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Abstract

A retina completely devoid of topographic variations would be homogenous,
encoding any given feature uniformly across the visual field. In a naive view,
such homogeneity would appear advantageous. However, it is now clear that
retinal topographic variations exist across mammalian species in a variety
of forms and patterns. We briefly review some of the more established to-
pographic variations in retinas of different mammalian species and focus
on the recent discovery that cells belonging to a single neuronal subtype
may exhibit distinct topographic variations in distribution, morphology, and
even function. We concentrate on the mouse retina—originally viewed as
homogenous—in which genetic labeling of distinct neuronal subtypes and
other advanced techniques have revealed unexpected anatomical and physi-
ological topographic variations. Notably, different subtypes reveal different
patterns of nonuniformity, which may even be opposite or orthogonal to one
another. These topographic variations in the encoding of visual space should
be considered when studying visual processing in the retina and beyond.
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Retinal neurons:
neurons composing
five major groups:
photoreceptors,
bipolar cells, retinal
ganglion cells,
horizontal cells, and
amacrine cells

Cell subtype: each
cell type is comprised
of subtypes, and
neurons of the same
subtype are expected
to have similar
characteristics

Photoreceptors: the
light-sensitive neurons
of the retina, made up
of two types, rods and
cones for night and
day vision, respectively
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1. INTRODUCTION

The retina is a thin neuronal layer that lines the back of the eye. The visual field is focused via
the eye’s optics as a two-dimensional image onto the entire retinal area. In a naive view, we would
expect the retina to be homogenous, so that any given feature in the visual field is equally rep-
resented at any given location. This assumption has given rise to the mosaic concept, in which
any given subtype of retinal neuron would be arranged in the retina with regular distances be-
tween cell bodies (Masland 2012, Rodieck 1991, Wiissle 2004). This regular spacing between
cells of a single subtype would allow equal representation of a specific visual feature across the
retina while preventing redundancy resulting from overlaps. Nevertheless, topographic variations
in the retina have long been recognized, and specialized regions for higher spatial acuity were
detected in numerous species (e.g., human fovea). It is currently believed that specialized regions
can arise in different forms, and thus that cells belonging to a single neuronal subtype may exhibit
nonuniform distributions, variations in morphology, and even variations in physiology across the
retina.

Below, we describe some of the well-established topographic variations in the distribution and
morphology of neurons in the primate retina and discuss recently discovered variations in their
function. We then discuss topographic variations in spectral sensitivity found across a large va-
riety of species. We focus on the mammalian retina, giving examples of interspecies variations
and speculating on their roles. Lastly, we concentrate on the mouse, which has become a popular
model organism in visual neuroscience (Huberman & Niell 2011). The mouse retina was origi-
nally viewed as homogenous, lacking any significant topographic variation (Driger & Olsen 1981,
Jeon et al. 1998), but genetic labeling of distinct retinal cell subtypes has recently revealed that
topographic variations do exist in distribution, morphology, and even function. Notably, the dif-
ferent cell subtypes do not necessarily reveal the same topographic variation. Based on the unique
topographic variations of each cell subtype and their hypothesized roles in mouse vision, we sug-
gest potential benefits for the mouse resulting from its retinal inhomogeneity.

2. RETINAL SPECIALIZATIONS: FOVEA, VISUAL STREAK,
AND AREA CENTRALIS

One specific retinal topographic variation, namely the fovea, was described over 150 years ago in
the human retina (Chievitz 1889, Miiller 1861). The fovea has a small area (approximately 0.8—
1.5 mm in diameter in humans) that usually lacks rod photoreceptors and in which cone photore-
ceptors are densest and have elongated outer segments (Hendrickson 2005, Polyak 1941, Walls
1942). It is characterized by a lateral displacement of cells from the inner retinal layers, result-
ing in minimal light scattering (Polyak 1957) (Figure 14). Foveae are found in humans and some
other primates, as well as reptiles and birds. Some species, primarily birds, have two foveae: one in
the temporal region, serving binocular vision, and another in the nasal region, serving monocular
vision (Bringmann et al. 2018, Moroney & Pettigrew 1987). The fovea, on which we elaborate in
Section 3, underlies visual-based behaviors that require the highest spatial acuity, such as reading
in humans and detection of small animals from large distances in birds of prey.

Other specialized retinal regions with higher concentrations of cones compared to neighboring
areas were later found in various species in different forms. These, like the fovea, serve to enhance
spatial acuity in specific parts of the visual field. We briefly present these retinal specializations,
which have also been extensively covered elsewhere (Ahnelt & Kolb 2000, Bringmann et al. 2018,
Hauzman et al. 2018, Moore et al. 2017).

A visual streak is an elongated region of increased cell density. Most visual streaks span along
the naso-temporal retinal axis and are found in many carnivores, as well as in the rabbit, pig, gray
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Topographic variations in the primate retina. (#, /eft) Schematic view of a primate retina labeling fovea (black dashed circle) and optic disk
(the exit point of the optic nerve) (blue spot). For better visibility, the size of the fovea has been increased and is therefore not to scale.
(Right) Schematic cross-section through a fovea showing photoreceptors (PRs), bipolar cells (BCs), and retinal ganglion cells (RGCs).
An example of a private line from one cone to one midget RGC is labeled in orange. Note the lateral displacement of all cells except for
cones from the central fovea. () Schematic colormaps representing spatial acuity (/eft) and temporal sensitivity (right) across the retina.
(¢) Schematic colormaps representing the density (/eft) and dendritic arbor size (right) of midget RGC:s. (d) Schematic colormap
representing response kinetics of L and M cones. (¢) Schematic colormaps showing the convergence of the number of cones onto one
midget RGC. () Schematic colormaps showing rod:cone ratio (/eft) and RGC:displaced amacrine cell (dAC) ratio (right). (g) Schematic
colormaps showing the densities of S (left), M (middle), and L cones (right).

kangaroo, and other species (Hughes 1975, Levick 1967, Schiviz et al. 2008). According to Hughes’
terrain theory, such visual streaks are most beneficial for terrestrial animals inhabiting open fields,
as they provide a panoramic view of the horizon that does not require eye or head movement,
facilitating location of prey and detection of an approaching predator (Collin 2008, Hughes 1977).
Less common are the vertical streaks that span along the dorso-ventral axis. These serve species
whose visual field is dominated by vertically oriented features, such as the tree branches seen by
the sloth (Andrade-de-Costa et al. 1989) or the trunk of the African elephant (Stone & Halasz
1989).

The area centralis is a circular region of increased cell density, usually located in the temporal
retina and thus included in the frontal binocular visual field (Hauzman et al. 2018). Animals with
an area centralis use eye and head movements to focus different parts of the image onto this area to
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Retinal ganglion
cells (RGCs): output
neurons that send
axons to higher-order
brain areas; each RGC
encodes a different
modality in the visual
field
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increase spatial resolution. An area centralis is often found in arboreal species (e.g., tree kangaroo,
most primates, opossum), whose fields of view are normally obscured by nearby vegetation (Schiviz
et al. 2008). Note that, in some cases in the literature, the fovea and the visual streak are referred
to as specialized forms of an area centralis.

