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Summary

Stimulus characteristics of the mouse’s visual field differ above and below the skyline. Here we
show for the first time that retinal ganglion cells (RGCs), the output neurons of the retina,
gradually change their functional properties along the ventral-dorsal axis to allow better
representation of the different stimulus characteristics. We conducted two-photon targeted
recordings of transient-Offa-RGCs, and found that they gradually became more sustained along
the ventral-dorsal axis, revealing >5 fold longer duration responses in the dorsal retina. Using
voltage-clamp recordings, pharmacology, and genetic manipulation, we demonstrated that the
primary rod pathway underlies this variance. Our findings challenge the current belief that RGCs
of the same subtype exhibit the same light responses regardless of retinal location, and suggest that
networks underlying RGC responses may change with retinal location to enable optimized
sampling of the visual image.

Introduction

Visual processing begins in the retina, where the photoreceptors’ signal is transferred to a
diverse set of retinal cells that split the information into multiple channels carried by retinal
ganglion cells (RGCs), the output neurons of the retina [1-3]. RGCs are composed of
multiple subtypes, each of which encodes a specific modality in the visual field.
Conventionally, RGC subtype classification relies on three criteria. First, RGCs belonging to
a single subtype share the same light responses. Classical physiological characterizations of
RGCs are based on the cells’ responses to changes in illumination, and define the cells as
either On (respond to light increments), Off (respond to light decrements), or On-Off, and as
either transient or sustained based on their response durations [4]. Further classifications are
made based on the cells’ responses to specific stimuli, such as direction selectivity or local
edge detection [5-10]. Second, RGCs of the same subtype have similar morphological
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characteristics, sharing the same dendritic stratification layer within the inner plexiform
layer; in species such as mouse that bear no fovea or area centralis RGCs of the same
subtype also have similar soma size and dendritic area [11, 12]. Third, as each RGC subtype
acts as a channel reporting on a specific visual modality, a given RGC subtype tiles the
retina in a mosaiclike fashion to represent the visual modality over the entire visual field
[13-15].

This classification of RGCs assumes that all cells belonging to a single RGC subtype are
alike regardless of retinal location. However, the properties of the mouse visual scene differ
between the lower and upper fields. While the lower visual field, imaged by the dorsal
retina, often detects the ground; the upper visual field, imaged by the ventral retina,
frequently detects the sky. Indeed, natural visual scenes are known to have different spectral
compositions and contrast distribution in the two domains divided by the horizon [16, 17].
This suggests that retinal neurons may display non-uniform properties across the retina,
adapting to the prevalent signals to which they are exposed. Indeed, mouse photoreceptors
show asymmetric distribution of S opsin (short-wavelength or UV light sensitive) and M
opsin (mid-wavelength or green light sensitive) along the dorsal-ventral axis [18-20]. The
asymmetric distribution was found to improve sampling of natural achromatic contrasts in
cone photoreceptors, and to generate differential chromatic response properties in RGCs [19,
21].

Here, we tested whether, on top of this opsin expression asymmetry, RGCs belonging to a
single subtype display different light responses that are inherent to their underlying circuits.
For this purpose, we took advantage of a well characterized transgenic mouse line in which
transient Off-alpha RGCs (tOff-aRGCs) are fluorescently labeled with GFP [22], and
carried out two-photon targeted recordings. We found that the response properties of tOff-
aRGCs differ with their location along the dorsal-ventral axis. While ventrally located cells
display transient responses to light decrement (as their name indicates), dorsally located
cells display comparably sustained responses to light decrement. This functional difference
arose from their underlying circuitry, with cells in the dorsal retina receiving greater input
from the primary rod pathway than cells in the ventral retina. This data demonstrates for the
first time that cells belonging to a specific RGC subtype and sharing similar morphology
may display different light responses as a function of their location within the retina. We
hypothesize that RGCs adjust their response properties with retinal location to better
represent the prevalent visual input that they encounter.

Transient Off-a RGCs are more sustained in the dorsal retina compared with the ventral

retina

In order to understand whether RGCs have uniform response properties across the retina, we
investigated the light responses of tOff-a RGCs located either in the central dorsal area or the
central ventral area of the retina (Figure 1A). For this purpose, we carried out two-photon
targeted cell attached recordings in retinas of the transgenic mouse line, Calb2-EGFPF, which
selectively expresses GFP in one subtype of RGCs, the tOff-aRGCs [22]. The light stimulus
was in the photopic range, and consisted of a dark spot centered on the cell soma, appearing
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for 2 seconds on a grey background (Figure 1B; see methods). In order to examine the
receptive field properties, a variety of spot sizes were used, ranging from 50-800 um in
diameter (Figure 1B).

