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Retinal ganglion cells (RGCs) typically respond to light stimulation over their spatially
restricted receptive field. Using large-scale recordings in the mouse retina, we show that
a subset of non- direction-selective (DS) RGCs exhibit asymmetric activity, selective to
motion direction, in response to a stimulus crossing an area far beyond the classic recep-
tive field. The extraclassical response arises via inputs from an asymmetric distal zone
and is enhanced by desensitization mechanisms and an inherent DS component, creat-
ing a network of neurons responding to motion toward the optic disc. Pharmacological
manipulations revealed the necessity of glycinergic amacrine cells for this response. Using
in vivo recordings, we identified similar extraclassical responses in lateral geniculate nucleus
neurons, suggesting such non conventional DS information is transferred to downstream
structures. Our results suggest a complex integration of motion direction processing across
the visual field, which arises beyond the classical receptive field boundaries.

extraclassical receptive field | direction selectivity | retinal ganglion cells | lateral geniculate nucleus |
desensitization

The receptive field (RF) of a cell is defined as the region where a stimulus elicits a neuronal
response (1, 2). Retinal ganglion cells (RGCs), the retina’s output neurons, display a
characteristic center-surround RF organization: ON RGCs are excited by light increments
in the center but inhibited by increments in the surround (3, 4). OFF RGCs, excited by
light decrements, display a similar center-surround antagonism. In the classical description,
the center RF aligns with the cell’s dendritic field, while the inhibitory surround extends
beyond, up to several hundred micrometers (5-9).

Decades ago, it was demonstrated that the activity of RGCs could be modulated by
stimuli in the periphery, well beyond the classical RF, even over 1 mm away. This “periphery
effect”, or extraclassical RE, can modulate RGC activity when combined with RF center
stimulation (10-15). Through this effect, an RGC becomes sensitive to both the local
stimulus and the context in which the stimulus is embedded.

While periphery effects were typically revealed by presenting grating patterns over large
areas of the visual field, recent studies using single bars revealed that an RGC can respond
differently to an object based on whether it is presented in its RF center or a distal area
(16, 17). These findings suggested that RGCs can simultaneously encode distinct features
in the classical and extraclassical RFs. Here, we investigated whether the extraclassical RF
contributes to the retina’s well-known computation of motion direction. The direction of
motion is locally encoded by direction-selective (DS) RGCs (DSGCs), which respond
selectively to motion in the preferred direction within their RF (18-21). Other RGC
types with asymmetric dendrites have been reported to exhibit DS responses under specific
stimulus conditions, alongside maintaining robust encoding of different visual features
(22, 23). Here, we show that a subset of non-DSGCs can generate a form of DS response
to a faraway stimulus moving outside their classical RE.

We investigate the mechanisms underlying this asymmetric extraclassical response and
demonstrate that it is not only spatially asymmetric but also selective to the direction of
motion. We then demonstrate it also occurs in lateral geniculate nucleus (LGN) neurons.
Since this response arises from a moving object well before it enters the classical RE, we
speculate that this non conventional DS information may predict object trajectories, poten-
tially compensating for delays in visual processing (e.g., due to phototransduction).

Results

RGCs Respond to Objects Moving Toward the Optic Disc Outside Their Classical RF. We
recorded the light-evoked spiking activity of RGCs from isolated mouse dorsal retinas using
a multielectrode array (MEA). Although a portion of the cells may represent displaced
spiking amacrine cells (24), we refer to all recorded units as RGCs. We presented the retinas
with various visual stimuli, including a full-field spot to determine cells’ polarity preference
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(ON, OFFE or ON-OFF), spatiotemporal white-noise to locate
the cells’ RF and estimate its size, as well as moving gratings and
bars (Fig. 1 A-D). The bar (white on a black background, 900
pum wide) moved at 600 pm/s in 8 directions across the retina. For
each RGC, we estimated the time of the bar’s leading edge entry
into the RF and the trailing edge exit. As expected, cells responded
robustly as the bar crossed their RFs (S Appendix, Fig. S1).
Interestingly, in a subset of RGCs, the moving stimulus evoked
spiking activity while crossing an area outside their classical RF
before the leading edge entered it (Fig. 1D and SI Appendix, Fig. S2
A and B). Defining a circular ring around the classical RF
(SI Appendix, Fig. S2B), we observed asymmetric responses when
the bar approached the RF from one direction (referred to as the
preferred direction, i.e., motion direction that triggers a response
when the stimulus moves through an area beyond the classical RF)
but not from the opposite direction (referred to as the null direction,
i.e., when the stimulus crosses an area beyond the classical R, but
from the opposite side) (Fig. 1E). These responses, emerging before
the bar entered the classical RE are termed PRE responses. We
considered a response as a spatially asymmetric PRE response when
the motion asymmetry index (mAI) exceeded 0.3, the normalized
vectorial summation (NVS) exceeded 0.15, the spike count crossed
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a minimal threshold per repetition, and it passed a permutation
shuffling testc (Materials and Methods). Below, we investigate the
nature and origin of this asymmetric extraclassical response, demon-
strating it is not only spatially asymmetric but often DS.

To ensure that PRE responses emerged in the extraclassical RE
we considered only those responses that occurred before the bar’s
leading edge entered a predefined Central area, which extended
350 pm from the RF center (Materials and Methods). Additionally,
we included only cells with RF centers located at least 450 pm
away from the nearest retinal edge (referred to as Distance,;,).
‘This criterion guaranteed that we considered RGCs, which extr-
aclassical RFs extend within the retinal tissue (S/Appendix,
Fig. S2C). Overall, 12.7 + 2.0% (mean + SEM) of the RGCs
exhibited a PRE response. We explored the spatial extent of the
region that contributed to the PRE response by changing the
Central area size. The portion of PRE RGCs was stable for radii
0f 250 and 350 pm but decreased for larger Central areas, indi-
cating the phenomenon is spatially confined (S/Appendix,
Fig. S2D). Hereafter, we set the Central area radius to 350 pm,
adjusting Distance,;, for each RGC.

The PRE response may result from increased activity in the
preferred direction or reduced activity in the null direction. To
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Fig. 1. RGCsdisplay asymmetric responses to moving stimuli in their extraclassical RF. A-D. Responses of an example ON RGC to various stimuli. (A) Peristimulus
time histogram (PSTH, 5 repetitions, 10 ms bin) to a full-field spot stimulus. (B) Spatial RF from white-noise stimulation. Red and blue indicate ON- and OFF-
responses. Black dots mark MEA electrodes. The red circle outlines a fixed “Central area” (350 pm radius) around the RF center. Retinal edges overlaid. (C) Polar
plot for moving gratings. The bold line represents mean spike count over 4 s duration; thin lines denote single repetitions. (D) Raster plots for a bar moving in
8 directions (4 denoted on the Left). Each line is a trial. Bar's position relative to the RGC's RF center is illustrated above for different time points. Dashed red
lines mark times when the bar's leading/trailing edge enters/exits the Central area in (B). Shaded light green delineates PRE responses. t = 0 s corresponds to
the time when the bar center is aligned with the RF center. (E) Polar plots calculated before the bar enters the Central area (PRE, shaded area in D) and while it
crosses the Central area (black). Notations and coordinates as in (C). The arrow points to the preferred direction, with length representing the mAI (outermost
radius equals 1). (F) Population data (272 cells, 15 experiments) showing the mean firing rate evoked by the bar moving in the preferred direction of the PRE
response vs. baseline firing rate, with the example in A-E marked (white circle). (G) Same as F, except for the null direction of the PRE response. (H) Overlaid RGCs
(2207 cells, gray dots represent the location of recorded RF centers) from both right and left dorsal retinas in the retinal space, with optic disc at (0,0). Arrows
indicate the preferred directions of PRE RGCs. (/) Polar plots of preferred directions from temporal-dorsal (119 cells) and nasal-dorsal (141 cells) regions. Circular
histograms are overlaid. (/) Direction preference circular histograms of PRE RGCs from /. Abbreviations: D, dorsal, N, nasal, V, ventral, T, temporal, indicating
retinal coordinates; PD, preferred direction; ND, null direction; sp, spikes; mAI, motion asymmetry index, NVS, normalized vector sum. (F-G) ***: P < 0.001, ns,
not statistically significant, two-sided Wilcoxon signed-rank test. (/) **: P <0.01, Kuiper two-sample test.
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resolve this, we calculated the mean firing rate of PRE responses
during preferred and null motion and compared them to the base-
line firing rate (Materials and Methods). Our results reveal that the
PRE response primarily derives from enhanced activity in the
preferred direction motion. However, in a subset of cells, we
observed reduced activity in the null direction, suggesting that
inhibition may also contribute to the asymmetric response in these
cells (Fig. 1 Fand G and SI Appendix, Fig. S2E).

The preferred directions of PRE responses pooled across retinas
did not significantly depart from a uniform distribution (Rao’s
spacing test). However, aligning all recorded retinas to the optic
disc (Fig. 1H) revealed differences between the temporal-dorsal
and nasal-dorsal PRE RGCs (119 out of 881 and 141 out of 1089,
representing 13.51 and 12.95% of the total recorded RGCs,
respectively; P < 0.01, Kuiper two-sample test) (Fig. 1 7 and ).
This resulted in a directional bias in PRE responses toward the
optic disc, with mean vectors of 333.5 + 1.3° for temporal-dorsal
and 182.8 + 1.1° for nasal-dorsal populations (mean vector +
standard angular deviation), respectively.