Opverall, the presence of retinal specializations does not seem to be phylogenetically deter-
mined, but rather evolved to meet environmental requirements of higher visual acuity in specific
areas of the visual field.

3. FUNCTIONAL DIFFERENCES FROM FOVEA TO PERIPHERY
IN THE PRIMATE RETINA

Itis well established that the primate retina is inhomogeneous in terms of spatial resolution, as spa-
tial visual acuity is highest in the fovea and sharply decreases with retinal eccentricity (Bringmann
etal. 2018, Moore etal. 2017) (Figure 15). The high spatial resolution in the fovea is derived from
the high density of cone photoreceptors and downstream midget retinal ganglion cells (RGCs)
(Hirsch & Curcio 1989, Wissle et al. 1989) (Figure 1¢). Midget RGCs comprise approximately
80% of foveal RGCs, and their small dendritic arbors [<10 wm in diameter in the human fovea
(Kolb & Marshak 2003)] are crucial for the high spatial acuity. In the fovea, each midget cell
gathers input from only one bipolar cell that gets its input from only one cone, forming a pri-
vate line (Figure 1) from a single cone to higher-order brain areas (Calkins et al. 1994, Kolb &
Dekorver 1991) (Figure 1e). Outside the fovea, spatial resolution decreases in accordance with the
decreased density of midget RGCs and the increase in their dendritic arbor size and resultant cone
sampling (Dacey & Petersen 1992, Field et al. 2010, Kolb & Marshak 2003, Rossi & Roorda 2010,
Wissle et al. 1989) (Figure 1c¢). In the far peripheral retina, midget RGCs can have dendritic arbor
sizes as large as 100 pm (Dacey & Petersen 1992, Watanabe & Rodieck 1989) and collect inputs
from approximately 40 cones (Goodchild et al. 1996) (Figure 1¢e), losing the fine spatial resolu-
tion of their counterparts in the fovea in favor of increased contrast sensitivity (Goodchild et al.
1996).

Temporal sensitivity also varies across the retina, but in an apparently opposite pattern to that
of the spatial resolution: Psychophysical measurements showed that the critical flicker frequency
(CFF)—the frequency at which a flickering light appears steady—is higher in the periphery than in
the center of the visual field (Hecht & Verrijp 1933, Rovamo & Raninen 1988, Tyler 1985, Waugh
& Hess 1994) (Figure 1b). While the variations in temporal sensitivity could arise in higher vi-
sual processing stages, several studies found that they have an outer retinal origin. First, focal
electroretinogram (ERG) recordings also showed an increase in the CFF as a function of retinal
eccentricity (Seiple & Holopigian 1996). Second, in vivo recordings from macaque retina showed
that both midget and parasol RGCs display eccentricity-dependent increases in CFF (Solomon
et al. 2002). Recently, Sinha and colleagues (2017) used an in vitro whole-mount retinal prepara-
tion to establish the mechanisms underlying temporal differences between foveal and peripheral
midget RGCs. They found that response kinetics (assessed by time to peak) gradually changed
with retinal eccentricity, being approximately twofold slower in the fovea than in the periph-
ery. They also found remarkable circuit differences across retinal regions, as inhibitory inputs
to midget RGCs were negligible in the fovea but robust in the periphery. Because inhibition
plays a crucial role in shaping neuronal circuit computations (Isaacson & Scanziani 2011), one
could hypothesize that the differential inhibition would lead to different response kinetics be-
tween fovea and periphery. Surprisingly, this assumption was found to be wrong. Dynamic clamp
recordings from foveal and peripheral midget RGCs demonstrated that their response kinetics
were dominated by the cells’ excitatory rather than inhibitory input. Moreover, a foveal and a
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peripheral midget cell injected with the same currents responded similarly (Sinha et al. 2017). Ac-
cordingly, kinetics of excitatory inputs to midget RGCs vary with retinal eccentricity. To resolve
the source of the differences in excitatory inputs, cone inner segment voltages were recorded at
different retinal eccentricities. Light-dependent voltage changes of L and M cones were twofold
slower in the fovea than in the periphery, comparable to the differences observed between foveal
and peripheral midget RGCs (Sinha et al. 2017) (Figure 1d). These data together demonstrate
that cone photoreceptors directly contribute to the variation in temporal sensitivity in the pri-
mate retina. The temporal differences may be further enhanced by differences in the underly-
ing circuits, for example, by the number of cells converging onto an RGC, which increases with
eccentricity.

These findings have major implications for our understanding of the primate retina, as they
imply that visual processing in the fovea and the periphery do not merely differ by a convergence
factor, but rather have different computational roles that are implemented by distinct neuronal
circuits. Further evidence supports the distinction between fovea and periphery. Rods avoid the
fovea but outnumber cones in the peripheral retina, reaching a rod:cone ratio of 30:1 in certain ar-
eas (Curcio et al. 1990) (Figure 1f). The inhomogeneous rod:cone ratio supports photopic vision
in the fovea and scotopic vision in the periphery, but it may have other functional implications:
Studies in rodents and other mammals demonstrated that signals originating in the rod photore-
ceptors traverse the retina through three parallel pathways (Demb & Singer 2012, Grimes et al.
2018a), two of which have been suggested to exist in humans (Sharpe & Stockman 1999; but see
Grimes et al. 2018b). The different retinal pathways interact extensively via lateral connections
mediated by horizontal and amacrine cells and contribute to the complexity of retinal computa-
tions (Rivlin-Etzion et al. 2018). Accordingly, the percentage of displaced amacrine cells drastically
differs across retinal areas. In the central primate retina, only 5% of all neurons in the ganglion
cell layer are amacrine cells, but in the far periphery, they comprise nearly 80% of the neurons
(Curcio & Allen 1990, Wiissle et al. 1989). These results are further supported by gene expression
data of amacrine cells, where some subtypes appear to be periphery specific (Peng et al. 2019),
and are in line with the weak and strong inhibitory input to foveal and peripheral midget RGCs,
respectively (Sinha et al. 2017).

The primate retina displays topographic variations not only with retinal eccentricity, but also
across the main vertical and horizontal axes. The most pronounced variation was reported for
RGC:s along the naso-temporal axis. Ganglion cell density in the peripheral nasal retina was es-
timated to be 3-8-fold higher than in the corresponding eccentricities in the temporal retina
(Curcio & Allen 1990, Perry & Cowey 1985, Wissle et al. 1989). This anisotropy is not shared
among all retinal cells. As noted above, the density of displaced amacrine cells is point symmetric
and increases with retinal eccentricity only. As a result, in most peripheral areas, the number of dis-
placed amacrine cells exceeds the number of ganglion cells by a factor of five, but in the peripheral
nasal retina, ganglion cells outnumber displaced amacrine cells (Wissle et al. 1989) (Figure 1f).
The nasal retina processes visual information from the monocular field of view. Thus, the higher
ganglion cell density and the increased ganglion:amacrine cell ratio may compensate for the single
eye representation and increase spatial resolution.

