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Abstract

The computation performed by a neural circuit depends on how it integrates its input signals
into an output of its own. In the retina, ganglion cells integrate visual information over time,
space, and chromatic channels. Unlike the former two, chromatic integration in the retina is
largely unexplored. Analogous to classical studies of spatial integration, we here studied
chromatic integration in mouse retina by identifying chromatic stimuli for which activation from
one cone type is maximally balanced by deactivation in the other cone type. This revealed
nonlinear chromatic integration in subsets of On, Off, and On-Off ganglion cells. Nonlinear On
cells differed from the other two classes by displaying response suppression rather than
activation under balanced chromatic stimulation. Furthermore, nonlinear chromatic integration
occurs independently of nonlinear spatial integration, depends on inhibitory signals from the
receptive field surround, and may provide information about chromatic boundaries, such as

the skyline in natural scenes.
Introduction

Neurons in sensory systems encode different features of the environment by integrating
signals that are detected in receptor cells. In the visual system, the signal detection occurs in
the photoreceptors, which are distributed over space on the retina and which belong to
different chromatic channels, depending on their spectral sensitivity. Downstream neurons
therefore integrate visual information over time and space as well as over color channels, and
the signal transformations inherent in these integration processes shape the computation and
feature extraction associated with a given neuron. Temporal and spatial signal integration
have been intensively studied in the retina, where they have been linked to phenomena such
as temporal filtering, adaptation, motion detection, and other specific visual functions (Baccus,
2007; Berry et al., 1997; Euler et al., 2002; Gollisch and Meister, 2010; Pillow et al., 2005;
Pillow et al., 2008; Rieke, 2001; Rieke and Schwartz, 1996; Vaney et al., 2012). Studies of
spatial integration, in particular, refined the idea of receptive fields (Barlow, 1953; Hartline,
1938) and later resulted in the distinction of linear and nonlinear spatial integration, as
originally exemplified by the X and Y cells of the cat retina (Enroth-Cugell and Freeman, 1987;
Enroth-Cugell and Robson, 1966; Hochstein and Shapley, 1976). Mechanistic investigations
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of spatial integration then elucidated the role of retinal bipolar cells in shaping signal
transmission through the retina (Bolinger and Gollisch, 2012; Borghuis et al., 2013; Demb et
al., 2001; Schwartz et al.,, 2012; Turner and Rieke, 2016) and helped characterize the
suppressive receptive field surround (Barlow, 1953; Kuffler, 1953; Takeshita and Gollisch,
2014; Turner et al., 2018).

Unlike the temporal and spatial aspects of retinal signal integration, however, the properties
of chromatic integration are largely unknown and direct assessments are lacking. Under
photopic light levels, chromatic signal processing starts at the level of cone photoreceptors
where visual signals are separated into different input channels, based on the wavelength
selectivity of the cones’ opsins. The chromatic signals are transferred to the bipolar cells,
which can sample the signals from different cone types either selectively or non-selectively,
potentially with some bias towards one cone type (Behrens et al., 2016; Breuninger et al.,
2011; Field et al., 2010; Stabio et al., 2018). Little is known about how these cone-selective
and non-selective chromatic signals are integrated by the ganglion cells. So far, chromatic
signal processing has been mostly connected with color-opponent cells, which constitute a
specific subpopulation of ganglion cells (Chang et al., 2013; Dacey, 1996, 1999; Dacey and
Lee, 1994; DeVries et al., 2006; Wiesel and Hubel, 1966; Yin et al., 2006, 2009). But other
types of ganglion cells also combine signals from different chromatic channels and could do
so in different ways, for example, linearly or nonlinearly. Thus, a thorough understanding of
retinal signal integration requires including chromatic integration beyond the studies of color-

opponent cells and approaching it similarly to temporal and spatial integration.

In the present study, we demonstrate how chromatic integration can be investigated in a way
that is conceptually analogous to the classical studies of spatial integration (Enroth-Cugell and
Freeman, 1987; Enroth-Cugell and Robson, 1966; Hochstein and Shapley, 1976). We
measured the linearity and nonlinearity of chromatic integration in the mouse retina through
visual stimuli that simultaneously changed the activation of different cone types in opposite
directions and searched for either response cancellation or robust responses to both reversal
directions of this contrast combination. Responses of retinal ganglion cells recorded with
multielectrode arrays revealed both linear and nonlinear chromatic integration in different cells,
independently of their linear or nonlinear spatial integration. We further found that nonlinear
On and nonlinear Off cells differ systematically in how the nonlinearities affect their responses;
under stimulation that balances the contributions from different cones types, nonlinear Off cells
(as well as nonlinear On-Off cells) are activated, whereas nonlinear On cells are suppressed.
Finally, investigations with localized stimulation and pharmacological intervention indicated
that inhibitory signaling in the receptive field surround creates the nonlinear chromatic

integration in the retina.


https://doi.org/10.1101/2020.06.29.176859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.29.176859; this version posted June 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Results
Color as a dimension of retinal signal integration

Retinal neurons are often functionally characterized by how they integrate input signals over
time and space (Enroth-Cugell and Robson, 1966; Gollisch, 2013; Pillow et al., 2008). Yet, in
addition, retinal neurons must also integrate signals chromatically. Cone photoreceptors
separate light into pathways that represent different wavelengths (colors), and downstream
neurons pool signals from these chromatic channels. The cones in the mouse retina, for
example, have peak sensitivities in the UV and green range. Retinal ganglion cells can
therefore combine signals from UV and green light, and this can occur in a linear or nonlinear
fashion, depending on the characteristics of signal transmission in the corresponding retinal
circuits. To study this chromatic integration, we drew analogies to classical studies of spatial
integration (Enroth-Cugell and Freeman, 1987; Enroth-Cugell and Robson, 1966; Hochstein
and Shapley, 1976). These studies investigated the responses of retinal ganglion cells under
contrast-reversing spatial gratings (or presentation and withdrawal of the grating) and
searched for nulling of responses, that is, no evoked activity for either reversal direction.
Response nulling indicated a cancellation of the activation from luminance increases and
decreases, which is a sign of linear spatial integration, and the corresponding cells were called
X cells. So-called Y cells, on the other hand, displayed increased activity for both reversal

directions, taken as a sign for a lack of cancellation and thus nonlinear integration.

Figure 1 shows that such different response characteristics also occur for chromatic
integration. The two displayed sample cells from mouse retina were both Off cells and
responded with bursts of spikes when either the green or the UV illumination was decreased
(negative contrast; Fig. 1a,b). For a particular contrast combination, however, with decreased
illumination of one color and increased illumination of the other (Fig. 1c), Cell 1 remained silent
regardless of whether green contrast was positive and UV contrast was negative or whether
the contrast-reversed version was applied. Thus, akin to the X cells of spatial integration,
positive and negative activation in the two chromatic channels can cancel each other,
providing evidence of linear chromatic integration by this cell. Cell 2, on the other hand,
displayed vigorous spiking for both of these opposing contrast combinations. Analogous to Y
cells, this cell was therefore activated by contrast-reversed stimuli without cancellation,

indicating nonlinear chromatic integration.
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Fig.1 | Linear and nonlinear chromatic integration in the mouse retina. a, Raster plots of
spike times for two sample Off-type ganglion cells in response to 500-ms presentations
(marked by the yellow shaded areas) of green contrast. Each line is a trial, showing for each
cell spikes from 500 ms prior to stimulus onset until stimulus offset for both positive contrast
(left) and negative contrast (right). Schematic presentations of the chromatic stimulus
components are shown in the column on the right. b, Responses of the same cells to pure
UV stimuli with negative contrast (left) or positive contrast (right). ¢, Responses of the same
cells to a stimulus with simultaneous UV and green contrast of opposing signs (mixing the
pure-color stimuli from a and b in the same column above) and to the contrast-reversed
stimulus. Cell 1 showed cancellation of activation by green and UV contrast (linear chromatic
integration), whereas Cell 2 displayed strong activity for both contrast combinations (nonlinear

chromatic integration).

A chromatic stimulus to identify the balance point of two color channels

Identifying linear and nonlinear chromatic integration as in Figure 1 relies on identifying the
right contrast combination where the two color channels balance each other, leading either to
response cancellation or to equally strong responses for a stimulus and its contrast-reversed
version. To systematically search for this chromatic balance point, we designed a chromatic
integration stimulus with different chromatic contrast combinations of opposite sign that
spanned the range from pure green to pure UV stimulation (Fig. 2a-b). Concretely, we
stimulated the retina with two sets of full-field UV/green stimuli, containing eleven
combinations of green-On-UV-Off and the eleven contrast-reversed combinations,
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respectively (Fig. 2b). Within each of the two stimulus sets, the negative contrast of one color
channel decreased from -20% to 0% (in steps of 2%) while the positive contrast of the other
color channel increased from 0% to 20%. This is analogous to the scenario of spatial
integration measured with a spatial grating where a black/white boundary is shifted across the
receptive field to change the balance of the areas with negative and positive contrast. Based
on these 22 chromatic contrast combinations, we searched for a balance point, which yielded
the same response of a ganglion cell for a green-On-UV-Off stimulus and its contrast-reversed

version.

Responses of mouse retinal ganglion cells were recorded with multielectrode arrays, and
stimuli were delivered via a projection system with two LEDs suited for activating S- and M-
opsins of mouse cone photoreceptors (Supplementary Fig. 1a, b). To focus our investigations
on the integration of signals originating from these two chromatic channels, we used the
method of “silent substitution” (Estevez and Spekreijse, 1982) to present opsin-isolating
stimuli. All color contrast values in this work therefore imply contrast on the level of opsin
activation, with UV contrast standing for S-opsin activation and green contrast for M-opsin

activation.