Additional experiments and analyses confirmed the reliability
and robustness of our results. First, we confirmed that the extra-
classical RF responses were not due to spike sorting errors, ruling
out the possibility that the phenomenon we describe here is due
to the grouping of different cells with spatially offsec RF
(Supporting Information text and S/ Appendix, Fig. S1). Second,
we ruled out light aberration as a factor (Supporting Information
text and ST Appendix, Figs. S3 and S4). These results validate that
PRE responses are asymmetric and vary in their preferred direc-
tions according to retinal topography. Thus, PRE responses carry
information about faraway motion direction, specifically from the
periphery to the retina’s center.

Asymmetric PRE Responses Primarily Emerge in Non-DS ON
Sustained RGCs. The relatively high proportion of PRE RGCs in
our recordings suggests this group comprises multiple cell types.
As the example in Fig. 1, asymmetric PRE responses tended to
emerge in non-DSGCs (P <0.05, Fisher exact test; ST Appendix,
Fig. S5A). We then characterized PRE RGCs by their response to
full-field spots and found that PRE responses were predominantly
displayed by ON RGCs (179 out of 272; p < 0.001, ° test;
SI Appendix, Fig. S5 B-E), which presented larger RFs than
average (P < 0.001, Kruskal-Wallis test with Bonferroni post
hoc correction for multiple comparisons; S/ Appendix, Fig. S5F).
Clustering analysis suggests that ON PRE RGC:s fall into five
groups, with a dominance of sustained responses (SI Appendix,
Fig. S5 E, G and H). Referring to the RGC typology project
(rgctypes.org) (25) and response profiles, we suggest that the ON
PRE RGC:s include types like ONa (i.e., M4) (26), M2 (27, 28)
and PixON RGCs (29), which correspond to 8w, 9w, and 9n
RGCs in the EyeWire project (30). Since PRE responses were
predominantly displayed by ON RGCs, we confined subsequent
analyses to ON PRE RGCs.

Flashed Static Bars Reveal the Existence of a Distal “Activation
Zone". A plausible explanation for the appearance of the PRE
response is an asymmetric input from a distal area outside
the classical RE located on the RGC’s preferred side, which
corresponds to the origin of the PRE preferred direction. We term
this asymmetric extraclassical RF the activation zone. To test this,
we flashed stationary bars for 500 ms at different orientations
and locations in a pseudorandom order. These static bars, 300
pm wide, offered higher spatial resolution than the original 900
pm moving bar. For comparison, we also presented moving bars

of the same size. ON PRE RGCs displayed similar directional
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preferences for the 900 and the 300 pm moving bars (Fig. 2 A-D),
with an average preferred direction difference (APD) of - 0.36
+ 9.04° (mean vector + standard angular deviation, n = 108),
showing no deviation from 0° (one-sample test for the mean angle)
(Fig. 2D).

We compared the activity in response to the appearance of the
static flashed bars on the distal preferred side (the hypothesized
activation zone) and on the opposite, null side, using bars oriented
orthogonally to the PRE preferred direction (Fig. 2E and Materials
and Methods). Similar to the example RGC, on average, ON PRE
RGCs showed a significantly higher firing rate for bars flashed on
the preferred side compared to the null side (Fig. 2F, 16.67 + 0.98
vs. 11.61 + 0.72 spikes/s, P < 0.001, two-sided Wilcoxon
signed-rank test; mean + SEM, n = 108). To extend this analysis to
moving bars, we compared the average firing rates on the preferred
and null sides as the bar moved in the PRE response’s preferred
direction. For this purpose, we defined the POST response as the
activity occurring after the bar’s trailing edge left the RGC’s Central
area (8] Appendix, Fig. S2A). In line with the static bars results, ON
PRE RGC:s displayed more significant activity in the preferred side
(PRE PD) than the null side (POST PD) for the 300 pm moving
bar (Fig. 2G, 15.96 + 1.02 vs. 5.07 + 0.51 spikes/s, P < 0.001,
two-sided Wilcoxon signed-rank test; mean + SEM). To quantify
the imbalance in activation between the preferred and null sides,
we compared the asymmetric index for motion vs. static bars (mAI
vs. sAl) (Materials and Methods). Results showed significantly higher
Al values for moving bars, indicating that motion in the activation
zone elicits more robust responses in ON PRE RGC:s (Fig. 2H,
mAI0.52 +0.03 vs. sA10.18 £ 0.02, P < 0.001, two-sided Wilcoxon
signed-rank test; mean + SEM).

The Activation Zone Predicts POST Responses Tuned to the
Opposite Direction. Identifying an asymmetric activation zone
suggested that ON PRE RGCs might also show POST responses
tuned to the opposite direction of motion. This hypothesis arises
because the bar crosses the same area when moving in the PRE
preferred direction before reaching the Central area (leading edge
response) and when moving in the opposite, PRE null direction
(trailing edge response) after leaving the Central area (Fig. 34). To
test this, we calculated the directional tuning of POST responses.

As expected, some ON RGC:s displayed oppositely tuned PRE
and POST responses (Fig. 3 B—E; APD = 176.83 + 37.54°% n = 37
out of 179 ON PRE RGCs, mean vector + standard angular devi-
ation. The mean distribution of the APD did not significantly
differ from 180°, one-sample test for the mean angle). Yet, PRE
and POST responses were imbalanced. First, only a fifth of ON
PRE RGCs exhibited asymmetric POST responses. Although
many PRE RGCs exhibited POST mAI values higher than 0.3,
these responses were inconsistent with low spike counts (Fig. 3F
and Materials and Methods). Second, comparing firing rates in the
activation zone during PRE preferred direction (PRE PD) vs. the
null direction (POST ND) revealed higher activity for PRE PD
motion (Fig. 3G 19.95 + 1.00 spikes/s in PRE PD vs. 6.88 + 0.58
spikes/s in POST ND, P < 0.001, two-sided Wilcoxon signed-rank
test; n = 179, mean + SEM). Thus, while oppositely tuned PRE
and POST responses exist in some cells, additional mechanisms
reduce POST ND responses, generating an asymmetric extraclas-
sical RF that encodes the direction of motion (i.e., imbalanced
evoked responses when the moving stimulus traverses the activation
zone in the two opposite directions).

Desensitization Mechanisms Contribute to the Directional
Responses in the Extraclassical RF. We suspected that
desensitization mechanisms (i.e., reduced RGC responsiveness to
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Fig. 2. Static bars reveal an asymmetric extraclassical RF in ON PRE RGCs. (A and B) As in Fig. 1D for an example ON PRE RGC in response to moving bars
900 pm (A) and 300 pm (B) wide. (C) Polar plots as in Fig. 1€ for 900 pm (Left) and 300 um (Right) bars. (D) Polar plot showing APD for PRE RGCs responding to
900 vs. 300 pm moving bars (108 cells, 9 experiments, green circles). Circular histogram is overlaid; the arrow indicates mean vector. (E) Top: Static bar stimulus
illustration, activation zone asymmetrically located relative to the classical RF. Analysis focused on static bars oriented orthogonally to the preferred-null axis for
each cell. Bottom: Average firing rate (4 repetitions, color map on the Right) of the example RGC in response to a 500 ms static bar (stimulus on the Left). X-axis:
bar’s position relative to RF center (dashed white line); Y-axis: time. Dashed red lines indicate the Central area. Inset: Mean firing rate for all bar positions flashed
in the null side, Central area, and preferred side. The averages across these positions are denoted in black. (F) Top: lllustration of the responses analyzed with
respect to the classical RF. Average responses (as in £, Inset) in the preferred vs. null side for all ON PRE RGCs (108 cells, 9 experiments). (G) Same as F, except
for a bar moving in the preferred direction of the asymmetric PRE response. (H) Comparison of asymmetric index (Al) for moving (mAl) vs. static (sAl) bars. In
F-H, the mean £ STD is shown for both axes, black lines. Abbreviations as in Fig. 1. (F-H) ***P < 0.001 according to the two-sided Wilcoxon signed-rank test.

further stimulation) contribute to the imbalanced responses of
ON PRE RGCs arising in the activation zone during preferred and
null motion. When the bar moves in the PRE preferred direction,
it encounters the activation zone before reaching the RGC’s RE
In the null direction, the bar first strongly activates the RGC via
the classical RF, reducing its subsequent response in the activation
zone. This creates a larger response when the stimulus moves in
the PRE PD than in the POST ND. Based on this hypothesis,
an RGC response in the extraclassical activation zone depends on
prior stimulation.

To validate this hypothesis, we focused on ON PRE RGCs that
presented no asymmetric POST responses (asymmetric PRE-only)
and examined their responses to the appearance of static flashed
bars in their preferred side (i.e., the activation zone). Trials were
grouped based on the location of the static bar in the previous trial.
When the previous bar was presented in the Central area (Fig. 44,
“after Central area stimulation”), we expected a decreased response
in the subsequent trial due to desensitization. Alternatively, we
expected no decrease in the response when the previous bar was
presented neither in the Central area nor in the activation zone
(“no previous stimulation”). In line with our prediction, ON PRE
RGC:s significantly reduced their spiking activity to a stimulus
flashed in the activation zone following Central area stimulation
compared to trials with no previous stimulation (Fig. 44, right;
after Central area stimulation 4.38 + 0.45 spikes/s vs. no previous

https://doi.org/10.1073/pnas.2415223122

stimulation 6.01 + 0.41 spikes/s; P < 0.001, two-sided Wilcoxon
signed-rank test; n = 87, mean + SEM). Thus, while PRE responses
originate from a distal activation zone, their amplitude is modu-
lated by prior activation of the classical RE. Desensitization mech-
anisms reduce POST responses and contribute to generating an
asymmetry with a directional preference that favors objects moving
toward the RGC'’s classical RE.