Inhibition boosts complexity of computations in neuronal circuits in general and underlies the
diversity of computational specializations in the retina (Farrow et al. 2013, Franke et al. 2017,
Mauss et al. 2017, Miinch et al. 2009, Wei 2018). Taken together, the evidence suggests that visual
processing in the fovea is inherently different from that in the periphery. While the fovea—poor
in rods and amacrine cells—carries out simple processing, the periphery (and, to a lesser degree,
the nasal periphery)—rich in rods and inhibitory neurons—conducts complex computations in
response to visual input.
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Photopic vision:
vision under high-light
conditions (usually
daylight) mediated by

cones

Scotopic vision:
vision under low-light
conditions (usually
nightlight) mediated
by rods

Displaced amacrine
cells: amacrine cells
(mainly inhibitory
interneurons) located
in the ganglion cell
layer of the retina

241



Opsin: a protein that
becomes light sensitive
upon binding to a
chromophore and
inidates the
phototransduction
cascade; different
opsins have different
spectral sensitivities

Center-surround:
opposing response to
stimuli in center and
surround of a neuron’s
receptive field (e.g.,
light increments versus
decrements, green
versus red)
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4. TOPOGRAPHIC VARIATIONS OF CONES IN MAMMALS

Color vision is based on different types of cone photoreceptors that have different spectral sensi-
tivities. In mammals, the spectral tuning of photoreceptors is determined by the opsin that they
express (Baden & Osorio 2019). Since cone responses depend not only on the spectral compo-
sition of light but also on photon density, the neural code for color cannot rely on single cones.
Color coding arises from a comparison of signals between two or more cone types. This inter-
action is typically antagonistic and is referred to as color opponency (Dacey & Packer 2003). As
color processing depends on intermixing cone signals, the different cone types are expected to
present similar densities across the retina, so that the ratio between them is fixed. However, there
is ample evidence that argues against this idea, revealing that distinct cone types display different
and uncorrelated density functions.

Humans and old world primates exhibit trichromatic color vision, which is based on three cone
types with peak sensitivities to long (L cone, approximately 563 nm), middle (M cone, approxi-
mately 534 nm), and short (S cone, approximately 420 nm) wavelengths (Bowmaker & Dartnall
1980). While L and M cones, which comprise 90-95% of the cone population, are distributed
across the entire retina (Roorda & Williams 1999), S cones avoid a region of approximately 0.25°
in the central fovea (Bumsted & Hendrickson 1999, Curcio et al. 1991, de Monasterio et al. 1985,
Martin & Griinert 1999, Williams et al. 1981) (Figure 1g). In this central region, color vision is
based on chromatic opponency of midget RGCs, whose receptive field center is determined by a
single L or M cone through one midget bipolar cell (Calkins et al. 1994, Kolb & Dekorver 1991).
Given that the receptive field surround is generated by random cone connectivity, the single cone
center excitation would cancel the inhibitory surround from the same cone type, leaving antago-
nistic L-M inputs (known as the red—green opponency) (Lennie et al. 1991). Beyond this central
region, S cones contribute to the neural color code by forming an S versus L + M antagonistic
center-surround on distinct RGCs (known as the blue—yellow opponency) (Dacey et al. 2014).
Color coding and its underlying circuits continue to vary with retinal eccentricity, as the size of
dendritic arbors of midget RGCs increases toward the retinal periphery and inputs from multiple
cones of different spectral sensitivities converge to form the receptive field center of a single RGC
(for reviews, see Dacey & Packer 2003, Dacey et al. 2014). Thus, color processing in the trichro-
matic primate retina displays a topographic variation that depends on cone distribution and on
receptive field sizes of midget RGCs.

Most mammals are dichromatic, having only two types of cone photoreceptors, with M cone
peak spectral sensitivity in the green range (500-530 nm) and S cone peak spectral sensitivity in the
blue range (430 nm) (Jacobs 1993). Even rodents, which were considered color blind until three
decades ago (Jacobs & Neitz 1989, Neitz & Jacobs 1986), were shown to exhibit two spectral sen-
sitivities that peak in the green range and, surprisingly, in the UV range of the spectrum (Jacobs
etal. 1991). These findings were supported by immunocytochemistry, which demonstrated expres-
sion of middle-to-long-wavelength-sensitive (M) and short-wavelength-sensitive (S) cone visual
pigments in rodents (Govardovskii et al. 1992, Szél & Rohlich 1992).

Subsequent studies by Szél, Rohlich, and their colleagues focused on the mouse retina and
made two unexpected discoveries. First, Rohlich et al. (1994) reported the simultaneous expres-
sion of two visual pigments in the cone outer segment. These findings were also confirmed in
rabbit and guinea pig (Rohlich et al. 1994) and were supported by other studies, proving wrong
the accepted dogma that one cone must contain only one visual pigment (Szél et al. 2000). Second,
Szél et al. (1992) and Wang et al. (1992) demonstrated for the first time that the two cone opsins
can display distinct topographies: In the mouse retina, middle-wavelength-sensitive opsins dom-
inate the dorsal retina, whereas short-wavelength-sensitive opsins dominate in the ventral retina
(Figure 2a), forming opposite gradients of green and UV opsin expression.
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Distribution of S and M opsins in cones across the retina for different mammalian species organized by their
height. (#—d) Schematic representation of the normalized S opsin (top), M opsin (middle), and retinal ganglion
cell (RGC) (bottomr) densities across the retina for (#) house mouse (Mus musculus), (b) rabbit, (c) sheep, and

(d) giraffe.

The discovery that the distribution of cone visual pigments in the mouse differs in the dorsal
and ventral regions led researchers to investigate the distribution of cone opsins in other mam-
malian species. The vast majority of species studied displayed an overall dominance of M over
S opsins, with a common ratio of 10:1 or even higher (Szél et al. 2000). The distribution of M
opsins tends to correlate with that of RGCs, peaking in areas of higher visual resolution (Arrese
etal. 2005, Dkhissi-Benyahya et al. 2001, Juliusson et al. 1994, Schiviz et al. 2008), such as the visual
streak of the rabbit (Famiglietti & Sharpe 1995, Oyster et al. 1981) (Figure 25), sheep (Shinozaki
et al. 2010) (Figure 2¢), or giraffe (Coimbra et al. 2013, Schiviz et al. 2008) (Figure 2d). In con-
trast, the distribution of S opsins greatly varies across mammals (Figure 2). Similar to the house
mouse (Mus musculus) (Figure 24) and several laboratory mouse strains (Szél et al. 1992), the rabbit
(Famiglietti & Sharpe 1995, Juliusson et al. 1994) (Figure 2b), the Chilean subterranean rodent
cururo (Peichl et al. 2005), the European mole (Glosmann et al. 2008), the shrew (Peichl et al.
2000), and even the spotted hyena (Calderone et al. 2003) show higher S-opsin expression in the
ventral retina. Other species, such as the sheep (Shinozaki et al. 2010) (Figure 2¢), goat, and bison
(Schiviz et al. 2008), as well as several marsupials (Arrese et al. 2003, 2005; Hemmi & Griinert
1999), display the opposite trend, with higher S-cone opsin density in the dorsal retina. Note that
the division based on dorso-ventral S-opsin expression is rough and overly simplified. For example,
mouse S opsins are sparse in the dorsal half of the retina and dominate the ventral half of the retina
(Applebury et al. 2000, Haverkamp et al. 2005, Nikonov et al. 2006, Szél et al. 1992, Wang et al.
2011, Warwick et al. 2018) (Figure 24), but in the rabbit, they are sparse throughout the retina
except for a narrow band in the most ventral periphery, where they exhibit a high density (an area
called the blue streak) (Famiglietti & Sharpe 1995, Juliusson et al. 1994) (Figure 2b). In addition,