We compared the responses of tOff-aRGCs located in the dorsal retina to the responses of
tOff-aRGCs located in the ventral retina, which we term as dorsal-tOff-aRGCs and ventral-
tOff-aRGCs, respectively. We calculated the total length of time the cells responded
significantly to the black spot stimulus, which we refer to as the response duration.
Unexpectedly, dorsal-tOff-aRGCs had significantly longer response durations than ventral-
tOff-aRGCs (Figures 1C-E; S1A,B). The duration of the response in dorsal-tOff-aRGCs
increased with increasing spot size and then plateaued for spot sizes larger than 300 pm in
diameter, corresponding to the size of their dendritic tree, and indicating little surround
effect [11, 23, 24] (Figure 1E). The duration of the response in ventral-tOff-aRGCs was
significantly shorter and independent of spot size. As a result, for spot sizes of 300 um and
larger the average response duration in dorsal-tOff-aRGCs was >5 fold longer than the
average response duration in ventral-tOff-aRGCs (Figure 1E; 1260 ms + 219 and 100 ms
+ 29 (s.e.m.) for dorsal- and ventral-tOff-aRGCs, respectively, for the 300 um diameter
spot; 1245 ms + 205 and 200 ms + 47 for dorsal- and ventral-tOff-aRGCs, respectively, for
the 800 um diameter spot).

Examining the responses of tOff-aRGCs to the stimulus at lower light intensities (mesopic
range) revealed that dorsal-tOff-aRGCs increase their response duration with illumination,
whereas ventral-tOff-aRGCs display response durations that are independent of light
intensity (Figures S1C,D). The large difference we observed in the response durations
between dorsal- and ventral-tOff-aRGCs in the photopic range prompted us to examine their
morphology to verify that they share similar morphological properties as expected from cells
belonging to the same subtype. tOff-aRGCs are predicted to have large dendritic areas, with
estimated diameters of around 300 um [23], and stratify between the two layers of On and
Off starburst amacrine cells’ processes (called the ChAT bands), just below the Off ChAT
band [24-27].

In a new set of experiments, a total of 15 GFP+ dorsal RGCs and 17 GFP+ ventral RGCs
were filled with CF-594 dye and proportion of these cells (n=6 for dorsal and for ventral)
were also filled with biocytin to examine their dendrite stratification layers using
immunostaining for ChAT bands. The soma sizes and dendritic areas were consistent with
them being aRGCs (Figures S2A-D) and all examined cells stratified below the Off ChAT
band (Figures S2E-H), confirming they are indeed tOff-aRGCs. The dendritic areas were
slightly smaller for ventral-tOff-aRGCs compared with dorsal-tOff-aRGCs (Figure S2D),
which could result from the fact that RGCs are more densely populated in the ventral retina
compared with the dorsal retina [28, 29]. Based on their dendritic areas, the estimated
diameters for dorsal- and ventral-tOff-a RGCs were 347 um + 8 and 320 um % 6 (s.e.m.),
respectively.

tOff-a RGCs gradually change their response properties along the dorsal-ventral axis

In order to understand whether tOff-aRGCs change their response properties gradually
along the dorsal-ventral axis or whether there are two distinct populations of tOff-aRGCs
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(dorsal- and ventral-tOff-aRGCs), we recorded from 22 GFP+ tOff-aRGCs in locations
distributed across the entire retina (Figure 2). For these experiments, a single spot size (400
pum dimeter) was used as the light stimulus. Three example tOff-aRGCs located in the
dorsal, central, and far ventral retina exhibited long, medium and short duration responses,
respectively (Figure 2C). Plotting response duration against position along dorsal-ventral
axis indicated that response duration changes gradually with location (R? = 0.67; Figure
2D). No correlation was found between response duration and nasal-temporal location of the
cells (R? = 0.00). The maximum firing frequency also varied among cells, but as opposed to
the gradual change in response duration, firing rate was not correlated to position along the
dorsal-ventral axis (RZ = 0.00; Figures 2B,E). This result was independent of baseline
activity, as after subtracting the baseline firing rate from the maximum firing rate still no
correlation was found (R2 = 0.00, data not shown). Particularly, tOff-aRGCs that exhibited
similar maximal firing frequencies could display different duration responses depending on
their location along the dorsal-ventral axis (Figure 2C).

Dorsal-ventral differences still exist under conditions that preferentially activate the
ventral cones

The mouse retina contains two types of cone opsins with different spectral sensitivities: S
opsin (short-wavelength or UV light sensitive) and M opsin (mid-wavelength or green light
sensitive). While rods’ spectral sensitivity is uniform across the entire retina (with peak
sensitivity to green light), cones’ spectral sensitivity varies along the dorsal-ventral axis due
to gradual opsin expression: in the dorsal retina M opsins dominate, whereas in the ventral
retina S opsins dominate [18-20] (Figure 3A). Could differential cone activation underlie the
differences between dorsal- and ventral-tOff-aRGCs? Specifically, the light stimulus used in
the experiments described above (Figures 1, 2) did not contain UV wavelengths and
therefore minimally activated S opsins (Figure 3B). As a result, the longer duration
responses observed in dorsal-tOff-a RGCs could arise from the greater cone activation in the
dorsal retina. To test this, we conducted cell-attached recordings from dorsal- and ventral-
tOff-aRGCs in response to a light stimulation consisting of UV light only. Under these
conditions cone activation in the ventral retina is stronger than in the dorsal retina (Figure
3B). Although response durations of dorsal- and ventral-tOff-aRGCs became more similar,
we found that even with a UV light stimulus, dorsal-tOff-aRGCs still exhibited significantly
longer response durations than ventral-tOff-aRGCs (Figures 3C,D). These experiments did
not isolate cones contribution to tOff-aRGCs responses, as the UV light also activates
rhodopsin and M opsin due to their beta bands (Figure 3B). Thus, while we could not rule
out the possibility that differential cone activation may contribute to the differences in
response duration between dorsal- and ventral-tOff-aRGCs, we concluded that additional
mechanisms must be involved.