In a subset of experiments, we assessed how desensitization
contributes to reduced POST responses by masking the Central
area during moving bar stimulation. This isolation of the extra-
classical RF responses prevented classical RF stimulation and sub-
sequent desensitization, allowing a more precise comparison of
PRE and POST responses (Fig. 4B and S/ Appendix, Fig. S6 and
Materials and Methods). As expected, the masking reduced Central
area activity, with ~80% of ON RGCs not presenting an asym-
metric PRE response decreasing their spiking activity by at least
95% (see example in Fig. 4C). Central masking did not affect the
directional preference of ON PRE RGCs (Fig. 4 D and E APD
=2.29 +30.45°; n = 70, mean vectortstandard angular deviation.
The mean distribution of the APD did not significantly differ
from 0°, one-sample test for the mean angle). Interestingly, in the
presence of the central mask, ~50% of ON PRE RGCs showed
more robust PRE responses, which also tended to be more pro-
longed (example in Fig. 4D i and 7i). This suggests that, in the
unmasked condition, the canonical surround inhibits RGC

pnas.org
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POST preferred directions for all ON PRE RGCs with asymmetric POST responses (37 cells, 15 experiments). PRE preferred direction aligned to 0°. Arrow length
indicates POST mAll. (F). PRE and POST mAls, identifying 37 of 179 ON PRE RGCs with asymmetric POST responses (dark green). (G) Population data (179 cells, 15
experiments) showing responses to a moving bar in the PRE PD vs. POST ND over the activation zone (Left: solid arrows depict the analyzed area). The preferred
and null directions are relative to the PRE response. Mean + STD is shown for both axes, black lines. Abbreviations as in Fig. 1. (G) ***: P < 0.001 according to

the two-sided Wilcoxon signed-rank test.

activity, halting PRE PD responses once the bar enters the RE
This mechanism separates classical and extraclassical responses
into two distinct phases. We then compared mean firing rates
evoked by the bar’s leading edge in the activation zone for PRE
PD vs. POST ND in the masked condition. If desensitization
alone underlies the imbalanced PRE PD and POST ND responses,
we expect comparable activity in the activation zone in the two
opposite motion directions. This was not the case: although we
found cells that showed comparable PRE and POST responses
(Fig. 4D i), in ~60% of the cases the activation zone presented
DS-like characteristics (Fig. 4D ii), favoring PRE PD even when
desensitization was prevented (Fig. 4F; PRE PD masked 15.98 +
1.47 spikes/s vs. POST ND masked 10.82 + 1.04 spikes/s; P <
0.05, two-sided Wilcoxon signed-rank test; n = 70, mean + SEM).
The imbalanced activity could not be solely explained by the
mask's partial coverage of the activation zone, as the same mask
was used when the bar was moving in opposite directions. Based
on these findings, we conclude that asymmetric characteristics of
the extraclassical responses in ON PRE RGCs are not merely a
byproduct of the asymmetric activation zone and desensitization
but imply an inherent DS component, i.e., a stronger response to
the preferred direction of motion. This finding is further sup-
ported by the asymmetry between preferred and null side responses
being more prominent for moving than for static stimuli (Fig. 24).

We then used clustering analysis to determine whether specific
ON PRE RGC types are associated with the DS characteristics
of extraclassical responses. Cells were classified into clusters from
SI Appendix, Fig. S5 based on their full-field spot responses
(SI Appendix, Fig. S51). Cluster 4 had the highest proportion of
cells (75%) which showed an inherent DS component in the
activation zone, significantly more than the other clusters
(Fisher’s exact test, P = 0.0136). In contrast, Clusters 3 and 5

PNAS 2025 Vol.122 No.1 2415223122

exhibited only a modest or no difference between PRE PD and
POST ND responses, suggesting their responses primarily rely
on desensitization.

PRE Responses Remain Directionally Tuned Across a Broad
Range of Speeds. The asymmetric PRE response demonstrates
that some RGCs can respond to a moving object before it
enters their RE Such responses may be beneficial to overcome a
known processing delay due to phototransduction and synaptic
transmission (31-33). To test whether PRE responses compensate
for this delay during high-speed motion when the retinal delay
is more prominent, we presented the retina with bars moving at
400, 600 (the original speed), 800, and 1,000 pm/s. Fig. 5 A-C
depicts an example ON RGC that displayed consistent asymmetric
PRE response over all tested speeds. Despite variations in spike
count, the preferred direction, mAI, and tuning width of the PRE
responses were relatively stable (Fig. 5C). To quantify the velocity
preference of the population, PRE responses were aligned to the
PRE preferred direction at 600 pm/s and normalized to the peak
firing rate separately for each speed. Although the number of
spikes elicited by moving bars decreased as speed increased, the
population of ON RGC:s revealed comparable asymmetric PRE
responses across speeds (Fig. 5 D and £; APD=-2.44 + 39.53°,
0.21 + 21.50° and -0.65 + 29.85° for 400, 800, and 1,000 pm/s
compared with the 600 pm/s; ns, nonparametric multisample
test for equal medians; n = 45, mean vector + standard angular
deviation). mAI values only differed slightly at the slowest speed
(Fig. 5F; 0.41 + 0.04, 0.56 + 0.03, 0.51 + 0.03, and 0.52 + 0.04
for 400, 600, 800, and 1,000 pm/s; P < 0.05 for the slowest
speed vs. 600 and 1,000 pm/s, Friedman’s test with Tukey—Kramer
correction; mean + SEM). In line with this result, we also noticed
a significant broadening (NVS) of the PRE response at the slowest
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Wilcoxon signed-rank test.

speed (0.22 £ 0.02, 0.30 + 0.02, 0.28 + 0.02, and 0.31 + 0.02 for
400, 600, 800, and 1,000 pm/s; P < 0.01 for the slowest speed vs.
all, Friedman’s test with Tukey—Kramer correction; mean + SEM).

Glycinergic Amacrine Cells and Gap Junctions Contribute to
PRE Responses. To gain insight into the circuitry underlying
asymmetric PRE responses, we explored the role of glycinergic
amacrine cells. Although typically thought to have narrow processes
(34), these cells may contribute to the distal activation of RGCs
through connections with wide-field amacrine cells (17, 35).
Wide-field amacrine cells, whose processes can span millimeters
in the retina (36-39), may underlie the distal responses. Using
strychnine (1 pM) to block glycine receptors while presenting a
moving bar stimulus, we observed a significant decrease in the
PRE response in ON RGCs (Fig. 6 A-D; 8.09 + 0.85 spikes
before and 3.63 + 1.34 spikes after drug administration in the PRE
preferred direction, respectively; P < 0.05, two-sided Wilcoxon
signed-rank test; n = 15, mean + SEM). Notably, this decrease did

60of 12 https://doi.org/10.1073/pnas.2415223122

not result from an overall reduction in RGCs’ activity, as responses
in the Central area slightly increased (Fig. 6D Bottom; P < 0.05,
two-sided Wilcoxon signed-rank test). We also verified that the
spike shape of recorded cells did not change before and after drug
application (P < 0.001, shuffling analysis; Materials and Methods),
confirming consistent recordings and ruling out erroneous spike
sorting due to the drug.

Wide-field amacrine cells can contribute to the PRE response
not only via glycinergic amacrine cells but also via their electrical
coupling with RGCs (40-43). Blocking gap junctions using MFA
(100 uM) significantly reduced PRE responses (SI Appendix,
Fig. §7) and made ON RGCs responses more transient in the
Central area. This suggests that gap junctions contribute both to
the distal and classical RF responses in ON PRE RGCs
(Discussion).

The model presented in Fig. 6F represents the simplest circuit
based on the observed results: Narrow-field ON glycinergic ama-
crine cells provide an asymmetric tonic inhibition to ON PRE
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spike counts for the example cell, shown by direction and speed. Bottom: Polar plot of normalized responses. The arrows point to the preferred directions and
their length represents the mAl value. Color-coding as in B. (D) Normalized mean+SEM PRE responses across all directions, aligned to the PRE PD at 600 pm/s
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RGCs. Wide-field amacrine cells located in the activation zone
inhibit these glycinergic cells directly or through bipolar cells
(44-46), thereby exciting RGCs via disinhibition. In addition,
wide-field amacrine cells may directly activate ON PRE RGCs
through gap junctions. This circuitry is likely more complex,
involving additional interneurons and other mechanisms enhanc-
ing response asymmetry (i.c., desensitization).

PRE Responses Are Detected in the Visual Thalamus. The
asymmetric PRE response observed in RGCs has been recorded
ex vivo in the isolated retina. To determine whether these responses
are being transferred to downstream retinal targets, we conducted
in vivo experiments in anesthetized head-fixed mice using a
Neuropixels probe and recorded from the LGN of the thalamus, a
primary target of RGC projections (Fig. 7 A and B). LGN neurons’
RFs were identified using white-noise stimulation (Fig. 7C). To
detect asymmetric PRE responses, we presented moving bars.
Cells with RF centers located near the screen edge were excluded
(Materials and Methods and Fig. 7D (left), cells depicted with
a black cross), as this would prevent us from detecting light
responses prior to the bar’s entry to their RFs. Consistent with
our findings in RGCs, we identified LGN neurons exhibiting
PRE asymmetric responses (Fig. 7 E'and F) in both the dorsal and
ventral LGN (dLGN and vLGN) and the intergeniculate leaflet
(IGL) (Fig. 7D). Interestingly, while previous studies suggest that
DSGCs mainly project to the LGN shell (47-49), our results

demonstrate that information about direction of motion could

PNAS 2025 Vol.122 No.1 2415223122

be encoded by neurons in both the dLGN shell and core in their

extraclassical RE.