www.annualreviews.org o Retinal Topographic Variations

243



244

certain species have a unique distribution of S opsins. For example, the ground squirrel shows a
dramatic increase in S opsins in the extreme dorso-nasal retinal margin (Kryger et al. 1998), and
the giraffe’s S-cone opsin density is increased in the dorso-temporal retinal area (Schiviz et al.
2008) (Figure 2d). For more examples of intraretinal variability in vertebrate visual pigments, the
reader is referred to Temple (2011) and Peichl (2005).

The variations in the topographic distribution of cone opsins may have an evolutionarily adap-
tive role, optimizing the animal’s visual sensitivity and improving its chances of mating and sur-
vival. Thus, for a small animal that is under continuous danger of being hunted by birds of prey,
the shift in spectral sensitivity toward short wavelengths in the upward-looking ventral retina may
enhance contrast of objects against the skylight, which is relatively rich in shortwave components.
This is further discussed in Section 5. Larger species may benefit from an overlap of M and S cones
in high densities in their downward-looking dorsal retina to enhance color discrimination, which
may be useful for food search and orientation within the habitat (Schiviz et al. 2008). Nevertheless,
these speculations do not explain numerous exceptions, such as the dense S-opsin expression in
the spotted hyena’s ventral retina (Calderone et al. 2003) and the high concentration of S opsins
in the dorso-temporal retina of the fat-tailed dunnart—a marsupial the size of a mouse (Arrese
etal. 2003). Moreover, a large diversity is reported even among different mouse species: the wood
mouse (Apodemus sylvaticus) exhibits a low density of S opsins with a centroperipheral gradient,
while the herb field mouse (Apodemus microps) completely lacks S opsins in its retina (Szél et al.
1994). A unique feature was found in a specific outbred strain of the wild house mouse (M. mzus-
culus) native to Idaho, United States (Chalfin et al. 2014). These mice exhibited a dorso-ventral
gradient of S opsins that is similar to that of the lab mouse, but in the ventral retina, their cone
photoreceptors formed a regular mosaic of high-density cone clusters. In the dorsal retina, cone
photoreceptors were distributed evenly (Warwick et al. 2018).

The unexplained opsin densities of numerous species raise a contradicting hypothesis accord-
ing to which there is no etiological role for the inhomogeneous topographies of cone opsins, and
regional differences merely reflect ancestral stages of visual pigment evolution that serve little or
no visual function (Szél et al. 1996, Temple 2011). Nevertheless, a more reasonable (and less dis-
appointing) suggestion would be that each species displays a specific topographic arrangement of
cones that is optimally matched to its visual requirements and its sensory—ecological environment
(Barlow 1961). This idea is supported by two aquatic vertebrates, in which the spectral sensitivity
of photoreceptors nonhomogeneously varies across the retina and beautifully matches the visual
requirements of the animal in its habitat. Archerfish use their vision to hunt terrestrial insects using
spitting jets of water. They possess dichromatic vision in most retinal areas, except in the ventro-
temporal area, where their vision is trichromatic (Temple et al. 2010). This area perfectly matches
the visual field where aerial prey within reach is detected, optimizing prey detection against a back-
ground of overhanging foliage (Temple et al. 2010). In larval zebrafish, UV cones are most dense
in a ventro-temporal region of the retina. This UV-specialized area represents the spatial zone
of prey within reach, supporting detection and capture of UV-absorbing microorganisms against
the UV-rich background (Zimmermann et al. 2018). Therefore, mapping the spectral contents
of specific regions in the animal’s field of view and understanding the animal’s requirements for
mating and survival appear to be central to understanding the functional role of cone topography.

5. ANATOMICAL AND FUNCTIONAL TOPOGRAPHIC VARIATIONS
OF THE MOUSE RETINA

The mouse retina has been thought to be relatively homogeneous, lacking a specialized retinal
area such as a fovea or area centralis (Driger & Olsen 1981, Jeon et al. 1998). Below, we focus on
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recently found inhomogeneities in the house mouse (M. musculus, the most common laboratory
mouse species) retina and suggest how these variations, including the above-mentioned cone opsin
expression, may benefit various behavioral requirements.

5.1. Topographic Variations in Color Vision

Cones constitute only 3% of the photoreceptors in the mouse retina. These cones comprise two
populations: The most abundant cone type (95%) coexpresses S and M opsin, with peak sensitiv-
ities to UV (360 nm) and green (508 nm) light, respectively, and a minority of the cones (5%) are
true S cones that express only S opsin (Applebury et al. 2000, Haverkamp et al. 2005, Nikonov et al.
2006, Wang et al. 2011). While true S cones are evenly distributed across the retina, coexpressing
cones display nonhomogeneous opsin distribution, generating a dorso-ventral gradient in M:S
ratio with M opsins dominating the dorsal retina and S opsins dominating the ventral retina. This
gradient is slightly tilted, showing increased S-opsin expression earlier along the dorso-ventral
axis in the nasal region compared to the temporal region (Szél et al. 1994) (Figure 24).

The graded opsin expression detected in the mouse retina using immunohistochemistry was
demonstrated to have functional implications, as retinal neurons display substantial differences in
their chromatic tuning in the dorsal and ventral retinal areas. Cones and bipolar cells are spectrally
tuned to green light in the dorsal retina and to UV light in the ventral retina (Baden et al. 2013,
Breuninger et al. 2011, Szatko et al. 2019). In line with the chromatic preferences of cones and
bipolar cells, RGCs in the dorsal retina exhibit higher sensitivity to green light, whereas those in
the ventral retina exhibit stronger sensitivity to UV light (Chang et al. 2013, Ekesten & Gouras
2005, Szatko et al. 2019, Wang et al. 2011). This gradient in spectral sensitivity along the dorso-
ventral axis is consistent with data obtained from mouse in vivo ERG measurements (Calderone
& Jacobs 1995) and has also been reported at the level of the superior colliculus, a major retinore-
cipient target (Ekesten & Gouras 2001).

