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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 e 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 er
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-
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mented and manifoldly pleated structure projects from
the ventral retina above the exit of the oplic 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; cagle: 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 Giintiirkiin, 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 ez 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 ¢/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 Tyro 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-
melropic in its superior parts but increasingly myopic
with decreasing elevation (Fitzke er 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-




4 Onur Guntiirkiin

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 demorn-
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 e 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-
joral 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 ef 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 ef al., 1985),
avian pancreatic polypeptide (Katayama ef 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 ef al., 1991). Some of the substance
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FIGURE 3 Schematicdrawingofthe avianretina. A,amacrine cell; B, bipolarcell;cf, centrifugal
fiber; de, double cone; dGC, displaced ganglion cell; GC, ganglion cell; GCL, ganglion cell layer;
H, horizontal cell; INL, inner nuclear layer; IPL, inner plexiform layer; oc, oblique cone; ONL,
outer nuclear layer; OPL, outer plexiform layer; PE, pigment epithelium containing the outer
parts of the photoreceptors; r, rod; and sc, single straight cone. (From Nalbach et al., 1993, Vision,
Brain and Behavior, The MIT Press. © 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 er al., 1988). Catsicas ef 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). Tt 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 ef al., 1988), are predomi-
nantly distributed in the peripheral retina (Prada er al,

1989; Prada er al,, 1992), and project to the avian acces-
sory optic nucleus (Fite ef al,, 1981; Yang ef al., 1989).
A part of the DGCs are substance P positive (Britto and
Hamassaki-Britto, 1991), while others are cholinergic
(Britto ef 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
(Illing 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 e 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 ef 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 er 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 er 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 (Ochme,
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 er 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 TON 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 er 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 Lo the contralateral tectum, the tectal cells constituting
the tecto-ION projection, and the TON 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
Tto, 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 ef 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 er al., 1990).

Electrophysiological data are only available for the
TON. 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 (1972¢c) addi-
tionally demonstrated an effect of ION stimulation on
the disinhibition of retinal ganglion cell surrounds and
activation of ganglion cell centers. This would indicate
a role in the modulation of local contrast and luminance
sensitivities. Most TON cells have their receptive fields
in the inferior anterior visual field and are thus related
to the upper posterior parts of the retina, where para-
doxically, ION terminals are virtually absent (Hayes
and Holden, 1983; Catsicas et al., 1987a).

Several authors tried to establish the functional 1m-
portance of the JON 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 cenirifugal 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
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FIGURE 6 Simplified model of the cellular organization of the ION. Only two opposing cell rows separated
by dendritic arborizations are shown. Axons entering the system are of presumably tectal origin. (From Cell
Tissue Res., A Golgi study of the isthmic nuclei in the pigeon (Columba livia), O. 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 ETION. 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 TON nor the EION seemd to be in-
volved in visual acuity performance or the early detec-
tion of large shadows moving through the visual ficld.
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
(superiotemporalretina). The electrophysiological study
of Miles (1972c) 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 Glintiirkiin (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

and Giintiirkiin, 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
et al. (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,

v
/
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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 ef 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 ef 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 (o 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 er 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; Témbol 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 ez 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 er
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 ef 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
et al., 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 (Giinttrkiin ef
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
Wulst 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 ef 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-
iirkiin, 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 (Giintirkiin
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 Waulst: 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 (Giintiirkiin 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 sclective 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 ef 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; DLLAme, n. dorsolateralis anterior thalami, pars mag-
nocellularis; DLL, n. dorsolateralis anterior thalami, pars lateralis; GLv, n. geniculatus lateralis,
pars ventralis; HA, hyperstriatum accessorium; HDJ, 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; LFS, lateral portion of the lamina
frontalis superior; nBOR, n. of the basal optic root, pars dorsalis; nMOT, n. marginalis tractus
optici; RE, n. rotundus; SPC, n. superficialis parvocellularis; SPM, n. spiriformis medialis; SpRt,
n. suprarotundus; and VLT, n. ventrolateralis thalami. (After Guntiirkiin et al, 1993b, in Vision,
Brain and Behavior, The MIT Press. © 1993 The MIT Press.)

tion (Bagnoli ef al, 1990). In lateral-eyed birds like sion. The visual Wulst is organized from dorsal to ventral
pigeons, only a few contralateral projections can be in four laminae: hyperstriatum accessorium (HA), inter-
found (Hahmann er al, 1994). calated nucleus of the hyperstriatum accessorium

The Wulst can be subdivided into a rostral somato- (IHA), hyperstriatum intercalatus superior (HIS), and

sensory, a medial hippocampal, and a caudal visual divi- hyperstriatum dorsale (HD). These subdivisions are
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based on the cytoarchitectonics of the Wulst and do not
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 ef 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 Waulst 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 ficld 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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