Input from the primary rod pathway differs between dorsal- and ventral-tOff-aRGCs

There is substantial information in the literature on the retinal circuit underlying tOff-aRGC
responses [24, 27, 30-34]. In addition to receiving glutamtergic input from Off cone
bipolars, tOff-aRGCs also receive input from glycinergic amacrine cells, called All cells
[24, 30, 31]. These All amacrine cells also regulate the amount of glutamatergic input the
tOff-aRGC receives by forming glycinergic synapses with the Off cone bipolars [30, 31]. In
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order to understand how this circuit differs between dorsal- and ventral-tOff-aRGCs, cell
attached recordings were carried out in the presence of the glycine receptor antagonist,
strychnine (1 pM). Under these conditions, input from All amacrines onto tOff-aRGCs and
Off cone bipolars is abolished, and so the remaining light responses of tOff-aRGCs are
predicted to be solely the result of glutamatergic input from the Off cone bipolars (Figure
4A). Surprisingly, under glycinergic blockade, dorsal-tOff-aRGCs had short duration
responses similar to ventral-tOff-aRGCs (Figures 4B,C). Strychnine did not significantly
reduce the response duration for ventral-tOff-aRGCs. In addition, we observed no
differences between the maximum firing frequencies of dorsal- and ventral-tOff-aRGCs
(Figure S3A). Strychnine eliminates all glycinergic inhibition and could potentially reduce
response duration in dorsal-tOff-aRGCs via any glycinergic cell. Yet, the most likely
amacrine cell to cause the effect is the All, as it is a primary input neuron to the tOff-aRGC
and provides it with direct inhibition [30, 31]. This suggests that the All amacrine input
underlies the difference between dorsal- and ventral-tOff-aRGCs’ response durations.
However, we do not know whether this is due to differences in intrinsic properties among
Alls or due to differences in their upstream circuits (see discussion).

To further investigate differential input of All amacrine cells onto tOff-aRGCs, we carried
out cell-attached recordings of dorsal- and ventral-tOff-aRGCs in retinas of gnat2”- mice
[35]. These mice lack functional cone photoreceptors and their secondary rod pathway is
abolished [36], so any remaining light responses in tOff-aRGCs would arise solely from the
primary rod pathway (Figure 4D) [37]. Dorsal-tOff-aRGCs in gnat2” retinas exhibited
robust, long duration light responses (Figures 4E,F; S3B). In contrast, ventral-tOff-aRGCs
light responses were shorter and had diminished maximal firing frequencies (Figures 4E,F;
S3B). Together, our results suggest that the longer response durations in dorsal-tOff-aRGCs
are mediated by the primary rod pathway, via the All amacrine cell.

To test how the difference in All signaling affects response duration of tOff-aRGCs, we
conducted whole-cell voltage clamp recordings in dorsal- and ventral-tOff-aRGCs to assess
their excitatory and inhibitory synaptic inputs. All amacrine cells have a narrow dendritic
arbor, but their receptive field size is larger and depends on the All-All coupling strength,
which is regulated by ambient light [38]. All amacrine cells mediate tOff-aRGCs response
properties both directly via inhibition and indirectly via inhibition of Off cone bipolars that
excite them [30, 31]. Indeed, the tOff-aRGC typically receives increased excitation and a
simultaneous relief of inhibition at light offset [26, 27, 30]. We therefore hypothesized that
both excitatory and disinhibitory synaptic inputs would be more prolonged in dorsal-, but
not ventral-, tOff-aRGCs.

Example current traces from dorsal- and ventral-tOff-aRGCs when clamped at holding
potentials of 0 and -60 mV can be seen in Figure 5A and 5B, revealing the inhibitory and
excitatory synaptic inputs, respectively. By observing the traces for the dorsal-tOff-aRGC, it
is apparent that both disinhibition and excitation are composed of a transient and a sustained
component (Figure 5A). The transient components were reduced with the 800 um spot,
suggesting that they are susceptible to an inhibitory surround, whereas the sustained
components were not. In contrast, disinhibition and excitation appear purely transient for the
ventral-tOff-aRGC (Figure 5B). Accordingly, for both disinhibition and excitation, the
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charge transfer during the 2 second spot presentation was significantly larger for dorsal-tOff-
aRGCs compared with ventral-tOff-aRGCs (Figures 5C,D). As the sustained disinhibitory
and excitatory components in dorsal-tOff-aRGCs had similar temporal and spatial
properties, it is likely they originate from the same source, and as they were absent in the
ventral-tOff-aRGC, we can surmise this source to be the All amacrine.