Discussion

We reveal that a subset of non-DS RGCs in the mouse retina
utilize areas beyond their classical RF boundaries to encode
motion direction. Our results indicate that the PRE response orig-
inates from an asymmetric distal area—the activation zone. The
preferred directions of PRE responses are organized according to
retinal location, revealing an overrepresentation toward the optic
disc. These DS-like distal responses rely on two mechanisms. First,
desensitization weakens the response when the bar moves in the
PRE null direction. Second, the response to stimulation in the
activation zone has an inherent DS component. The asymmetric
PRE response is independent of speed, and pharmacological
manipulations suggest that glycine and potentially electrical cou-
pling contribute to the extraclassical response. Asymmetric PRE
responses were also found in LGN neurons, suggesting transmis-
sion to downstream visual pathways.

Mechanisms Underlying Extraclassical Asymmetric Surround
Responses in RGCs. The asymmetric PRE responses are distinct
from classical surround responses. First, unlike the antagonistic
center-surround RF organization, PRE responses in ON RGCs
have the same ON polarity. Second, they emerge from light
stimulation outside the classical RF of RGCs (>350 pm). PRE
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responses may be related to the periphery effect, where stimulation
in the far periphery can modulate the activity of RGCs (10, 11,
13-15, 50-54). A plausible origin for the periphery effect is wide-
field amacrine cells, whose processes can span a few millimeters
of the retina (36-39, 42, 55). When displaying an asymmetric
origin, such long-range inputs may underlie asymmetric responses.

Although most cells show increased PRE PD activity (Fig. 1F
and SI Appendix, Fig. S2E), a minority (8.1%) exhibit baseline or
lower activity. Thus, the circuitry underlying asymmetric responses
in the extraclassical RF may involve a combination of asymmetric
excitation and symmetric inhibition, in line with the previously
described extraclassical suppression (13-15).

Our pharmacology experiments provide a step toward under-
standing the neuronal circuits connecting the distal wide-field
amacrine cell and ON PRE RGCs. The results suggest a role for
glycinergic amacrine cells and gap junction coupling in this circuit.
Previous studies showed that glycinergic amacrine cells, themselves
inhibited by wide-field amacrine cells, may activate RGCs in
response to a far-away stimulation via disinhibition (17, 35).
Electrical coupling between wide-field amacrine cells and RGCs
was also reported before (40, 42). Particularly, it was shown that
wide-field amacrine cells form gap junctions with M2 RGCs
(56-58), and our examination of the RGC typology project sug-
gested that M2 RGCs (25) belong to the ON PRE RGCs popu-

lation. Nevertheless, we cannot exclude the possibility that gap

https://doi.org/10.1073/pnas.2415223122

junctions contribute to the asymmetric PRE response via other
interneurons (41). In addition, MFA application, did not only
eliminate PRE responses but also significantly reduced center RF
activity. MFA is frequently used to investigate the physiological
functions of electrical synapses and is considered among the more
specific gap junction blockers (59, 60), but these results should
be carefully interpreted, as the locus of MFA activity cannot be
identified and off-target effects cannot be ruled out (61-63).

Desensitization Mechanisms and an Inherent DS Component
Contribute to Extraclassical Responses. Desensitization contributes
to make the response in the activation zone selective to the direction
of motion. Desensitization mechanisms were previously described in
the retina and other sensory systems and may involve desensitization
of receptors, changes in the internal calcium concentration and other
molecular processes (64—68). Using masking experiments (Fig. 4), we
found an inherent DS component in the activation zone’s response
that operates alongside desensitization to support encoding of motion
direction in the extraclassical RE The masking of the center RF
allowed us to better understand the DS nature of the activation
zone. In the unmasked experiments, we compared PRE PD and
POST ND responses, but there is a limitation to this comparison
— the POST response is calculated after the leading edge of the bar
has already traversed a portion of the activation zone (S Appendix,
Fig. S6). Therefore, the time frame during which the POST response
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to the bar’s leading edge occurs was omitted from our analysis. This
exclusion was necessary for the unmasked experiments because it
coincided with the presence of the trailing edge within the classical
RE, making it difficult to isolate the extraclassical response in the
POST period from the classical RF response, especially with wider
bars (Figs. 2&3). Masking experiments avoided this overlap, isolated
the POST response and prevented desensitization, thereby enabling
a balanced comparison. Even in this context, results showed stronger
PRE than POST responses, confirming that the activation zone has
an inherent DS component alongside desensitization. The finding
that the response to stimulation in the activation zone is DS is in
line with previous findings showing that distal inputs from wide-field
amacrine cells may be directionally tuned (69, 70). Interestingly, it
was shown that wide-field amacrine cells are also part of the classic
DS circuit (54, 71-73).

Finally, although asymmetric PRE RGCs differ from classic
DSGCs in their mechanisms and RF characteristics, they too
encode motion direction in the visual field. Notably, even the PRE
& POST RGCs subpopulation may carry information on motion

PNAS 2025 Vol.122 No.1 2415223122

direction when considering the entire trial — the full trajectory of
the moving bar. When an object continuously moves across the
visual field, a response prior to the object’s arrival in the center
RF indicates motion in the PRE preferred direction. A response
elicited after center RF stimulation indicates motion in the PRE
null direction. Thus, the timing of the extraclassical response relative
to the center RF response can provide information about motion
direction.

Extraclassical Responses Across the Visual System. Not exclusive
to the retina, periphery effects, or extraclassical RF, were reported
in other stages of the visual pathway, including the LGN (74—
77) and visual cortices (78-81). Already at the retina level, the
extraclassical RF stimulation has complex effects. It can suppress
or facilitate response to center RF stimulation depending on the
context (10, 11, 13-15). For example, some RGCs respond to
motion in the RF center only if the wider surround does not
move with the same trajectory (50, 54, 82). Periphery stimulation
can also mildly affect RGC activity in the absence of a central

https://doi.org/10.1073/pnas.2415223122 9 of 12
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stimulus (83-89). The complexity of the extraclassical stimulation
effect may emerge from its selectivity to stimulation parameters,
such as orientation, spatial frequency, and speed (87, 90-95). The
periphery effect along the visual system may be attributed to the
retina (96), but additional central mechanisms were suggested to
contribute (97). Our finding that LGN neurons exhibit similar
asymmetric extraclassical responses indicates that it is transferred
to downstream targets. This suggests that various neurons along the
visual pathway, other than the classical DSGCs, may contribute
to the encoding of motion direction.

Comparison to Previous Studies. The surround of RGCs is
typically thought to be symmetric. Yet, prior studies have reported
on asymmetric surrounds in retinal processing. First, it has been
shown that RF structure may vary with retinal topography,
revealing asymmetric surround at the visual horizon to enable
efficient encoding of panoramic natural scenes (98). Additionally,
asymmetric surround inhibition was shown to be critical for DS
responses in noncanonical DSGCs (22, 99). Our findings extend
this concept by demonstrating that the asymmetric surround not
only contributes to DS computations but can operate specifically
within the extraclassical RE.

Unlike prior studies that used linear or radial gratings over large
visual field areas to elicit periphery effects, two recent studies
employed moving bars to uncover extraclassical RF responses. One
study demonstrated that salamander RGCs can encode motion
from a distal bar (16), while another showed that in the rat retina,
distal sensitivity is specific to fast OFF RGCs and emerges from
changes in the bar’s speed (17). Both studies reported distal sen-
sitivity without a directional component. In contrast, our findings
in the mouse retina reveal that sustained ON RGCs exhibit sen-
sitivity to distal motion that is both spatially restricted and DS.
It is plausible that the speed sensitivity observed in rat retinas also
involves a DS component.

Potential Implications of the Asymmetric PRE Response. While
asymmetric PRE responses are generally weaker than Central
responses, they can still convey meaningful information even
at low firing rates. In the visual system, RGC firing rates often
correlate with stimulus intensity, resulting in weaker responses
to dim light (4). Other modalities also show this property. For
example, in large environments, hippocampal place cells’ activity
can vary by tenfold or more (100). In the auditory system, neurons
encode low sound levels via phase-locked responses despite
low firing rates (101). A major implication of the difference
between asymmetric PRE and classical RF response magnitudes
probably emerges during naturalistic stimuli, where classical and
extraclassical RF are simultaneously stimulated. While a stimulus
in the center RF may overrule responses in the extraclassical RE
a distal object can elicit an informative response on the motion
direction in the absence of a preferred stimulus in the center RE

The asymmetric PRE response, whereby stimuli far away from
the classical RF activate RGCs, may complicate the known retino-
topic organization (102). Nevertheless, our data demonstrate that
these responses are more prominent during motion and are
arranged in a centripetal pattern. With the optic disc near the
optic axis (103), this spatial organization aids in detecting moving
objects before they enter the classical RE helping to prioritize
critical visual information. By allowing early motion detection,
this response may overcome the slowness of phototransduction
and synaptic transmission processes, which delay the RGC
response by up to 100 ms, improving real-time responses to rap-
idly moving stimuli and tracking their trajectories. An early antic-
ipation was previously described in various species, where RGCs

https://doi.org/10.1073/pnas.2415223122

respond faster to moving than to flashing objects, enabling neu-
rons to represent the actual position of the moving object accu-
rately (31-33). This anticipation has no directional preference,
although anticipatory mechanisms are also implemented by some
DSGCs (104). Unlike these studies, the asymmetric PRE response
we describe occurs before an object enters the RGC’s RE This
early anticipation may allow downstream structures to overcome
additional accumulating delays along the visual pathway, enabling
mice to better predict and respond to changes in their environ-
ment, which is crucial for survival.

Materials and Methods
Materials availability. This study did not generate new unique reagents.