Despite the existence of two cone opsins in the mouse retina, it was questionable whether
mice can detect color. Coexpression of M and S opsins is expected to deteriorate color vision,
which relies on color opponency via cones of different spectral tunings. Moreover, in the ventral
retina, M-opsin expression is diminished as cone expression increases to approximately 95% S
opsin (Wang et al. 2011). Nevertheless, color opponent RGCs were reported in mice (Ekesten &
Gouras 2005, Stabio et al. 2018), and behavioral experiments confirmed that mice can discriminate
colors (Denman et al. 2018, Jacobs et al. 2004). Two mechanisms were reported to support color
discrimination in the mouse. Notably, each of the mechanisms generates a neural color code in
distinct retinal regions instead of providing homogeneous color-opponent responses across the
entire retina.

First, a-like RGCs exhibit color-opponent responses (UV-On/green-Off or green-On/UV-
Off) along the horizontal midline of the retina (Chang et al. 2013). This area is called the
transitional zone, where the dominant opsin in coexpressing cones changes from M to S opsin.
The color opponency of a-RGCs in this region is suggested to arise from their relatively large
dendritic arbors, allowing the cells to gather inputs from coexpressing cones that express the
two opsins at different levels (Chang et al. 2013). In accordance with this, when the stimulus size
decreases, the cell’s responses become nonopponent, probably because the stimulating area is too
small to recruit both M- and S-opsin-mediated responses (Chang et al. 2013). Second, the recep-
tive field center of JAM-B RGCs, a subtype of Off RGCs (Kim et al. 2008), matches the cone opsin
gradient, displaying green-Off center responses in the dorsal and UV-Off center responses in the
ventral retina. In contrast, the surround exhibits green-On responses regardless of retinal location
(Joesch & Meister 2016). Interestingly, the green-sensitive surround in the S-opsin-dominant
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ventral region is mediated by rod photoreceptors, whose spectral sensitivity resembles that of M
cones. As a result, JAM-B RGCs located in the ventral retina display color-opponent responses
(UV-Off/green-On). This mechanism for color opponency is not restricted to JAM-B RGCs, as
cones, bipolar cells, and other RGCs in the ventral retina were shown to have color-opponent
responses as well (Szatko et al. 2019). Interestingly, color opponency is largely absent in the dorsal
retina (Szatko et al. 2019). Thus, a rod—cone opponent mechanism may support color discrimina-
tion in the ventral retina despite the lack of substantial M-opsin expression (Denman et al. 2018,
Joesch & Meister 2016, Szatko et al. 2019). The opposing opsin gradients may further influence
retinal processing. For example, starburst amacrine cells were shown to switch their polarity
preference (from On to Off or vice versa) as a result of repetitive stimulation with light devoid of
UV components (Vlasits et al. 2014). This polarity switch was exclusive to the dorsal retina and
was suggested to result from changing interactions between rods and cones, appearing when the
wavelength of the visual stimulus matches the spectral preference of the cones (Vlasits et al. 2014).

5.2. Anatomical and Functional Topographic Variations in Retinal
Ganglion Cells

Apart from the known variation in mouse cone opsins and the consequences that it has on chro-
matic preference in different retinal regions, the mouse retinal circuitry has been thought to be
relatively homogeneous. Distributions of each neuronal class were reported to be largely uniform
across the retina, with only a slight decrease in cell density toward the peripheral edges (Driger
& Olsen 1981, Jeon et al. 1998). Among retinal neuronal classes, RGCs show the largest vari-
ation in cell density, reaching a maximum of 8,000 cells/fmm? in the central-ventral retina and
a minimum of 2,000 cells/mm? in the far dorso-temporal retinal region (Driger & Olsen 1981,
Jeon et al. 1998) (Figure 34, 7). Yet morphological studies did not report on variations in den-
dritic arbor or soma size with retinal location or eccentricity (Coombs et al. 2006, Sun et al. 2002).
As a result, mouse RGC subtypes were often classified based on soma and dendritic arbor size,
branching patterns, and stratification layers (Badea & Nathans 2004, Kong et al. 2005, Vélgyi
et al. 2009). However, the idea that the mouse retina is homogeneous was proven wrong with the
use of molecular markers that enable identification of specific RGC subtypes. The mouse retina
contains >30 different subtypes of RGCs (Baden et al. 2016). As described below, different RGC
subtypes were shown to display distinct density functions, variations in dendritic arbor size and
morphology across the retina, and variations in coverage factor (i.e., number of cells that sample
any given point in the visual field). Although cell density and dendritic arbor size often vary in
an inversely proportional manner to maintain a uniform coverage factor across the retina (Wissle
etal. 1981), in some cases, they vary independently, resulting in a nonuniform coverage factor.
On-Off posterior-preferring direction-selective ganglion cells (DSGCs) labeled in the TRHR-
GFP mouse line (Rivlin-Etzion et al. 2011) display larger dendritic arbors in the dorsal than in
the ventral retina (El-Danaf & Huberman 2019) (Figure 34, #i). This variation in dendritic arbor
size could serve to maintain a uniform coverage factor across the retina, as it inversely matches
the density function of these cells, which is higher in the ventral region (Rivlin-Etzion etal. 2011).
Unlike the TRHR-DSGCs, M1 and M2 melanopsin-expressing intrinsically photosensitive RGCs
(ipRGCs) reveal a higher density and more extensive dendritic networks in the dorsal compared
to the ventral retina (Hughes et al. 2013) (Figure 34, iii). The non-image-forming RGCs that
are labeled in the Cdh3-GFP mouse line comprise two subtypes (Osterhout et al. 2011) that have
distinct topographies: One subtype (NIF-On RGC) exhibits smaller dendritic arbors in the nasal
compared to temporal retina (Figure 34, v), while the other subtype (NIF-Diving RGC) does not
show significant changes in arbor size as a function of retinal location (El-Danaf & Huberman

Heukamp o Warwick  Rivlin-Etzion



2019) (Figure 3a, vi). Note, however, that there are no labeled cells in the dorsal retina, but
whether this is due to nonuniform labeling or because these cells do not exist in the dorsal retina
is unknown. The TYW3 mouse line labels W3 RGCs, which have the smallest dendritic arbors
among RGCs and respond preferentially to small, dark stimuli (Zhang et al. 2012). W3 RGCs are
nonhomogeneously distributed across the mouse retina, displaying a higher density in the ventral
retina and a lower density in dorsal and peripheral retinal areas (Figure 34, #v). In the ventral
region, where the density of W3 RGCs is at its highest, their coverage factor is approximately 4.5.
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Figure 3 (Figure appears on preceding page)

Variation in density and dendritic arbor size, for example mouse retinal ganglion cell (RGC) subtypes. (#) Schematic heat maps
representing densities of RGC subtypes across the retina (not to scale). Example cell fills or reconstructions are overlain on the
approximate retinal location from which they were obtained to illustrate differences in dendritic arbor sizes. For F-mini
direction-selective ganglion cells, the preferred direction is represented by a blue arrow next to the retina (ix and x). Cell fills adapted
with permission from El-Danaf & Huberman (2019) (i, iv, v, vi), Bleckert et al. (2014) (vii, viii), and Rousso et al. (2016) (ix—wii).