The 22 contrast combinations were displayed repeatedly in random order for 500 ms each,
separated by 2 seconds of background illumination. Responses were measured as firing rates
after stimulus onset, with background firing rate subtracted (Fig. 2c). For each cell, we then
compared responses for the pairs of contrast-reversed chromatic stimuli (Fig. 2d) and plotted
the extracted firing rates together so that each color combination and its reversed version are
aligned on the same x-axis, as shown in Fig. 2e-f for two sample cells. In the following, we

refer to these displays as chromatic integration curves.

The chromatic integration curves allow easy identification of the balance point as the crossing
point of the two curves. At this point, one chromatic stimulus combination and its contrast-
reversed version induce the same response, indicating balanced input from the two chromatic
channels. Whether the response level at the crossing point is near zero or deviates from zero
is therefore indicative of whether chromatic integration is linear (Fig. 2e) or nonlinear (Fig. 2f),

respectively.
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a, Schematic representation of the

chromatic integration stimulus. 500-ms presentations of opposing contrast of UV and green

were interleaved with 2 seconds of background illumination (gray). b, Schematic depictions of

all contrast combinations used for assessing chromatic integration. The contrast combinations

are arranged into two sets, corresponding to green-On-UV-Off (magenta box, top) and to

green-Off-UV-On (blue box), with pairs of contrast-reversed combinations vertically aligned

and assigned to a stimulus index (1-11). ¢, Response measurements used for constructing

the chromatic integration curves. Spike counts (s) were obtained over a 200-ms window during

stimulation (50-250 ms after stimulus onset), and the background activity (b), measured as
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the spike count during the 200 ms prior to the stimulus, was subtracted (s-b). The yellow bar
shows the stimulus period. d, PSTHs for a sample On cell responding to the contrast
combinations of the chromatic integration stimulus (below: stimulus indices 1-11). e,
Chromatic integration curves for the same cell as in d, surrounded by exemplary raster plots
for some of the contrast combinations. At the balance point, activity is cancelled out, which
indicates linear chromatic integration. f, Same as e, but for a sample Off cell with sizeable
responses at the balance point, which indicates nonlinear chromatic integration. Shaded
regions around the data curves mark the range of mean+SEM.

Distinct patterns of nonlinear chromatic integration in On and Off cells

We recorded the responses of around 2,600 mouse retinal ganglion cells to the chromatic
integration stimulus. Figure 3a-c shows responses of six different ganglion cells to this
stimulus, representative of the range of response patterns that we observed. The first three
examples are Off, On, and On-Off cells that all displayed linear chromatic integration as
evident from the crossing points of the color integration curves near zero (Fig. 3a). This is
reflected in the corresponding PSTHs, where no difference from the background activity is
apparent (Fig. 3d). The other three sample cells are Off, On, and On-Off cells that showed
nonlinear chromatic integration, as their crossing points were offset from zero (Fig. 3b). The
nonlinear Off and On-Off cells displayed increased firing rate at the crossing point (Fig. 3e),
similar to the response of Y cells to reversing gratings. The nonlinear On cell, on the other
hand, showed a different response type with suppressed activity below the baseline at the
crossing point (Fig. 3f).

Beside the linear and nonlinear cells, we found ganglion cells that responded only to UV light
(N=277; about 10% of recorded cells; see Supplementary Fig. 2a-c for examples), to which
we refer as UV-selective cells. Relatedly, previous studies had shown particularly high
sensitivity to UV light for some mouse ganglion cells (Baden et al., 2013; Wang et al., 2011),
although not exclusive selectivity. Furthermore, we found a small population (N=31; about 2%)
of color-opponent cells (see Supplementary Fig. 2b-c for examples). Previous reports with full-
field stimulation had reported similar percentages of cells with chromatic opponency in mouse
retina (Chang et al., 2013; Ekesten and Gouras, 2005) and mouse LGN (Denman et al., 2017).
For these cells, one chromatic integration curve always lay above the other without any
intersection because this chromatic integration curve corresponded to the preferred
opponency (e.g. green-On-UV-Off). For the present study, UV-selective and color-opponent

cells were not the focus, and their properties were therefore not analyzed further.

To quantify the degree of nonlinearity in chromatic integration, we defined a chromatic

nonlinearity index, calculated as an estimated lower bound on the actual response at the
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crossing point, normalized by the maximum overall response of the cell (see Methods). The
index takes values close to zero if activity stays near baseline at the crossing point, whereas
strong responses at the crossing point lead to positive index values and negative indices
indicate response suppression. We found that the nonlinearity indices of all recorded cells
were distributed in a continuous fashion (Supplementary Fig. 2d), with a strong peak around
zero, but extended tails in both directions, in particular towards positive index values. Thus,
the majority of cells have approximately linear chromatic integration, but at both ends of this
continuum, cells with pronounced nonlinear integration can be observed, identified by clear
responses at the crossing point. For further analyses, we selected cells as nonlinear by
applying a threshold of £0.1 on the chromatic nonlinearity index, corresponding to a change
in firing rate at the crossing point of at least 10% of the maximum response. We chose this
threshold ad hoc and based on the distribution of the nonlinearity indices. Note that this
separation of linear and nonlinear integration is not intended to define specific types of
ganglion cells, but rather aimed at simplifying subsequent analyses of the properties of
nonlinear chromatic integration. Based on our defined threshold of nonlinearity indices, about

one third of recorded cells showed nonlinear chromatic integration (Fig. 39g).

Analyzing the population of all recorded cells showed that the difference of having decreased
versus increased activity at the crossing point, as apparent in the examples of Fig. 3b, was a
systematic difference between nonlinear On cells on the one hand and nonlinear Off as well
as On-Off cells on the other hand (cf. Fig. 3e,f). To assess this, we distinguished On, Off, and
On-Off cells by comparing the responses to positive and negative contrast steps in one of the
two color components and defining an On-Off index (see Methods). The identified Off and On-
Off cells had distributions of nonlinearity indices with extended tails towards positive values,
but not negative values, whereas On cells displayed a tail only towards negative values
(Fig. 3h). This means that all nonlinear On cells in our recordings showed activity suppression
for balanced UV and green stimulation with opposing contrast, whereas all nonlinear Off and
nonlinear On-Off cells had increased activity at this balance point. Suppressed activity as
observed for nonlinear On cells requires at least some level of baseline activity, and indeed
nonlinear On cells displayed a significantly higher level of spontaneous activity than linear

cells and other classes of nonlinear cells (Supplementary Fig. 2e).
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Fig. 3 | Different patterns of nonlinear chromatic integration in On and Off cells.
a, Responses of sample linear Off, On, and On-Off cells to the chromatic integration stimulus.
Shaded regions around the curves show mean+SEM. b, Reponses of sample nonlinear Off,
On, and On-Off cells to the chromatic integration stimulus. Note that the nonlinear On cell,

unlike the other two cells, showed activity suppression at the balance point. ¢, PSTHs for the
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six sample cells in a and b for all contrast combinations of the chromatic integration stimulus.
d-f, PSTHSs in response to stimuli near the balance point for a sample linear cell (d), the sample
nonlinear Off cell (e), and the sample nonlinear On cell (f). g, Relative proportions of linear
and nonlinear cells among all the recorded ganglion cells. h, Distributions of chromatic

nonlinearity indices for Off, On, and On-Off cells.

Chromatic integration is independent of spatial integration

Previous studies of spatial integration had shown that many ganglion cells display spatial
nonlinearities (Bolinger and Gollisch, 2012; Borghuis et al., 2013; Demb et al., 1999; Enroth-
Cugell and Robson, 1966; Petrusca et al., 2007). Thus, one may ask whether some ganglion
cells are generally nonlinear for chromatic integration as well as spatial integration whereas
others are generally linear. To test this hypothesis and study the relation between spatial and
chromatic integration, we applied achromatic reversing gratings as typically used to study
spatial integration. Figure 4a-d shows the reversing-grating responses of two chromatically
linear and two chromatically nonlinear Off cells. For both of these chromatic groups, we
observed spatially linear cells (Fig. 4a and 4c) as well as spatially nonlinear cells (Fig. 4b and
4d), as identified by their responses to the two reversal directions of high-frequency gratings.

To quantify the degree of spatial nonlinearity for all cells, we computed a spatial nonlinearity
index from the relative strength of the frequency doubling in the responses to reversing
gratings (see Methods). Plotting the spatial nonlinearity index against the chromatic
nonlinearity index of all recorded cells (Fig. 4e) showed no clear relation between the two
indices, despite a weak, yet significant positive correlation (r=0.15, p=0.018). For example,
among chromatically nonlinear On and Off as well as chromatically linear cells, we found
spatially linear as well as nonlinear cells with similar distributions of spatial nonlinearity indices
(Fig. 4f). The On-Off cells were excluded from this analysis due to ambiguity between their
On-Off characteristics and their linear or nonlinear spatial integration properties. Thus, spatial
and chromatic nonlinear integration are distinct phenomena that occur for largely independent
subsets of ganglion cells. This led us to hypothesize that the mechanism for nonlinear
chromatic integration is different from the one that underlies nonlinear spatial integration,
which results from the nonlinear pooling of excitatory bipolar cell inputs within the ganglion

cell’s receptive field center (Borghuis et al., 2013; Demb et al., 1999; Schwartz et al., 2012).

