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H I G H L I G H T S

• The chicken retina is comparable to that of other birds regarding cell density and complexity.

• Chicken have 6 different types of visual photoreceptors with narrow absorption spectra providing tetrachromatic vision.

• The complexity of horizontal-. bipolar-, and ganglion cells is higher than in most mammalian species.

• Due to a variety of established tools the chicken is an ideal model to study bird vision.

A B S T R A C T

The Avian retina is far less known than that of mammals such as mouse and macaque, and detailed study is overdue. The chicken (Gallus gallus) has potential as a
model, in part because research can build on developmental studies of the eye and nervous system. One can expect differences between bird and mammal retinas
simply because whereas most mammals have three types of visual photoreceptor birds normally have six. Spectral pathways and colour vision are of particular
interest, because filtering by oil droplets narrows cone spectral sensitivities and birds are probably tetrachromatic. The number of receptor inputs is reflected in the
retinal circuitry. The chicken probably has four types of horizontal cell, there are at least 11 types of bipolar cell, often with bi- or tri-stratified axon terminals, and
there is a high density of ganglion cells, which make complex connections in the inner plexiform layer. In addition, there is likely to be retinal specialisation, for
example chicken photoreceptors and ganglion cells have separate peaks of cell density in the central and dorsal retina, which probably serve different types of
behaviour.

1. Introduction

The bauplan of the vertebrate retina emerged over 500 million years
ago in the Cambrian period [1,2]. Since then visual systems have
changed to match ecological needs, but they retain many common
characters including photopigment gene families and retinal circuity.
Early vertebrates had rods and four spectral types of cone photopigment
[3]. Today, most mammals have rods and two types of cone, whereas
birds have rods and five types of cone. These differences probably arose
because in their evolution mammals had a period of nocturnality when
two types of cone pigment were lost.

Mammal visual systems, including mice, rabbits and primates have
been studied extensively, and much is known about signal processing in
the mammalian retina [4–6]. Comparable research on birds is very
limited, despite most having excellent vision. In some species the eyes
occupy 50% of the cranial volume Fig. 1a [7–9]. Behaviours such as
flight, bill control and predator detection rely on vision [10], but have
different requirements, which leads to interesting questions about ret-
inal specialisation. More generally, how structurally and functionally

different are bird and mammalian retinas?
This review shows that the chicken (Gallus gallus domesticus) is

suited to addressing these questions, in part because it is an established
model for eye disease and development [11]. Functional understanding
of the chicken retina is rudimentary, but a wealth of anatomical studies
has begun to chart the morphology and circuitry of retinal neurons.
Compared to mammals, the chicken retina is structurally dense; it
features many neurons with complex branching patterns that divide
both outer and inner plexiform layers into multiple anatomical strata,
which presumably have distinct functions. This anatomical groundwork
is of great value for future physiological studies.

1.1. The origin of domestic chicken

Chickens are domesticated red jungle fowl (Gallus gallus), whose
natural habitat stretches across Southern Asia and India. Domestication
of various jungle fowl subspecies occurred independently in different
regions of Southern Asia [12–15]. Today’s commercial poultry, bred for
egg or meat production, are genetically diverged from the ancestral

https://doi.org/10.1016/j.semcdb.2020.03.011
Received 10 March 2020; Received in revised form 31 March 2020; Accepted 31 March 2020

⁎ Corresponding author.
E-mail address: m.seifert@sussex.ac.uk (M. Seifert).

Seminars in Cell and Developmental Biology xxx (xxxx) xxx–xxx

1084-9521/ © 2020 Published by Elsevier Ltd.

Please cite this article as: M. Seifert, T. Baden and D. Osorio, Seminars in Cell and Developmental Biology, 
https://doi.org/10.1016/j.semcdb.2020.03.011

http://www.sciencedirect.com/science/journal/10849521
https://www.elsevier.com/locate/semcdb
https://doi.org/10.1016/j.semcdb.2020.03.011
https://doi.org/10.1016/j.semcdb.2020.03.011
mailto:m.seifert@sussex.ac.uk
https://doi.org/10.1016/j.semcdb.2020.03.011


jungle fowl [16]. There is evidence for positive selection for genes that
weaken visual capabilities, so that chickens have ‘poor’ vision com-
pared to some other birds [17]. Even so, chickens rely heavily on vision,
and their eyes – although of average size - occupy an unusually large
proportion of their cranial volume (Fig. 1a, b).

2. The structure of the chicken retina

The vertebrate retina is a complex network, which is organized into
functionally distinct layers (Fig. 2) [18]. The chicken follows the
common vertebrate retinal organisation, with three nuclear layers: the
ganglion cell layer (GCL), inner nuclear layer (INL) and outer nuclear
layer (ONL), and three neuropils: the retinal nerve fibre layer (NFL),
inner plexiform layer (IPL) and outer plexiform layer (OPL). Signal
processing occurs along two major pathways. In the vertical pathway,
bipolar cells connect photoreceptors to the retinal ganglion cells whose
axons form the optic nerve. Horizontal pathways formed by horizontal
cells in the OPL and amacrine cells in the IPL, modulate the vertical
pathway, mediating processes such as lateral inhibition and directional

selectivity.

2.1. Photoreceptors

Chickens probably have the best studied photoreceptors amongst
birds. As in all vertebrates, the photoreceptor somata reside in the ONL,
with their photosensitive outer segments embedded in the pigment
epithelium, facing away from the light. The receptor axons terminate in
pedicles (feet) which connect to bipolar- and horizontal cells in the
OPL. Photoreceptor density is not uniform across the visual field, re-
flecting ecological adaptation. The density is greatest in the area cen-
tralis, at about 20,000 cells per mm2, which is rod-free [19–21] and
decreases linearly with retinal eccentricity to about 8000 cells. mm−2

in the periphery [22]. This retinal topography is present in other birds
including the pigeon [23], where the maximum cone density is about
30,000. mm−2, falling to about 5400 cones mm−2 in the periphery and
in Australian passerines [24].

Fig. 1. Chicken eye size in relation to other species and in relation to other features of the body a| Comparison of axial length and corneal diameter between
different bird species and human. The chicken eye is a medium sized eye when compared to other birds. Data from [121] for birds [122], for human [123], for
chicken. b| Comparison between brain weight and eye weight in different bird species, chicken and human. The chicken dedicates a large amount of cranial volume
to its eyes in contrast to humans which have relatively small eyes compared to their brain size.

Fig. 2. Retina cross section of different vertebrate retinas compared to the chicken retina. The chicken has a relatively large IPL with comparable many
neurons in comparison to other vertebrates. Scale bar = 50 μm. Modified from [4].
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2.1.1. Types of photoreceptors
Based on opsin gene expression, morphology, and function, most

studies distinguish six types of visual photoreceptor in birds: four types
of single cone, double cones and rods [25–27] (Fig. 3a). In the chicken
estimates on the relative proportions of these receptor types vary
(Table 1). In a detailed study of both the central and peripheral retina in
multiple individuals Morris [20] found on average, that the central area
had 54 % single cones, 32 % double cones and 14 % rods, while the
peripheral retina had 37 % single cones, 30 % double cones and 33 %
rods. More recently, López-López et al. [28] isolated single photo-
receptors from the central retina and counted 38% single cones, 44 %
double cones and 18 % rods. Other studies find different relative pho-
toreceptor numbers [20,28–30], which is likely part-explained by dif-
ferences in the retinal region(s) examined but also differences between
animals. Gisbert et al. [31] showed that L and M cone densities are
correlated in both eyes but considerably different between different

Fig. 3. The basis of chicken colour vision. Redrawn and modified from [36]. a| Chicken have 5 different types of single cone and a rod photoreceptor. Cones have
oil droplets and ellipsoid bodies which modify the effective opsin spectra b| Cone mosaic in the retina as described by [29]. Different cone types form independent
mosaics with different sized exclusion zones c| Absorption spectra of chicken opsins calculated based on λmax values summarized in [26] and using the opsin temple
from [124]. In comparison, the histogram shows λmax values for different other birds. Bin size of the histogram = 1 nm. d| Absorption of the 3 pigmented types of
colour oil droplets found in the chicken as described by [37]. The pigments effectively act a long pass filters e| Simulated cone sensitivities based on modelling the
light path through the ellipsoid body, oil droplet and outer segments [47,48]. The VS cone is the most sensitive by far, the effect of the oil droplet narrows the spectra
which show little overlap with each other.

Table 1
Photoreceptor topography in the chicken retina as found in the literature.
The relative proportion of different types of photoreceptors as described in
different studies are compared. The location refers to the location in the retina
from which the retinal probes for the respective studies were taken. Values were
rounded to nearest integers.

Reference Location Single cones
in %

Double cones
in %

Rods in %

Kram et al. [29] Periphery 59 41
Morris, [20] Central 54 32 14

Periphery 37 30 33
López-López et al.,

[28]
Central 38 44 18

Meyer and May,
[30]

Temporal
(Segment 3)

23 45 32

Periphery 20 40 40
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animals suggesting that their ratios are determined genetically in each
animal. Interestingly, Gisbert et al. [31] also showed a positive corre-
lation between the ratio of L cones and the depth of the vitreous
chamber of the eye. Generally, the proportion of single cones increases
towards the area centralis at the cost of rods while the proportion of
double cones is more uniform across the retina. In addition, in the
chicken retina each cone type forms a loose hexagonal mosaic, which
likely originates from lateral inhibition between cones of the same type
during development resulting in different exclusion distances between
the different types of cones [29] Fig. 3b. There is no evidence for in-
teractions between mosaics of different types.

