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Abstract

In many species, neurons are unevenly distributed across the retina, leading to nonuniform
analysis of specific visual features at certain locations in visual space. In recent years, the mouse
has emerged as a premiere model for probing visual system function, development and disease.
Thus, achieving a detailed understanding of mouse visual circuit architecture is of paramount
importance. The general belief is that mice possess a relatively even topographic distribution of
retinal ganglion cells (RGCs)- the output neurons of the eye. However, mouse RGCs include ~30
subtypes; each responds best to a specific feature in the visual scene and conveys that information
to central targets. Given the crucial role of RGCs and the prominence of the mouse as a model, we
asked how different RGC subtypes are distributed across the retina. We targeted and filled
individual fluorescently tagged RGC subtypes from across the retinal surface and evaluated the
dendritic arbor extent and soma size of each cell according to its specific retinotopic position.
Three prominent RGC subtypes: On-Off direction selective RGCs, object-motion-sensitive RGCs,
and a specialized subclass of non-image-forming RGCs each had marked topographic variations in
their dendritic arbor sizes. Moreover, the pattern of variation was distinct for each RGC subtype.
Thus, there is increasing evidence that the mouse retina encodes visual space in a region-specific
manner. As a consequence, some visual features are sampled far more densely at certain retinal
locations than others. These findings have implications for central visual processing, perception
and behavior in this prominent model species.
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All visual information is processed through the activity of various subtypes of retinal ganglion
cells (RGCs). As a prominent model for studying the visual system, the mouse retina was thought
to encode visual space in a uniform manner. Here, we discovered that three morphologically and
functionally distinct subtypes of RGCs show distinct retinotopic organizations. Therefore, signals
located in different portions of the visual space are conveyed and analyzed differently in the brain.
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1. Introduction

Visual processing begins in the retina. Specialized regions of the subcortical and cortical
brain then analyze retinal information and integrate it with processing of other modalities
such as audition, emotional state and motor circuitry to generate percepts and behaviors. The
amount and quality of visual information that reaches the brain is bottlenecked by the
number, function and distribution of retinal neurons, in particular the retinal ganglion cells
(RGCs) - the output neurons of the eye. RGCs include ~30 subtypes, each having distinct
morphological and functional characteristic, and responding best to a particular feature in
the visual world (Baden et al., 2016; Dhande et al., 2015). In other words, each RGC
subtype can be thought of as a unique channel of visual information for the brain.
Understanding how as a total population and as distinct subtypes, RGCs are topographically
organized (i.e. in respect to their exact position within the retina) is thus essential to
understanding how different aspects of the visual world are conveyed to and analyzed in the
brain.

A salient example of how variation in RGC density impacts the structure and functional
output of central visual processing is the fovea. The foveal region of the primate retina
contains RGCs at much greater density and decreased dendritic size compared to the retinal
periphery, which allows this region to sample visual space at a much finer scale (Dacey and
Petersen, 1992; Dacey, 1993; Yamada et al., 1996; Gomes et al., 2005).

In recent years, the mouse has emerged as a premiere model for studying various aspects of
visual system development, function and disease at the retinal, subcortical, cortical and
behavioral level (reviewed in: Seabrook et al., 2017). Previous studies described relatively
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flat distributions in RGC density across the retina when compared to other animals, as well
as little or no correlation in soma or dendritic size with eccentricity (Dréger and Olsen,
1981; Jeon et al., 1998; Sun et al., 2002; Coombs et al., 2006). Given that previous studies
focused on RGC topography in the mouse lumped all RGCs together as a single group, there
remains the very possibility that the mouse retina may in fact harbor regions in which
specific RGC types vary their density across the retinotopic surface, and therefore sample
the environment differently for specific visual features according to retinal location. Indeed,
a recent study from Wong and coworkers found that two types of alpha RGCs, sustained On-
alpha RGCs (sOn-a.) and sustained Off-alpha RGCs (sOff-a), exhibit regional variations in
their density and dendritic arbor sizes along the nasal-temporal (N-T) axis (Bleckert et al.,
2014). This presumably is to allow enhanced sampling of motion in the binocular visual
field. An important set of unresolved questions now face the field:

i Are alpha RGCs the exception or do other RGC subtypes vary their density by
topographic position in the mouse?

ii. If so, along what retinal axes do those variations occur?
iii.  How do such topographical variations impact central processing?