(b)) Schematic heat map representing the density of tOff-a RGCs (Jeft) and the light responses of three example tOff-a RGCs
(peristimulus time histogram in response to a dark spot; dark shaded bar) (right) taken from three different locations along the
dorso-ventral axis (#770ws). Panel adapted with permission from Warwick et al. (2018). (¢) Schematic heat map representing the density
of JAM-B RGC:s (left) and the directional tuning of two example JAM-B RGCs (blue: directional tuning; gray: orientation of dendritic
arbor) (right) taken from two different locations along the dorso-ventral axis (#r7ows). The upper polar plot was rotated to fit the
orientation of dendrites of the example cell. Panel adapted with permission from Kim et al. (2008). To improve visibility, cell fills are
not to scale. Additional abbreviation: GFP, green fluorescent protein.
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Since W3 RGCs have similar dendritic arbor sizes in the ventral and dorsal retina (El-Danaf &
Huberman 2019), their reduced density in the dorsal retina and periphery dictates a decrease in
coverage factor in these regions.

Transgenic mouse lines not only revealed variations in density and dendritic arbor size, but also
demonstrated variations in arborization pattern and function. One example comes from JAM-B
RGCs (Kim et al. 2008). Most JAM-B RGCs have asymmetric dendritic arbors pointing ventrally,
but near the dorsal and ventral retinal margins, their dendrites are symmetric (Figure 3¢). These
anatomical variations may have functional implications, as asymmetric JAM-B RGCs respond se-
lectively to stimuli moving in a soma-to-dendrite direction, whereas symmetric JAM-B RGCs
show no directional preference (Kim et al. 2008) (Figure 3¢). Another example was demonstrated
by Rousso and colleagues (2016), who identified a family of RGCs that express the transcrip-
tion factor Foxp2 (Figure 34, ix—ii). Using intersectional labeling techniques, they divided these
RGC:s into four subtypes. All four F-RGC subtypes have asymmetric dendrites oriented along the
dorso-ventral axis. F-mini®f and F-mini® RGCs have small dendritic arbors and are direction
selective, with their preferred direction corresponding to the direction in which their dendrites
point. Notably, dendrites of F-mini®f RGCs tend to point ventrally (Figure 34, ix), but the asym-
metry of F-mini® RGCs varies with location, with dendrites pointing ventrally in the dorsal retina
and dorsally in the ventral retina (Figure 34, x). As a result, all F-mini®" RGCs share the same up-
ward directional preference, whereas F-mini®® RGCs display opposing preferred directions, pre-
ferring upward motion in the dorsal retina and downward motion in the ventral retina. F-midi®®
and F-midi®f RGCs are larger and non—direction selective. Both F-mini subtypes and F-midi©ff
RGCs are denser in the ventral than the dorsal retina, but F-midi®® RGCs display the opposite
density profile (Figure 34, xii). For all four subtypes, the size of dendritic arbors scales with local
density, so that the coverage factor is uniform and independent of retinal location (Rousso et al.
2016).

Other studies investigated topographic variations of a-like RGCs by characterizing their den-
sity, their dendritic arbor size, and the distribution of presynaptic partners. Sustained-On-a RGCs
(sOn-a RGCs) display a nasal-to-temporal gradient in their density, with a threefold higher density
in the temporal than in the nasal retina (Bleckert et al. 2014) (Figure 34, vii). In parallel, dendritic
arbor size gradually changes, being largest in the nasal retina and smallest in the highly populated
temporal retina. While sOn-a RGCs in both temporal and nasal regions show the characteris-
tic sustained excitatory and inhibitory currents in response to light onset, receptive field sizes of
temporal sOn-a RGCs are greater than their dendritic arbor size, but receptive field sizes of nasal
sOn-a RGCs match their dendritic arbor size. As a result, the functional coverage of sOn-a RGCs
is >2-fold higher in temporal compared to nasal retina (Bleckert et al. 2014). Interestingly, axon
sizes of type 6 bipolar cells, a primary excitatory presynaptic neuron to sOn-o RGCs, do not scale
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with sOn-a RGC receptive field sizes, but instead show similar axon sizes in nasal and temporal
retina (Bleckert et al. 2014). «-RGCs do not necessarily share the same topography: While sOff-a
RGCs vary in density and dendritic arbor size, similar to sOn-a RGCs (Figure 34, viii), transient
Off-a RGCs (tOff-a RGCs) do not show the same trend along the naso-temporal axis (Bleckert
et al. 2014). Instead, tOff-a RGCs show a moderate decrease in dendritic arbor size, as well as a
higher density, in the ventral retina (Warwick et al. 2018, Yu et al. 2018) (Figure 35), correspond-
ing to the peak density of the entire RGC population (Driger & Olsen 1981). Investigation of
potential presynaptic partners demonstrated that Off bipolar cells can also have topographic vari-
ations: Type 1 Off bipolar cells display a constant axon terminal size across the retina, but types 2,
3a, and 4 exhibit smaller terminal sizes in ventral than in dorsal regions (Yu et al. 2018). As a result,
while tOff-a RGCs’ variation in dendritic arbor size along the ventro-dorsal axis matches the vari-
ation in axon terminal size of their main presynaptic partners, type 3a and type 4 Off bipolar cells,
the variation of sOff-a RGCs does not parallel their main presynaptic inputs, the type 2 bipolar
cells, as these cells vary over orthogonal retinal axes (Yu et al. 2018). Regardless of the matching or
nonmatching topographies, the proportion of inputs from bipolar cells to each Off-a RGC type
does not change with retinal location, due to a constant density of bipolar cell output synapses,
which are independent of axon terminal size (Yu et al. 2018). Thus, the density of synapses from
bipolar cells onto OFF-a RGCs is maintained despite topographic changes in the size of bipolar
cell or RGC arbors.

A recent study demonstrated that cells belonging to a single RGC subtype can exhibit different
response properties depending on their location in the retina, even if they share a similar mor-
phology. Response durations of tOff-o RGCs to a dark stimulus are transient in the ventral region
(as one could expect from their name) but gradually become more sustained toward the dorsal
retina, revealing >5-fold longer durations of responses in the dorsal region (Warwick et al. 2018)
(Figure 3b). These differences in response durations between dorsal and ventral tOff-a RGCs
are most apparent under photopic illumination. Yet they do not result from the gradual change in
cone opsins, as dorso-ventral differences are found under conditions that preferentially activate
the green-sensitive cones as well as under conditions that preferentially activate the UV-sensitive
cones. Instead, variations in response duration result from alterations in neural circuits underly-
ing tOff-a RGC responses. tOff-a RGCs gather input from both the cone pathway via Off cone
bipolar cells and the primary rod pathway via AIl amacrine cells (Manookin et al. 2008, Murphy
& Rieke 2008). Under pharmacological blockade of AlI cells, tOff-o RGCs revealed similar light
responses in dorsal and ventral retina, suggesting that cone inputs do not vary with retinal lo-
cation. Elimination of the cone signal using mice that lack cone function (Gnat2~/~) revealed
robust sustained responses in dorsal tOff-a RGCs but only short and diminished responses in
ventral tOff-a RGCs. Thus, input from the primary rod pathway via the AIl amacrine cells un-
derlies the difference in response duration between tOff-o RGCs in the dorsal and ventral retina.
Differences between dorsal and ventral tOff-a RGCs do not result from excessive inbreeding and
are not specific to a certain laboratory strain, as they are also found in wild house mice that were
trapped in fields and kept under laboratory conditions for a maximum of 10 generations (Warwick
etal. 2018).