Wild house mice exhibit similar dorsal-ventral differences in tOff-aRGCs

Most modern laboratory mouse strains were initially generated back in the 1920-30’s and
have been inbred in captivity ever since, for an estimated 100’s of generations [39]. In order
to confirm that the differences observed between dorsal- and ventral-tOff-aRGCs are not the
result of excessive inbreeding or specific to our laboratory strain, we examined retinas of
wild house mice (wild mice) that were trapped in fields and kept under laboratory conditions
for a maximum of ten generations (see methods).

Similar to the Calb2-EGFP mice, wild mice exhibited a gradient expression of M and S
opsins (Figures 6A,B). However, unlike the Calb2-EGFP mouse, not all wild mice had an
even distribution of cone photoreceptors. Interestingly, in 8/15 mice examined, cones in the
ventral retina appeared in an organized mosaic of high density cone clusters (Figures 6B;
S4A,B). For simplicity, only data recorded from retinas that exhibited these cone clusters
were used in the analysis below. Despite these differences in cone photoreceptor distribution,
dorsal- and ventral-tOff-aRGCs in wild mice exhibited differences in their spiking activities,
similar to the differences detected in retinas of Calb2-EGFP mice (Figure 6). In these
experiments on wild retinas, cells were patched blindly by targeting large somas. To verify
that the cells we recorded from were indeed tOff-aRGCs, each recorded cell was filled with
CF-594 dye and biocytin. A two-photon z stack was taken after recording to confirm that the
dendritic field size and morphology matched that of an aRGC [23, 27]. Afterwards the
retina was immunostained for ChAT and biocytin to examine the dendrite stratification layer.
Only cells whose dendrites stratified below the Off ChAT band were concluded to be tOff-
aRGCs [24-27]. Spiking activities of an example dorsal-tOff-aRGC can be seen in Figure
6C, along with its dendritic morphology (Figure 6D) and its stratification pattern (Figure
6E). An example ventral-tOff-aRGC can be seen in Figures 6F-H. In retinas from wild
mice, dorsal-tOff-aRGCs (n=4) had significantly longer response durations than ventral-
tOff-aRGCs (n=6; Figure 61), although their maximal firing rates remained similar (Figure
6J). We also compared between tOff-aRGCs in the wild and Calb2-EGFP mice, and found
that although there was no statistically significant difference between ventral-tOff-aRGCs,
dorsal-tOff-aRGCs in wild mice were even more sustained than those in the Calb2-EGFP
mice (Figures S4C,D). These findings not only confirm that the differences between dorsal-
and ventral-tOff-aRGCs are not restricted to our specific laboratory mouse line, but also
suggest that they may have a functional role in mouse vision.

Discussion

In this study we demonstrated that cells belonging to a specific RGC subtype can exhibit
different response properties according to their location in the retina, as a result of variations
in their underlying circuitry. We found that tOff-aRGCs were relatively more sustained in
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the dorsal retina compared with the ventral retina, and that this change was gradual along the
dorsal-ventral axis. Experiments using a UV light stimulus, excluded the possibility that this
was merely due to differential cone activation, as a result of M and S opsins dominating in
the dorsal and ventral retina, respectively. Instead, isolating the cone pathway by
pharmacologically blocking glycinergic input from the rod pathway, revealed similar light
responses in dorsal- and ventral-tOff-aRGCs. Furthermore, eliminating the cone circuitry
using gnat2”- mice that lack functioning cones, revealed robust sustained responses in
dorsal-tOff-aRGCs but only diminished responses in ventral-tOff-aRGCs. This data led us
to conclude that it is the input from the primary rod pathway via the All amacrine that
differs between dorsal- and ventral-tOff-aRGCs. These differences between dorsal- and
ventral-tOff-aRGCs were replicated in retinas of wild mice, confirming they are not the
result of inbreeding, and suggesting that they actually pose some visual advantage to the
mouse.

The finding that tOff-aRGCs display location dependent response properties was facilitated
by the use of a transgenic mouse line that specifically labels tOff-aRGCs [22]. Indeed, the
use of other transgenic mouse lines and the recent advancements in imaging and recording
techniques has enabled a number of new retina discoveries, including the existence of new
RGC types, and among them the transient On-aRGC [5, 40]. Other factors enabling our
findings were the use of the light in the photopic range, and the relatively long duration
stimuli, which made it possible to detect long duration responses. Indeed, the difference in
response durations between dorsal- and ventral-tOff-aRGCs were most apparent at photopic
light levels (Figures S1C,D). Although the original study in which the mouse line was
characterized reported on homogenous responses of tOff-aRGCs [22], we believe this
resulted from recordings that are restricted to a specific retinal area. Indeed, another study
showed that tOff-aRGCs display a wide range of response durations under high mesopic
illumination [41].

While we hypothesize that the prolonged response in dorsal-tOff-aRGCs is beneficial for
mouse Vvision, this prolonged response emerges only in high mesopic intensities and is
strengthened in photopic intensities. Our study adds to previous studies showing that the
visual information carried by RGCs may be fundamentally different at low and high light
levels. For example, receptive field center-surround organization of RGCs changes with light
levels, as antagonistic surround weakens or is even abolished as light level decreases [42—
44]. In another example, On-aRGCs change their spatial integration from linear to non-
linear as light levels increase [45]. Both minimal surrounds and linear summation at low
light levels enhance spatial averaging to increase sensitivity to weak inputs, while at high
light levels RGCs’ receptive fields sharpen to increase selectivity for small vs. large stimuli.
Overall, this suggests a unifying principle that encoding of the fine spatial details in the
environment is improved as light conditions allow it.