2.1.2. Single cones
The four types of single cones each contain one of four different

opsins, which are classified by their genetic family as long wavelength-
sensitive (LWS), rhodopsin-like 2 (RH2), short wavelength-sensitive 2
(SWS2) and short wavelength-sensitive 1 (SWS1) [26,27,32–34]
(Fig. 3a). In the chicken, the wavelengths of their absorption maxima
(λmax) are 570 nm, 508 nm, 455 nm and 419 nm respectively [25,35].
Single cone nomenclature is either based on the λmax, or on the name of
their opsin. LWS cones express the LWS opsin, middle-wavelength-
sensitive (MWS) cones express RH2, SWS cones express SWS2, and
violet-sensitive (VS) cones express SWS1 (Fig. 3a). The four different
cone types mean the chicken can see light from about 370 nm – 700 nm,
Fig. 3c), and probably give chicken tetrachromatic vision [36–38].

Birds can be categorized as UV-sensitive or VS-sensitive based on
the SWS λmax. Chicken SWS λmax is typical for VS-birds, which also
includes pigeons, domestic turkey and the common peafowl (Fig. 3c). In
contrast, UV-sensitive birds, for example the common starling and the
common blackbird, have a UV-shifted SWS1 (λmax ∼ 370 nm) and
SWS2 opsin variants [26], while λmax of RH2 and LWS opsins are si-
milar across both groups.

2.1.3. Double cones
Double cones consist of two electrically coupled cells, and are pre-

sent in fish, reptiles, monotremes and birds, but not eutherian mam-
mals. Avian double cones comprise a principal member and a smaller
accessory member connected by gap junctions [39], both of which
express the LWS opsin (Fig. 3). This contrasts with double cones in
some fish where the two members express different opsins, and spectral
opponent interactions between the outputs of the two members of the
double cone are possible [40,41]. The function of bird double cones is
debated. One hypothesis posits that they serve luminance pathways, but
not wavelength discrimination [42–44]. Consistent with this hypoth-
esis, double cone terminals are connected to rods via horizontal cells
(see below). However, double cones are absent from the raptor fovea
[44], which suggests that single cones can serve luminance vision.

2.1.4. Rods
Few studies specifically concern chicken rods. Like other verte-

brates, they contain the photopigment RH1 [25], and are used for vi-
sion in dim light [45].

2.1.5. Optical properties of chicken photoreceptors
Because photoreceptors act as light guides their specific morphology

and refractive index differences within the cells and with the external
medium affect their absolute, angular and spectral sensitivities [46].
Chicken cone outer segments are about 1.5 μm in diameter and average
30 μm in length. Immediately distal to the outer segment two high re-
fractive index organelles, an ellipsoid body and an oil droplet, alter
sensitivity by guiding (or focussing) light onto the outer segment
[47,48]. The ellipsoid body is an accumulation of mitochondria [48],
while oil droplets can be pigmented in which case they act as a long
pass filters [47–49]. In chicken, the T-type oil droplets present in VS
cones are unpigmented, while the other cones each contain a specific
type of carotenoid pigmentation. The oil droplets are known as C-type

(SWS cone), Y-type (MWS cone), R-type (LWS cone) and P-type (double
cone) (Fig. 3d) [50]. In the accessory member of the double cone, some
studies report a P-type droplet, and others find no oil droplet [28]. The
presence of a specific oil droplet in each cone type means that is rela-
tively straightforward to identify them in unstained tissue.

Oil droplet pigments modify cone spectral sensitivities by absorbing
light wavelengths below a certain value. Modelling by Wilby and col-
leagues [47,48] predicts that in chicken the transparent T-type oil
droplet enhances the absolute sensitivity of the VS cone whereas pig-
mented oil droplets on the other single cones narrow absorption spectra
at the expense of absolute sensitivity (compare Fig. 3c and e).

Although oil droplet pigments seem to be fixed (but see [50]) the
pigment density varies considerably between species and within eyes,
in some cases under direct environmental control [51], thereby setting
the trade-off between absolute sensitivity and spectral tuning to suit the
ecology of each photoreceptor. (This could explain differences in re-
ported oil droplet colours as summarized by López-López et al. [28]). In
addition, oil droplet absorption spectra vary across the visual field, with
C- and P-type oil droplets in the ventral retina having a significantly
higher cut-off wavelength than in the dorsal area. In the pigeon oil
droplets pigmentation show a somewhat similar division with a dorsal
red field (containing more red oil droplets) and a ventral yellow field.
The cut off wavelength in the red field is 10 nm longer than the yellow
field [52].

There is variation within the standard vertebrate photoreceptor
classes, including specially tuned receptors in mice, primates and zeb-
rafish [53–56]. Recently a study found a novel structure similar but
distinct to oil droplets in insectivorous birds [57]. In the chicken a
morphological study by Mariani and colleagues [58] recognised
straight and oblique subtypes of single cone, with straight cones having
a relatively short vertical axon, while the axon of the oblique cone
projects more horizontally into the OPL. López-López and co-workers
[28] found 36.5% straight and 1.5% oblique cones (relative to double
cones and rods) in the central field of the retina. Wai and co-workers
[59,60] found two types of single cone, one having blade like outer
segments and the other longer outer segments and rod like inner seg-
ments. The same study [59,60] also described three variants of double
cone. This subject needs further investigation, but as few studies dis-
tinguish cone morphologies we retain the common classification of six
receptor types in the chicken.

2.1.6. OPL projections
Chicken outer plexiform layer (OPL) is divided into three strata, by

photoreceptor outputs [28,58,61,62], and horizontal [63–65] and bi-
polar cell morphology [66]. Double cones and rods project to the first
(outermost) stratum, LWS and MWS cones project to the second, and VS
and SWS cones to the third stratum [65]. In each case there are stratum-
specific connections with subsets of bipolar and horizontal cells Fig. 4.

2.2. Horizontal cells

Horizontal cells (HCs) provide direct feedback and relayed feed-
forward connections between photoreceptors, as well as feed-forward
connections to bipolar cell dendrites [67,68]. Vertebrates have four
major types of HC, of which some groups such as mammals have a
subset [69]. In pigeon Golgi stains identify all four HC types [64]
Fig. 5a, while in chicken there is morphological evidence for at least
three types [70] and immunochemical evidence for four [63,65,71].
This review follows the HC classification used by H. Boije et al. [69],
but there is some variation in the literature: Type 2 described by
[70,72] appears to match type 3 and/or 4 of [63,64,71] and vice versa.

About 50% of chicken HCs are GABA positive, which indicates that
GABA is an inhibitory neurotransmitter in the OPL [63,71,73,74].
Different HC-to-cone interactions have been proposed. Mouse cones
lack ionotropic GABA receptors but HC’s express them, which suggests
that GABA is involved in auto-reception, where a neuron responds to
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GABA which it releases itself [67]. GABA might also be involved in HC
inhibitory signalling to bipolar cells [75]. Unlike mammals, in chicken
most GABA positive HCs are also positive for glycine, leading to the
suggestion that GABA mediates rapid transmission which is modulated
by glycine [71] (but see: [68]).

2.2.1. Type 1 HCs
Chicken type-1 HCs have a narrow dendritic field of about 230 μm2

with an axon of about 80 μm, which projects to the first OPL stratum.
The axon forms synapses with double cones and rods [70] while the
dendrites from synapses with all five types of cone in all three OPL
strata, including synapses with both members of the double cone in a
circular terminal [63,64,70]. Axon terminals on the principal member
of the double cone and on rods are GABA positive, but terminals with
accessory member of the double cone are GABA negative [73]. The fact
that double cones synapse with both axons and dendrites of type 1 HCs
suggests that the double cones serve two distinct pathways: axon
terminals combine double cone and rod signals, while the dendrites
combine double and single cone signals.

Chicken type-1 HC resembles the sole type in the mouse, where the
axon connects to rods and the dendrites to cones [67]. Other verte-
brates have an equivalent HC – for example zebrafish type 1 connects to
all single cones except UV [76].

2.2.2. HC type 2
This HC forms a dendritic field of about 700 μm2, the arborization is

mostly flat (stellate) lying in OPL stratum 1, and only slightly deeper
than the cell body. A few branches project to OPL stratum 2, where they
connect to MWS and LWS cones [65,70].

2.2.3. HC type 3
Type 3 HCs have a candelabrum-shaped morphology with a den-

dritic field of about 200 μm2 in all three OPL strata. These cells connect
with the accessory but not the principal member of the double cone
[70].

2.2.4. HC type 4
In pigeon, Mariani [64] found a fourth type of HC, which is mor-

phologically similar to type 3, but has a larger dendritic tree. In
chicken, immunochemistry [63] finds four types of HC, but the dis-
tinction remains unclear, possibly because types 3 and 4 are morpho-
logically similar [63,71].

2.3. Bipolar cells

Bipolar cells (BC) dendrites receive input from photoreceptors and
horizontal cells in the OPL, and project to distinct layers of the IPL
where they synapse with amacrine- and ganglion cells. The literature on
chicken amacrine cells typically divides the IPL into five strata [77], but
from RGCs connection patterns Naito and Chen [79]) identify eight IPL
strata in the chicken. Typically for vertebrate bipolars [79], chicken
bipolar cells are mostly glutamatergic, and all are GABA negative
[71,74].