Here we asked whether RGCs vary their features so as to create specialized sub-
topographical maps in the mouse retina. We explored this in mice using tools where somal
and dendritic parameters can be studied. By examining these features in four transgenically
labeled RGC subtypes, we obtained detailed analysis of how the characteristics of individual
RGC subtypes vary as a function of precise retinal location (Osterhout et al., 2011; Rivlin-
Etzion et al., 2011; Zhang et al., 2012). Our results are surprising: several RGCs that
perform specific processing roles and that project into the retino-geniculo-cortical pathway
as well as other perceptually- and behaviorally-relevant targets, show marked variation
according to topographic location.

Remarkably, each of these RGC subtypes also had a different topographical pattern:
dendritic size variations occurred along several retinal axes, distinct from the one previously
described for alpha RGCs by Bleckert et al. (2014). These findings confirm and add to the
growing evidence that mouse visual system is not as simple as previously thought, they
highlight as well the functional relevance of specific RGC subtypes for central visual
processing and behavioral output.

2. Materials and Methods

2.1 Mice

Adult mice ranging in age between postnatal days (P) 30-60, of either sex were used. Three
different transgenic mouse lines were used to target specific fluorescently-labeled RGC
subtypes (Figures 1A,2): thyrotropin-releasing hormone receptor-EGFP mice (TRHR-GFP;
Rivlin-Etzion et al., 2011; Osterhout et al., 2014; Stafford et al., 2014; Bickford et al., 2015);
Cadherin-3-EGFP mice (Cdh3-GFP; Osterhout et al., 2011; Osterhout et al., 2014) and
TYWS3 (Kim et al., 2010; Zhang et al., 2012). All experimental procedures were approved by
the Institutional Animal Care and Use Committee at Stanford University School of
Medicine.
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2.2 Cellfills

Labeling of individual RGCs was performed using a previously described protocol (Beier et
al., 2013; Dhande et al., 2013: Cruz-Martin et al., 2014; El-Danaf and Huberman, 2015).
Mice were anesthetized with inhalant isoflurane and the eyes were enucleated. The dorsal
pole of the left and right eyes were marked before removing them from the animal, using
waterproof color markers thus ensuring that knowledge about retinal location was preserved
(Wei et al., 2010). Retinas were cut in half along the dorsal-ventral (D-V) or nasal-temporal
(NT) axes using vascular landmarks (Wei et al., 2010), and kept in oxygenated (95% O»/5%
COy) NaHCOg3 (23 mM) containing Ame’s medium (Sigma-Aldrich, catalog #A1420). The
fluorescent RGC somas were localized using differential interference contrast (DIC) and
epifuorescence microscopy. RGCs were targeted with borosilicate glass electrodes (Sutter
Instruments; 15-20 MQ) containing Alexa Fluor 555 hydrizide dye (10 mM in 200 mM
KCI; Invitrogen, catalog #A20501MP), and were completely filled by applying
hyperpolarizing current pulses ranging between 0.1- 0.9 nA for <1 minute.