Although the experiments using strychnine and gnat2”- mice led us to conclude that the
difference between dorsal- and ventral-tOff-aRGCs is due to differential input from the
primary rod pathway, we do not know where in this pathway the difference originates. In the
mouse, rod distribution is uniform across the retina [42], suggesting the difference originates
further along the primary rod pathway, either with the rod bipolars, the All amacrines, or
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their synaptic connections. It remains for future investigation to determine whether other
RGC subtypes, besides the tOff-aRGC, also receive less input from the primary rod
pathway in the ventral retina. Such a differential input may cause additional RGCs to display
a qualitative difference in their light responses along the dorsal-ventral axis.

As the mouse retina lacks a fovea or area centralis, it has until recently been considered
uniform, and as such defining RGC subtypes has been fairly straight forward. RGC subtypes
are defined by sharing the same morphology, function, and by forming a mosaic. Our
findings challenge this method of classification, as we show that cells within a given RGC
subtype may exhibit functional variations based on their location. Previous studies
challenged the mosaic requirement for defining a RGC subtype, showing that a number of
RGC subtypes are non-uniformly distributed across the retina. W3 RGCs (presumed local
edge detector), M1 and M2 RGCs (intrinsically photosensitive), F-RGCs and On-aRGCs all
display non-uniform densities, which change with retinal location [28, 43—-45]. Finally,
another study revealed a RGC subtype whose dendritic morphology differed in the
outermost ventral region of the retina, challenging the morphology requirement for defining
a RGC subtype [46]. Taken together, these studies question the current method of RGC
subtype classification. Moreover, they suggest that when studying a specific cell type or
population neuronal activity, one should carefully consider not only the precise experimental
conditions but also the exact location of recordings.

In primates and carnivores that have specialized areas for high acuity vision, RGCs show a
non-uniform distribution in the retina, as their density increases and dendritic arbor size
decreases towards the fovea or area centralis [47, 48]. This heterogeneity is not unique to
RGCs, as bipolar cells jointly scale with RGCs towards areas of peak density [49, 50]. This
is different in mouse, as On-aRGCs change their dendritic arbor size with retinal location,
but bipolar cells that innervate them do not scale their axonal arbor proportionally [28].
Recent evidence reveals that heterogeneity in the primate retina is also evident at the
functional level, as visual processing and circuitry of midget RGCs differ between fovea and
periphery [51]. Thus, retinal circuits of various mammalian species display specialized
computations that are adjusted to the visual demands.

In addition to the locational differences observed in RGCs, several other lines of evidence
suggest that the mouse retina is not uniform and that the ventral retina may have a function
distinct from the dorsal retina. First, RGCs are more densely populated in the ventral retina
[28, 29]. This was in agreement with our finding that ventral-tOff-aRGCs had slightly
smaller dendritic fields than dorsal-tOff-aRGCs (Figure S2D). Second, in the ventral retina
two opsins (M and S) are expressed, as opposed to one (M) opsin which dominates in the
dorsal retina [18-20] (Figure 3A). Although several explanations have been put forward with
regards to the role of UV sensitive (S) opsins in the ventral retina [19, 52], there has been no
consensus. A simple explanation is that by expressing two opsins, UV (S) and green (M)
sensitive, the spectral range is extended, increasing visual sensitivity in the ventral retina
[53]. Third, in half of the wild mice, we observed an organized mosaic of high density cone
clusters in the ventral retina (Figures 6B and S4B). While the function of these cone clusters
is outside the scope of this paper, it is further evidence that the ventral retina may have some
specialized function.
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Like mice, rats have laterally facing eyes, panoramic vision, and lack retinal specializations
such as fovea or area centralis. Tracking rats’ eye movements revealed that while the left and
right eyes act independently during movement, they image a continuous overhead binocular
field [54]. If the same is true for the mouse, the ventral specializations may result from this
unique representation of the overhead field. In rats, projecting a visual stimulus above the
animal onto their binocular field, and thereby activating the ventral retina, elicited a flight
response. However, when the same visual stimulus was projected to the side or in front of
the animal no flight response was observed [54]. When a similar experiment was conducted
in mice, the same behavioral pattern was observed [55]. This suggests that the same visual
stimulus may be processed differently depending on the retinal area it is perceived by. Our
observation that dorsal- and ventral-tOff-aRGCs display different response properties fits
very well with this theory. One possible explanation to the difference in response durations
could be the following: as ventral-tOff-aRGCs report on the presence of predators above, a
short response is sufficient to alert the mouse. Meanwhile, as dorsal-tOff-aRGCs report on
activity at ground level, such as varied terrain and food availability, a prolonged response
allows a larger dynamic range that may better represent the surface. Assuming that rate
coding occurs in postsynaptic targets, neurons with low spontaneous firing rate such as tOff-
aRGCs [26, 27] would report on the visual scene by increasing their firing rate, while little
information can be provided by decreasing their firing rate as it cannot go below zero. The
sustained response in dorsal-tOff-aRGCs produces a continuous discharge that can be
temporarily modified either to be increased or decreased to improve encoding of the ground
surface. Thus, we hypothesize that RGC response properties change with retinal location,
not only to better sample the mouse’s visual image, which naturally differs between the
upper and lower fields, but also to meet the different functional demands placed on the two
retina halves.