At least eleven types of bipolar cells have been identified in chicken
from dendritic tree morphology, without considering axonal projections
[66] (Fig. 5a). The actual number is likely higher, and already A.
Quesada et al. [66] highlighted room for further subdivisions. Most
chicken BCs are bi- or tri-stratified, as is common in amphibians and
teleost fish [79], but not mammals [80,81]. How this structural com-
plexity is mirrored in function is a fascinating question.

Bipolar cell dendritic field diameters range from 3 μm (∼0.013° of
visual angle) to over 25 μm (∼0.11° of visual angle), and they can be
symmetric or asymmetric. The smallest chicken BCs are midget-like,
with dendritic arbors having a morphology consistent with single cone
connectivity [66]. In primates midget bipolar cells connect individual
cones to midget ganglion cells, which allows visual resolution to ap-
proach that set by the receptor array [82]. It is unknown if chicken BCs
with this putative single-cone connectivity form synapses with midget-
like ganglion cells in the IPL, or whether these BC’s are restricted to the
area centralis. Notably, within mammals primate midget cells seem to
be a derived character [83], and their evolutionary relationship to
avian midget cells is unknown.

Chicken BCs resemble those in other bird retinas. Specifically, in the
pigeon Mariani [65] described eight different types of BCs many of
which resemble chicken BCs, including a midget-like BC. In addition, an
interplexiform cell has been described in the pigeon INL. This cell forms
medium-field connections between the IPL and OPL, and has been de-
scribed in a range of non-mammalian vertebrates [64]. Kalloniatis and
Fletcher [75] found a possible interplexiform cell in the chicken retina,
but its projections have not been identified.

An interesting feature of avian (and other non-mammalian) BCs is a
structure called Landolt’s club which is a specialised dendrite that
reaches into the external limiting membrane of the retina. This struc-
ture links BCs to Muller (glial) cells, and is thought to support the
metabolic/nutritional needs of BCs [84]. These structures, which are
also present in most pigeon BCs [64], might be needed because the
avian retina lacks of a vascular system for nutrient transfer [66].

Fig. 4. Connections in the chicken OPL. PRs, BCs, and HC, project to one of the 3 strata found in the OPL. PR axonal projections are based on description by [62],
colours: VS cone = purple, SWS cone = blue, MWS cone = green, LWS cone = red, double cone = black, rod = grey. BP cell projections are based on description of
their dendritic tree by [66]. HC projections are based on descriptions by [63–65].
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Fig. 5. Overview over bipolar-, horizontal-, and ganglion cell morphology. a| BCs and HCs found in the chicken compared to those found in the mouse. Chicken
BC are often bi- or tristratified which is uncommon in the mouse. The exact layers to which BC axons project in the chicken are unknown. BC drawings for the chicken
were taken from [66], HC drawings were taken from the pigeon [64], but their morphology is comparable to those found in the chicken. Mouse BCs drawings were
taken from [80], HC drawing was taken from [125]. Cell sizes are not to scale. b | Stratification patterns of RGC found in the chicken as described by [78]. Some
example cell morphologies are shown, these are copied from [78]. Receptive field sizes for these cells were approximated by calculating the angle in the visual field
which the dendritic tree potentially sees.
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2.4. Amacrine cells

Amacrine cells (ACs) laterally connect BCs and RGCs as well as
further ACs in the IPL. They have diverse structures and functions, and
as a class they remain the most diverse and least understood retinal
neurons [85]. For example more than sixty different ACs are tran-
scriptomically described in the mouse retina [86]. A general assump-
tion is that a higher diversity of RGCs leads to a higher diversity of ACs
[85,87]. Accordingly, chicken should have a sizable diversity of ACs,
and several different anatomical and immunohistochemical types have
been described. While an account of all known types is beyond the
scope of this review, we can highlight few interesting features of
chicken ACs.

Following the common vertebrate pattern chicken ACs form a dis-
tinct layer in the INL (approximately the bottom half of the INL), ty-
pically with larger cell bodies than BCs [62,71,88–90]. Ehrlich [92] and
Chen and Naito [93] suggested that about 30–35 % of the cells in GCL
are displaced amacrine cells. Thist estimate is approximately in line
with findings by Kalloniatis and colleagues [74] who reported GABA-
immunoreactivity in about 40% of the cells in the GCL. In addition to
GABA, avian ACs probably use many other neurotransmitters and
modulators including glycine, acetylcholine, substance P, serotonin,
nitric oxide and dopamine [93] – in line with mammalian ACs [86].

2.4.1. Cholinergic ACs
The chicken has at least three different morphological types of

cholinergic AC. Types 1 and 2 are monostratified and connect to BCs,
ACs, and RGCs. Type 3 is bistratified and connects to ACs and RGCs in
separate IPL strata [90]. The best known vertebrate cholinergic ACs are
starburst amacrine cells which are involved in directional selectivity
[85]. Millar et al. [91] found that chicken type 1 AC is morphologically
equivalent to mammal starburst type-a and type 2 AC is similar to
starburst type b, type 3 AC as no known equivalent (homologue) the
mammalian retina. A recent study found that acetylcholine gates den-
dritic spikes in direction selective GCs [94].

2.4.2. Glucagon ACs
In chicken glucagon positive ACs were found which are absent from

the mouse retina [95]. Their function is to signal the stop of axial
growth during development (emmetropization) by release of glucagon
into the surrounding tissue [96]. This is under the control of the tran-
scription factor ZENK which is expressed in correlation with the sign of
imposed image defocus, increasing expression with positive defocus
[97].

2.4.3. Efferent system
A dense network of nitrergic, axon-bearing ACs [88,98] in the

ventral chicken retina, including the area centralis [21], is targeted by
efferent projections originating in the isthmo-optic nucleus in the
midbrain [99]. The general function of this network is unknown,
however, it was shown that the responsiveness of the retina decreases
when the isthmo-optic nucleus is cooled down while receptive field
properties remain unaffected overall [100]. The presence of a re-
tinopetal has been reported for a wide range of vertebrates including
primates, however it is comparatively abundant in avian visual systems
[101,102]

2.5. Retinal ganglion cells

Amongst vertebrates, birds have a relatively high density of retinal
ganglion cells (RGCs) (Fig. 6). For example the pigeon [23] has 10,800
RGCs per mm2 in the fovea and the starling [103] 20,000. mm−2

compared to 13,500mm−2 in the chicken. Nevertheless, the total of 2.6
[91] to 4.9 million [104] RGCs reported for the entire retina (in the
right eye, see lateralization) are over double that in humans, despite a
smaller ocular diameter. Considering the peak density of PRs and RGCs

this would mean that every RGC connects to about 1.5 photoreceptors
in the area centralis. RGC density peaks in the area centralis at about
13,500 RGCs mm−2 – which is similar to the human parafovea [105]. A
second, albeit less pronounced region of high density lies in the dorsal
retina (10,200 RGCs mm−2). For ground-foraging birds this arrange-
ment allows simultaneous high acuity vision in the lateral/frontal vi-
sual field (area centralis) and at the location where the bird will peck for
food (area dorsalis), which is beneficial [106].

Across the retina, the sizes of RGC somata vary, ranging from 40 to
560 μm2, with a near linear increase with eccentricity [78,91]. The
same is true for dendritic fields, which from 43 μm to 504 μm in dia-
meter [78]. Assuming that receptive field size is approximated by the
extent of the dendritic tree, RGC receptive field areas range from about
0.18° in the central zone (roughly equivalent to the area centralis [78]
to about 2.2° in the peripheral zone of the retina Fig. 5d. Behavioural
experiments showed that young chicks have a visual acuity of 6.0 to 7.7
cycles per deg−1 in comparison to 50 cycles per deg−1 in humans
[107,108]. This difference is likely part-related to differences in eye size
as well as the absence of a fovea in chicken. Moreover, unlike for BCs
(see above), no ‘midget-like’ RGC morphology consistent with single
BC-connectivity has to date been described in chicken retina. Never-
theless, some chicken RGCs are very small indeed, and may be expected
to receive inputs from a correspondingly small number of BCs. Re-
garding inner retinal stratification patterns, chicken RGCs are mor-
phologically highly diverse and include mono-, bi-, multi-stratified as
well as diffuse types which send dendritic branches into nearly all IPL
strata Fig. 5c. Mono- and bistratified forms are most common, and by en
large, anatomical RGC-type density appears to be inversely related to
the number of innervated strata.

2.6. Retinal lateralisation

Interestingly, the data on pigeon RGCs presented by Querubin et al.
[23] hints that RGC numbers and density may differ between the right
and left eyes, although this was not explicitly noted. In the common
starling the proportions of the photoreceptor types differ between the
two eyes [109]. Could avian retinas, including in chicken, be func-
tionally lateralised? Chickens tend to use their left and right eyes for
distinct subsets of visual behaviours [110–112]. For example, Vallor-
tigara et al. [112] reported that chicken preferably use their left eye for
spatial learning. The extent of structural and functional lateralisation in
avian retinas is a fascinating open question, and for this reason in
particular, when working with birds, it is critical to keep track of which
eye is being investigated.