2.3 Retinal histology

Immunohistochemical staining for amacrine-cell stratification landmarks was performed as
described previously (Dhande et al., 2013; El-Danaf and Huberman, 2015). Immediately
after cell filling, retinas were fixed at room temperature with 4% paraformaldehyde (PFA)
for 1h. They were then washed in 1X PBS (3x, 20 mins each) and incubated in blocking
solution (10% donkey serum with 0.25% Triton-X) for 1 h at room temperature. The retinas
were then incubated for 4-6 days at 4°C in blocking solution containing primary antibodies:
rabbit anti-GFP (1:1000; Invitrogen, catalog #A6455; Research Resource Identifier (RRID):
AB_221570], guinea pig anti-VAChT (1:500; Millipore, catalog #AB1588; RRID:
AB_2187981), and goat anti-ChAT (1:100; Millipore, catalog#AB144P; RRID:
AB_2079751). Retinas were rinsed with PBS (4x, 30 minutes each), and incubated
overnight at 4°C in the following secondary antibodies: Alexa Fluor 488 donkey anti-rabbit
(1:1000; Invitrogen, catalog #A21206; RRID: AB_141708), Alexa Fluor 647 donkey anti-
guinea pig (1:500; Jackson Immuno Research, catalog #706-606-148), and Alexa Fluor 647
donkey anti-goat (1:500; Life Technologies, catalog #A21447; RRID: AB_10584487).
Retinas were then rinsed in PBS at room temperature (2-3 hours, 30-minute cycles), and
coverslipped with Vectashield containing DAPI to label cell nuclei (Vector Laboratories,
catalog# H-1200, RRID: AB_2336790). Spacers made of tape were placed between the
slides to avoid retinal tissue compression.

2.4 Imaging
Protocols were previously described (EIl-Danaf and Huberman, 2015). Briefly, coverslipped
retinas/RGCs were imaged using a laser scanning confocal microscope (Zeiss LSM 710) and
40X water immersion objective lens (LDC-Apochromat 40x/1.1). Z-stacks were collected at
a scanning resolution of 1024x1024 pixels with a 0.5 um Z-step increment size, and a
Kalman averaging of 2—4. To obtain the location of individual RGCs, images of the retinal
halves were acquired at 5X using an epifluorescence microscope (Zeiss Axio Imager 2)
equipped with an Axiocam HR camera, and were later stitched together into whole-retina,
orientationpreserved images, using Adobe Photoshop software.
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2.5 Analysis

A total of 296 intracellularly labeled RGCs were analyzed using Fiji software to track their
location and to obtain morphological measurements of their somal and dendritic properties.
The height and width of each retina was normalized between different mice to control for
possible variations in size. The location of each individually labelled RGC was recorded in
Fiji as a coordinate value by marking their position with respect to the optic nerve head
(ONH) and the outer boundaries of the retina, keeping track of D-V and N-T orientations
(e.g.: ONH: 0, 0; periphery: —1,1; Y-axis= D-V axis; X-axis = N-T axis) (see Figures 3A,
4A, 5A).

Soma and dendritic diameters were obtained from the maximum intensity projections of
Zstacked images. Dendritic diameter was calculated as described in: (Bleckert et al., 2014),
where the 2D polygonal area of each dendritic arbor was measured by outlining the
outermost dendritic processes of each RGC, and the value reported is the diameter of a circle
that was equal to it. Data shown represent soma and dendritic diameters as a function of
eccentricity (the absolute distance of each RGC from the ONH), as a function of percent
distance along the N-T axis (X-axis coordinates of each RGC converted into a percent
number where peripheral Nasal = 0% and peripheral Temporal = 100%), and as a function of
percent distance along the D-V axis (Y-axis coordinate of each RGC converted into a
percent number where peripheral Ventral = 0% and peripheral Dorsal = 100%).

Statistical analyses were reported by fitting the data points to a linear regression, and
significance of r2 > 0.5 was chosen.