Star Methods

Contact for Resource Sharing

Further information and requests for resources should be directed to the Lead Contact,
Michal Rivlin-Etzion (michal.rivlin@weizmann.ac.il).

Experimental Model and Subject Details

Animals—Calb2-EGFP mice, in which tOff-aRGCs express GFP, were obtained from
Mutant Mouse Regional Resource Centers (https://www.mmrrc.org/catalog/sds.php?
mmrrc_id=283) [22, 56] and crossed to C57BL/6. The percentage of labeled tOff-aRGCs
varied between the mice, and while some showed a mosaic of tOff-aRGCs others labeled
only a portion of them. gnat2”- mice have no functional cones due to a mutation in the cone
transducin subunit gene [35]. These mice were on a C57BL/6 background, and crossed with
Calb2-EGFP. gnat2”- mice were obtained from Prof. Jeannie Chen at the University of
Southern California. Wild house mice, obtained from Prof. Tali Kimchi at the Weizmann
Institute of Science [57], were trapped in fields (Idaho, USA) near livestock barns and kept
under laboratory conditions for ten generations as an outbred stock of pathogen-free wild
mice. Mice were kept on a 12:12 h light-dark cycle with free access to food and water. Mice
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of either sex were used. All experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at the Weizmann Institute of Science.

Method Details

Tissue preparation—Mice (4-6 weeks old) were deeply anesthetized with isoflurane and
decapitated. Retinas were isolated under dim red and infra-red (IR) illumination in
oxygenated Ames' medium (Sigma, St. Louis, MO, USA). The orientation of the retinas was
based on landmarks in the choroid, as previously described [58]. For experiments in which
cells were either recorded in the dorsal or ventral retina, the retinas were cut into dorsal and
ventral halves, isolated from the pigment epithelium and mounted photoreceptor side down
over a hole of 1-1.5 mm? on filter paper, centered over the retina piece (GSWP01300,
Merck Millipore, Billerica, MA, USA). Retinas were kept in the dark at room temperature in
Ames' medium bubbled with 95% O,/5% CO, until use (maximum 5 h). For experiments in
which cells were recoded from various locations across the retina, whole retinas were
mounted onto a hydrophilized PTFE membrane insert (PICM01250, Merck Millipore) as
described [59].

Electrophysiology—Retinas were placed under a two-photon microscope (Bruker,
Billerica, MA, USA) equipped with a Mai-Tai laser (Spectra-physics, Santa Clara, CA USA)
and superfused with oxygenated Ames medium at 32-34°C. Identification of and recording
from GFP+ cells was carried out as previously described [58, 60]. In short, GFP+ cells were
identified using the two-photon microscope laser at 920 nm, to avoid bleaching of the
photoreceptors. The inner limiting membrane above the targeted cell was dissected under the
microscope with a glass electrode using IR illumination.

Loose-patch recordings (holding voltage set to “OFF”) were performed with a new glass
electrode (3-5 MQ) filled with Ames' medium. Intracellular voltage-clamp recordings were
carried out using glass electrodes (6—8 MQ) filled with intracellular solution containing (in
mM): CsMeS0O3 110, NaCl 2.8, HEPES 20, EGTA 4, TEA-CI 5, ATP-Mg 4, GTP-Naz 0.3,
C4HgN3Nay,OgP 10 and C16H27N2OBr 5; pH7.35. A giga-Ohm seal was obtained before
breaking in. Data were acquired at 10 kHz and for whole-cell mode filtered at 2 kHz with a
Multiclamp 700B amplifier (Molecular Devices, CA, USA) using pCLAMP 10 recording
software and a Digidata 1550 digitizer (Molecular Devices). For experiments in which
strychnine was used, strychnine (1 pM; Cat# 2785, Tocris, UK) was added to the Ames
solution and perfused for 20 mins prior to recording from tOff-aRGCs.

A maximum of two cells were recorded from each mouse unless specified otherwise.

Light stimuli—Stimuli were generated using Matlab and the Psychophysics Toolbox [61,
62]. For the non-UV light visual stimuli, a white, monochromatic organic light-emitting
display (OLED-XL, 800 x 600 pixel resolution, 85 Hz refresh rate, eMagin, Bellevue, WA,
USA) was used. The spectrum of the OLED is provided in Figure 3B. The display image
was projected through a 20x water-immersion objective (UMPLFLN20xW; Olympus,
Tokyo, Japan), via the side port of the microscope, centered on the soma of the recorded cell,
and focused on the photoreceptor layer. The diameter of the entire display on the retina was
1 mm across. The visual stimulation consisted of grey background for 2 seconds, followed
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by the appearance of a black spot on the grey background, which lasted 2 seconds before the
spot disappeared leaving the same grey background for a further 2 seconds. Weber’s contrast
for the black spot on the grey background was -0.85. The light intensity of the grey screen
was 6.4x10% R*rod-1s™L. For recording in lower light levels, neutral densities 20 and 10
(ThorLabs, Newton, NJ, USA) were added to decrease the light intensity by factors of 102
and 10 without affecting the contrast. In figure 1, we used other visual stimuli that preceded
the stimulus used in this paper.