10


https://doi.org/10.1101/2020.06.29.176859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.29.176859; this version posted June 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Chromatically Linear Green-On-Uv-Off
-8 Green-Off-UV-On

[@) 111 1

| %“Mwﬂ | Wiads s, gl ol ' w

O @ &L @ [

N

Jwﬂui Kﬁbm. mwll w ki 1 s Mw: L.

. | | Chromatically Nonlingar | e 2::2:8;338:

ErERIEE TR TR TR

g | | | ST i
d . |

FD
Q
%@
=
=
B
=
EE
=

1 6 11
Stimulus index

f .
. Linear
° i 182
o b n=
3 4 ! ]
2 ! ' Nonlinear Off
Z ] l
% 3 ]
Q p
g ] n=68
S 2 !
@ i Nonlinear On
= I
21 |
) |
o | n=261 n=T1
-0.5 -0.1 0.1 0.5 0 1 2 3 4 5
Chromatic nonlinearity index Spatial nonlinearity index

Fig. 4 | Chromatic integration is independent of spatial integration. a, Responses of a
chromatically linear cell to reversing grating stimuli of different spatial scales, showing linear
spatial integration. The dashed lines mark the time of the grating reversal. The insets display
the stimulus presented to the cell, together with the 1.5-c contour of the Gaussian fit to the
receptive field (orange ellipse). To the right: the cell’s chromatic integration curves. b, Same
as a, but for a chromatically linear cell that shows nonlinear spatial integration. ¢, Same as a,
but for a chromatically nonlinear cell that shows linear spatial integration. d, Same as a, but

for a chromatically nonlinear cell that shows nonlinear spatial integration. e, Spatial
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nonlinearity indices of all On and Off cells versus their chromatic nonlinearity indices,
displaying only very weak correlation (Pearson correlation coefficient r=0.15, p=0.018, n=261).
Sample cells from a-d are marked by filled circles of corresponding color. f, Distribution of
spatial nonlinearity indices for chromatically linear as well as chromatically nonlinear Off and
On cells.

Nonlinear chromatic integration is reduced under grating stimulation

Spatial integration is traditionally not only analyzed with reversing gratings, but also with
drifting gratings (Demb et al., 1999; Enroth-Cugell and Freeman, 1987; Enroth-Cugell et al.,
1983). Analogously, we aimed at probing chromatic integration with slowly drifting gratings
(1 Hz temporal frequency) for comparison with the results from spatially homogeneous color
combinations. The spatial grating was composed of a sinusoidal UV component and a
sinusoidal green component of same spatial frequency, but phase-shifted by 180°, so that
maximum UV illumination aligned with minimum green illumination and vice versa (Fig. 5a).
Similar to measurements with spatially homogeneous stimuli, we searched for a balance point
by using different contrast combinations (Fig. 5b), ranging for each color from 0% to 20%
(defined as the relative deviation of the peak amplitude of the sinusoid to the mean). The
spatial period of the grating was set to 480 um so that a half period is larger than most
receptive field centers of mouse ganglion cells (Baden et al., 2016). This avoids nonlinear
effects of spatial integration, which influence responses at higher spatial frequencies (Enroth-
Cugell and Robson, 1966, 1984). For chromatically linear cells, we expected that there should
again be a balance point that nullifies responses, whereas chromatically nonlinear cells may
show frequency doubling at the balance point because preferred contrast of either color

channel should modulate the firing rate without cancellation by the other color channel.

To analyze the responses of a ganglion cell to the drifting gratings, we computed a PSTH over
one temporal period for each contrast combination. Figure 5¢ shows PSTHs of three sample
cells, which were classified as chromatically linear, nonlinear On, and nonlinear Off, according
to the analysis of the chromatic integration curves (Fig. 5d, Supplementary Fig. 3a-c for
examples of On-Off cells). Surprisingly, the PSTHs under the drifting gratings displayed quite
similar structure for all three cells, with strongly reduced modulations of firing rate at mixed
green/UV contrast and no indication of frequency doubling. Fourier analysis of the PSTHs
confirmed this. For all three sample cells, the first harmonic, corresponding to the stimulus
frequency, was always larger than the second harmonic (Fig. 5e), thus providing no indication
of nonlinear spectral integration even for the two cells that had clear responses at the balance

point under spatially homogeneous stimulation (Fig. 5d).
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To quantify the occurrence of frequency doubling for each recorded cell as a sign of potential
nonlinear chromatic integration under grating stimulation, we defined a grating nonlinearity
index. Analogous to indices applied to analyzing spatial integration with reversing gratings
(Carcieri et al., 2003; Hochstein and Shapley, 1976; Shapley and Victor, 1979), we used the
signal amplitude of the second harmonic relative to the amplitude of the first. This was taken
at the contrast combination that had the lowest first-harmonic amplitude, which indicates
stimulation near the balance point. Using this measure, we found that chromatically linear and
chromatically nonlinear cells as defined under spatially homogeneous stimulation had similar
distributions of the grating nonlinearity index (Fig. 5f). In fact, for all distinguished
subpopulations of cells, the large majority of grating nonlinearity indices were smaller than
unity, indicating the absence of frequency doubling and thus mostly linear chromatic

integration under this stimulus.

A potential reason for the discrepancy between the chromatic integration under spatially
homogenous and grating stimuli is that the spatially homogeneous stimulus strongly activates
the surround of each ganglion cell’s receptive field. For the grating, on the other hand,
surround activation is likely weaker because, unlike for the receptive field center, there are
multiple spatial grating periods over the surround, leading to at least partial cancellation. Thus,
we hypothesized that nonlinear effects of chromatic integration as observed during spatially

homogeneous stimulation arise from activation of the receptive field surround.
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Fig. 5 | Nonlinear chromatic integration is reduced under grating stimulation. a, Four
sample gratings of the chromatic grating stimulus, showing the green and UV sinusoids in anti-
phase. Below each grating, the contrast over a spatial period is shown for each stimulus frame.
b, Schematic view of all contrast combinations used for the chromatic grating stimulus,
displayed over one spatial period. c, PSTHs over one temporal period for a linear, a nonlinear
Off, and a nonlinear On cell in response to the chromatic grating stimulus. The corresponding
contrast combinations are depicted to the right. d, Chromatic integration curves of the cells
shown in ¢, measured with the spatially homogeneous chromatic integration stimulus. Shaded
regions around the curves show meantSEM. e, Amplitudes of first (F1) and second (F2)
harmonic of the sample cells, obtained from the PSTHs shown in c. f, Distribution of the grating

nonlinearity index for chromatically linear (n=1232) as well as nonlinear Off (n=236), nonlinear
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On (n=87), and nonlinear On-Off (n=406) cells, with the classification obtained from the

spatially homogeneous chromatic integration stimulus.

Reducing surround activation with local stimuli linearizes chromatic integration

To test the hypothesis that activation of the receptive field surround is critical for the
occurrence of nonlinear chromatic integration, we implemented a spatially local version of the
chromatic integration stimulus, which aims at analyzing chromatic integration for a given cell
with stimuli that are roughly restricted to its receptive field center. We therefore presented 500-
ms flashes of local spots of 160 um diameter with the same chromatic contrast combinations
as for the full-field chromatic integration stimulus (Fig. 2b). To cover the entire recording area,
several randomly selected spot locations, separated by at least 320 um, were used at the
same time, each with a randomly selected contrast combination (Fig. 6a). For each recorded
ganglion cell, we then constructed the color integration curves for each spot location and

selected the location that induced the maximum response for further analysis (Fig. 6b).

Sample responses of a linear cell and two nonlinear cells (On and Off, see Supplementary
Fig. 3c-e for On-Off cells) indicate that chromatic integration was generally linear under local
stimulation. Population analysis confirmed this observation. Comparing the nonlinearity
indices of local and global stimulation showed that nonlinear effects of chromatic integration
were strongly reduced for local stimuli (p=2.6x1022 for the population of all nonlinear cells;
Fig. 6f), with only few cells still crossing our threshold of +0.1 for nonlinear chromatic

integration.

The analysis above suggested that activation of the surround is critical to evoke nonlinear
chromatic integration. To gain insight about which chromatic signals were carried by the
receptive field surround at the balance point, we compared the relative sensitivity to UV light
as compared to green light under local and full-field stimulation. This relative UV sensitivity
can be obtained from the contrast values at the crossing point of the chromatic integration
curves (see Methods) because the UV and green stimulus components were equally effective
at this point. Figure 6g shows that going from full-field to local stimulation can considerably
change the relative UV sensitivity. In particular, nonlinear Off and nonlinear On-Off cells
generally were relatively more UV-sensitive under full-field stimulation. This indicates that the
suppressive surround in these cells was relatively more sensitive to green as compared to the
center, thus reducing overall green-sensitivity under full-field stimulation. Similar effects were
also seen for nonlinear On cells, although the effect appears smaller and less clear, owing to
the smaller number of recorded cells. Note, though, that nonlinear On-Off cells also contained
a subset that was more green-sensitive under full-field stimulation; indicating that some of

these cells may also bear a relatively more UV-sensitive suppressive surround.
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Fig. 6 | Nonlinear chromatic integration is linearized under local stimulation.
a, Schematic view of the local chromatic integration stimulus, showing that multiple, spatially
separated locations are stimulated simultaneously with different contrast combinations. Time
courses of displayed contrast for one of the stimulation spots are shown below the frames of
the top row. b, Chromatic integration curves from the responses of a sample cell for the
receptive field center and eight stimulus grid locations around the center. Shaded regions
around the curves show mean+SEM. To the right, the cell’s chromatic integration curve for the

full-field stimulus is shown for comparison (top), and the Gaussian fit to the receptive field
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(orange, 1.5-sigma contour) is displayed relative to the spot locations, with grayscale-encoded
maximum of the local chromatic integration curve. c-e. Chromatic integration curves of a linear
(c), a nonlinear Off (d), and a nonlinear On (e) cell, as determined from the full-field chromatic
integration stimulus. Display style is analogous to the example in b, but the local chromatic
integration curves are only shown for the location selected for analysis. f, Comparison of
chromatic nonlinearity indices between full-field and local stimulation for linear, nonlinear Off,
nonlinear On, and nonlinear On-Off cells. The distributions differ significantly for each of the
nonlinear cell classes (linear cells, p=0.12, nonlinear Off cells, 8.9x10*2, nonlinear On cells,
5.1x10*2, nonlinear On-Off cells, 1.03x10*!, Wilcoxon signed-rank test, Statistics summary:
*** pn<0.001, n.s., not significant). g, Comparison of the relative sensitivity to UV stimuli under

local versus full-field stimulation for the four distinguished cell classes.