Experimental Model, Method Details, and Analysis. Experiments were per-
formed on C57BL/6JOlaHsd wildtype mice. All experimental procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) at the
Weizmann Institute of Science. Detailed materials and methods are described
in Supporting Information.

Ex vivo MEA Recordings. Retinal preparation, MEArecordings, and spike sorting
were performed as previously described (105-110). At the end of each experi-
ment, a picture of the recorded retina laying on the electrodes was taken. Retinal
borders and the outline of the recorded region were defined to determine the
distance between the center of each cell's RF and the retinal edges. Visual stimuli
presented during the experiments consisted of (1) a white-noise checkerboard
pattern; (2) a full-field flashed spot; (3) square-wave gratings; (4) a moving bar
at varying speeds. A moving bar was also tested with parallel masks; (5) static
bars. For pharmacology experiments, we used strychnine (1 uM, Sigma-Aldrich
Cat# S0532) or MFA (100 uM, Sigma-Aldrich Cat# M4531).

To quantify extraclassical RF responses, we used a bar stimulus moving across
the retina. RF centers were estimated using the white-noise stimulus, and the
maximum circular area was defined by the minimum distance to retinal edges
(Distance ;). Only cells with a minimum Distance,;, of 450 um were included to
ensure atleasta 100 um annulus for extraclassical RF quantification. The Central
areawas defined as a 350 um radius around the RF center, with responses beyond
this classified as extraclassical.

In vivo Neuropixels Recordings. In vivo recordings and spike sorting were
performed as previously described (106). A Neuropixels 1.0 probe (111) was
inserted to the LGN. Analysis included only units recorded in the dLGN, vLGN, and
IGL. Visual stimuliincluded (1) a white-noise checkerboard and (2) a moving bar.

The PRE response analysis followed the same approach as for the MEA record-
ings, excluding cells near the screen border.

Data, Materials, and Software Availability. MEA data and the code to
produce the figures have been deposited in Zenodo https://doi.org/10.5281/
zen0do.13119490(112). Further information and requests for resources should
be directed to and will be fulfilled by the lead contact, Michal Rivlin (michal.
riviin@weizmann.ac.il).
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Detailed Materials and Methods

EXPERIMENTAL MODEL

Experiments were performed on C57BL/6JOlaHsd wildtype mice (8-20 weeks old, both males and
females). Weaned mice were kept on a 12h/12h light-dark cycle with food and water provided ad libitum.
All experimental procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the Weizmann Institute of Science.

METHOD DETAILS

Retina preparation

Mice were kept under dark-adapted condition for 1 h, then anesthetized with isoflurane (Terrell, Piramal
Critical Care Inc.) and decapitated. Eyes were immediately enucleated and dissected in a Petri dish
containing AMES medium (Sigma, St. Louis, MO, USA) supplemented with 1.9 g/L sodium bicarbonate
equilibrated with carboxygen (95% Oz and 5% CO2). Retinal tissue was isolated under a dissecting
microscope. The orientation of the retina was determined based on landmarks on the choroid (1).
Retinas were either dissected into two halves along the nasal-temporal axis (11 experiments) or kept
whole (6 experiments). Because of asymmetric opsin distribution, with cones in the ventral retina being
more UV sensitive (2), only dorsal retinas, except for an entire one, were recorded. Next, the tissue was
placed on the multi-electrode array (MEA), pre-coated with a poly-D-lysine solution (PDL, 1.0 mg/ml in
H20, Merck-Millipore, Cat# A-003-E) for 1h at RT, with the retinal ganglion cell (RGC) layer facing the
electrodes (3). All procedures were performed in dim red and infrared light, and the room was dark

throughout the experiment.

Ex vivo multielectrode array (MEA) recordings

MEA recordings were conducted on isolated retinas using MEAs of 252 electrodes (MultiChannel
Systems, 30 uym diameter, 100 or 200 ym minimal electrode distance) while projecting light stimuli
focused on the photoreceptor layer, as previously described (4-6). Briefly, the retina was constantly
perfused using a peristaltic pump with an oxygenated bicarbonate-buffered AMES medium at a flow
rate of 3.5 ml/min, and the temperature was maintained at 33.2°C. Data acquisition began 1 h after the
retina was placed in the chamber to allow spike amplitude stabilization. Extracellular voltage signals
were amplified, digitized at 20 kHz, and stored for offline analysis. Spike sorting was performed offline
using Kilosort2.0 (7), followed by manual curation in Phy (8, 9). Only well-separated units with
consistent spike shapes (72 datapoints) and refractory period violations <1% (10) were included. After
each experiment, a picture of the recorded retina laying on the electrodes was taken, and retinal borders
and the outline of the recorded region were defined to determine the distance between each cells’ RF
center and the retinal edges. RF centers from white-noise stimulation in OLED coordinates (see
Analysis of MEA recordings) were mapped onto retinal image coordinates. The retinal edges overlaid

on the MEA are shown for some example cells (Figs. 1B, 3B, S1 and S2). The optic disc position and



nasal-temporal cuts were used to align flat-mounted retinas and map RGCs location to the retinal

coordinate system (Figs. 1H-J).

Visual stimuli used in MEA experiments

Visual stimuli were created in MATLAB (R2018a) using Psychophysics Toolbox (Brainard, 1997; Pelli,
1997) and projected onto photoreceptors via a monochromatic OLED display (eMagin, EMA-100309-
01 SVGA+, 600x800 square pixels, 60 Hz refresh rate) through a telecentric lens (Edmund Optics, 2.0X,
Cat# 58-431). Pixel size on the retina was 7.5 ym, with irradiance ranging from 7.04 R*rod's™ to
2.43x103 rod isomerizations (R*rod's™). Stimuli included: (1) a 15-minute checkerboard white-noise
stimulus consisting of black-and-white squares (100% contrast), 60 um? in size, changing at 30 Hz; (2)
a flashed spot stimulus consisting of 3 s black, 2 s white, and 3 s black was presented over the entire
retina (full-field, radius 1125 pm); (3) square-wave gratings (in all except one experiment) of 100%
contrast and a spatial frequency of 397.5 ym (13.25°) that moved at a speed of 795 um/s (2 Hz, 26.5°/s),
presented in 8 pseudo-random directions; (4) a moving bar stimulus consisting of a white bar (300 or
900 pm width x 2500-3750 pm length, corresponding to 10° or 30° width x 83-125°) on a black
background that moved at a speed of 600 um/s (20°/s) with a 2025-2700 pm (67.5-90°) circular radius
mask, presented in 8 pseudo-random chosen directions, in 45° intervals. The long axis of the bar was
oriented parallel to the direction of movement. The moving bar appeared outside the retina and slid
across it to ensure that neuronal activity was in response to the motion rather than a flash response.
Each trial was preceded by a 500 ms period of the stimulus background, which was used to assess
RGCs’ baseline activity and followed by an additional 500 ms to allow the cell to return to a baseline
state. The same moving bar stimulus (white bar, 900 pm width x 3750 ym length) was repeated in 5
experiments with masks (at background light level; 700 pm width x 2500 um length) oriented parallel to
the moving bar axis (see Fig. 4B). Note that the mask's width is comparable to the Central area size
and each mask orientation was presented in 9 or 13 different positions spaced 200 pm or 300 pym
(center-center) in a pseudorandom order. Same mask locations were chosen for opposite directions. In
6 out of 17 experiments, the bar stimulus (900 pm) was presented at different speeds (400, 600, 800,
and 1000 pum/s). (5) Static 300-um-wide white bars on a black background (250 ms black, 500 ms white,
250 ms black) were presented at locations spaced 75 pym apart across four axes (the same used for
the motion stimuli). Both the direction and the offset were pseudo-random. Stimuli (except for the white

noise) were repeated at least 4 times.

Pharmacology in MEA experiments

Responses to visual stimuli were recorded both without drugs and either with strychnine (1 uM, Sigma-
Aldrich Cat# S0532) or MFA (100 uM, Sigma-Aldrich Cat# M4531) in 4 and 3 experiments, respectively.
Strychnine/MFA was washed in for at least 15/20 min before repeating the visual stimuli again. Solutions

were prepared fresh for each experiment.

In vivo Neuropixels recordings



In vivo recordings and spike sorting were performed as previously described (5). At least three days
before recording, mice underwent acute surgery to implant head bars for head fixation during
electrophysiological recordings. Under isoflurane anesthesia (5% induction and 1.5-2.5% maintenance,
SomnoSuite (Kent Scientific)), the skin was cut away, and a metal frame was glued to the skull and a
craniotomy was prepared to access the LGN. Mice were sedated with an intraperitoneal injection of
Chlorprothixene (Sigma Aldrich), then anesthetized with Urethane (intraperitoneal, Sigma Aldrich) and
maintained at 37°C on a feedback-controlled heating pad. After securing the mouse on a stereotactic
device (Scientifica), the scalp was removed and the brain exposed before inserting a Neuropixels probe
(“Neuropixels 1.0”) (11) through 1-2 mm diameter craniotomy, drilled 2.5-2.7 mm posterior to bregma
and 1.9-2.2 mm lateral, to a depth of 3.7 mm. After reaching the desired depth, the probe was allowed
to settle before starting the recording session, which lasted ~2 h. The probe’s tip was dipped into a 1
ML droplet of CM-Dil to facilitate probe tracking during imaging (see Tissue processing and microscopy
section). A thin layer of paraffin-based transparent ophthalmic ointment was applied (Duratears, Alcon)
to prevent the eyes from drying.

A black curtain was lowered over the rig, keeping the mice in complete darkness except for the visual
stimulus. Neuropixels data were acquired at 30 kHz (spike band) using SpikeGLX
(https://billkarsh.github.io/SpikeGLX) and processed with Kilosort2 to identify spike times and assign
spikes to individual units (7, 12), with subsequent manual curation in Phy (8, 9).