3. Retinal function

There are few detailed studies of chicken retinal processing. Lisney
et al. [113] used electroretinograms (ERGs) to measure the flicker fu-
sion frequency at 105 Hz, which is comparable to the maximum human
value of about 95 Hz [114]. In another ERG study [45], it was shown
that rods are inactive during the daytime but turned on endogenously at
night. Various studies compare ERGs of normal retinae and disease
models [11].

Multielectrode arrays (MEAs) record many RGCs simultaneously,
but their potential remains underexploited. Chen et al. [115] made the
first such recordings in chicken and Diedrich et al. [116] used an MEA,
to show basic response characteristics like spatial resolution, contrast
sensitivity under normal and defocus conditions. Stett et al. [117] used
an MEA to deliver electrical stimuli to specific parts of the retina and in
turn measure RGC responses.

Finally, Shen et al. [118] used patch-clamp recordings in a study of
a new type of GABA receptor in the chicken retina.
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3.1. Conclusion

Birds making an interesting comparison with primates, which have
secondarily returned to diurnality, after a ‘nocturnal phase’ in mammal
evolution, [83,119]. As far we can tell, the chicken has a ‘typical’ bird
retina. Compared to mammals, the morphology suggests complex and
diverse signal processing. The retina contains relatively more neurons
in the INL and GCL and a higher degree of stratification in both the OPL
and IPL. Chicken photoreceptors have been studied in detail, and there
are relevant psychophysical studies, especially of colour vision
[36,38,120]. In addition, the chicken is established as a model or-
ganism for ocular diseases and development [11]. This is helpful be-
cause genetic, immunochemical and developmental markers are well
established and accessible. All in all, the chicken the most accessible
avian model organism today and using its potential is a task for sci-
entists in the future. Birds have highly sophisticated eyes, and the
chicken may just hold the key to “solve” the riddle of their function.

Acknowledgements

Funding was provided by the European Research Council (ERC-StG
“NeuroVisEco” 677687 to TB), the UKRI (BBSRC, BB/R014817/1 and
MRC, MC_PC_15071 to TB), the Leverhulme Trust (PLP-2017-005 to
TB), the Lister Institute for Preventive Medicine (to TB) and the
University of Sussex School of Life Sciences (DO, MS).

References

[1] T.D. Lamb, Evolution of the genes mediating phototransduction in rod and cone
photoreceptors, Prog. Retin. Eye Res. (2019) 100823, https://doi.org/10.1016/j.
preteyeres.2019.100823.

[2] T.D. Lamb, S.P. Collin, E.N. Pugh, Evolution of the vertebrate eye: opsins, pho-
toreceptors, retina and eye cup, Nat. Rev. Neurosci. 8 (2007) 960–976, https://
doi.org/10.1038/nrn2283.

[3] T. Baden, D. Osorio, The Retinal Basis of Vertebrate Color Vision, (2019), p. 24.
[4] T. Baden, T. Euler, P. Berens, Understanding the retinal basis of vision across

species, Nat. Rev. Neurosci. 21 (2020) 5–20, https://doi.org/10.1038/s41583-
019-0242-1.

[5] J.B. Demb, J.H. Singer, Functional circuitry of the retina, Annu. Rev. Vis. Sci. 1
(2015) 263–289, https://doi.org/10.1146/annurev-vision-082114-035334.

[6] T.A. Seabrook, T.J. Burbridge, M.C. Crair, A.D. Huberman, Architecture, function,
and assembly of the mouse visual system, Annu. Rev. Neurosci. 40 (2017)
499–538, https://doi.org/10.1146/annurev-neuro-071714-033842.

[7] J.A. Endler, P.W. Mielke, Comparing entire colour patterns as birds see them:
colour pattern differences, Biol. J. Linn. Soc. 86 (2005) 405–431, https://doi.org/
10.1111/j.1095-8312.2005.00540.x.

[8] M.P. Jones, K.E. Pierce, D. Ward, Avian vision: a review of form and function with
special consideration to birds of prey, J. Exot. Pet Med. 16 (2007) 69–87, https://
doi.org/10.1053/j.jepm.2007.03.012.

[9] T.A. Richard, H. Masland (Eds.), The Senses a Comprehensive Reference, 1st ed.,
Elsevier, 2008.

[10] G.R. Martin, What drives bird vision? Bill control and predator detection over-
shadow flight, Front. Neurosci. 11 (2017), https://doi.org/10.3389/fnins.2017.
00619.

[11] C.E. Wisely, J.A. Sayed, H. Tamez, C. Zelinka, M.H. Abdel-Rahman, A.J. Fischer,
C.M. Cebulla, The chick eye in vision research: an excellent model for the study of
ocular disease, Prog. Retin. Eye Res. 61 (2017) 72–97, https://doi.org/10.1016/j.

preteyeres.2017.06.004.
[12] J. Eriksson, G. Larson, U. Gunnarsson, B. Bed’hom, M. Tixier-Boichard,

Identification of the yellow skin gene reveals a hybrid origin of the domestic
chicken, PLoS Genet. 4 (2008) 8.

[13] A. Fumihito, T. Miyake, S. Sumi, M. Takada, S. Ohno, N. Kondo, One subspecies of
the red junglefowl (Gallus gallus gallus) suffices as the matriarchic ancestor of all
domestic breeds, Proc. Natl. Acad. Sci. U. S. A. 91 (1994) 12505–12509, https://
doi.org/10.1073/pnas.91.26.12505.

[14] S. Kanginakudru, M. Metta, R. Jakati, J. Nagaraju, Genetic evidence from Indian
red jungle fowl corroborates multiple domestication of modern day chicken, BMC
Evol. Biol. 8 (2008) 174, https://doi.org/10.1186/1471-2148-8-174.

[15] A.A. Storey, J.S. Athens, D. Bryant, M. Carson, K. Emery, S. de France, et al.,
Investigating the global dispersal of chickens in prehistory using ancient mi-
tochondrial DNA signatures, PLoS One 7 (2012) e39171, , https://doi.org/10.
1371/journal.pone.0039171.

[16] R. Tadano, K. Kinoshita, M. Mizutani, M. Tsudzuki, Comparison of microsatellite
variations between Red Junglefowl and a commercial chicken gene pool, Poult.
Sci. 93 (2014) 318–325, https://doi.org/10.3382/ps.2013-03547.

[17] M.-S. Wang, R. Zhang, L.-Y. Su, Y. Li, M.-S. Peng, H.-Q. Liu, L. Zeng, D.M. Irwin, J.-
L. Du, Y.-G. Yao, D.-D. Wu, Y.-P. Zhang, Positive selection rather than relaxation of
functional constraint drives the evolution of vision during chicken domestication,
Cell Res. 26 (2016) 556–573, https://doi.org/10.1038/cr.2016.44.

[18] R.H. Masland, The fundamental plan of the retina, Nat. Neurosci. 4 (2001)
877–886, https://doi.org/10.1038/nn0901-877.

[19] S. da Silva, C.L. Cepko, Fgf8 expression and degradation of retinoic acid are re-
quired for patterning a high-acuity area in the retina, Dev. Cell 42 (2017) 68–81,
https://doi.org/10.1016/j.devcel.2017.05.024 e6.

[20] V.B. Morris, Symmetry in a receptor mosaic demonstrated in the chick from the
frequencies, spacing and arrangement of the types of retinal receptor, J. Comp.
Neurol. 140 (1970) 359–397, https://doi.org/10.1002/cne.901400308.

[21] C. Weller, S.H. Lindstrom, W.J. De Grip, M. Wilson, The area centralis in the
chicken retina contains efferent target amacrine cells, Vis. Neurosci. 26 (2009)
249–254, https://doi.org/10.1017/S0952523808080917.

[22] J.M. Bueno, A. Giakoumaki, E.J. Gualda, F. Schaeffel, P. Artal, Analysis of the
chicken retina with an adaptive optics multiphoton microscope, Biomed. Opt.
Express 2 (2011) 1637, https://doi.org/10.1364/BOE.2.001637.

[23] A. Querubin, H.R. Lee, J.M. Provis, K.M.B. O’Brien, Photoreceptor and ganglion
cell topographies correlate with information convergence and high acuity regions
in the adult pigeon (Columba livia) retina, J. Comp. Neurol. 517 (2009) 711–722,
https://doi.org/10.1002/cne.22178.

[24] J.P. Coimbra, S.P. Collin, N.S. Hart, Variations in retinal photoreceptor topo-
graphy and the organization of the rod-free zone reflect behavioral diversity in
Australian passerines: rod and Cone Topography in Passerines, J. Comp. Neurol.
523 (2015) 1073–1094, https://doi.org/10.1002/cne.23718.

[25] J.K. Bowmaker, A. Knowles, The visual pigments and oil droplets of the chicken
retina, Vision Res. 17 (1977) 755–764, https://doi.org/10.1016/0042-6989(77)
90117-1.

[26] N.S. Hart, The visual ecology of avian photoreceptors, Prog. Retin. Eye Res. 20
(2001) 675–703, https://doi.org/10.1016/S1350-9462(01)00009-X.

[27] T. Okano, D. Kojima, Y. Fukada, Y. Shichida, T. Yoshizawa, Primary structures of
chicken cone visual pigments: vertebrate rhodopsins have evolved out of cone
visual pigments, Proc. Natl. Acad. Sci. U. S. A. 89 (1992) 5932–5936, https://doi.
org/10.1073/pnas.89.13.5932.