3. Results

For this study, we used three transgenic mouse lines that collectively label 4 distinct RGC
subtypes with fluorescent proteins (Green: GFP; or yellow: YFP). The mouse lines we
employed and the RGC subtypes they label were as follows: TRHR-GFP mice/ posterior
tuned On-Off direction selective RGCs (pOn-Off DSGCs) (Rivlin-Etzion et al., 2011,
Osterhout et al., 2014). Cdh3-GFP mice/non-image forming “On” (NIF-On) and non-image
forming “diving” (NIF-diving) RGCs labelled (Osterhout et al., 2011; 2014); TYW3
mice/W3-RGCs (Kim et al., 2010; Zhang et al., 2012) (Figures 1A, 2). The overall
GFP/YFP expression patterns in the retinas of these mice have been previously shown (Kim
et al., 2010; Rivlin-Etzion et al., 2011; Osterhout et al., 2011; Zhang et al., 2012; Osterhoust
etal., 2014), and it is important to note that it might not reflect the actual distribution of
these RGCs. Due to transgene effects, the full population of these different RGC subtypes
might not be represented. Here, we used the GFP/YFP expression as a tool to target and
label these distinct subtypes of RGCs. Our goal was to identify possible topographical
variations in dendritic and soma size for each subtype in terms of eccentricity and location
along the different retinal axes. The rationale for this is that each portion of the retina views
a different portion of visual space and communicates that to distinct subcortical targets and
portions of targets (Figures 1B, C). As noted above, the retinotopic organization of all RGCs
collectively in the mouse, is known (Jeon et al., 1998), but there is reason to think that some
RGC subtypes might vary their density and dendritic extent and thus spatial aspects of their
receptive field properties, within that overall distribution (Bleckert et al., 2014). We
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therefore targeted individual GFP+ or YFP+ somas in each of the three mouse lines
described above, and filled them with Alexa 555 (red) to reveal their dendritic morphology
and stained the retinas for the enzyme Choline Acetyltransferase (ChAT) the rate limiting
enzyme for Acetyl Choline production (Fig. 2). Within the retina, ChAT is enriched in On
and in Off starbust amacrine cells, whose processes act as fiduciary markers for the Off and
On sublaminae of the inner plexiform retinal layer (IPL). Figure 2 shows the different
expression patterns of GFP (Figures 2A,D,G) and YFP (Figure 2J) in the transgenic retinas,
individual GFP/YFP RGCs after filling when viewed en face (Figure 2B,E,H,K), as well as
from the side view (Figure 2C,F,1,L) which reveals their stratification relative to the On and
Off ChAT processes.

3.1 pOn-Off DSGCs display dendritic field differences along the dorsal-ventral axis

3.2 NIF-On

We first examined the pOn-Off DSGCs (7=105RGCs) labeled in TRHR-GFP transgenic
mice (V=16 mice). These cells are characterized with looping arbors that co-stratify with the
two ChAT bands in the inner plexiform layer (IPL; Figures 2A-C; Figure 3; Rivlin-Etzion et
al., 2011). Analyzing the soma diameters of individually labelled RGCs revealed no
significant changes along any of the position parameters that we examined (Eccentricity
from ONH: Figure 3F, /Z = 0.1537 % distance N-T axis: Figure 3G, 2 = 0.0006, % distance
D-V axis: Fig. 3H, /2 = 0.0968). Additionally, there were no significant changes in dendritic
diameter as a function of eccentricity from ONH (Figure 3l, linear regression /2 = 0.2899),
nor along the N-T axis (Figure 3J, linear regression /2 = 0.0035). By contrast, dendritic
diameter analysis revealed that these RGCs display D-V differences in their size. There is
roughly a 1.7fold increase in dendritic field size of dorsally vs. ventrally located RGCs
(Figure 3K; linear regression /2 = 0.5648). Figures 3B-E show different examples of pOn-
Off DSGCs labelled from the dorsal and ventral regions of the retina revealing these
dendritic arbor size differences. These results reveal that these pOn-Off DSGCs sample
visual space differently along the V-D axis, indicating perhaps a higher resolution sampling
of signals situated in the upper visual field. It is important to note that the organization of
TRHR-GFP RGC dendrites is different than that of the overall uniform cell density reported
in the dopamine receptor-4 (DRD4-GFP) transgenic mouse line (Huberman et al., 2009;
Bleckert et al., 2014). . This is likely because these 2 transgenic mouse lines label distinct
populations of the posterior tuned direction selective RGCs (Huberman et al., 2009; Rivlin-
Etzion et al., 2011).