Pupil movement was monitored in head-fixed, anesthetized mice, confirming that the visual stimuli did

not activate the optokinetic reflex or induce pupil movement, consistent with (13).

Visual stimuli used in Neuropixels experiments

Visual stimuli were generated using MATLAB custom scripts based on Psychophysics Toolbox
(Brainard 1997, Pelli 1997), displayed using an LG LCD gamma-corrected monitor (1280 x 720 pixels,
60 Hz refresh rate), positioned 25 cm from the mouse and spanning 137.6° azimuth x 77.4° elevation
of its visual field. Stimuli were presented binocularly. With 1 degree in the visual field covering 30 pm
on the mouse retina, the pixel-to-degree ratio was approximately 9.3. Experiments began with a
receptive field mapping stimulus consisting of a 15-minute checkerboard white-noise stimulus (4.3°
square size, 15 Hz). Next, mice were shown a moving bar stimulus consisting of a white bar (15° width
x 215° length) on a black background, moving through the center of the screen in 8 pseudo-random
directions, in 45° intervals, at 15°/s with an 86° circular mask (corresponding to 450 um bar width

moving at 600 um/s on the retina). Each stimulus was repeated 5 times.

Tissue processing and microscopy

After recording, probes were retracted and mice were deeply anesthetized with a terminal
intraperitoneal injection of pentobarbital (Pentobarbital Sodium, 200 mg/ml, CTS Chemical Industries
Ltd., Kiryat Malachi, Israel), and perfused with phosphate-buffered saline (PBS, Biological Industries
Israel, Cat# 02-023-1A, pH 7.4) and 4% paraformaldehyde (PFA, ChemCruz, Santa Cruz
Biotechnology, Inc., Cat# 30525-89-4). Extracted brains were fixed further in 4% PFA for 24-48 h,

washed in PBS, and sliced (30 pm) using a vibratome (7000 smz-2 Vibratome, Campden Instruments



Ltd.). Slices were mounted onto Superfrost/Plus Microscope Slides (Thermo Scientific), covered with a
coverslip using a Vectashield antifade mounting medium with DAPI (Vector laboratories, H1200). All
brain sections were digitally scanned using Olympus UPlanSApo 10x/0.40 NA objectives on an
Olympus BX61VS slide scanner (Olympus Corporation, Tokyo, Japan). Further image processing was
performed with Fiji software (14). Reconstruction of the fluorescent probe track was obtained in coronal
slices using the SHARP-Track tool (https://github.com/cortex-lab/allenCCF) from (15) and each point
along the probe was translated into the Allen Institute Common Coordinate Framework (CCFv3)
template brain. Each CCFv3 coordinate corresponds to a unique brain region, identified by its structure
acronym (e.g., CA3, TH, fp, efc.). Only units recorded in the dLGN, vLGN, and IGL were used for further

analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of MEA recordings

Full-field spot
To assess RGC polarity preference, an ON-OFF index (OOI) was calculated from responses to a full-

RoN — RoFF

, Where Ron and Rorr represent the spike count during 2 s of light
Ron + RoFF

field spot stimulus: 00I =

ON or OFF, respectively. OOI values range from -1 to 1, with RGCs classified as ON (O0I=-0.3), OFF
(O0I=-0.3), and ON-OFF (-0.3<00I<0.3). The peristimulus-time-histogram (PSTH) was averaged
across repetitions using a bin width of 10 ms. RGCs were identified as transient or sustained based on
response duration, calculated from the number of PSTH bins exceeding the mean baseline firing
ratex3*standard deviations (SDs) following light onset or offset for ON and OFF responses,
respectively. Baseline firing rate was calculated over 60 s before the stimulus. Responses lasting longer
than 500 ms were classified as sustained. ON RGCs were grouped into 5 clusters via principal
component analysis (PCA) followed by k-means clustering of z-scored mean PSTHSs calculated in
response to the full-field spot. Standard response metrics, including baseline activity, peak response,
latency to peak, OOI, response duration and RF diameter (see White-noise) were compared across
clusters (Fig. S5H). A second dataset of ON PRE RGCs recorded while masking the Central area (Fig.
4F) were sorted into the existing clusters from Fig. S5G (Fig. S5I). This classification was based on the
Pearson correlation between each cell response to full-field spot and the mean cluster responses,

assigning cells to the cluster with the highest correlation (4).

White-noise

RGC RF centers were identified from the spike-triggered average (STA) from the white-noise data,
averaging frames within 500 ms (in time steps of 20 ms) before each spike. The frame with the highest
peak-to-peak amplitude was used to fit a 2D Gaussian, defining RF diameter as 2 SDs. The temporal
component (Fig. S5C) was derived by averaging pixel values within the RF center. RGCs were included

if they had a firing rate = 1 Hz, RF diameter <500 ym and a clear negative or positive peak within 250



ms from a spike. For cells not meeting these criteria (22 out of 272 PRE RGCs), RF centers were

assigned to the recording electrode position (see below).

Moving gratings and bars
Direction-selective ganglion cells (DSGCs) were identified using response to moving gratings. A

i6
normalized vector sum (gDSI) was calculated as: gDSI = ZRec]

, Where Rg is the mean spike count

for direction 8 during the stimulus presentation. The preferred direction (PD) corresponded to the angle

Rpp —RnD

, where Rpp
Rpp +RnDp

of the vector sum. The direction-selectivity index (DSI) was calculated as: DSI =

and Rnp are responses in the direction closest to the PD and its opposite, respectively. DSGCs were
defined by gDSI20.15, DSI=0.3 and mean firing rate >1 Hz. Moving bar stimuli produced broader tuning,
classifying 5.0% of RGCs as DSGCs compared to 8.6% with gratings.

Definition and characterization of extraclassical RF responses using moving bar stimuli

To quantify RGC responses in the extraclassical RF, we used a bar appearing outside the retina and
moving across it (Fig. S2A). The MEA technique allowed simultaneous recordings from spatially
distributed neurons (Fig. S1A-Di), so the position of the bar relative to each cell’'s RF was determined.
RF centers were estimated and the maximum circular area was defined by the minimum distance to
retinal edges (Distancemin in Figs. S1A-Di, 2A, C). The distances were calculated by determining the
intersection points between the retinal edges and the path of the bar (leading edge) in each direction
(Fig. S2A). For each cell, spike counts were only considered while the bar moved within retinal edges,
ensuring that the time window was the same across directions. The Central area was defined as the
region within a 350 ym radius from the RF center, with responses beyond this region classified as
extraclassical. Only cells with a minimum Distancemin of 450 pm were included, so the extraclassical
RFs could be quantified over an annulus of at least 100 um. The Central area radius was conservatively
chosen, as it was well beyond the average RF size of RGCs (estimated at 139.4 + 1.9 ym in diameter,
mean + SEM) and exceeds the largest RGC dendritic field radii (16—21). The inclusion criteria resulted
in 90.412.7% of the total recorded cells for the 350 um Central area radius (n=2207; mean+SEM). For
the analysis described in Fig. S2D, we also considered Central areas of 250, 500 and 700 um radii that
resulted in the inclusion of, on average, 95.6+1.7%, 77.314.3% and 52.61+5.2% of the total recorded
cells, respectively (meantSEM).

The bar stimulus was aligned to each cell’s RF center, so the time when the bar center is aligned with
the RF center is defined as O (to in Fig. S2A). Accordingly, the time when the bar’s leading/trailing edge
entered/left the extraclassical annulus (-tex/+tex, respectively; Fig. S2A) were considered for the
analysis. The time when the leading/trailing edge of the bar entered/left the Central area was defined
as -tc/+tc, respectively. PRE and POST responses included spikes occurring between {-tex, -tc} and
{+tc, +tex}, respectively, except for Fig. 4F-D (see below and Fig. S6). PRE and POST responses were
considered asymmetric if NVS=20.15 (calculated as described above for the gDSI, with shuffle
permutation test, 1000 permutations, a=0.05), motion asymmetry index, mAI=0.3 (calculated as

described above for the DSI) and minimum spike thresholds (=3 spikes in half of the trials or 2 spikes



in all trials in 2 directions). Given that cells occupy different positions relative to retinal edges, PRE and
POST responses were calculated using different radii for each RGC. Analysis was repeated with fixed
annulus radii (350-700 ym or 500-700 um) to verify consistency across RGCs. Similarly, we applied
the criterion of including only cells where the annulus was within the retinal edges, resulting in an
average of 66.5+4.7% (meanzSEM) of the total recorded cells.

The correlation between the mean spike shapes of PRE and Central responses was assessed by
calculating the mean correlation coefficient for corresponding pairs. To assess statistical significance,
a shuffling analysis was performed in which the Central response assignments were randomly
permuted 1000 times. For each shuffle, the mean correlation coefficient was recalculated. The p-value
was defined as the proportion of shuffled correlations that were greater than or equal to the observed
mean correlation. Additionally, to verify that pharmacological manipulations (strychnine and MFA) did
not affect spike shape, we performed a similar analysis comparing spikes shape waveforms before and
after drug application.

To exclude light aberration as a cause for extraclassical RF responses, we conducted two sequential
recording sessions. In the first session, we recorded responses to a set of stimuli, including a moving
bar, and identified PRE RGCs. Then, we rotated the MEA by 180° and repeated the recordings to test
whether the PRE PD of extraclassical RF responses remained consistent. We focused on cells
recorded from the same electrodes in both sessions, allowing for a direct comparison before and after
rotation (Fig. S4A).