[28] R. López-López, M. López-Gallardo, M.J. Pérez-Álvarez, C. Prada, Isolation of
chick retina cones and study of their diversity based on oil droplet colour and
nucleus position, Cell Tissue Res. 332 (2008) 13–24, https://doi.org/10.1007/
s00441-007-0572-6.

[29] Y.A. Kram, S. Mantey, J.C. Corbo, Avian cone photoreceptors tile the retina as five
independent, self-organizing mosaics, PLoS One 5 (2010), https://doi.org/10.
1371/journal.pone.0008992.

[30] D.B. Meyer, H.C. May, The topographical distribution of rods and cones in the
adult chicken retina, Exp. Eye Res. 17 (1973) 347–355, https://doi.org/10.1016/
0014-4835(73)90244-3.

[31] S. Gisbert, F. Schaeffel, M to L cone ratios determine eye sizes and baseline re-
fractions in chickens, Exp. Eye Res. 172 (2018) 104–111, https://doi.org/10.

Fig. 6. Topography of retinal ganglion cells in different birds compared to human. The average density of RGC in the chicken is much higher compared to the
human but relatively low when compared to other birds. The chicken is missing a fovea but has two areas of higher RGC densities, which are found in the central and
dorsal retina. Figures reproduced from [126] and [103]. Chicken data is based on [92], pigeon data is based on [23]. Scale bar = 2mm.

M. Seifert, et al. Seminars in Cell and Developmental Biology xxx (xxxx) xxx–xxx

8

https://doi.org/10.1016/j.preteyeres.2019.100823
https://doi.org/10.1016/j.preteyeres.2019.100823
https://doi.org/10.1038/nrn2283
https://doi.org/10.1038/nrn2283
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0015
https://doi.org/10.1038/s41583-019-0242-1
https://doi.org/10.1038/s41583-019-0242-1
https://doi.org/10.1146/annurev-vision-082114-035334
https://doi.org/10.1146/annurev-neuro-071714-033842
https://doi.org/10.1111/j.1095-8312.2005.00540.x
https://doi.org/10.1111/j.1095-8312.2005.00540.x
https://doi.org/10.1053/j.jepm.2007.03.012
https://doi.org/10.1053/j.jepm.2007.03.012
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0045
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0045
https://doi.org/10.3389/fnins.2017.00619
https://doi.org/10.3389/fnins.2017.00619
https://doi.org/10.1016/j.preteyeres.2017.06.004
https://doi.org/10.1016/j.preteyeres.2017.06.004
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0060
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0060
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0060
https://doi.org/10.1073/pnas.91.26.12505
https://doi.org/10.1073/pnas.91.26.12505
https://doi.org/10.1186/1471-2148-8-174
https://doi.org/10.1371/journal.pone.0039171
https://doi.org/10.1371/journal.pone.0039171
https://doi.org/10.3382/ps.2013-03547
https://doi.org/10.1038/cr.2016.44
https://doi.org/10.1038/nn0901-877
https://doi.org/10.1016/j.devcel.2017.05.024
https://doi.org/10.1002/cne.901400308
https://doi.org/10.1017/S0952523808080917
https://doi.org/10.1364/BOE.2.001637
https://doi.org/10.1002/cne.22178
https://doi.org/10.1002/cne.23718
https://doi.org/10.1016/0042-6989(77)90117-1
https://doi.org/10.1016/0042-6989(77)90117-1
https://doi.org/10.1016/S1350-9462(01)00009-X
https://doi.org/10.1073/pnas.89.13.5932
https://doi.org/10.1073/pnas.89.13.5932
https://doi.org/10.1007/s00441-007-0572-6
https://doi.org/10.1007/s00441-007-0572-6
https://doi.org/10.1371/journal.pone.0008992
https://doi.org/10.1371/journal.pone.0008992
https://doi.org/10.1016/0014-4835(73)90244-3
https://doi.org/10.1016/0014-4835(73)90244-3
https://doi.org/10.1016/j.exer.2018.03.029


1016/j.exer.2018.03.029.
[32] J.K. Bowmaker, Evolution of vertebrate visual pigments, Vision Res. 48 (2008)

2022–2041, https://doi.org/10.1016/j.visres.2008.03.025.
[33] S. Yokoyama, Evolution of dim-light and color vision pigments, Annu. Rev.

Genomics Hum. Genet. 9 (2008) 259–282, https://doi.org/10.1146/annurev.
genom.9.081307.164228.

[34] S. Yokoyama, Molecular evolution of color vision in vertebrates, Gene 300 (2002)
69–78, https://doi.org/10.1016/S0378-1119(02)00845-4.

[35] T. Okano, Y. Fukada, I.D. Artamonov, T. Yoshizawa, Purification of cone visual
pigments from chicken retina, Biochemistry 28 (1989) 8848–8856, https://doi.
org/10.1021/bi00448a025.

[36] A. Kelber, Bird colour vision – from cones to perception, Curr. Opin. Behav. Sci. 30
(2019) 34–40, https://doi.org/10.1016/j.cobeha.2019.05.003.

[37] P. Olsson, O. Lind, A. Kelber, Bird colour vision: behavioural thresholds reveal
receptor noise, J. Exp. Biol. 218 (2015) 184–193, https://doi.org/10.1242/jeb.
111187.

[38] D. Osorio, M. Vorobyev, C.D. Jones, Colour vision of domestic chicks, J. Exp. Biol.
202 (1999) 9.

[39] R.L. Smith, Y. Nishimura, G. Raviola, Interreceptor junction in the double cone of
the chicken retina, J. Submicrosc. Cytol. 17 (1985) 183–186.

[40] V. Pignatelli, C. Champ, J. Marshall, M. Vorobyev, Double cones are used for
colour discrimination in the reef fish, Rhinecanthus aculeatus, Biol. Lett. 6 (2010)
537–539, https://doi.org/10.1098/rsbl.2009.1010.

[41] C.D. Jones, D. Osorio, Discrimination of oriented visual textures by poultry chicks,
Vision Res. 44 (2004) 83–89, https://doi.org/10.1016/j.visres.2003.08.014.

[42] H.-J. Sun, B.J. Frost, Motion processing in pigeon tectum: equiluminant chromatic
mechanisms, Exp. Brain Res. 116 (1997) 434–444, https://doi.org/10.1007/
PL00005771.

[43] Mv. Campenhausen, K. Kirschfeld, Spectral sensitivity of the accessory optic
system of the pigeon, J. Comp. Physiol. A 183 (1998) 1–6, https://doi.org/10.
1007/s003590050229.

[44] S. Potier, M. Mitkus, A. Kelber, High resolution of colour vision, but low contrast
sensitivity in a diurnal raptor, Proc. Royal Soc. B 285 (2018) 20181036, , https://
doi.org/10.1098/rspb.2018.1036.

[45] F. Schaeffel, B. Rohrer, T. Lemmer, E. Zrenner, Diurnal control of rod function in
the chicken, Vis. Neurosci. 6 (1991) 641–653, https://doi.org/10.1017/
s0952523800002637.

[46] G. Westheimer, Directional sensitivity of the retina: 75 years of stiles–crawford
effect, Proc. Royal Soc. B 275 (2008) 2777–2786, https://doi.org/10.1098/rspb.
2008.0712.

[47] D. Wilby, M.B. Toomey, P. Olsson, R. Frederiksen, M.C. Cornwall, R. Oulton,
A. Kelber, J.C. Corbo, N.W. Roberts, Optics of cone photoreceptors in the chicken
(Gallus gallus domesticus), Proc. Royal Soc. Inter. 12 (2015) 20150591, , https://
doi.org/10.1098/rsif.2015.0591.

[48] D. Wilby, N.W. Roberts, Optical influence of oil droplets on cone photoreceptor
sensitivity, J. Exp. Biol. 220 (2017) 1997–2004, https://doi.org/10.1242/jeb.
152918.

[49] D.G. Stavenga, B.D. Wilts, Oil droplets of bird eyes: microlenses acting as spectral
filters, Philos. Trans. Biol. Sci. 369 (2014), https://doi.org/10.1098/rstb.2013.
0041.

[50] M.B. Toomey, A.M. Collins, R. Frederiksen, M.C. Cornwall, J.A. Timlin, J.C. Corbo,
A complex carotenoid palette tunes avian colour vision, J. R. Soc. Interface 12
(2015) 20150563, , https://doi.org/10.1098/rsif.2015.0563.

[51] N.S. Hart, T.J. Lisney, S.P. Collin, Cone photoreceptor oil droplet pigmentation is
affected by ambient light intensity, J. Exp. Biol. 209 (2006) 4776–4787, https://
doi.org/10.1242/jeb.02568.

[52] J.K. Bowmaker, The visual pigments, oil droplets and spectral sensitivity of the
pigeon, Vision Res. 17 (1977) 1129–1138, https://doi.org/10.1016/0042-
6989(77)90147-X.

[53] T. Baden, T. Schubert, L. Chang, T. Wei, M. Zaichuk, B. Wissinger, T. Euler, A tale
of two retinal domains: near-optimal sampling of achromatic contrasts in natural
scenes through asymmetric photoreceptor distribution, Neuron 80 (2013)
1206–1217, https://doi.org/10.1016/j.neuron.2013.09.030.