RGCs display changes in dendritic field size along the nasal-temporal axis

In the Cdh3-GFP transgenic mice, RGCs expressing GFP comprise two subtypes that project
to non-image forming visual targets in the brain (Osterhout et al., 2011). These two subtypes
differ in their en face morphology as well as their stratification patterns in the IPL (Figures
2D-1; Osterhout et al., 2011). The “On” subtype have mono-stratified dendritic arbors that
terminate right below the On-ChAT band (Figures 2D-F; Osterhout et al., 2011); while the
“diving” subtype are bistratified with arbors that “dive” above and below the two ChAT
bands (Figures 2G-I;Osterhout et al., 2011). We labeled a total of 100 RGCs in the Cdh3-
mice (Figure 4; N=10mice; n=44 NIF-On RGCs; n=56 NIF-diving RGCs), and traced their
location (Figure 4A). It’s important to note that GFP expression in this particular mouse line
is absent in the upper part of the dorsal retina, which is also reflected in our data (Fig. 4A;
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Osterhout et al., 2011). It is yet to be determined whether this expression pattern is simply a
result of the transgene or whether it’s due to the lack of these RGC subtypes in this region.

We examined soma diameter of both subtypes and found no significant differences relative
to retinal location (data not shown). Further dendritic arbor size analysis revealed that the
NIF-On RGC subtype display variability along the N-T axis, where temporally located
RGCs show a ~1.8fold increase in dendritic field size (Fig. 4G; linear regression /% =
0.5822), compared to other locations (Eccentricity from ONH: Figure 4F, /2 = 0.00001; %
distance V-D axis: Figure 4H, /2 = 0.0198). This is further displayed in the cell fills shown in
figures 4B-C where the nasally located RGCs have a much smaller dendritic arbor size
compared to the temporally located one. By contrast, the NIF-diving RGCs do not show
significant changes relative to their retinal location (Figure 4D-E; Eccentricity from ONH:
Figure 41, /2 = 0.0035 % distance N-T axis: Figure 4J, /2 = 0.0156; % distance V-D axis:
Figure 4K, /2 = 0.0007).

3.3 W3-RGCs display changes in dendritic field as a function of eccentricity

Lastly we analyzed W3 RGCs (7=91 RGCs), the brightly YFP-expressing ganglion cells in
the TYWS3 transgenic mouse line (V=13 mice; Kim et al., 2010; Zhang et al., 2012). These
neurons comprise the most abundant as well as one of the smallest RGC subtypes in the
murine retina (Figure 2J-L; Zhang et al., 2012). They have one thick dendritic arbor that
stratifies between the two ChAT bands, as well as some dendritic sprouts that terminate at
the boundary of the inner nuclear layer (INL; Figure 2L; Zhang et al., 2012). By examining
the soma diameter of the dye filled W3-RGCs across different locations (Figure 5A), we
found no significant correlations as function of eccentricity from ONH (Figure 5F, /2 =
0.06482), % distance N-T axis (Figure 5G, = 0.1x1079), or % distance V-D axis (Figure
5H, /2 = 4.8x107°). Similarly, no linear correlations were found when examining dendritic
size as a function of % distance along the N-T axis (Figure 5J, /2 = 0.01747) nor along the
V-D axis (Figure 5K, /2 = 0.0467). However, we found a relationship between dendritic
arbor diameter and eccentricity. There was approximately a 2fold change in dendritic size,
where W3 RGCs located closer to the ONH were significantly smaller than those situated at
the periphery (Figure 51; linear regression /2 = 0.5356). Examples of dye filled W3-RGCs
shown in Figures 5B-E reveal these differences. These results are consistent with the density
measurements published previously by Zhang et al., 2012, where it was reported that W3-
RGCs’ density is lower in the peripheral compared to the inner retina.