The PRE- to-Baseline Response Index (PBRI) quantified activity changes for both PRE preferred and

. . . . R -R i . . . .
null directions relative to baseline as: PBRI = —£RE_—baseline Thg rggulting index provided a normalized
RpRE * Rpaseline

measure that ranged from -1 to 1. A positive PBRI indicated increased activity during the PRE response.

Static vs. Moving bar analysis for extraclassical RF responses

For static bars, RGC responses to bars presented orthogonally to the preferred-null axis of the PRE
response (determined from the moving bar stimulus, i.e., the orthogonal orientation of the static bar
closest to PRE PD) were analyzed. Only bar positions outside the Central area and within the retinal

borders were considered in calculating PRE and POST responses. The static asymmetry index (sAl)

Rps — Rns
Rps +Rpns

was calculated as: sAl = , where Rps and Rnsare the mean firing rates for bars on the preferred

and null sides, respectively. Note that Res represents responses from various positions on the preferred
side, which may involve partial coverage of the extraclassical RF, yielding to a weaker mean response.
For moving bars, the PRE and POST PD responses were used to calculate the moving asymmetry
index (mAl). sAl values range from -1 to 1. A value of 1 indicates the presence of an activation zone on
the preferred side, with no response on the null side; 0 indicates symmetric activity, signifying the
absence of an activation zone; and a negative value indicates stronger activity on the null side. To study
RGCs’ desensitization in the activation zone, trials were grouped based on the previous static bar
location: either following Central area stimulation (all static bar orientations) or after random positions

outside the Central area and the activation zone. The response in spikes/s on the preferred side was



calculated by averaging responses from the ‘After Central area stimulation’ and ‘No previous

stimulation’ trials.

Comparison of masked vs. unmasked moving bar responses in extraclassical RF

To compare masked and unmasked moving bar responses in the extraclassical RF, the mask’s position
relative to each cell’'s RF center was determined by its distance to the mask’s longitudinal axis passing
through the center. In some cases, this resulted in an almost perfect match (the mask fully covers the
Central area), while in other cases, the mask was slightly shifted relative to the RF center. Yet, as we
used multiple masks presented at a maximum of 300 um distance (center to center), the offset between
the RF center and the central mask axis was <150 um. The 700 um wide mask covered at least a 200
pum radius from the RF center, fully covering the dendritic field of nearly all RGCs (16—21). Importantly,
the mask was placed symmetrically for opposite directions, ensuring valid comparisons between the
PRE PD and POST ND. PRE extraclassical responses were quantified as described and compared
across conditions. Masking the Central area allowed for more accurate POST response quantification
by capturing the bar’s leading edge response, whereas unmasked trials only included responses after
the trailing edge exited the Central area. PRE and POST responses in the masked condition were

measured as the bar’s leading edge entered and left the extraclassical annulus (Fig. S6).

Analysis of Neuropixels recordings

RFs of LGN cells were calculated based on STA from the white-noise data, similar to RGC RFs. Only
cells with a minimum firing rate of 0.8 Hz, RF diameter <750 ym and a clear peak within 350 ms of a
spike were included. The cell was excluded from the analysis when the RF assessment did not pass
the quality check.

We used moving bars to quantify responses outside the Central area, excluding cells near the screen
border (within 15°, corresponding to 450 um on the retina, comparably to the ex vivo experiments),
ensuring PRE responses were recorded over a minimal distance of 3.3°. The PRE response analysis

followed the same approach as for the MEA recordings.

Statistics

Unless indicated otherwise, statistical parameters are reported in the text and figure legends,
including the exact value of n (number of experiments and cells) and the mean * standard error of the
mean (SEM). Population data in Figs. 1F, G; 2F-H; 3G; 4A, F; 6D are shown as mean + standard
deviation (SD).

To compare differences in paired conditions, the Wilcoxon signed-rank test was used. The Friedman’s
and the Kruskal-Wallis test with Tukey-Kramer/Bonferroni correction were used to compare
differences across groups. To compare differences in fractions, a Chi-square test was used. No
statistical tests were performed to predetermine sample size. All statistical tests were two-sided. The
CircStat toolbox (113) for MATLAB was used for the descriptive and statistical analysis of directional

data.



Statistical significance was accepted at p<0.05. Notation of p-values follows: *p<0.05, **p<0.01,
***p<0.001. The statistical tests were performed using MATLAB 2018b and 2019b (Natick,
Massachusetts: The MathWorks Inc).



Supporting Information text

Validation of PRE responses

We conducted a series of control analyses and experiments to confirm that extraclassical RF activity
was not due to technical issues.

Although unlikely, light projected to one position of the specimen may be reflected to a different location
(due to an air bubble or other distortion), which could lead to misinterpretation of the spatial origin that
drives an RGC response. We excluded this possibility by two means. First, if the phenomenon resulted
from light aberration, we would expect nearby RGCs to respond similarly to the same stimulus outside
their classical RFs. To test this, we examined neuron pairs recorded on the same electrode. Of 169
RGCs showing a PRE response and having at least another RGC recorded on the same electrode (Fig.
S3A), only 31 pairs showed asymmetric PRE responses (APD=0.35+21.6°, mean vector + standard
angular deviation), suggesting that the PRE response is RGC specific rather than due to light aberration
(Fig. S3B). Second, we examined the stability of PRE responses by rotating the retinal specimen while
presenting the same stimulus. If light aberration underlined the PRE response, different retinal areas
would be stimulated before and after the rotation, causing the PRE response to disappear or reverse
after MEA rotation. Instead, ~55% of RGCs maintained their asymmetric PRE responses and directional
tuning (significantly correlated, p=0.48 with p<0.01; APD=-33.7+59.8°, mean vector + standard angular
deviation, n=45. There is not sufficient evidence to reject the hypothesis that the true population mean
is equal to 0°, one-sample test for the mean angle) (Fig. S4, see Materials and Methods). We also
excluded spike sorting errors, i.e., an erroneous grouping of spikes originating from two distal RGCs.
This is unlikely, as two RGCs recorded on the same electrode typically exhibit overlapping RFs,
although an electrode can also record the activity from an axon originating from a distal location.
Comparing waveforms from the Central area and PRE responses, we found highly similar spike shapes,
indicating they originated from the same unit (p<0.001, based on the mean correlation between
corresponding pairs of the PRE and Central mean spike shapes compared to the distribution of shuffled
mean correlations (see Materials and Methods); example mean spike shape for the PRE and Central
spikes in Fig. S1Avi, Avii). Moreover, only cells with <1% refractory period violations, calculated across
the entire experiment, were included (10). Together, we conclude that PRE responses reflect genuine
responses to stimuli outside the classical RF of RGCs.
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Fig. S1. RGCs’ responses to a moving bar stimulus, related to Fig. 1. A. (i) For each RGC,
Distancemin depicted by the black arrow, is defined as the maximal radius around the RF center that is
included within retinal edges (distance from RF center to the closest retinal edge). We only included in
our analysis RGCs with Distancemin > 450 um. The red line depicts the Central area (350 ym radius).
(ii) Peristimulus time histogram (PSTH, 5 repetitions, 10 ms bin) of the RGC in (i) showing its response
to a full-field spot stimulus (indicated above). (iii&iv) Polar plots of the RGC in (i) in response to the
moving bar, calculated before (PRE, light green) and while the bar crossed the Central Area (black).
Bold lines show the mean response and thin lines represent single repetitions. The arrow points to the
preferred direction, and its length represents the motion asymmetry index, mAl (iii), and direction
selectivity index, DSI (iv) (outermost radius equals 1). (v) Raster plots of the example RGC in (i) in
response to a bar moving in 8 directions (4 denoted on the left). Each line is a trial. An illustration of the
bar’s location relative to the RGC’s RF center is illustrated above for different time points. The example
shows that PRE responses emerged before the bar reached the Central area. (vi) The inter-spike-
interval (ISI) calculated across the entire experiment for the RGC in (i). (vii&viii) Spike waveforms
evoked in response to the light stimulation in the PRE (vii) and Central area (viii), respectively. Bold
lines represent the mean, and gray lines represent a random subset of 250 spikes. B, C, D. (i-v) Same
as in Aiv for three RGCs recorded within the same retina: ON RGC (B), ON-OFF DSGC (C), OFF RGC
(D). The examples show that responses were elicited while the bar crossed the RF, with ON RGCs
responding to the leading edge of the white bar, OFF RGCs responding to its trailing edge, and ON-
OFF direction-selective RGCs (DSGCs) responding preferentially to the bar moving in their preferred
direction. Retinal coordinates and scale as in A.

