransmitter can differentially control
atrial and ventricular contractility.

There are several subtypes of muscarinic receptor
presentin the mammalian heart (see Deighton ez 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 M,
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 which are ultimately responsible 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 M; subtype pre-
dominated in the myocardium of the chicken while the
most prevalent type in the guinea pig heart was the M,
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 ez 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
higher density of cholinergic innervation than does that
of mammals as outlined above, and a higher proportion
of the total number of intracardiac neurons is associated
with the ventricles of the avian than the mammalian
heart (see above, and Smith, 1971b). On the basis of
early anatomical evidence suggesting a high density of
cholinergic innervation of the ventricular myocytes in
birds, Bolton and Raper (1966) compared responses of
strips of the right ventricle of fowl and guinea pig hearts
in vitro to endogenously released and exogenously ap-
plied ACh. Field stimulation of electrically paced ven-
tricular strips produced a strong decrease in force of
contraction of fowl ventricular tissue, while guinea pig
ventricular tissue responded with an increase in force.
Atropine, blocking muscarinic receptors, eliminated the
negative inotropic response of the fowl ventricle to stim-
ulation, and a strongly positive response was then ob-
served; however, atropine had no effect on the response
of the guinea pig ventricle to stimulation. The authors
proposed that the fowl heart has a capacity for effective
parasympathetic inhibition of ventricular inotropy, me-
diated by intracardiac release of ACh. Furthermore,
blockade of this response unmasked a stimulus-evoked
increase in force of contraction which the authors deter-
mined was the result of release of NE from sympathetic
nerve terminals. They concluded that, in contrast with
the mammalian condition, the fowl right ventricle was
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innervated by both the sympatheticand parasympathetic
limbs of the autonomic nervous system. Subsequent in
vitro work has confirmed these observations (Bolton,
1967; Biegon et al., 1980; Biegon and Pappano, 1980).

The first experimental approach used to explore gen-
eral questions of parasympathetic efferent control of
the avian heart, dating from the early part of this cen-
tury, was to examine the effects of exogenously applied
ACh on the activity of pacemaker cells in the right
atrium (reviewed by Jones and Johansen, 1972; and
Cabot and Cohen, 1980). More detailed characterization
of this system has resulted from recent investigations
carried out by Loffelholz and co-workers, and others.
In the in vitro right atrium, ACh release provoked by
field stimulation and by stimulation of the attached right
vagus nerve produced a fall in pacemaker discharge rate
(Pappano and Loffelholz, 1974; Pappano, 1976; Brehm
et al, 1992). This chronotropic effect was blocked by
atropine but not by the ganglionic blocker hexametho-
nium, so it must have been mediated by direct release
of ACh from postganglionic parasympathetic neurons
in the atrial wall (Pappano and Loffelholz, 1974). On the
other hand, hexamethonium in the absence of atropine
blocked all effects of electrical stimulation of the
attached vagal stump. Vagally mediated bradycardia
therefore occurred as a result of the synaptic activation
of intracardiac postganglionic neurons by preganglionic
terminals. As with cholinergic control of the inotropic
state of the atrial and ventricular myocardium discussed
above, control of pacemaker rate operates via the synap-
tic relay of impulses from pre- to postganglionic neurons
within intracardiac ganglia.

Dromotropic Effects There have been no studies of
the direct effects of ACh on the rate of impulse conduc-
tion through the specialized conducting cells of the avian
heart and few studies of the overall parasympathetic
control of this function. There are technical difficulties
in identifying the locations of conducting tissues in a
viable in vitro preparation of cardiac tissue, so work
on this intriguing problem in birds has largely been
conducted on hearts in sifu. In the chicken, Goldberg
et al. (1983) showed that atrioventricular conduction
time could be significantly prolonged by stimulation of
either vagus nerve; there was no bilateral asymmetry in
this response. However, in order to unmask this dromo-
tropic effect the heart was paced through electrodes
attached to the sinoatrial node, both to control heart
rate and to prevent shifts in pacemaker position during
vagal nerve stimulation. Bogusch (1974), using anatomi-
cal techniques, identified cholinergic fibers and termi-
nals in the region of conducting cells near the atrioven-
tricular border and proposed a functional role for this
innervation but the study of Goldberg et al. (1983) ap-
pears to be the only physiological confirmation of this
role in the bird (also see Section I1,C,3).

Chronotropic Effects The study of vagal control of
heart rate in birds has a long history going back to the
recognition in the last century that activation of the
vagus nerves could produce large reductions in heart
rate and, in some cases, arrest the heart (see Cabot and
Cohen, 1980 for a summary of early work). As these
reviewers have pointed out, the nature of vagally medi-
ated bradycardia has been intensively reinvestigated us-
ing recently developed techniques in a variety of avian
species (Johansen and Reite, 1964; Bopelet, 1974; Pe-
terson and Nightingale, 1976; Langille, 1983; Lindmar
et al., 1983; Goldberg et al., 1983; Lang and Levy, 1989;
Butler and Jones, 1968; Cohen and Schnall, 1970; Jones
and Purves, 1970; and others). The negative chrono-
tropic effects of ACh in the pharmacological studies
cited above are paralleled by the effects of electrical
stimulation of the vagus nerves. Several preparations
have been used to assess the chronotropic consequences
of vagal stimulation. These include atrial tissue in vitro,
isolated beating hearts with attached vagal stumps,
open-thorax anesthetized preparations, and anesthe-
tized or awake animals in which only the vagi in the
cervical region were exposed. Vagal control of the heart
is apparently very robust in all of these preparations
and each type of preparation yields results which com-
plement the findings obtained from the others.

Examples of stimulus-induced bradycardia obtained
in pigeon are shown in Figure 47. The peripheral cut
ends of the right (top panel) and left (bottom panel)
cervical vagus nerves were stimulated with trains of
pulses at a frequency of 50 Hz. In each case the contralat-
eral vagus nerve was intact. In these examples the inten-
sity of stimulation used was capable of arresting the
heart. A close parallel to the negative chronotropic ef-
fect of peripheral vagal nerve stimulation can be pro-
duced by focal electrical stimulation in the medulla (Co-
hen and Schnall, 1970) where anatomical studies (see
above) have shown that cardiac vagal preganglionic neu-
rons are located.

The effectiveness of the left and right vagi in control-
ling heart rate has been shown by some workers to be
equivalent, while other workers have found strong bilat-
eral asymmetry in this system. Bopelet (1974), Peterson
and Nightingale (1976), and Goldberg et al. (1983) re-
ported no difference in the chronotropic response of the
fowl heart to electrical stimulation of left and right vagus
nerves. Inthe same species, however, Sturkie (1986a) and
Lang and Levy (1989) reported that the right vagus was
more effective in altering heart rate than was the left. Jo-
hansen and Reite (1964),in ducks and seagulls, Jones and
Purves (1970) in ducks, and Cohen and Schnall (1970) in
pigeons, all reported a similar asymmetrical response to
electrical stimulation of the vagus nerves. Furthermore,
in a systematic study of vagal control of heart rate in the
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
© 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
bilateral section of these nerv