[54] J. Baudin, J.M. Angueyra, R. Sinha, F. Rieke, S-cone photoreceptors in the primate
retina are functionally distinct from L and M cones, ELife 8 (2019), https://doi.
org/10.7554/eLife.39166.

[55] R. Sinha, M. Hoon, J. Baudin, H. Okawa, R.O.L. Wong, F. Rieke, Cellular and
circuit mechanisms shaping the perceptual properties of the primate fovea, Cell
168 (2017) 413–426, https://doi.org/10.1016/j.cell.2017.01.005 e12.

[56] T. Yoshimatsu, C. Schröder, N.E. Nevala, P. Berens, T. Baden, Cellular and mole-
cular mechanisms of photoreceptor tuning for prey capture in larval zebrafish,
Neuroscience (2019), https://doi.org/10.1101/744615.

[57] L.P. Tyrrell, L.B.C. Teixeira, R.R. Dubielzig, D. Pita, P. Baumhardt, B.A. Moore,
E. Fernández-Juricic, A novel cellular structure in the retina of insectivorous birds,
Sci. Rep. 9 (2019), https://doi.org/10.1038/s41598-019-51774-w.

[58] A.P. Mariani, A.E. Leure-Dupree, Photoreceptors and oil droplet colors in the red
area of the pigeon retina, J. Comp. Neurol. 182 (1978) 821–837, https://doi.org/
10.1002/cne.901820506.

[59] M.S.M. Wai, D.E. Lorke, L.S. Kung, D.T.W. Yew, Morphogenesis of the different
types of photoreceptors of the chicken (Gallus domesticus) retina and the effect of
amblyopia in neonatal chicken, Microsc. Res. Tech. 69 (2006) 99–107, https://doi.
org/10.1002/jemt.20279.

[60] S.M. Wai, L.S. Kung, D.T. Yew, Novel identification of the different types of cones
in the retina of the chicken, Cell. Mol. Neurobiol. (2002) 8.

[61] A. Gallego, M. Baron, M. Gayoso, Organization of the outer plexiform layer of the
diurnal and nocturnal bird retinae, Vision Res. 15 (1975), https://doi.org/10.

1016/0042-6989(75)90246-1 1027-IN7.
[62] D.M. Waldner, F. Visser, A.J. Fischer, N.T. Bech-Hansen, W.K. Stell, Avian adeno-

associated viral transduction of the postembryonic chicken retina, Transl. Vis. Sci.
Technol. 8 (2019) 1, https://doi.org/10.1167/tvst.8.4.1.

[63] A.J. Fischer, J.J. Stanke, G. Aloisio, H. Hoy, W.K. Stell, Heterogeneity of horizontal
cells in the chicken retina, J. Comp. Neurol. 500 (2007) 1154–1171, https://doi.
org/10.1002/cne.21236.

[64] A.P. Mariani, Neuronal and synaptic organization of the outer plexiform layer of
the pigeon retina, Am. J. Anat. 179 (1987) 25–39, https://doi.org/10.1002/aja.
1001790105.

[65] K.J. Wahlin, L. Hackler, R. Adler, D.J. Zack, Alternative splicing of neuroligin and
its protein distribution in the outer plexiform layer of the chicken retina, J. Comp.
Neurol. 518 (2010) 4938–4962, https://doi.org/10.1002/cne.22499.

[66] A. Quesada, F.A. Prada, J.M. Genis-Galvez, Bipolar cells in the chicken retina, J.
Morphol. 197 (1988) 337–351, https://doi.org/10.1002/jmor.1051970308.

[67] C.A. Chapot, T. Euler, T. Schubert, How do horizontal cells ‘talk’ to cone photo-
receptors? Different levels of complexity at the cone-horizontal cell synapse: how
do horizontal cells ‘talk’ to cone photoreceptors? J. Physiol. (Lond.) 595 (2017)
5495–5506, https://doi.org/10.1113/JP274177.

[68] W.B. Thoreson, S.C. Mangel, Lateral interactions in the outer retina, Prog. Retin.
Eye Res. 31 (2012) 407–441, https://doi.org/10.1016/j.preteyeres.2012.04.003.

[69] H. Boije, S. Shirazi Fard, P.-H. Edqvist, F. Hallböök, Horizontal cells, the odd ones
out in the Retina, give insights into development and disease, Front. Neuroanat. 10
(2016), https://doi.org/10.3389/fnana.2016.00077.

[70] K. Tanabe, Cadherin is required for dendritic morphogenesis and synaptic terminal
organization of retinal horizontal cells, Development 133 (2006) 4085–4096,
https://doi.org/10.1242/dev.02566.

[71] H. Sun, W.J. Crossland, Quantitative assessment of localization and colocalization
of glutamate, aspartate, glycine, and GABA immunoreactivity in the chick retina,
Anat. Rec. 260 (2000) 158–179, https://doi.org/10.1002/1097-0185(20001001)
260:2<158::AID-AR60>3.0.CO;2-V.

[72] P.-H.D. Edqvist, M. Lek, H. Boije, S.M. Lindbäck, F. Hallböök, Axon-bearing and
axon-less horizontal cell subtypes are generated consecutively during chick retinal
development from progenitors that are sensitive to follistatin, BMC Dev. Biol. 8
(2008) 46, https://doi.org/10.1186/1471-213X-8-46.

[73] M. Araki, H. Kimura, GABA-like immunoreactivity in the developing chick retina:
differentiation of GABAergic horizontal cell and its possible contacts with photo-
receptors, J. Neurocytol. 20 (1991) 345–355, https://doi.org/10.1007/
BF01355531.

[74] M. Kalloniatis, E.L. Fletcher, Immunocytochemical localization of the amino acid
neurotransmitters in the chicken retina, J. Comp. Neurol. 336 (1993) 174–193,
https://doi.org/10.1002/cne.903360203.

[75] C. Puller, S. Haverkamp, M. Neitz, J. Neitz, Synaptic elements for GABAergic feed-
forward signaling between HII horizontal cells and blue cone bipolar cells are
enriched beneath primate S-Cones, PLoS One 9 (2014) e88963, , https://doi.org/
10.1371/journal.pone.0088963.

[76] Y.N. Li, J.I. Matsui, J.E. Dowling, Specificity of the horizontal cell-photoreceptor
connections in the zebrafish (Danio rerio) retina, J. Comp. Neurol. 516 (2009)
442–453, https://doi.org/10.1002/cne.22135.

[77] T. Millar, I. Ishimoto, C.D. Johnson, M.L. Epstein, I.W. Chubb, I.G. Morgan,
Cholinergic and acetylcholinesterase-containing neurons of the chicken retina,
Neurosci. Lett. 61 (1985) 311–316, https://doi.org/10.1016/0304-3940(85)
90482-3.

[78] J. Naito, Y. Chen, Morphologic analysis and classification of ganglion cells of the
chick retina by intracellular injection of lucifer yellow and retrograde labeling
with DiI, J. Comp. Neurol. 469 (2004) 360–376, https://doi.org/10.1002/cne.
11010.

[79] R. Nelson, V. Connaughton, Bipolar cell pathways in the vertebrate retina,
Webvision: The Organization of the Retina and Visual System, (2012) [Internet],
Kolb H, Fernandez E, Nelson R https://www.ncbi.nlm.nih.gov/books/.

[80] C. Behrens, T. Schubert, S. Haverkamp, T. Euler, P. Berens, Connectivity Map of
Bipolar Cells and Photoreceptors in the Mouse Retina, (2016), p. 20, https://doi.
org/10.7554/eLife.20041.001.

[81] T. Euler, S. Haverkamp, T. Schubert, T. Baden, Retinal bipolar cells: elementary
building blocks of vision, Nat. Rev. Neurosci. 15 (2014) 507–519, https://doi.org/
10.1038/nrn3783.

[82] H. Kolb, D. Marshak, The Midget Pathways of the Primate Retina vol. 106, (2003),
p. 15.

[83] J.D. Mollon, The Uses and Origins of Primate Colour Vision vol. 146, The
Company of Biologists Limited, 1989, p. 20.

[84] A. Quesada, J.M. Génis-Gálvez, Morphological and structural study of Landolt’s
club in the chick retina: Landolt’s club in chick retina, J. Morphol. 184 (1985)
205–214, https://doi.org/10.1002/jmor.1051840210.

[85] R.H. Masland, The tasks of amacrine cells, Vis. Neurosci. 29 (2012) 3–9, https://
doi.org/10.1017/S0952523811000344.

[86] W. Yan, M.A. Laboulaye, N.M. Tran, I.E. Whitney, I. Benhar, J.R. Sanes, Molecular
identification of sixty-three amacrine cell types completes a mouse retinal cell
atlas, Neuroscience (2020), https://doi.org/10.1101/2020.03.10.985770.

[87] M.A. MacNeil, R.H. Masland, Extreme diversity among amacrine cells: implica-
tions for function, Neuron 20 (1998) 971–982, https://doi.org/10.1016/S0896-
6273(00)80478-X.

[88] A.J. Fischer, W.K. Stell, Nitric oxide synthase-containing cells in the retina, pig-
mented epithelium, choroid, and sclera of the chick eye, J. Comp. Neurol. 405
(1999) 1–14, https://doi.org/10.1002/(SICI)1096-9861(19990301)
405:1<1::AID-CNE1>3.0.CO;2-U.