Abbreviations: D, dorsal, N, nasal, V, ventral, T, temporal, indicating the retinal coordinates; sp, spikes.
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Fig. S2. Alignment of RGCs’ responses to a moving bar stimulus: classical and extraclassical
RFs definition, related to Fig. 1. A. Schematic of the moving bar stimulus. The stimulus mask
determines the starting point of the bar outside the retina (to avoid a flash response) at time tstart and its
entry into the Central area depends on the cell’s location in the retinal specimen. Bar starting positions
are depicted by gray dots and their trajectories with a gray line for 8 directions. The image illustrates
the RF of the example PRE RGC from Fig. 1 computed in response to the white-noise stimulation. to,
the time when the center of the bar is aligned to the RF center. The dashed, red circle (radius 350 ym)
delimits the fixed Central area; -tc and +tc define the times when the bar’s leading/trailing edge
reaches/leaves the Central area, respectively. -tex and +texindicate when the bar’s leading/trailing edge
reaches/leaves the extraclassical RF annulus. The extraclassical RF is defined according to the cell
location as the maximal circular area around the RF center included within retinal edges (blue line,
Distancemin). We only included in our analysis RGCs with Distancemin > 450 pm. The intersection points
between the trajectories of the bars (leading edges) and retinal edges are depicted by asterisks. Black
dots represent MEA electrodes. B. Raster plots in response to a bar moving in 8 different directions (4
denoted on the left) of the example RGC in A before aligning the spiking activity to the RGC’s RF center
and trimming spikes that occurred when the stimulus was moving outside retinal edges. Each line is a
trial. An illustration of the bar’s location relative to the RGC’s RF center is presented on top for the nasal
direction for different time points. The time the leading edge of the bar stimulus reaches retinal edges,
or the Central area is depicted in grey and red (dashed lines), respectively. Shaded light green
delineates the time window used to calculate the PRE responses, and its size is determined by
Distancemin. C. The distribution of the Distancemin of all PRE RGCs (272 cells, 15 retinas). The gray
arrow depicts Distancemin of the example RGC. D. Percentages of RGCs presenting an asymmetric
PRE response as a function of Central area size. Each dot represents a retina, and its size correlates
with the number of included cells. The percentage of PRE RGCs is significantly smaller for distances
>700 ym compared to the >250 and >350 pm radii (6.5+2.0% vs. 13.3+£1.8 and 12.7+2.0%, respectively,
meanzSEM). The percentages remained similar when we changed our inclusion criteria to a fixed
extraclassical area for all cells (10.5£1.9% and 6.3+1.8% for an annulus between 350-700 ym and 500-
700 ym around the RF center, respectively; see Materials and Methods). E. PBRI (PRE-to-Baseline
Response Index) calculated in response to the moving bar in the PRE preferred direction (left) and the
null direction (right).

Abbreviations: D, dorsal, N, nasal, V, ventral, T, temporal, indicating the retinal coordinates. (D) *, **:
p<0.05, 0.01, respectively, according to the Kruskal-Wallis test with Tukey-Kramer correction.
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Fig. S3. RGCs presenting or not an asymmetric PRE response recorded on the same electrode,
related to Fig. 1. A. Raster plots of an example PRE RGC in response to a bar moving in 8 directions
(4 denoted on the left in A). Each line is a trial. The red lines confine the time when the bar crosses the
Central area. An illustration of the bar’s location relative to the RGC’s RF center is presented on top. B.
Polar plot of the PRE RGC (from A) calculated before the bar entrance into the Central area (PRE, light
green). The bold line shows the mean response, and the thin lines represent single repetitions. The
arrow points to the preferred direction, and its length represents the mAl. C. Top: As in B in response
to the bar moving within the Central area (black). Retinal coordinates as in B. Bottom: Waveforms of
the spikes evoked in response to the bar stimulus. Bold lines represent the mean, and gray lines
represent a random subset of 250 spikes. D, E. Same as A, C for an RGC not presenting a PRE
response recorded on the same electrode. F Polar plot showing the APD for all pairs of PRE RGCs
recorded on the same electrode (31 pairs, green circles). The circular histogram is overlaid. The arrow
represents the mean vector (outermost radius equals 1).

Abbreviations: D, dorsal, N, nasal, V, ventral, T, temporal, indicating retinal coordinates; sp, spikes;
mAl, motion asymmetry index, NVS, normalized vector sum.
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Fig. S4. Asymmetric PRE responses are maintained after MEA rotation, related to Fig. 1. A. Top:
Schematic representation of the first session, where responses to a moving bar were recorded to
identify PRE RGCs. Bottom: lllustration of the second recording session, showing the 180° rotation of
the MEA. Responses from the same electrode were considered to test the consistency of PRE PD
responses. Gray dots mark MEA electrodes, one example electrode is highlighted in red. B.
Peristimulus time histogram (PSTH, 5 repetitions, 10 ms bin) showing ON response of an example RGC
to a full-field spot stimulus (indicated above). C. RF spatial component of the example RGC in B
computed in response to white-noise stimulation. D. Raster plot of the same RGC responding to a bar
moving in 8 directions (4 are denoted on the left). Each line is a trial. The red lines confine the time
when the bar crosses the Central area. An illustration of the bar’s location relative to the RGC’s RF
center is illustrated above. E-G. Data from B-D repeated after rotating the MEA. Due to the similarity
between the two example RGCs (before and after rotation), recorded from the same electrode, we
suggest this is the same RGC. H. Polar plot of the PRE (top) and Central area (bottom) responses to
the moving bar. The mean responses before and after MEA rotation are shown in continuous and
dashed lines. Arrows point to the preferred directions, and their length represents the mAl (outermost
radius equals 1). I. Polar plot of APD for all PRE RGCs pairs recorded before and after MEA rotation
(45 pairs, 3 experiments, green circles). The circular histogram is overlaid. The arrow represents the
mean vector (outermost radius equals 1).
Abbreviations: D, dorsal, N, nasal, V, ventral, T, temporal, indicating retinal coordinates; sp, spikes;
mAl, motion asymmetry index, NVS, normalized vector sum.
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Fig. S5. Asymmetric PRE responses are observed in non-DS ON sustained RGCs, related to Fig.
1. A. Left: DSI distribution calculated in response to moving gratings in all tested RGCs (gray, 1850
RGCs in total, 15 experiments) and PRE RGCs (green, 244 RGCs). Only 11 (4.5%) of the 243 PRE
RGCs were categorized as DSGCs in response to moving gratings, compared to 158 (8.5%) of the
1850 RGCs in total (p<0.05, Fisher’s exact test). Right: mAl of the PRE response vs. DSI calculated in
response to moving bars in the Central area. Only 1.8% of PRE RGCs are direction-selective to the
moving bar in the Central area. Stimuli are illustrated on top. The dashed gray lines indicate
DSI/mAI=0.3. B. Heatmaps showing responses to a full-field spot stimulus (indicated above) of all RGCs
(left, 1935 RGCs, not presenting asymmetric PRE responses) and PRE RGCs (right, 272 RGCs), sorted
according to their ON-OFF index (OFF, OOI=-0.3; ON, O0I=0.3; ON-OFF, -0.3<00I<0.3). C. Temporal
STA to the white-noise stimulus of PRE RGCs sorted as in B, right. The time below indicates the time
before the spike. D. Top: ON-OFF index distributions calculated in response to the full-field spot
stimulus of all RGCs (gray, 1935 RGCs, OOI=0.20+0.01) and PRE RGCs (green, 272 RGCs,
00I1=0.41+0.03. Bottom: Percentages of ON, ON-OFF, and OFF RGCs in the two populations. x? test.
E. PRE mAl vs. OOI. Only RGCs where the number of spikes in the PRE response crossed a minimal



threshold per repetition are plotted (see Materials and Methods). Cells are color-coded according to the
response duration, and PRE RGCs are encircled by black lines (PRE RGC: 272 out of 1185, 179 of
them are ON cells, and their response duration is 743.3+37.5 ms). Of all 482 ON sustained RGCs, 108
showed an asymmetric PRE response. F. Mean RF diameter distributions for all RGCs (gray, 1770
RGCs, 135.0+0.8 uym), PRE RGCs (green, 250 RGCs, 139.4+1.9 ym), and ON PRE RGCs (orange,
163 out of 250 RGCs, 143.2+2.1 um). Kruskal-Wallis test with Bonferroni post-hoc correction for
multiple comparisons. G. Averaged PSTH (meant SD) of ON PRE RGCs clusters in response to a full-
filed spot stimulus (number of cells per cluster is indicated on the left). The dashed gray line defines
zero activity. H. Distributions of response metrics across ON PRE RGCs clusters. Points are individual
cells. Black diamonds represent the means for each metric. I. Percentage of cells grouped by the
magnitude of the firing rate difference in PRE PD vs. POST ND after masking the Central area per
cluster.

Data are reported as mean+SEM. *, **, ***: p<0.05, 0.01, 0.001, respectively.
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Fig. S6, related to Fig. 4. Alignment of RGC’s responses to the leading/trailing edges of a moving
bar stimulus and definition of the POST response in the masking experiments. A. The moving
bar stimulus was repeated while masking the Central area to avoid desensitization and focus
specifically on responses in the PRE preferred and POST null directions when the stimulus traverses
the activation zone. Gray shades represent the masked area (width 700 um). B. The location of the bar
stimulus showed either over the full extent of the display (top) or masked by an occlude (bottom) for
different time points. While in method I, the POST activity is defined as the response that starts when
the trailing edge of the bar exits the Central area (i), in method Il, the POST activity is calculated,
comparably to the PRE response, as the response evoked by the leading edge of the moving bar (ii).
Note that the calculation of the POST response in method | does not include the response to the bar’s
leading edge. This exclusion is necessary as it overlaps with the trailing edge within the classical
receptive field. The central mask enables the isolation and assessment of the POST response to the
bar’s leading edge (method Il, bottom).
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Fig. S7, related to Fig. 6. Pharmacological manipulations reveal that the extraclassical RF also
relies on gap junctions. A, B. Raster plots of an example cell to bars moving in 8 different directions
before (A) and after (B) MFA application. Notations as in Fig. 6A, B. C. Polar plots of the RGC response
calculated in the PRE (top) and Central (bottom) responses. The mean response is plotted before (light
green/black) and after (coral) MFA application. Notation as in Fig. 6C. D. Spike count during stimulus
presentation in the PRE (top; before and after drug administration 23.91+2.66 and 2.81+0.90 spikes in
the PRE preferred direction, respectively; mean+SEM) and Central area (bottom; before and after drug
administration 77.64+5.07 and 15.38+1.71 spikes, respectively; meantSEM) before and after MFA
application. Mean+STD is shown for both axes, black lines. 39 cells, 3 experiments.

(D) *** p<0.001 according to the two-sided Wilcoxon signed-rank test.
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