GABAergic and glycinergic inhibition are involved in nonlinear chromatic integration

Given the observed role of the receptive field surround in generating nonlinear chromatic
integration, we next probed the role of specific inhibitory interactions. To do so, we repeated
the full-field chromatic integration stimulus in the presence of different bath-applied inhibitory
blockers. We found that gabazine, which blocks GABAAa receptors, brought the chromatic
nonlinearity indices of On, Off, and On-Off cells closer to zero and linearized chromatic
integration in many of these cells (Fig. 7a, d; nonlinear Off cells, p=1.3x10%, n=47; nonlinear
On cells, p=3.9x10*, n=9; nonlinear On-Off cells, p=3.4x107"2, n=71; Wilcoxon signed-rank
test), whereas no effect on the indices was found for linear cells (p=0.63, n=194). Application
of TPMPA, which blocks GABAc receptors, did not affect the chromatic nonlinearity index of
nonlinear Off cells (p=0.07, n=12; Fig. 7b, e), and reduced the indices for nonlinear On-Off
cells (p=2.6x10%, n=66), but did not make these cells completely linear (median nonlinearity
indices: control=0.25, drug=0.18). Only few nonlinear On cells were recorded under TPMPA,
and although all became more linear, the effect was not statistically significant (p=0.12, n=4;
Wilcoxon signed-rank test). Finally, blocking glycinergic inhibition with strychnine (Fig. 7c, f)
had a strong linearizing effect on nonlinear On cells (p=3.4x10*, n=13) and also reduced
nonlinearity indices of nonlinear On-Off cells significantly (p=4.4x10*3, n=89), whereas effects

on nonlinear Off cells were small, though significant (p=0.02, n=23).

These data corroborate the importance of the inhibitory receptive field surround for generating
nonlinear spectral integration. Blocking inhibitory interactions can strongly reduce or abolish
the nonlinear effects. This suggests that amacrine cells are involved in the generation of
nonlinear chromatic integration. Moreover, there seem to be cell-type-specific differences in

the involvement of different inhibitory pathways. For nonlinear Off cells, GABAergic inhibition
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appears most important, whereas chromatic integration in nonlinear On and nonlinear On-Off

cells is also shaped by glycinergic inhibition.
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Fig. 7 | GABAergic and glycinergic inhibitory interactions shape the nonlinearities of
chromatic integration. a, Chromatic integration curves of sample linear, nonlinear Off,
nonlinear On, and nonlinear On-Off cells for full-field stimulation before and during application
of a GABAa blocker (gabazine). b, Same as a, but for the GABAc blocker TPMPA. ¢, Same as
in a and b, but for the glycine blocker strychnine. Shaded regions around the curves show
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mean+SEM. d, Distributions of chromatic nonlinearity indices before and during application of
gabazine. Indices of linear cells remained unchanged, but were strongly reduced for all
nonlinear cell classes (linear cells, p=0.64, n=194, nonlinear Off cells, p=1.3x10%, n=47,
nonlinear On cells, p=3.9x10*4, n=9, nonlinear On-Off cells, p=3.4x101%, n=71). e, Same as d,
but for TPMPA. Only nonlinear On-Off cells displayed a significant effect (linear cells, p=0.78,
n=74, nonlinear Off cells, p=0.07, n=12, nonlinear On cells, p=0.12, n=4, nonlinear On-Off
cells, p=2.6x10°, n=66). f, Same as d and e, but for strychnine. This strongly affected
nonlinear On and nonlinear On-Off cells, and had weaker effects on nonlinear Off and linear
cells (linear cells, p=0.02, n=180, nonlinear Off cells, p=0.02, n=23, nonlinear On cells,
p=3.4x10"%, n=13, nonlinear On-Off cells, p=4.4x10"*, n=89). All statistical comparison are
based on Wilcoxon signed-rank test (statistics summary: *** p<0.001, * p<0.05, n.s., not

significant).

Chromatically nonlinear cells are predominantly localized in the ventral retina

In mouse retina, similar to other rodents, expression of different cone opsins is not uniform,
but displays a spatial gradient across the retina. The ventral retina is dominated by S-opsin
and the dorsal retina by M-opsin (Applebury et al., 2000; Baden et al., 2013). Here, we aimed
at investigating the relation between the chromatic integration properties of ganglion cells and
their location across the ventral-dorsal axis of the mouse retina. To do so, we defined a retinal
midline through the center of mass of all reconstructed receptive fields in our whole-mount
recordings by using the occurrence of UV-selective cells (Supplementary Fig. 2a) to identify
to ventral side of the retina (see Methods). We then measured the relative distance of each
receptive field center to the midline, with negative values for cells on the ventral side. To check
whether our approach to define the ventral retina was consistent with the opsin expression
across the retina, we compared responses to UV and green light and related the relative
chromatic preference of each ganglion cell, quantified by a UV-green index (Denman et al.,
2017), to the cell’s position in the retina. For all the retinas included in this analysis, the defined
ventral-dorsal axis of the retinas was consistent with the gradient of UV-green index values,

showing stronger UV sensitivity in the identified ventral retina.

Figure 8a shows a sample retina together with the layout of recorded receptive fields and
chromatic integration curves for some of the cells. The data demonstrate that chromatically
linear and nonlinear cells were not equally distributed across the retina. Linear cells were
predominantly found in the dorsal part of the retina, whereas nonlinear cells often occurred in
the ventral retina (Fig. 8b and Supplementary Fig. 4). This observation is corroborated by

pooling the data over all analyzed retinas (N=11) and comparing the distributions of linear and
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nonlinear cells along the ventral-dorsal axis (Fig. 8c); the distribution for nonlinear cells is

skewed towards the ventral direction, and the opposite is true for the distribution of linear cells.
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Fig. 8 | Locations and potential functions of chromatically nonlinear cells. a, Image of a
sample retina with ganglion cell receptive fields (ellipses corresponding to 1.5-c contour of
fitted Gaussian with color indicating the UV-green index) and chromatic integration curves for
some of the cells. The labels identify the cells as linear (L...), nonlinear (N...), or UV-selective
(U...) and mark the position of the receptive field on the retina. b, Distances of receptive field
centers to the midline for the retina shown in a. c, Distribution of receptive field distances from
the midline for chromatically nonlinear, linear, and UV-selective cells over all analyzed retinas.
d, Schematic depiction of linear and nonlinear models of chromatic integration. e, Examples
of green (left) and UV (right) channels in natural images. The red circle shows the receptive
field size used in both models. f, Heatmap of response differences from the two models
(nonlinear model minus linear model). Gray points show locations where the modeled
receptive field was partly outside the image range. g, Contrast values for the UV and green
channels along the three columns marked by the dashed lines in e. Arrows point towards
regions of opposite contrast in the two color channels. h, Comparison of the two model
responses to 10,000 randomly selected patches of images in e. The inset shows the same
measurement over the entire contrast range. i, Comparison of midpoints for fitted sigmoids to
the contrast values of the green and UV channels along all columns in the images of e.

Functional consequences of nonlinear chromatic integration

The measured nonlinear chromatic integration should primarily affect responses to stimuli for
which two chromatic signals have opposing contrast. Although this condition is easily met in
the experimental setup, the occurrence in natural scenes is unclear. To test what the effects
may be for the encoding of natural scenes, we built simple models of linear and nonlinear
chromatic integration and passed colored images of natural scenes through each model
(Fig. 8d). For concreteness, we simulated nonlinear chromatic integration by filtering the green
and UV components of the images separately with Off-type Gaussian receptive fields and
combining the two resulting signals after half-wave rectification (Fig. 8d). This
phenomenological model captures the elicited activity under stimuli with opposing contrast in
green and UV illumination in a generic fashion without the need to specify a particular circuit
mechanism. For comparison, we simulated chromatically linear cells with the same structure,

but without the rectification of the two chromatic signals (Fig. 8d).

As input, we took images from a database (Differt and Moller, 2015, 2016) of natural scenes
with separate UV and green color channels (Fig. 8e), and converted the pixel intensities to
Weber contrast for each color channel. For each image, we randomly selected 10,000 patches
to examine where the response of the nonlinear model differed from that of the linear model

(Fig. 8f, h). For many patches, the two models yielded identical responses, as expected when
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green and UV contrast had the same sign. For some patches, however, in particular along the
separation of sky and foreground, the nonlinear model displayed a distinctly stronger

response.

In order to understand how the skyline is marked by nonlinear chromatic integration, we
inspected the contrast signals in the UV and green channels along vertical lines in the image
(Fig. 8g). When transitioning from the bright sky down to the dimmer foreground, both contrast
signals drop from positive to negative values, but the UV signhal does so earlier (Fig. 8i), likely
because of stronger reflectance of green light from the foliage whereas UV light is effectively
blocked. This leads to a transition zone with opposing contrast of UV and green, and the
resulting higher activity of chromatically nonlinear cells as compared to linear cells in this

region could help detect the skyline for spatial orientation.