4. Discussion

Our results provide further support for the idea that visual space is sampled non-uniformly
by the mouse retina. We discovered that three out of the four RGC subtypes that we
examined exhibited topographical arrangements in the retina and each of those was distinct
from the other: pOn-Off RGCs (TRHR-GFP) displayed smaller dendritic fields in the ventral
retina, while smaller NIF-On RGCs (Cdh3-GFP) were present in the nasal retina and W3-
RGCs (TYW3) showed eccentricity related changes in their dendritic field size (Figure 6A-
D). Both of this current study and that of Bleckert et al., 2014 included On-stratifying RGCs
(sOn-a RGC and NIF-On RGC) which showed retinotopic differences along the N-T axis.
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However, the changes observed, were along opposite axes: the sOn-a. RGCs were larger in
the nasal retina, whereas the NIF-On RGCs were larger in the temporal side. Furthermore,
both studies showed that certain RGC subtypes do not display any significant changes in
their size or density across the retina, and these include the NIF-diving RGCs and the
transient Off-alpha RGCs, respectively (Bleckert et al., 2014). These results indicate that
topographical arrangement could be a consequence of the functional and structural
variations inherent to these different RGC subtypes.

Previous studies in mouse failed to reveal prominent location-dependent changes in RGC
dendritic arbor size, likely because they treated all RGCs as a single group, or classified
them in into broad categories by virtue of their soma sizes (Drager and Olsen, 1981; Jeon et
al., 1998; Sun et al., 2002). Those findings, paired with the understanding that the overall
acuity of the mouse visual system is relatively low compared to other model species such as
cats and primates suggested that the entire mouse retina is more or less like the peripheral
retina of the primate-low resolution- and thus mice may not rely on their visual system much
at all under natural conditions (reviewed in: Huberman and Niell, 2011; Baker at al., 2013).
However, emerging studies reveal that the mouse visual system is not as simple as
previously thought. Furthermore, recent work shows that at the behavioral level, mice
respond robustly to stimuli presented in specific portions of the visual field (Yilmaz and
Meister, 2013; Wei et al., 2015), and that many higher cortical areas are ‘tuned’ to detect
specific visual features in designated visual field locations (Marshel et al., 2011).

4.1 Functional relevance of RGC’s topographical arrangement

The presence of sub-topographical regions in the retina might be essential for dictating
various behavioral aspects of survival for this species, such as foraging for food, detection of
predators or prey, etc. (Figure 6E). Each of the RGCs studied here is essential for detecting a
specific feature in the visual space including object motion and direction. We found that
pOn-Off DSGCs have reduced dendritic arbor size in the ventral retina. This region is
essential for sampling elements that are located in the upper visual field. Consequently, the
organization of these neurons might provide mice with a greater resolution for detecting
overhead objects moving in the posterior direction, such as a hawk looming in from the front
and above the mouse (Figure 6E). This particular visual stimulus has been shown to elicit
specific, robust behaviors in mice such as freezing and fleeing (Yilmaz and Meister, 2013).
Similarly, the presence of smaller NIF-On RGCs (Cdh3-GFP) in the nasal retina is perhaps
crucial for enhanced discrimination of signals located in the peripheral visual space, for
example a cat stalking the mouse from the side (Figure 6E). The W3-RGCs eccentricity
gradient is arranged to enhance fine-scale analysis of stimuli in the central visual field, such
a snake attacking from the front or recognition of a conspecific (Figure 6E).

These specialized retinal arrangements might have been an adaptation to accommodate this
species to its environmental niche, comparable to the importance of the fovea for resolving
images in humans and primates. Indeed, the vastly expanded portion of the primate cortex
that underlies foveal processing, and the reliance on foveal vision for analysis of fine spatial
detail underscores the significance of the RGC-to-central processing relationship (Tootell et
al., 1988; Muller et al., 2016). A similar degree of central-versus-peripheral scaling is
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observed for the “area centralis” of the carnivore retina (Peichl, 1992; Mowat et al., 2008)
and the “visual streak’ in the rabbit- an elongated portion of the retina containing a relatively
greater number of RGCs for enhanced acuity to view the horizon and detect the presence
and approach of potential predators (Davis, 1929: Oyster et al., 1981). Indeed, there is a
fairly large body of classic work that describes the many unique and adaptively optimized
RGC topographic variations that exist in the animal kingdom, where the RGC topography is
directly related to the visual requirements, ecological habitats, predatory and foraging
behaviors of different species. For example, there is the mixed fovea/streak arrangement
present in certain diving birds - with the streak for higher acuity viewing of the horizon and
the fovea for spotting fish swimming below the ocean’s surface (Hayes et al., 1991) or the
“J” shaped fovea found in elephants to view locations specifically within the arced trajectory
of the animal’s trunk during reaching (Stone and Halasz, 1989; Pettigrew et al., 2010). Other
examples of specialized retinal organizations have also been previously reported in: birds
(Inzunza et al., 1991; Coimbra et al., 2009), sharks (Lisney and Collin, 2008), penguins
(Coimbra et al., 2012), lizards (Fite and Lister, 1981), and giraffes (Coimbra et al., 2013),
among others. The above examples illustrate the adaptive and primary utility of the visual
system for each of those species.