[89] E. McMains, V. Krishnan, S. Prasad, E. Gleason, Expression and localization of CLC

M. Seifert, et al. Seminars in Cell and Developmental Biology xxx (xxxx) xxx–xxx

9

https://doi.org/10.1016/j.exer.2018.03.029
https://doi.org/10.1016/j.visres.2008.03.025
https://doi.org/10.1146/annurev.genom.9.081307.164228
https://doi.org/10.1146/annurev.genom.9.081307.164228
https://doi.org/10.1016/S0378-1119(02)00845-4
https://doi.org/10.1021/bi00448a025
https://doi.org/10.1021/bi00448a025
https://doi.org/10.1016/j.cobeha.2019.05.003
https://doi.org/10.1242/jeb.111187
https://doi.org/10.1242/jeb.111187
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0190
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0190
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0195
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0195
https://doi.org/10.1098/rsbl.2009.1010
https://doi.org/10.1016/j.visres.2003.08.014
https://doi.org/10.1007/PL00005771
https://doi.org/10.1007/PL00005771
https://doi.org/10.1007/s003590050229
https://doi.org/10.1007/s003590050229
https://doi.org/10.1098/rspb.2018.1036
https://doi.org/10.1098/rspb.2018.1036
https://doi.org/10.1017/s0952523800002637
https://doi.org/10.1017/s0952523800002637
https://doi.org/10.1098/rspb.2008.0712
https://doi.org/10.1098/rspb.2008.0712
https://doi.org/10.1098/rsif.2015.0591
https://doi.org/10.1098/rsif.2015.0591
https://doi.org/10.1242/jeb.152918
https://doi.org/10.1242/jeb.152918
https://doi.org/10.1098/rstb.2013.0041
https://doi.org/10.1098/rstb.2013.0041
https://doi.org/10.1098/rsif.2015.0563
https://doi.org/10.1242/jeb.02568
https://doi.org/10.1242/jeb.02568
https://doi.org/10.1016/0042-6989(77)90147-X
https://doi.org/10.1016/0042-6989(77)90147-X
https://doi.org/10.1016/j.neuron.2013.09.030
https://doi.org/10.7554/eLife.39166
https://doi.org/10.7554/eLife.39166
https://doi.org/10.1016/j.cell.2017.01.005
https://doi.org/10.1101/744615
https://doi.org/10.1038/s41598-019-51774-w
https://doi.org/10.1002/cne.901820506
https://doi.org/10.1002/cne.901820506
https://doi.org/10.1002/jemt.20279
https://doi.org/10.1002/jemt.20279
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0300
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0300
https://doi.org/10.1016/0042-6989(75)90246-1
https://doi.org/10.1016/0042-6989(75)90246-1
https://doi.org/10.1167/tvst.8.4.1
https://doi.org/10.1002/cne.21236
https://doi.org/10.1002/cne.21236
https://doi.org/10.1002/aja.1001790105
https://doi.org/10.1002/aja.1001790105
https://doi.org/10.1002/cne.22499
https://doi.org/10.1002/jmor.1051970308
https://doi.org/10.1113/JP274177
https://doi.org/10.1016/j.preteyeres.2012.04.003
https://doi.org/10.3389/fnana.2016.00077
https://doi.org/10.1242/dev.02566
https://doi.org/10.1002/1097-0185(20001001)260:2<158::AID-AR60>3.0.CO;2-V
https://doi.org/10.1002/1097-0185(20001001)260:2<158::AID-AR60>3.0.CO;2-V
https://doi.org/10.1186/1471-213X-8-46
https://doi.org/10.1007/BF01355531
https://doi.org/10.1007/BF01355531
https://doi.org/10.1002/cne.903360203
https://doi.org/10.1371/journal.pone.0088963
https://doi.org/10.1371/journal.pone.0088963
https://doi.org/10.1002/cne.22135
https://doi.org/10.1016/0304-3940(85)90482-3
https://doi.org/10.1016/0304-3940(85)90482-3
https://doi.org/10.1002/cne.11010
https://doi.org/10.1002/cne.11010
https://www.ncbi.nlm.nih.gov/books/
https://doi.org/10.7554/eLife.20041.001
https://doi.org/10.7554/eLife.20041.001
https://doi.org/10.1038/nrn3783
https://doi.org/10.1038/nrn3783
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0410
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0410
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0415
http://refhub.elsevier.com/S1084-9521(19)30236-8/sbref0415
https://doi.org/10.1002/jmor.1051840210
https://doi.org/10.1017/S0952523811000344
https://doi.org/10.1017/S0952523811000344
https://doi.org/10.1101/2020.03.10.985770
https://doi.org/10.1016/S0896-6273(00)80478-X
https://doi.org/10.1016/S0896-6273(00)80478-X
https://doi.org/10.1002/(SICI)1096-9861(19990301)405:1<1::AID-CNE1>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1096-9861(19990301)405:1<1::AID-CNE1>3.0.CO;2-U


chloride transport proteins in the avian retina, PLoS One 6 (2011) e17647, ,
https://doi.org/10.1371/journal.pone.0017647.

[90] T.J. Millar, I. Ishimoto, I.W. Chubb, M.L. Epstein, C.D. Johnson, I.G. Morgan,
Cholinergic amacrine cells of the chicken retina: a light and electron microscope
immunocytochemical study, Neuroscience 21 (1987) 725–743, https://doi.org/
10.1016/0306-4522(87)90033-9.

[91] D. Ehrlich, Regional specialization of the chick retina as revealed by the size and
density of neurons in the ganglion cell layer, J. Comp. Neurol. 195 (1989)
643–657, https://doi.org/10.1002/cne.901950408.

[92] Y. Chen, J. Naito, A quantitative analysis of cells in the ganglion cell layer of the
chick retina, Brain Behav. Evol. 53 (1999) 75–86, https://doi.org/10.1159/
000006584.

[93] I.G. Morgan, The organization of amacrine cell types which use different trans-
mitters in chicken retina, Progress in Brain Research, Elsevier, 1983, pp. 191–199,
https://doi.org/10.1016/S0079-6123(08)60020-5.

[94] A. Brombas, S. Kalita-de Croft, E.J. Cooper-Williams, S.R. Williams, Dendro-den-
dritic cholinergic excitation controls dendritic spike initiation in retinal ganglion
cells, Nat. Commun. 8 (2017), https://doi.org/10.1038/ncomms15683.

[95] U. Mathis, F. Schaeffel, Glucagon-related peptides in the mouse retina and the
effects of deprivation of form vision, Graefes Arch. Clin. Exp. Ophthalmol. 245
(2007) 267–275, https://doi.org/10.1007/s00417-006-0282-x.

[96] M.P. Feldkaemper, F. Schaeffel, Evidence for a potential role of glucagon during
eye growth regulation in chicks, Vis. Neurosci. 19 (2002) 755–766, https://doi.
org/10.1017/S0952523802196064.

[97] A.J. Fischer, J.J. McGuire, F. Schaeffel, W.K. Stell, Light- and focus-dependent
expression of the transcription factor ZENK in the chick retina, Nat. Neurosci. 2
(1999) 706–712, https://doi.org/10.1038/11167.

[98] M. Wilson, N. Nacsa, N.S. Hart, C. Weller, D.I. Vaney, Regional distribution of
nitrergic neurons in the inner retina of the chicken, Vis. Neurosci. 28 (2011)
205–220, https://doi.org/10.1017/S0952523811000083.

[99] S.H. Lindstrom, N. Nacsa, T. Blankenship, P.G. Fitzgerald, C. Weller, D.I. Vaney,
M. Wilson, Distribution and structure of efferent synapses in the chicken retina,
Vis. Neurosci. 26 (2009) 215–226, https://doi.org/10.1017/
S0952523809090063.

[100] A.L. Pearlman, C.P. Hughes, Functional role of efferents to the avian retina. II.
Effects of reversible cooling of the isthmo-optic nucleus, J. Comp. Neurol. 166
(1976) 123–131, https://doi.org/10.1002/cne.901660109.

[101] J. Repérant, R. Ward, D. Miceli, J.P. Rio, M. Médina, N.B. Kenigfest,
N.P. Vesselkin, The centrifugal visual system of vertebrates: a comparative ana-
lysis of its functional anatomical organization, Brain Res. Rev. 52 (2006) 1–57,
https://doi.org/10.1016/j.brainresrev.2005.11.008.

[102] F.A. Miles, Centrifugal control of the avian retina. I. Receptive field properties of
retinal ganglion cells, Brain Res. 48 (1972) 65–92, https://doi.org/10.1016/0006-
8993(72)90171-0.

[103] T. Dolan, E. Fernández-Juricic, Retinal ganglion cell topography of five species of
ground-foraging birds, Brain Behav. Evol. 75 (2010) 111–121, https://doi.org/10.
1159/000305025.

[104] J. Naito, Y. Chen, Morphological features of chick retinal ganglion cells, Anat. Sci.
Int. 79 (2004) 213–225, https://doi.org/10.1111/j.1447-073x.2004.00084.x.

[105] N. Quinn, L. Csincsik, E. Flynn, C.A. Curcio, S. Kiss, S.R. Sadda, R. Hogg, T. Peto,
I. Lengyel, The clinical relevance of visualising the peripheral retina, Prog. Retin.
Eye Res. 68 (2019) 83–109, https://doi.org/10.1016/j.preteyeres.2018.10.001.