Discussion

Nonlinear signal integration across time and space plays an essential role in different
computational functions of the retina (Gollisch and Meister, 2010; Kastner and Baccus, 2014;
Roska and Meister, 2014). In addition, retinal ganglion cells also integrate signals along the
chromatic dimension. To study chromatic integration, we designed a novel stimulus (Fig. 1)
by showing series of opposing contrasts of UV and green colors and searched for a balance
point in responses of ganglion cells to one contrast combination and its reversed version
(Fig. 2). We found chromatically linear cells that did not respond at the balance point and
nonlinear cells that responded strongly to the stimuli presented at the balance point (Fig. 3).
A striking pattern among nonlinear cells was that Off and On-Off cells showed positive
responses at the balance point, whereas On cells displayed response suppression.
Furthermore, nonlinear chromatic integration occurred independently of nonlinear spatial
integration (Fig. 4) and depended on stimulation of the inhibitory receptive field surround, as
gratings (Fig. 5), local stimuli (Fig. 6), and certain inhibition blockers (Fig. 7) linearized
responses. Finally, we showed that chromatically nonlinear cells are predominantly located in
the ventral retina and may aid detection of the skyline where green and UV light occur with

opposing contrast (Fig. 8).

A central observation was the difference in the activity of nonlinear On versus Off and On-Off
cells at the balance point. The increased firing rates in nonlinear Off and On-Off cells is
reminiscent of the characteristic responses of spatially nonlinear Y cells under reversing
gratings, but the suppressed responses of nonlinear On cells represent a novel signature. The
consistency with which these patterns were observed (all of 112 nonlinear On cells showed
response suppression at the balance point and all of 260 nonlinear Off and 457 On-Off cells

showed increased activity) suggests that this is a highly specific property, presumably because
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the chromatically nonlinear cells comprise specific subtypes of ganglion cells and likely only
few (perhaps a single type at least for the rare nonlinear On cells). Despite the hypothesis that
nonlinear chromatic integration is cell-type specific, the measured chromatic nonlinearity
indices did not fall into discrete groups, but formed a continuum, reminiscent of
characterizations of spatial integration (Carcieri et al., 2003; Mani and Schwartz, 2017).
Experimental variability likely is a factor here, but other contributions could come from
variability of nonlinear effects within cell types. For example, the limited range of contrast
values tested here may not have effectively activated the surround of all cells.

Unlike the frequently observed nonlinear spatial integration in mouse retinal ganglion cells
(Carcieri et al., 2003; Mani and Schwartz, 2017), nonlinear chromatic integration only occurred
in a minority of our recorded cells, and even these became linear when stimulation was
restricted to the receptive field center. A potential explanation of the abundance of linear
chromatic integration could be that the integration starts already at the level of photoreceptors.
Many photoreceptors in the mouse retina co-express S- and M-opsins (Applebury et al., 2000),
and the two opsin-mediated signals should linearly combine. In addition, cone photoreceptor
signals are thought to be linearly integrated by postsynaptic bipolar cells (Borghuis et al.,
2013), and the majority of the bipolar cells in the mouse retina receive mixed inputs from the
different cone types (Behrens et al., 2016; Breuninger et al., 2011), providing another level of
linearization of chromatic integration. Note, however, that there are also exceptions within the
mouse retinal circuitry. Some fraction of cones exclusively expresses S-opsins, and the so-
called type-9 bipolar cell, an On-type cell, collects signals exclusively from these pure S-cones
(Haverkamp et al., 2005). Conversely, type-1 bipolar cells, which are Off-type, primarily
sample M-cone input (Behrens et al., 2016; Breuninger et al., 2011), making them particularly
sensitive to green or even green-selective, at least in the dorsal retina. These bipolar cells are
therefore good candidates for carrying color-specific signals to the inner retina where nonlinear
chromatic integration may then occur in the interactions with amacrine and ganglion cells.
Another color-specific contribution could also come from rod bipolar cells, which — following
the chromatic sensitivity profile of rods, their primary inputs — may provide green-sensitive

signals even for photopic stimulus conditions (Tikidji-Hamburyan et al., 2017).

How exactly these color-sensitive signals are nonlinearly combined by some ganglion cells is
an intriguing question about which we can only speculate at the moment. Yet, the nonlinearity
appears to rely on inhibitory amacrine cells in the receptive field surround, as indicated by the
linearization under local stimulation and pharmacological blockers of the inhibition. The crucial
role of inhibition also fits well to the observation of activity suppression at the balance point in
chromatically nonlinear On cells. This might be produced, for example, by a chromatically
nonlinear amacrine cell, which provides inhibition while linear center excitation cancels out at

the balance point. Alternatively, the amacrine cell might also be chromatically linear, yet
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interact nonlinearly with the ganglion cell, which could lead to extra inhibition near the balance
point if the amacrine cell has a different relative UV/green sensitivity (i.e. has itself a different
balance point) than the receptive field center. The latter scenario is in line with our observation
that most nonlinear cells appear to have a suppressive surround that is more green-sensitive
than the center (Fig. 6g). Thus, for the chromatically nonlinear On cells, nonlinear and green-
sensitive surround suppression could come from amacrine cells that receive green-sensitive
On-type signals from rod-bipolar cells, similar to other suggested circuits of color processing
(Joesch and Meister, 2016; Szatko et al., 2019).

Compared to the response suppression of chromatically nonlinear On cells, the increased
activity of nonlinear Off (and On-Off) cells at the balance point appears more difficult to explain
through a mechanism that is based on the inhibitory surround. If center stimulation alone leads
to no evoked activity at the balance point, adding inhibitory input from the surround should not
lead to increased activity. This holds even if the balance point shifts when going from local to
global stimulation, as on each side of the balance point, one of the two local chromatic
integration curves should be at or below zero activity. Thus, the surround should contribute an
excitatory component, which then takes part in generating the nonlinear chromatic integration.
Although there are many circuit motives that could provide such a signal (e.g., lateral excitation
through glutamatergic amacrine cells (Lee et al., 2014)), a parsimonious explanation can be
given by a serial-inhibition circuit that involves the same inhibitory green-sensitive On-type
signal that we hypothesized for the chromatically nonlinear On cells. If this On-type inhibition,
for example, acts on amacrine cells in the receptive field surround of a ganglion cell, the
surround’s sensitivity will be biased towards a green Off signal, as required to explain the
ganglion cell’s sensitivity shift towards UV under global stimulation (Fig. 6g). And nonlinear
signal transmission along this serial inhibition to the ganglion cell would create nonlinear

chromatic integration by the ganglion cell.

Functionally, comparison of relative intensities of UV and green light may provide an important
navigational signal and is used by insects such as ants to detect salient features of the
environment like the skyline for visual navigation (Cheng and Freas, 2015; Moller, 2002;
Wystrach and Graham, 2012; Zeil, 2012). Our model analysis of responses to natural images
showed that chromatically nonlinear cells may contribute to this skyline detection in the mouse.
Fittingly, these cells are predominantly located in the ventral retina, where they receive visual
signals from the skyline above the vegetation, which may aid the control of gaze direction for
alignment with the horizontal plane (Meyer et al., 2020) and for a continuous monitoring of the

overhead space (Wallace et al., 2013).

Finally, many standard models of visual responses in retinal ganglion cells assume linear
receptive fields and thus linear integration of visual signals. Yet, recent studies have

emphasized the importance of incorporating nonlinear signal integration, in particular
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nonlinear spatial integration, to predict the responses of ganglion cells to natural stimuli
(Heitman et al., 2016; Liu et al., 2017; Shah et al., 2020; Turner and Rieke, 2016; Turner et
al., 2018). Commonly, such models are fitted to responses from achromatic (grayscale)
stimuli, and it will be interesting to explore how to include nonlinear chromatic integration for

predicting response to chromatic stimuli.

Material and Methods
Tissue preparation and electrophysiology

We used retinas of adult wild-type mice (C57BL/6; aged 8-13 weeks) of either sex. All the
experiments and procedures conformed to national and institutional guidelines and were
approved by the institutional animal care committee of the University Medical Center Géttingen
(protocol number T11/35). Before experiments, mice were dark-adapted for at least 1 hour,
and after dark adaptation, they were euthanized by cervical dislocation. The eyes were
removed quickly and transferred to a chamber with oxygenated (95% O2 and 5% CO2) Ames’
medium (Sigma-Aldrich, Munich, Germany), buffered with 22 mM NaHCO3 (to maintain pH of
7.4) and supplemented with 6 mM D-glucose. The eyes were dissected and the cornea, lens,
and vitreous humor were carefully removed for direct access to the retina. The retina was then
isolated from the pigment epithelium and transferred to a multi-electrode array (MultiChannel
Systems, Reutlingen, Germany; 252-electrode planar or 60-electrode perforated arrays,
30 pm electrode diameter, and 100 or 200 pm minimum electrode spacing). During the
recording, the retina was constantly perfused with the oxygenated Ames’ medium (5-6 ml/min),
and the temperature of the recording chamber was kept constant around 32-34°C, using an
inline heater (PHO1, MultiChannel Systems, Reutlingen, Germany) and a heating element
below the array. In some experiments, the retina was dissected into two halves, and only one
half of the retina was mounted on the multi-electrode array. The remaining retina pieces were
stored in a chamber perfused with oxygenated Ames’ medium for later recordings. All the
experiments and tissue preparations were done in a dark room. The retina preparations were

performed under infrared illumination with a stereomicroscope equipped with night-vision

goggles.