For UV stimuli, a modified projector (M109s DELL, Austin, TX, USA) containing a UV
LED (NC4U134A, peak wavelength 385 nm; Nichia, Anan, Japan) was used [63]. The
spectrum of the UV light is provided in Figure 3B. The image was projected on to the retina
via the microscope’s condenser and created on the photoreceptors layer using two
converging lenses (LA4372, LA4052; Thorlabs). The cell soma of the recorded cell was
positioned in the center of the visual stimulus. The UV background had a light intensity of
2.8x10%4 R*rod-1s"1. Weber’s contrast for the black spot on the UV background was -0.85.

Intracellular filling and immunofluorescence—Individual tOff-aRGCs were injected
with the fluorophore CF™ 594 (250 uM, SCJ4600029, Sigma) and biocytin (1.5% wiv,
Sigma) in 0.1M Tris-HCI buffer pH 7.4, from sharp glass electrodes (80-200 MQ) using
negative current. Z-stacks of the CF™ 594 filled cells were acquired using the two-photon
microscope laser at 780 nm, and steps of 0.5 pm.

Following filling of cells, retinas were fixed in 4% paraformaldehyde in 0.1M phosphate
buffered saline (PBS) for 1 h, and then washed in PBS (3 times, 20 min). Retinas were
blocked in PBS containing 3% bovine serum albumin and 0.3% Triton X-100 for 1 h, room
temperature. Next, retinas were incubated in primary antibodies (1:300 goat anti-VChAT,
Merck Millipore; 1:200 rabbit anti-opsin, AB5405, Merck Millipore; 1:300 goat anti-
OPN1SW, sc-14363, Santa Cruz Biotechnology, Dallas, TX, USA) diluted in blocking
solution, overnight at 4°C. Retinas were washed in PBS (3 times, 1 hr) and then incubated
with the secondary antibodies (donkey anti-goat Alexa 647, donkey anti-goat Alexa 488,
Jackson ImmunoResearch, West Grove, PA, USA, donkey anti-rabbit Alexa 488, Molecular
Probes, OR, USA) and streptavidin-Alexa 594 (1:400; Molecular Probes) in PBS overnight
at 4°C. Retinas were washed in PBS (3 times, 30 min) and then mounted on glass slides.

Confocal image acquisition was achieved using a laser scanning confocal microscope (Zeiss,
Oberkochen, Germany) equipped with 488, 543, and 633 nm laser lines using ZEN software
(Zeiss). Z-stack images were acquired using a 63x/1.4 Plan Apochromat oil objective with a
step size of 0.25 um. Tiled images of whole retina were acquired using a 20x/1.0 W Plan
Apochromat DIC VIS-IR 75 mm objective. Z-projections and 3D images were reconstructed
using ImageJ software.

Quantification and Statistical Analysis

Data analysis—Electrophysiological data were analyzed offline. For loose-patch clamp
recordings, spike times were extracted after filtration using a 4 pole Butterworth bandpass
filter between 80 and 2000 Hz. Peri-stimulus time histograms (PSTHs) of spiking activity
were calculated from 5 repeats using a bin width of 50 ms. The background activity was
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determined based on the 2 s period of initial grey screen in each trial. This provided the
mean baseline activity and it’s SD. The bin with highest frequency during the black spot
stimulus was used to calculate the maximum response. Response durations were defined
based on the number of all bins during the black spot stimulus whose value exceeded the
mean baseline activity by 3 SDs. For intracellular recordings, traces were averaged across 4
repeats.

Statistical analysis—We used the Wilcoxon rank sum test to compare between dorsal-
and ventral cells for each spot size. Statistical significance was accepted at P<0.05.
Numerical values are presented at mean + standard error of mean (s.e.m.).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dorsal tOff-aRGCs have longer duration responses compared with ventral tOff-
aRGCs.

(A) Diagram illustrating the two different areas of the retina from which dorsal- and ventral-
tOff-aRGCs were recorded. (B) Diagram illustrating some of the light stimuli. (C,D)
Examples of firing patterns from a dorsal-tOff-aRGC (C) and a ventral-tOff-aRGC (D).
Top: example traces for the different corresponding spot sizes shown in B. Middle: Raster
plots showing the spiking activity to the different sized spots for 5 repeat trials. Bottom:
peri-stimulus time histograms (PSTHSs) of the cell’s responses calculated across 5 trails. (E)
Response duration as a function of spot size for dorsal- (green) and ventral- (blue) tOff-
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aRGCs. Error bars represent the mean + s.e.m., n=10 cells for each group. ** P<0.01, spot-
size based comparisons between dorsal- and ventral-tOff-aRGCs according to Wilcoxon
Rank Sum test.