[106] C.S. Evans, L. Evans, Chicken food calls are functionally referential, Anim. Behav.
58 (1999) 307–319, https://doi.org/10.1006/anbe.1999.1143.

[107] J.R. Jarvis, S.M. Abeyesinghe, C.E. McMahon, C.M. Wathes, Measuring and
modelling the spatial contrast sensitivity of the chicken (Gallus g. domesticus),
Vision Res. 49 (2009) 1448–1454, https://doi.org/10.1016/j.visres.2009.02.019.

[108] K.L. Schmid, C.F. Wildsoet, Assessment of visual acuity and contrast sensitivity in

the chick using an optokinetic nystagmus paradigm, Vision Res. 38 (1998)
2629–2634, https://doi.org/10.1016/S0042-6989(97)00446-X.

[109] N.S. Hart, J.C. Partridge, I.C. Cuthill, Retinal asymmetry in birds, Curr. Biol. 10
(2000) 115–117, https://doi.org/10.1016/S0960-9822(00)00297-9.

[110] M. Dharmaretnam, R.J. Andrew, Age- and stimulus-specific use of right and left
eyes by the domestic chick, Anim. Behav. 48 (1994) 11, https://doi.org/10.1006/
anbe.1994.1375.

[111] G. Vallortigara, C. Cozzutti, L. Tommasi, L.J. Rogers, How birds use their eyes:
opposite left-right specialization for the lateral and frontal visual hemifield in the
domestic chick, Curr. Biol. 11 (2001) 5, https://doi.org/10.1016/s0960-9822(00)
00027-0.

[112] G. Vallortigara, L. Regolin, G. Bortolomiol, L. Tommasi, Lateral asymmetries due
to preferences in eye use during visual discrimination learning in chicks, Behav.
Brain Res. 74 (1996) 135–143, https://doi.org/10.1016/0166-4328(95)00037-2.

[113] T.J. Lisney, B. Ekesten, R. Tauson, O. Håstad, A. Ödeen, Using electroretinograms
to assess flicker fusion frequency in domestic hens Gallus gallus domesticus, Vision
Res. 62 (2012) 125–133, https://doi.org/10.1016/j.visres.2012.04.002.

[114] J. Heck, The flicker electroretinogram of the human eye, Acta Physiol. Scand. 39
(1957) 158–166, https://doi.org/10.1111/j.1748-1716.1957.tb01417.x.

[115] A. Chen, Chicken retinal ganglion cells response characteristics: multi-channel
electrode recording study, Sci. Chin. Series C 46 (2003) 414, https://doi.org/10.
1360/02yc0053.

[116] E. Diedrich, F. Schaeffel, Spatial resolution, contrast sensitivity, and sensitivity to
defocus of chicken retinal ganglion cells in vitro, Vis. Neurosci. 26 (2009) 467–476,
https://doi.org/10.1017/S0952523809990253.

[117] A. Stett, W. Barth, S. Weiss, H. Haemmerle, E. Zrenner, Electrical multisite sti-
mulation of the isolated chicken retina, Vision Res. 40 (2000) 1785–1795, https://
doi.org/10.1016/S0042-6989(00)00005-5.

[118] D.-W. Shen, M.H. Higgs, D. Salvay, J.W. Olney, P.D. Lukasiewicz, C. Romano,
Morphological and electrophysiological evidence for an ionotropic GABA receptor
of novel pharmacology, J. Neurophysiol. 87 (2002) 250–256, https://doi.org/10.
1152/jn.00620.2001.

[119] C.F. Ross, Into the light: the origin of Anthropoidea, Annu. Rev. Anthropol. 29
(2000) 147–194, https://doi.org/10.1146/annurev.anthro.29.1.147.

[120] C.D. Jones, D. Osorio, R.J. Baddeley, Colour categorization by domestic chicks,
Proc. R. Soc. Lond., B, Biol. Sci. 268 (2001) 2077–2084, https://doi.org/10.1098/
rspb.2001.1734.

[121] M.I. Hall, The anatomical relationships between the avian eye, orbit and sclerotic
ring: implications for inferring activity patterns in extinct birds, J. Anat. 212
(2008) 781–794, https://doi.org/10.1111/j.1469-7580.2008.00897.x.

[122] V. Bhardwaj, Axial Length, Anterior chamber Depth-A study in different age
groups and refractive errors, J. Clin. Diagn. Res. (2013), https://doi.org/10.7860/
JCDR/2013/7015.3473.

[123] R. Iribarren, J.J. Rozema, F. Schaeffel, I.G. Morgan, Calculation of crystalline lens
power in chickens with a customized version of Bennett’s equation, Vision Res. 96
(2014) 33–38, https://doi.org/10.1016/j.visres.2014.01.003.

[124] V.I. Govardovskii, N. Fyhrquist, T. Reuter, D.G. Kuzmin, K. Donner, In search of
the visual pigment template, Vis. Neurosci. 17 (2000) 509–528, https://doi.org/
10.1017/S0952523800174036.

[125] M.M. Wang, R. Janz, R. Belizaire, L.J. Frishman, D.M. Sherry, Differential dis-
tribution and developmental expression of synaptic vesicle protein 2 isoforms in
the mouse retina, J. Comp. Neurol. 460 (2003) 106–122, https://doi.org/10.
1002/cne.10636.

[126] T. Rodrigues, M. Krawczyk, D. Skowronska-Krawczyk, L. Matter-Sadzinski, J.-
M. Matter, Delayed neurogenesis with respect to eye growth shapes the pigeon
retina for high visual acuity, Development. 143 (2016) 4701–4712, https://doi.
org/10.1242/dev.138719.

M. Seifert, et al. Seminars in Cell and Developmental Biology xxx (xxxx) xxx–xxx

10

https://doi.org/10.1371/journal.pone.0017647
https://doi.org/10.1016/0306-4522(87)90033-9
https://doi.org/10.1016/0306-4522(87)90033-9
https://doi.org/10.1002/cne.901950408
https://doi.org/10.1159/000006584
https://doi.org/10.1159/000006584
https://doi.org/10.1016/S0079-6123(08)60020-5
https://doi.org/10.1038/ncomms15683
https://doi.org/10.1007/s00417-006-0282-x
https://doi.org/10.1017/S0952523802196064
https://doi.org/10.1017/S0952523802196064
https://doi.org/10.1038/11167
https://doi.org/10.1017/S0952523811000083
https://doi.org/10.1017/S0952523809090063
https://doi.org/10.1017/S0952523809090063
https://doi.org/10.1002/cne.901660109
https://doi.org/10.1016/j.brainresrev.2005.11.008
https://doi.org/10.1016/0006-8993(72)90171-0
https://doi.org/10.1016/0006-8993(72)90171-0
https://doi.org/10.1159/000305025
https://doi.org/10.1159/000305025
https://doi.org/10.1111/j.1447-073x.2004.00084.x
https://doi.org/10.1016/j.preteyeres.2018.10.001
https://doi.org/10.1006/anbe.1999.1143
https://doi.org/10.1016/j.visres.2009.02.019
https://doi.org/10.1016/S0042-6989(97)00446-X
https://doi.org/10.1016/S0960-9822(00)00297-9
https://doi.org/10.1006/anbe.1994.1375
https://doi.org/10.1006/anbe.1994.1375
https://doi.org/10.1016/s0960-9822(00)00027-0
https://doi.org/10.1016/s0960-9822(00)00027-0
https://doi.org/10.1016/0166-4328(95)00037-2
https://doi.org/10.1016/j.visres.2012.04.002
https://doi.org/10.1111/j.1748-1716.1957.tb01417.x
https://doi.org/10.1360/02yc0053
https://doi.org/10.1360/02yc0053
https://doi.org/10.1017/S0952523809990253
https://doi.org/10.1016/S0042-6989(00)00005-5
https://doi.org/10.1016/S0042-6989(00)00005-5
https://doi.org/10.1152/jn.00620.2001
https://doi.org/10.1152/jn.00620.2001
https://doi.org/10.1146/annurev.anthro.29.1.147
https://doi.org/10.1098/rspb.2001.1734
https://doi.org/10.1098/rspb.2001.1734
https://doi.org/10.1111/j.1469-7580.2008.00897.x
https://doi.org/10.7860/JCDR/2013/7015.3473
https://doi.org/10.7860/JCDR/2013/7015.3473
https://doi.org/10.1016/j.visres.2014.01.003
https://doi.org/10.1017/S0952523800174036
https://doi.org/10.1017/S0952523800174036
https://doi.org/10.1002/cne.10636
https://doi.org/10.1002/cne.10636
https://doi.org/10.1242/dev.138719
https://doi.org/10.1242/dev.138719

	The retinal basis of vision in chicken
	Introduction
	The origin of domestic chicken

	The structure of the chicken retina
	Photoreceptors
	Types of photoreceptors
	Single cones
	Double cones
	Rods
	Optical properties of chicken photoreceptors
	OPL projections

	Horizontal cells
	Type 1 HCs
	HC type 2
	HC type 3
	HC type 4

	Bipolar cells
	Amacrine cells
	Cholinergic ACs
	Glucagon ACs
	Efferent system

	Retinal ganglion cells
	Retinal lateralisation

	Retinal function
	Conclusion

	Acknowledgements
	References