The signals from the ganglion cells were amplified, band-pass-filtered (300 Hz to 5 kHz) and
stored digitally at 25 kHz (60-electrode arrays) or 10 kHz (252-electrode arrays). A custom-
made spike sorting program based on a Gaussian mixture model and an expectation-
maximization algorithm (Pouzat et al., 2002) was used to extract the spikes from the recorded
voltage traces. Only units with clear refractory period and a well-separated cluster of voltage
traces were included in the final analysis. In total, 2585 ganglion cells from 23 retinas of 15

mice were used in the analysis.
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Ventral-dorsal orientation of the mouse retina

We determined the ventral-dorsal axis by using the location of the UV-selective cells, which
are thought to occur mainly in the ventral retina. For this analysis, we only included whole-
mount retinas with recovered receptive fields that ranged across the entire retina and with at
least 3 UV-selective cells (11 out of 23). We first defined a center of the retina by calculating
the center of mass for all recorded receptive fields. We then determined a midline that passed
through the center so that most UV-selective cells lay on one side (ventral side) with maximal
distance from the line. Concretely, the angle of the midline was chosen so that the ratio
between the mean signed distance of receptive field centers to the line and the standard
deviation of the distances was maximal. For further analysis, we measured the distance of
each receptive field center to the midline in order to compare the distribution of distances for

chromatically linear and nonlinear cells.

We also checked the orientation of the retina by identifying landmarks in the choroid of the
mouse eye (Wei et al., 2010) during retina preparation and, in some experiments, by making
a burn-mark on the outer surface of the eye before enucleation and using this to mark the
ventral-dorsal axis of retina. These alternative procedures to determine retina orientation
roughly agreed with our method of using UV-selective cells, but were not always
unambiguously identifiable (2 retinas) under the illumination conditions during our preparation

procedure.

For visualization of receptive fields with respect to the location on the retina (Fig. 8a and
Supplementary Fig. 4a), a picture of the recorded retina was taken at the end of each
experiment with a microscope camera. The receptive field centers were aligned to the retina
pictures with a Procrustes analysis (using the Matlab procedure “procrustes”), which mapped
receptive field outlines (given in coordinates of the stimulation screen, as obtained from the
spike-triggered average) onto the pixel coordinates of the retina image. To do so, the position
coordinates of the electrodes in the image were identified by marking the outline of the
recording area with a rectangular region of interest on the image, and each recorded ganglion
cell was associated with the electrode position that carried the primary signal of the cell.
Receptive field center points (in units of pixels of the stimulus screen) and corresponding
electrode positions (in units of image pixels in the region of interest) were gathered in the rows
of two matrices X and Y, respectively, whose two columns contained the two spatial
coordinates. The Procrustes analysis then determined the transformation Z = bXT + ¢ that
maps the receptive field coordinates X into corresponding image coordinates, where b is a
scaling factor, T is an orthogonal rotation matrix, and ¢ is a matrix with constant entries in each
column to shift all receptive fields together. These parameters were optimized by minimizing

the least-squares difference between transformed receptive field centers Z and corresponding
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electrode positions Y, and the obtained transformation was used to plot receptive field outlines

onto the images.
Pharmacology

All applied pharmacological drugs were prepared freshly from stock solutions for each
experiment. The drugs were diluted in oxygenated Ames’ medium (see above) and bath-
applied to the retina. Recordings were resumed after 10 to 15 minutes. The following
concentration of the drugs were used: either 5 or 10 uM GABAzine (SR95531; Sigma-Aldrich),
50 uM TPMPA ((1,2,5,6-tetrahydro-pyridine-4-yl) methylphosphinic acid; Sigma-Aldrich) and
either 0.5 or 1 uM of strychnine (Sigma-Aldrich).

Light stimulation

Visual stimuli were generated and controlled through a custom-made software, written in C++
and using the OpenGL library. Dichromatic light stimuli were displayed with custom-built
green-UV projectors. The projectors were modified versions of DLP lightcrafter projectors
(evaluation module (EVM), 864 x 480 pixels, Texas Instruments Company, USA), where the
blue LED was replaced by a UV LED (peak, 365 nm, Nichia NCSU276A, Nichia Japan). The
stimuli were gamma-corrected, de-magnified (8 um pixel size on the retina) and displayed by

the projector at 60 Hz onto the photoreceptor layer of the retina.

For calibration of the display, the intensity of the projector was measured using a photodiode
amplifier (PDA-750 Photodiode Transimpedance Amplifier, Tetrahertz Technologies Inc.,
USA), and the spectrum of each LED was measured with a spectrometer (CCS200 Thorlabs,
USA). Photoreceptor isomerization rates were calculated using the relative sensitivity of the
mouse opsins obtained from the known opsin sensitivity profiles (Govardovskii et al., 2000;
Wang et al., 2011), the measured LED spectra (Supplementary Fig. 1b), and estimates of
photoreceptors dimensions and pigment densities available as part of the Psychophysics
Toolbox (Brainard, 1997). Experiments were performed using two projector systems with
slightly different brightness values. At mean brightness, the irradiance from the UV LEDs of
two setups used in the experiments was 2.78 and 3.27 mW/m?, respectively. This led to ~2100
and ~2500 isomerizations per S-cone per second and ~950 and ~1100 co-isomerizations per
M-cone per second. Irradiance of the green LEDs at mean brightness was 1.26 and
1.36 mW/m?, causing ~2400 and ~2500 isomerizations per M-cone per second and negligible
(fewer than 10) co-isomerizations per S-cone per second. The overall rod isomerizations were
=20000 per rod per second at mean intensity level, using both light sources together. All
applied monochromatic stimuli, such as reversing gratings and spatio-temporal white noise,
used both LEDs with the same mean brightness values as stated above and jointly modulated

over space and time with identical contrast values.

Opsin-isolating stimuli
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In order to apply chromatic stimuli that activate S- and M-opsins independently and
compensate for their co-activation with green and UV light, we used the method of “silent
substitution” (Estevez and Spekreijse, 1982) to generate S- and M-opsin-isolating stimuli. In
this method, for every contrast of UV light, an opposite contrast of green light is shown to
compensate for the activation of M-opsins induced by the UV light. To obtain stimuli with opsin-
isolating contrast, we first determined the transfer matrix M between illumination intensities
and isomerization rates:

S‘LLU Sgreen ]

M= |
M‘LLU Mgreen

where S, and M,,,, are the isomerization rates of S- and M-opsins under illumination with UV
light and Sg;een, @and My,...,, are the isomerization rates under green light. We then used the
inverted matrix M* to determine the required changes in UV and green illumination to obtain
a desired change in isomerization rates of S- and M-cones. All the dichromatic stimuli used in
this work were opsin-isolating, and we speak of “UV contrast” and “green contrast” as a

shorthand to refer to relative changes in activation of S- and M-opsins.
Receptive field measurements

The receptive field of each ganglion cell was measured by calculating the spike-triggered
average in response to a monochromatic spatiotemporal binary white-noise stimulus (either
75 or 100% contrast and either 30 or 60 Hz update frequency), which was displayed on a
checkerboard layout with squares of either 48 or 60 um to the side. The spike-triggered
average was decomposed into its temporal and spatial components using singular value
decomposition (Gauthier et al.,, 2009; Wolfe and Palmer, 1998). We fitted the spatial
component of the receptive field by a two-dimensional Gaussian function, which we used to
identify the center point of the receptive field and to define the receptive field diameter as the

diameter of a circle with equal area as inside of the 1.5-c contour of the Gaussian fit.
Chromatic integration stimulus

To assess the chromatic integration properties of mouse ganglion cells, we used a UV-green
full-field stimulus. This stimulus consisted of 22 different contrast combinations of UV and
green light, which were presented in a step-like fashion for 500 ms each, separated by either
1.5 or 2 s of background illumination. Each contrast combination was presented on average
50 times, and the order was determined by a Fisher-Yates random permutation algorithm
(Fisher and Yates, 1948) to ensure randomized, unbiased sampling of all contrast
combinations. The contrast combinations were categorized into two sets of green-On-UV-Off
and green-Off-UV-On, respectively (Fig. 2b), and contrast values refer to Weber contrast € =
(I —1,)/1,, where I is the applied stimulus intensity and I, is the background intensity. The

green-On-UV-Off set consisted of 11 different combinations, ranging from 20% green and 0%
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UV to 0% green and -20% UV in steps of -2% for both colors. The green-Off-UV-On set
contained the contrast-reversed combinations. The design of the stimulus aimed at being
analogous to shifting a black/white edge across the receptive field, as used to study spatial

integration.

To analyze the responses of a recorded ganglion cell, we computed peri-stimulus time
histograms (PSTHs) with 10 ms bin size for all 22 contrast combinations. To construct the
chromatic integration curves, we calculated the average firing rate R from 50 to 250 ms after
onset of each contrast combination. We did not use the entire stimulus duration because many
cells showed transient responses with activity suppressed during the second half of the
stimulus presentation. We subtracted the baseline firing rate, which was measured during the
200 ms that preceded the contrast combination. All further analyses of responses to the
chromatic integration stimulus were based on this baseline-subtracted response measure. We
plotted these firing rates so that every contrast combination was aligned on the x-axis with its
contrast-reversed combination. We then looked at the crossing point of the two curves, which
identified a balance point where the response to one contrast combination and its reversal

were the same.
Chromatic nonlinearity index

To quantify the degree of chromatic nonlinearity for each cell, we defined a chromatic
nonlinearity index. The index aimed at measuring the response at the balance point where a
green-On-UV-Off stimulus and its contrast-reversed version yielded the same response. For
this purpose, we searched for a crossing of the green-On-UV-Off and green-Off-UV-On
response curves. A crossing point was identified by two neighboring locations in these plots
where one curve had a higher value than the other curve at one location and a lower (or equal)
value at the other location. For cells with more than one crossing point, the index was
calculated from the crossing point closest to zero. Cells without a crossing point were
characterized as either UV-selective or color-opponent (see below), with no chromatic

nonlinearity index.