See also Figures S1 and S2.
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Figure 2. tOff-aRGCs gradually change their response properties along the dor sal-ventral axis.
(A,B) Positions of 22 tOff-aRGCs recorded from across the retina. Response durations (A)

and maximal firing rates (B) to a 400 um spot are colored coded. Cardinal axes are marked
in the center. D: dorsal, V: ventral, T: temporal, N: nasal. (C) PSTHs of 3 representative
tOff-aRGCs whose locations are marked in A and B. (D,E) Plot of response duration (D)

and maximal firing rate (E) against position along the ventral-dorsal axis.
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Figure 3. Differential cone activation cannot explain the different length responsesin dorsal- and
ventral-tOff-aRGCs.

(A) Left, an example of a retina immunostained for M (green) and S (magenta) opsin.
Double-headed arrow indicates retinal orientation, D: dorsal, V: ventral, scale bar: 1000 pm.
Right, Quantification of relative M and S opsin expression along the dorsal-ventral axis,
averaged from three mice. (B) Graph showing the absorption spectrum for Rhodopsin, M
and S opsin, and the light spectrum for the OLED (white light stimulus used in this study)
and the UV LED (used exclusively for this figure). (C) PSTHSs for example dorsal-tOff-
aRGC (middle) and ventral-tOff-aRGC (bottom) when a UV light stimulus is used. Top
line illustrates the corresponding spot stimuli. (D) Response duration as a function of spot
size for dorsal- and ventral-tOff-aRGCs, when UV light stimulus is used. Error bars
represent the mean + s.e.m., n=12 cells from 6 retinas for dorsal, n=12 cells from 5 retinas
for ventral, * P<0.05, according to Wilcoxon Rank Sum test.
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Figure 4. Rod input differs between dorsal- and ventral-tOff-aRGCs.
(A) Diagram illustrating the circuit underlying the response in tOff-aRGCs under

pharmacological blockade of glycine. Active pathways are highlighted in orange, inactive in
grey. (B) PSTHs of example dorsal-tOff-aRGC (top) and ventral-tOff-aRGC (bottom) in
the presence of the glycine receptor blocker strychnine (1 uM). (C) Response duration as a
function of spot size for dorsal- and ventral-tOff-aRGCs in the presence of strychnine. n=10
cells from 4 retinas for dorsal, n=10 cells from 3 retinas for ventral. (D) Diagram illustrating
the circuit underlying the response in tOff-aRGCs in gnat2” mice. Active pathways are
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highlighted in orange, inactive in grey. (E) PSTHs of example dorsal-tOff-aRGC (top) and
ventral-tOff-aRGC (bottom) in retinas of gnat2”- mice. (F) Response duration as a function
of spot size for dorsal- and ventral-tOff-aRGCs in retinas of gnat2”- mice. n=5 cells for
each group. Error bars represent the mean £ s.e.m., * P<0.05; ** P<0.01, according to
Wilcoxon Rank Sum test. PR: photoreceptor, OPL.: outer plexiform layer, INL: inner nuclear
layer, IPL: inner plexiform layer, BP: bipolar, CBP: cone bipolar, GJ: gap junction, excit:
excitation, inhib: inhibition.

See also Figure S3.
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Figure5. Excitatory and inhibitory synaptic inputs differ between dor sal- and ventral-tOff-

aRGCs.

(A,B) Current traces of an example dorsal-tOff-aRGC (A) and an example ventral-tOff-

aRGC (B) when held at 0 (red) and -60 (blue) mV. (C,D) Total loss of inhibitory charge (C)
and total gain of excitatory charge (D) during the two second spot presentation as a function
of spot size for dorsal- and ventral-tOff-aRGCs. Error bars represent the mean + s.e.m., n=5
for each group, * P<0.05, ** P<0.01, according to Wilcoxon Rank Sum test.
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Figure 6. Wild mice exhibit dorsal-ventral differencesin tOff-aRGCs response durations that
are similar to Calb2-EGFP mice.

(A,B) Calb2-EGFPretina (A) and a wild mouse retina (B) immunostained for M (green) and
S (magenta) opsin. Double-headed arrow indicates retinal orientation, D: dorsal, V: ventral,
scale bar: 1000 pm. (C-J) Response properties and morphologies of tOff-aRGCs in wild
retinas. (C,F) PSTHSs of an example dorsal-tOff-aRGC (C) and an example ventral-tOff-
aRGC (F) in a wild retina. (D,G) Two-photon z-projection of cells in C and F,
correspondingly. Scale bar: 100 um. (E,H) Stratification pattern of cell in C and F,
correspondingly. Scale bar: 25 pm. ‘OFF’ and ‘ON’ indicate Off and On ChAT bands
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(green). (1,J) Response durations (I) and maximal firing rates (J) as a function of spot size
for dorsal- and ventral-tOff-aRGCs in wild retinas. Error bars represent the mean + s.e.m.,
n=4 for dorsal-tOff-aRGCs, n=6 for ventral-tOff-aRGCs, ** P<0.01, according to
Wilcoxon Rank Sum test.

See also Figure S4.
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