4.2 Consequences for degeneration and disease

RGC loss has been implicated in various neurodegenerative disorders (Jindal, 2015). In
many cases, RGC death is shown to occur non-uniformly across the retina. For example, in
human glaucoma patients, certain patterns of visual field defects are monitored and studied
to detect the emergence and progression of this widespread blinding disease (Stewart et al.,
1991; Kitazawa et al., 1997). Moreover, in the DBA/2J glaucoma mouse model,
degeneration ensues in a fanshaped sectorial pattern (Jakobs et al., 2005). This uneven
degradation is present in other retinal diseases as well, such as Retinitis pigmentosa, where
RGCs’ changes in the central region are more prominent that those found in the peripheral
retina (Anderson et al., 2016). These topographical patterns of degeneration may be the
result of subtype-specific vulnerability of RGCs to different insults or diseases. Indeed, this
was shown in several glaucoma models, where Off-stratifying RGCs were found to be
especially susceptible to death following ocular hypertension (Della Santina et al., 2014; EI-
Danaf and Huberman, 2015; Ou et al., 2016). Our findings of the presence of sub-
topographical maps in the mouse retina might shed some light into understanding some of
these topographically-related changes in various retinal diseases, in the hopes of discovering
therapies that target those specific RGC subtypes.
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Figurel.
RGCs provide the link between the eyes and the brain. (A), Summary of the different

transgenic mouse lines used in this study along with the corresponding transgenically-
labelled RGCs subtypes. (B), All information from various points in visual space enter the
eyes where it’s converted into neuronal signals and relayed to center brain nuclei. RGCs in
both eyes are positioned at various retinal locations, transmit visual information to various
nuclei in the brain via the optic nerve (ON) (Green, RGC axons). D, dorsal; N, nasal; T,
temporal; V, ventral; dLGN, dorsal lateral geniculate nucleus; SC, superior colliculus; ctx,
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cortex. (C), Inset in (B), an illustration (modified from Stone, 1983) showing a cross section
of the retina depicting its different layers: PRL, photoreceptor layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. RGCs
provide the sole output neurons of the retina by means of their axons (green) forming the
ON. RGCs’ receive various aspects of visual information via their dendritic arbors, which
differ in their en face morphologies and stratification patterns in the IPL. ONH, optic nerve
head.
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Figure2.
Specific RGC subtypes are labelled in different transgenic mouse lines. (A-O), Maximum