In order to be conservative in our measure of activity at the crossing point, we used a lower
bound on the activity, obtained by only assuming that the two curves run monotonically
between the data points that delimitate the crossing point. Concretely, we first estimated for
each of the two curves the minimum activity level (disregarding the sign of the activity) in the
interval between the two data points around the crossing point. From the two activity levels at
the two data points, this is the one that is closer to zero, unless the activity levels at the two
data points have opposite sign, in which case it is zero. Out of the two selected activity values
from the two curves, the lower bound on the crossing point was given by the one that was
more distant from zero. Finally, we normalized this lower-bound measure of the activity at the

crossing point by the maximum response over all 22 stimuli in the chromatic integration
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stimulus sequence in order to obtain a chromatic nonlinearity index that is roughly independent

of the overall firing rate range of the cell.
UV-green index

To measure the relative response strength under pure UV versus green stimulation for each
cell, we applied a UV-green index similar to previous work (Denman et al., 2017). From the
stimuli with pure color (£20% of green and £20% of UV as part of the chromatic integration
stimulus), we determined the peak firing rate in the PSTHs (between 50-250 ms after stimulus
onset, 10 ms bin size) for each color (fy,c.n, and fyy, respectively), independent of the contrast
sign. We defined the UV-green index as the normalized difference between the responses to
the two colors, UV-green index = (fyreen — fuv )/ (fyreen + fuv)- The index ranges between +1,
with positive values indicating stronger responses for green contrast and negative values

indicating stronger responses for UV contrast.
UV-selective and color-opponent cells

The UV-green index was used to identify UV-selective cells as those cells with UV-green index
less than -0.7 (Supplementary Fig. 2a, ¢). Furthermore, cells with no crossing point of the
chromatic integration curves that were not labeled as UV-selective were considered as color-

opponent cells (Supplementary Fig. 2b, c).
Relative UV sensitivity at balance point

To quantify the sensitivity to UV versus green light for each ganglion cell at the balance point,
we computed the relative UV sensitivity from the contrast values at the crossing point of the
chromatic integration curves. The crossing was identified as above for the computation of the
chromatic nonlinear index, and the estimate of the contrast values was then obtained through
linear interpolation between the four data points that delimitated the crossing point. From the
absolute contrast values Cyy and Cyen, Of UV and green light at the interpolated crossing
point, we computed the relative UV sensitivity as 1 — Cyy/(Cyy + Cgreen )- This value can
range from zero to unity, and larger values correspond to higher sensitivity to UV light
(because less UV contrast is required to balance the green contrast), whereas smaller values

imply higher sensitivity to green light.
On-Off index

To classify ganglion cells as On, Off, or On-Off cells, we defined an On-Off index. From the
stimuli with pure color (x20% of green or £20% of UV), we selected the color with the maximum
response R (average firing rate from 50 to 250 ms after stimulus onset with baseline rate
200 ms before the onset subtracted). From responses to this color, we calculated a normalized
On-Off index as the difference of the responses to the On (+20%, R,,) and Off (-20%, Ryyy)
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presentation, divided by the sum of the absolute values of the two responses, On-Offindex =
(Ron — Rogr)/(IRonl + |Ross|)- This index has a range of +1, and we used a threshold of

+0.6 to separate Off and On cells from On-Off cells.
Chromatic grating stimulus

The chromatic grating stimulus was a slowly moving UV-green sinusoid with opposite spatial
phases of the two colors. We used 11 different contrast combinations, matching the contrast
combinations of the spatially homogeneous chromatic integration stimulus. The spatial period
of the grating was set to 480 um, and the temporal period was 1 second. Each contrast
combination was presented for 10 seconds continuously before the next UV-green
combination was selected randomly (using Fisher-Yates random permutation algorithm) with
no intervals between the stimuli. The stimulus was presented for 30-60 repetitions per contrast
combination. For each ganglion cell and each contrast combination, a PSTH (10 ms bins) over
one temporal period was constructed from all repeats, leaving out the first temporal period
after each switch in contrast. Using Fourier analysis, we then computed the amplitude at the
first harmonic (F1 at 1 Hz, the frequency of stimulation) and at the second harmonic (F2 at
2 Hz, twice the frequency of stimulation). We defined a grating nonlinearity index as the ratio
of the second-harmonic amplitude divided by the first-harmonic amplitude, evaluated at the
contrast combination with the smallest first harmonic. This contrast combination was chosen
because a small F1 component implies being near the balance point. The index only takes
positive values, and large values (typically values larger than unity in analogy to analyses of
spatial integration) indicate chromatic nonlinearity. The definition of this index and a threshold
of unity are similar to studies of spatial integration with reversing gratings (Carcieri et al., 2003;
Hochstein and Shapley, 1976). Cells with maximum firing rate smaller than 5 Hz in the PSTHs
for all contrast combinations were excluded from this analysis, as evaluation of harmonics

became unreliable at low firing rates (206 excluded out of 2167 cells).
Local chromatic integration stimulus

We used a spatially local version of the chromatic integration stimulus to probe for involvement
of the receptive field surround in nonlinear chromatic integration. The strategy was similar to
previous studies of the effects of receptive field surround in mouse visual cortex (de Vries et
al., 2020; Hawrylycz et al., 2016). In our case, the stimulus aimed at presenting the same
contrast combinations of UV and green light as used in the full-field chromatic integration
stimulus, but spatially restricted to small regions roughly inside individual ganglion cell
receptive fields. To make this stimulus efficient while covering the entire recording area,
multiple randomly selected locations were stimulated simultaneously. Concretely, the stimulus
was structured into step-like contrast presentations of 500 ms duration with no interval

between successive presentations. For every 500-ms presentation, stimulus locations were
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randomly selected from a square grid (44 X 24 vertices, 160 um between neighboring vertices)
in a way so that, for every chosen vertex, 24 vertices in a square area around it (2 vertices or
320 pum in each of the four directions along the grid) were avoided. Centered on each selected
vertex, a spot with diameter of 160 um was presented with a UV/green contrast combination,
randomly chosen (using again Fisher-Yates randomization) from the same set of 22
combinations as used in the full-field chromatic integration stimulus. The rest of the screen
remained at background illumination. Note that the simultaneously presented contrast
combinations at different locations were chosen independently of each other. On average,
around 80-90 locations were selected for simultaneous display (until all vertices lay within the
square areas of 5x5 vertices around selected locations), and each location was chosen on
average every 6.4 = 1.2 seconds (mean = SD). We recorded responses under this stimulus
for 65 minutes on average, which led to each location being chosen 595 + 164 times, providing

27 = 7 trials for each contrast combination.

For each cell, we constructed chromatic integration curves for every location of the stimulus
grid in the same way as for the full-field chromatic integration stimulus (see above). For further
analysis, such as computing the chromatic nonlinearity index, we selected the location for
which the sum of the absolute values of the responses to the pure-color stimuli (+20% green
and UV) was maximal. To check whether this location indeed matched the receptive field
center of the cell, we measured the Euclidean distance between the selected location and the
center point of the receptive field acquired under spatiotemporal white-noise stimulation
(Fig. 6b). We excluded cells from the final analysis for which this distance was larger than the
receptive field radius (122 excluded from 1219 cells) to ensure that the selected location

indeed stimulated the receptive field center.
Contrast-reversing grating stimulus

We measured the spatial integration properties of ganglion cells using monochromatic square-
wave grating stimuli (100% contrast) with spatial periods of 32, 64, 128, 224, and 448 um, and
we also included a spatially homogeneous full-field stimulus for comparison. For spatial
periods of 64 and 128 um, two different spatial phases (separated by 90°), and for spatial
periods of 224 and 448 um, four spatial phases (separated by 45°) were applied. The polarity
of each grating was reversed every second for a total of 30 reversals. For each cell and each
applied spatial period and phase, we constructed a PSTH over one temporal period (10 ms
bins), excluding the first period after stimulus onset. The first and second harmonics were
computed by taking the Fourier transformation of the PSTHs and extracting the amplitude at
the stimulus frequency and twice the stimulus frequency. We then determined a spatial
nonlinearity index by taking the maximum second-harmonic amplitude across all grating
widths and phases divided by the maximum first-harmonic amplitude across all grating widths

and phases.
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Models of chromatic integration for natural scenes

For investigating linear and nonlinear chromatic integration with natural scenes, we
constructed models of chromatically linear and nonlinear Off cells and simulated responses of
populations of such cells to presentations of natural scenes with UV and green color channels.
The UV and green images were taken from the “UV/Green Image Databases” (Differt and
Moller, 2015, 2016) and show scenes of vegetation and sky, which were simultaneously
recorded through a dichroic mirror with two cameras and color filters for green light (peak
sensitivity at 500 nm, 70 nm bandwidth) and UV light (peak sensitivity at 350 nm, 50 nm
bandwidth). Image resolution was 550x300 pixels. For use in our simulations, we separately
converted each color channel in each image to Weber contrast C = (I — Iz)/Iz, where [ is the
pixel intensity and I is the mean intensity value of the corresponding color channel over the
image. Using Weber contrast for each color channel individually assumes that the two types
of opsins adapt independently to the mean of recently encountered light intensity in the
corresponding color channel and that this light intensity history was sampled from the range
covered by the image.