To conclude, different RGC subtypes display distinct topographies in terms of density and
cell morphology. Moreover, some RGC subtypes reveal functional inhomogeneities, qualitatively
changing their light responses with retinal location. Whether these differences are unique to the
mouse retina or whether the genetic power reveals a concept that is preserved across species re-
mains to be determined, but these differences suggest that the customized distributions of each
RGC subtype serve to encode specific visual features encountered in specific regions of the visual
field to optimally sample the mouse’s visual environment.
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Functional requirements of different retinal areas. (#) Schematic representation of the upper (sky) and lower (ground) visual fields on
the retina. The dorsal retina views the ground and the ventral retina views the sky. (§) Diagram illustrating the separation of monocular
and binocular visual fields on the retina. The binocular field of view falls on the temporal retina and the monocular or peripheral field
of view on the nasal retina. () Schematic representation of the retina’s view of the visual field (/ef?) and of retinal areas that encode
monocular and binocular vision (right). (d, left) Diagram illustrating that, in mouse natural visual scenes, the contrasts in the UV and
green band are more different in the upper than in the lower visual field. (Right) Diagram illustrating the opsin dominance in the mouse
retina and the corresponding chromatic preference of retinal ganglion cells (RGCs). Color-opponent signals of all retinal cell types are
more abundant in the ventral retina. (¢) Diagram illustrating an experiment in which a dark looming spot presented in the upper visual
field (corresponding to the ventral retina) elicits a flight response, while the same stimulus presented in the lower visual field (dorsal
retina) does not. Accordingly, the densities of W3 RGCs and transient Off-a (tOff-a) RGCs, two potential candidate cell types for
encoding approaching dark objects, are higher in the ventral retina.

5.3. Functional Requirements of Different Retinal Areas

Topographical variations in the retina exist on various levels and include variations in cell density,
morphology, and function. But how do these specializations meet the ecological requirements of
animals living in the wild? Different retinal areas will be directed at different parts in the visual
field, and are therefore expected to encode behaviorally relevant features present in those visual
areas. In the mouse, two major axes with ecological relevance can be drawn in the retina. First, as
the mouse is a small animal that views the environment from close to the ground, the horizontal
axis separates the retinal image into the upper and lower visual fields that primarily correspond
to the sky and the ground, falling on the ventral and the dorsal retina, respectively (Figure 4a,c).
Second, a vertical axis separates the retinal image into the monocular and binocular visual fields,
which fall on the nasal and temporal retina, respectively (Figure 4b,c).

As described above, spectral tuning of retinal cells changes along the dorso-ventral axis from
green to UV, and the ventral retina is more specialized in discriminating color signals than the
dorsal retina (Figure 4d). This is in line with analyses of mouse natural scenes, which suggest that
contrasts in the UV and green spectral band are more different in the upper than the lower visual
field (Y. Qiu, T. Euler, & K. Franke, unpublished observations) (Figure 44, left). Retinal images
arising from the upper visual field are mainly concerned with detection of birds of prey, a major
predator of mice (Singleton & Krebs 2007). With relatively high levels of UV radiation from the
sun, dark moving objects such as birds will result in negative contrast images by occluding UV
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light projecting onto the ventral retina. Accordingly, cones in the ventral retina were shown to
preferentially encode negative contrasts, whereas cones in the dorsal retina respond with equal
amplitude to positive and negative contrasts (Baden et al. 2013). In addition, several subtypes of
Off RGCs, as well as On-Off RGCs, are denser in the ventral retina (Rivlin-Etzion et al. 2011,
Rousso et al. 2016, Warwick et al. 2018, Yu et al. 2018, Zhang et al. 2012) (Figure 3). Specifically,
W3 RGCs have small receptive fields and selectively respond to dark moving objects (Zhang
etal. 2012). Thus, their higher density in the ventral retina seems ideal for detecting approaching
predators in the upper visual field. Another RGC type, the PV-5 cell, which likely corresponds
to the tOff-a RGC (Farrow et al. 2013), may also play a role in predator detection, as it shows
approach-sensitive responses to dark expanding stimuli (Minch et al. 2009) (Figure 4e). The en-
hanced color discrimination in the ventral region may further aid the detection of predators under
varying light regimes and during different times of the day. However, the dorsal retina views the
lower visual field, on which mice mainly rely for foraging and orientation in their environment.
The finding that tOff-o RGCs in the dorsal retina have more sustained responses than those in
the ventral retina (Warwick et al. 2018) (Figure 3b) might give the mouse an advantage: Dur-
ing foraging, the sustained responses in the dorsal retina would allow the cells’ firing rate to be
modulated to both increase and decrease, expanding the diversity of possible responses, whereas
a transient response in the ventral retina may be sufficient to provide a fast alarm signal in case of
an overhead predator (Warwick et al. 2018). However, whether and to what extent mice rely on
their visual system for foraging are unknown. Mice mainly forage at dusk in low light levels and
might rely more on olfaction and whisking during foraging and exploration. Thus, while vision is
probably the major sense used to survey the upper visual field, it is likely to be of less relevance
in the lower visual field, where other senses compensate for the lack of chromatic coding in the
dorsal retina.

Other hypotheses about the advantage of UV vision include the detection of urine and feces for
intraspecies communication (Joesch & Meister 2016, Tovée 1995) or the detection of fruits and
seeds that reflect in the UV spectrum (Tovée 1995). However, both urine traces and potential food
can mainly be found in the lower visual field and therefore do not match with the UV dominance
in the ventral retina. Interestingly, the Eurasian kestrel, which mainly feeds on the vole, was found
to use urine traces to track paths of voles when surveying large areas to search for prey (Viitala
et al. 1995). While this hypothesis might therefore not hold for small animals active close to the
ground, it certainly is employed by other animals.

Studies in mice and rats revealed specific behaviors that seem to be involved in detection and
avoidance of predators in the upper visual field. First, it was found that a dark looming spot stim-
ulus, which may mimic an approaching predator, elicits a rapid flight response when presented
above the animal, while no flight response is observed when the stimulus is presented from below
or the side (Wallace et al. 2013, Yilmaz & Meister 2013) (Figure 4e). Second, rats were shown
to use binocular vision for challenging or crucial visual tasks such as detecting predators: Freely
moving rats maintain a binocular overhead visual field by asymmetrically and independently mov-
ing both eyes (Wallace et al. 2013). Although this has not been tested, a similar principle may be
true in mice, which, like rats, need to avoid birds of prey.