intensity projection images showing GFP* (A,D,G) and YFP* (J) somas that were targeted
with Alexa Fluor 555 to reveal their complete en face morphologies (B,E,H,K) and dendritic
stratification depth patterns (C,F,I,L; red, cell fill; cyan, ChAT immunostaining) in 3
transgenic mouse lines: TRHR-GFP (A-C: pOn-Off DSGC), Cdh3-GFP (D-F: NIH-On
RGC; G-I: NIH-diving RGC) and TYW3 (J-L: W3-RGC). Dashed circles in (A,D,G,J)
delineate fluorescently labeled somas that were targeted and filled. Scale, 50 um. Schematics
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underneath (C,F,1,L) represent the distinct dendritic stratification patterns of each RGC
subtype.
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Dendrites of dorsally located pOn-Off DSGCs are significantly larger than those located in
the ventral retina. (A) Polar plot showing the retinal position of each individually filled
RGC. D, dorsal; N, nasal; T, temporal; V, ventral. (B-E) Maximum intensity projection
images showing dendritic size differences of pOn-Off DSGCs targeted at different retinal
locations. All images are shown to scale (50um) and correspond to cells outlined and
colored in (A) (B, cell 1; C, cell 2; D, cell 3; E, cell 4). Insets in (B-E) represent GFP+
somas. (F-H) Scatter plots showing no correlation between soma size and eccentricity (F), %
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distance along the N-T axis (G) and % distance along the V-D axis (H). I-K, Scatter plots
showing that dendritic diameter size is significantly correlated with RGCs’ position along
the D-V axis (K, 72 = 0.5648) compared to eccentricity (1) and position along the N-T axis
(). Purple outline in (K) highlights the statistical significance, which can also be seen in
examples (B-E). Each dot in (A) and (F-K) represents a single RGC (n= 105 RGCs, N= 16
mice).
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NIF-On RGCs show a N-T pattern in dendritic size. (A) polar plot showing the retinal
location of GFP+ RGCs in the Cdh3-GFP transgenic mouse line (red, NIF-On RGCs; black,
NIF-diving RGCs; n= 100 RGCs; V=10 mice). Note that there are no RGCs filled in the
top dorsal half of the retina, which is consistent with the GFP expression pattern in this
transgenic mouse line (Osterhout et al., 2011). D, dorsal; N, nasal; T, temporal; V, ventral.
(B-C) Example images of NIF-On RGCs targeted at different locations (B, cell 1 outlined in
A; C, cell 2 outlined and colored in A). Scale in (C) corresponds to (B-C), 50 um. D-E,
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Examples showing the morphologies of NIF-diving RGCs obtained from different retinal
position where (D) and (E) corresponds to colored cells 3 and 4, respectively. Scale bar in
(E) is for (D-E), 50 um. Insets in (B-E) represent the GFP+ soma of each RGCs depicted.
(F-K) Scatter plots showing the relationship between dendritic diameter of NIF-ON RGCs
(F-H, n=44) and NIF-diving RGCs (I-K, n=56) as a function of location in the retina. This
shows that dendritic diameter of NIF-On RGCs is significantly correlated with position
along the N-T axis (G, purple outline, /2 = 0.5822) also apparent in examples (B-C).
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Figure5.
W3 RGCs’ dendrites display eccentricity related changes. (A) Polar plot showing the

location of individually filled W3-RGCs in the TYW3 transgenic mouse line (n = 91 RGCs;
N = 13 mice). D, dorsal; N, nasal; T, temporal; V, ventral. (B-E) Examples of W3-RGCs
targeted in diverse locations showing differences in dendritic field diameter. RGCs in (B-E)
correspond to colored cells 1-4 in (A), respectively. Scale in (E) is for (B-E), 50um. F-H,
Scatter plots depicting no significant correlation between soma diameter as a function of
eccentricity from ONH (F), % distance along the N-T axis (G) and % distance along the V-D
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axis (H). (1-K) Scatter plots showing that dendritic diameter of W3-RGCs is significantly
correlated with eccentricity from ONH (1, purple outline, linear regression, r2 = 0.5356)
while no correlation exists with % distance along the N-T axis (J) or % distance along the D-
V axis (K).
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Figure®6.
Mouse retina contains sub-topographical maps for visual signal processing. (A-D) Summary

diagrams showing the distributions of dendritic field sizes as a function of retinal location
for pOn/Off DSGCs (A), NIF On-RGCs (B), W3-RGCs (C), NIF diving-RGCs (D). (D)
dorsal; N, nasal; T, temporal; V, ventral. E, lllustration showing how the distribution of these
different RGCs might play a role in their function, and how they are important in dictating
survival behaviors in mice.
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