Other topographic variations in RGC may reflect the specialized requirements for binocular
versus monocular vision. Mice in the wild were shown to feed on seeds and grains, as well as
on invertebrates (Singleton & Krebs 2007, Whitaker Jr. 1966). A study that investigated which
sensory modalities are necessary for mouse feeding demonstrated that laboratory mice display a
robust prey capture behavior when placed in an arena with a cricket. The authors showed that
mice rely mainly on vision, as the time needed for prey capture was significantly increased in the
dark (Hoy et al. 2016). Moreover, mice oriented themselves toward the target (Hoy et al. 2016),
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possibly to view it in the frontal or even binocular visual field, where stereoscopic vision arises.
"This way, the retinal image would fall onto the temporal retinal areas (Figure 4b). Higher densities
and smaller dendritic arbor sizes, which characterize several RGC subtypes in the temporal retina
(e.g., sOn-a, sOff-a) (Bleckert et al. 2014) (Figure 34), would improve spatial acuity and may
therefore be beneficial for visually guided tasks requiring fine spatial resolution in the binocular
visual field.

Opverall, we seem to encounter a variety of topographic specializations in the mouse retina that
likely reflect an adaptation to their ecological niche and behavioral requirements, maximizing their
chance of survival in their specific habitat.

6. DISCUSSION

Traditionally, RGCs have been classified into subtypes based on their morphology, their light re-
sponses, and the presence of a mosaic tiling. The rationale is simple: Neurons belonging to a single
subtype should encode a specific feature and therefore are expected to have similar properties and
tile the retina for homogeneous representation of the visual feature across the entire visual field.
The discoveries demonstrating location-dependent variations in RGCs’” morphology, density, and
even function (Figures 1 and 3) have challenged this method of classification and suggest that
the number of RGC subtypes may have been overestimated. New approaches for cell classifica-
tion that are based on gene expression patterns or anatomical connectivity further demonstrate
that the different criteria do not always agree (Kim et al. 2008, Vlasits et al. 2019, Warwick et al.
2018). Notably, some of the most detailed technologies, like electron microscopy reconstructions,
are limited to small retinal areas, and therefore, their results cannot always automatically apply to
the entire retinal area. So how should we define a cell subtype in light of the striking topographic
variations in the retina? One extreme view may be that, given the topographical variations of var-
ious retinal neurons—photoreceptors as well as RGCs—the mosaic notion should be abandoned.
Instead, cells should be classified independently in specific retinal regions (e.g., in center, dorsal,
and ventral retina). However, since the topographic variations tend to present a gradual change
across the retina—usually from center to periphery or along the vertical or horizontal axes—such
arbitrary and abrupt separation between retinal regions will likely lead to limited insight. Another
possible approach would be to choose one criterion that is most relevant for the research question.
For example, one may want to concentrate on the functional output, as this criterion provides the
most meaningful information about how the retina works (Vlasits et al. 2019). This approach of
emphasizing function may be further specialized: As the animal has different natural visual in-
puts and behavioral demands in the different visual fields (Figure 4), one may want to normalize
neuronal function accordingly. For example, assuming that mouse natural visual scenes require
higher sensitivity to UV and green light in the upper and lower visual fields, respectively, a func-
tional representation that matches this chromatic requirement on the level of the retina would
be considered as homogenous. A recent study demonstrated that the directional preference of
DSGCs changes topographically to align with the optic flow patterns produced when the mouse
advances or retreats along the body axis, as well as when it rises or falls along the gravitational
axis (Sabbah et al. 2017). The approach of normalizing neuronal function to the visual inputs and
requirements may be most accurate and explain many of the topographic variations; however, we
still lack a comprehensive understanding of the behavioral demands of different species.

Many of the topographic variations found in the mouse retina were made possible by the usage
of transgenic mice, which label specific subtypes of retinal neurons. Although such transgenic
mice pose some limitations, as cell labeling may not be complete or uniform, other techniques
(e.g., immunohistochemistry and cell fills) also demonstrate topographic variations (Bleckert et al.
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2014, El-Danaf & Huberman 2019). The inhomogeneities found in the mouse retina suggest
that, despite the accepted view, there is an area centralis-like region in the mouse ventral retina.
"This idea is supported by several findings. First, RGCs are more densely populated in the ventral
retina, and density distributions of many RGC subtypes show this tendency (Figure 3). Second,
the gradient opsin expression along the dorso-ventral axis, supported by rod chromatic tuning,
generates color vision in ventral but not dorsal retina (Figure 4). Third, some wild mice reveal
an organized mosaic of high-density cone clusters that is localized exclusively in the ventral retina
(Warwick et al. 2018). Fourth, while objects in the lower visual field may be represented by other
senses such as olfaction or whisking, objects in the upper visual field rely mainly on vision for
detection (De Franceschi et al. 2016). Consistent with this idea, the non-image-forming M1 and
M2 ipRGCs are more densely populated in the dorsal retina.

Topographic variations in the retina may have critical implications for downstream areas. Cen-
tral visual structures may nonuniformly encode certain visual features viewed in particular loca-
tions of the visual field. A prominent example is the fovea, whose area accounts for <1% of the
retinal area but that is highly overrepresented in higher visual areas (Azzopardi & Cowey 1993).
Moreover, nonmatching variations in receptive field sizes of different RGC subtypes may cre-
ate distinct and nonmatching retinotopic maps in central visual structures (Seabrook et al. 2017).
RGC:s project to >40 brain nuclei (Morin & Studholme 2014), and therefore, subtypes of non-
matching topographies could potentially innervate different nuclei. However, most subtypes of
RGC:s in the mouse innervate the dorsal lateral geniculate nucleus (dALGN) and the superior col-
liculus, so these areas are inevitably innervated by RGC subtypes of nonmatching topographies.
For example, posterior preferring DSGCs and sOn-a RGCs change their dendritic arbor size
along the dorso-ventral and the naso-temporal axes, respectively (Figure 3). Both subtypes inner-
vate the dLGN and superior colliculus (although with distinct projection patterns) (Ecker et al.
2010, Rivlin-Etzion et al. 2011). As a result, these nuclei probably have a larger area representing
posterior motion in the upper visual field, but also a larger area representing information on light
increments carried by sOn-a RGCs in the central visual field. Indeed, evidence for nonhomoge-
nous spatial representations of specific visual properties or of specific areas in the visual field has
been reported in higher cortical areas (Denman et al. 2017, Garrett et al. 2014, Rhim et al. 2017,
Tan et al. 2015). Many studies in visual neuroscience did not consider retinal inhomogeneities
and therefore did not report the exact retinal location from which data were collected. The re-
cent findings of topographic variations discussed in this review imply that variations in density,
morphology, and even function should be taken into account when studying specific cell sub-
types or population neuronal activity, not only in the retina, but also throughout the entire visual
system.
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