In order not to rely on specific assumptions about the mechanism behind nonlinear chromatic
integration, we used a phenomenological, generic modeling framework. It applies a circular
Gaussian of 25 pixels standard deviation as an Off-type receptive field, capturing the
combined effect of center and surround. For reference, assuming that the image height
corresponds to 40 meters when viewed from a distance of 15 meters, the 1-sigma diameter of
the receptive field would correspond to 18 degrees of visual angle. Both the linear and the
nonlinear chromatic-integration model filter the two chromatic input channels independently
through this receptive field, and the nonlinear model then applies a half-wave rectification to
each filtered signal. This rectification is the only difference between the two models and serves
as a simple way to yield increased activity when UV and green light have opposing net contrast
inside the receptive field, as observed in the recorded responses of chromatically nonlinear
Off cells. In both models, the signals from the two chromatic channels are then summed and
half-wave rectified to yield a firing rate output. For each natural image, the two models were
evaluated on 10,000 randomly selected patches of 50x50 pixels (avoiding multiple selections

of the same patch).

To measure the shift in the contrast of UV and green light when going from the sky region to
the foreground region below, we fitted a sigmoid (logistic function) to the contrast values of
each color channel along the pixels of each vertical column in an image. We compared the
midpoints for the two color channels, excluding columns were the fit yielded a midpoint outside

the range of the image.

Statistical testing
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Error measures denote standard error of the mean unless otherwise noted. The statistical
significance of differences in baseline firing rates of cells with linear and nonlinear chromatic
integration was assessed with by a Kruskal-Wallis test and the differences between individual
groups were checked by performing a post-hoc analysis of mean ranks with Bonferroni
correction. The statistical significance of the changes in the chromatic nonlinearity index of the
cells between full-field and local stimulation and the changes before and after the
administration of the pharmacological agents were assessed by a Wilcoxon signed-rank test.

The distributions of the nonlinearity indices measured before and after the application of the
pharmacological agents were represented as box plots, which display the median by a central
line and the interquatrtile range (IQR) from first to third quartile by a box. In addition, whiskers
extend to the most extreme values within 1.5xIQR. The data points from which the boxplot

was created are shown next to each boxplot.
Data availability
The data of this study will be available upon full publication.

Code availability

The code used to generate and analyze the chromatic integration stimulus will be provided

upon full publication.

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) — Projektnummer 154113120 — SFB889, project C1, and by the European
Research Council (ERC) under the European Union’s Horizon 2020 research and innovation
programme (grant agreement number 724822). We thank Daisuke Takeshita for his
contribution to the initial part of the work, Michael Weick for his help in building the projection
system, Dimokratis Karamanlis for assistance with data analysis, and Helene Schreyer for

assistance with data analysis and comments on the draft of the manuscript.
Author contributions

M.H.K. and T.G. conceived and designed experiments and data analysis methods. M.H.K.
assembled the UV/green projection systems and the perforated-MEA recording setups,

performed experiments, analyzed data, and prepared figures. M.H.K. and T.G. wrote the

paper.
Competing interests

The authors declare no competing financial interests.

34


https://doi.org/10.1101/2020.06.29.176859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.29.176859; this version posted June 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

References

Applebury, M.L., Antoch, M.P., Baxter, L.C., Chun, L.L., Falk, J.D., Farhangfar, F., Kage, K., Krzystolik, M.G.,
Lyass, L.A., and Robbins, J.T. (2000). The murine cone photoreceptor: a single cone type expresses both S and
M opsins with retinal spatial patterning. Neuron 27, 513-523.

Baccus, S.A. (2007). Timing and computation in inner retinal circuitry. Annu Rev Physiol 69, 271-290.

Baden, T., Berens, P., Franke, K., Roman Roson, M., Bethge, M., and Euler, T. (2016). The functional diversity of
retinal ganglion cells in the mouse. Nature 529, 345-350.

Baden, T., Schubert, T., Chang, L., Wei, T., Zaichuk, M., Wissinger, B., and Euler, T. (2013). A tale of two retinal
domains: near-optimal sampling of achromatic contrasts in natural scenes through asymmetric photoreceptor
distribution. Neuron 80, 1206-1217.

Barlow, H.B. (1953). Summation and inhibition in the frog's retina. J Physiol 119, 69-88.

Behrens, C., Schubert, T., Haverkamp, S., Euler, T., and Berens, P. (2016). Connectivity map of bipolar cells and
photoreceptors in the mouse retina. Elife 5, e20041.

Berry, M.J., Warland, D.K., and Meister, M. (1997). The structure and precision of retinal spike trains. Proc Natl
Acad Sci U S A 94, 5411-5416.

Bolinger, D., and Gollisch, T. (2012). Closed-loop measurements of iso-response stimuli reveal dynamic nonlinear
stimulus integration in the retina. Neuron 73, 333-346.

Borghuis, B.G., Marvin, J.S., Looger, L.L., and Demb, J.B. (2013). Two-photon imaging of nonlinear glutamate
release dynamics at bipolar cell synapses in the mouse retina. J Neurosci 33, 10972-10985.

Brainard, D.H. (1997). The Psychophysics Toolbox. Spat Vis 10, 433-436.

Breuninger, T., Puller, C., Haverkamp, S., and Euler, T. (2011). Chromatic bipolar cell pathways in the mouse
retina. J Neurosci 31, 6504-6517.

Carcieri, S.M., Jacobs, A.L., and Nirenberg, S. (2003). Classification of retinal ganglion cells: a statistical approach.
J Neurophysiol 90, 1704-1713.

Chang, L., Breuninger, T., and Euler, T. (2013). Chromatic coding from cone-type unselective circuits in the mouse
retina. Neuron 77, 559-571.

Cheng, K., and Freas, C.A. (2015). Path integration, views, search, and matched filters: the contributions of Rudiger
Wehner to the study of orientation and navigation. J Comp Physiol A Neuroethol Sens Neural Behav Physiol 201,
517-532.

Dacey, D.M. (1996). Circuitry for color coding in the primate retina. Proc Natl Acad Sci U S A 93, 582-588.
Dacey, D.M. (1999). Primate retina: cell types, circuits and color opponency. Prog Retin Eye Res 18, 737-763.

Dacey, D.M., and Lee, B.B. (1994). The 'blue-on' opponent pathway in primate retina originates from a distinct
bistratified ganglion cell type. Nature 367, 731-735.

de Vries, S.E.J., Lecoq, J.A., Buice, M.A., Groblewski, P.A., Ocker, G.K., Oliver, M., Feng, D., Cain, N.,
Ledochowitsch, P., Millman, D., et al. (2020). A large-scale standardized physiological survey reveals functional
organization of the mouse visual cortex. Nat Neurosci 23, 138-151.

Demb, J.B., Haarsma, L., Freed, M.A., and Sterling, P. (1999). Functional circuitry of the retinal ganglion cell's
nonlinear receptive field. J Neurosci 19, 9756-9767.

Demb, J.B., Zaghloul, K., Haarsma, L., and Sterling, P. (2001). Bipolar cells contribute to nonlinear spatial
summation in the brisk-transient (Y) ganglion cell in mammalian retina. J Neurosci 21, 7447-7454.

Denman, D.J., Siegle, J.H., Koch, C., Reid, R.C., and Blanche, T.J. (2017). Spatial Organization of Chromatic
Pathways in the Mouse Dorsal Lateral Geniculate Nucleus. J Neurosci 37, 1102-1116.

DeVries, S.H., Li, W., and Saszik, S. (2006). Parallel processing in two transmitter microenvironments at the cone
photoreceptor synapse. Neuron 50, 735-748.

35


https://doi.org/10.1101/2020.06.29.176859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.29.176859; this version posted June 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Differt, D., and Moller, R. (2015). Insect models of illumination-invariant skyline extraction from UV and green
channels. J Theor Biol 380, 444-462.

Differt, D., and Moller, R. (2016). Spectral Skyline Separation: Extended Landmark Databases and Panoramic
Imaging. Sensors (Basel) 16, 1614.

Ekesten, B., and Gouras, P. (2005). Cone and rod inputs to murine retinal ganglion cells: evidence of cone opsin
specific channels. Vis Neurosci 22, 893-903.

Enroth-Cugell, C., and Freeman, A. (1987). The receptive-field spatial structure of cat retinal Y cells. J Physiol 384,
49-79.

Enroth-Cugell, C., and Robson, J.G. (1966). The contrast sensitivity of retinal ganglion cells of the cat. J Physiol
187, 517-552.

Enroth-Cugell, C., and Robson, J.G. (1984). Functional characteristics and diversity of cat retinal ganglion cells.
Basic characteristics and quantitative description. Invest Ophthalmol Vis Sci 25, 250-267.

Enroth-Cugell, C., Robson, J.G., Schweitzer-Tong, D.E., and Watson, A.B. (1983). Spatio-temporal interactions in
cat retinal ganglion cells showing linear spatial summation. J Physiol 341, 279-307.

Estevez, O., and Spekreijse, H. (1982). The "silent substitution" method in visual research. Vision Res 22, 681-
691.

Euler, T., Detwiler, P.B., and Denk, W. (2002). Directionally selective calcium signals in dendrites of starburst
amacrine cells. Nature 418, 845-852.

Field, G.D., Gauthier, J.L., Sher, A., Greschner, M., Machado, T.A., Jepson, L.H., Shlens, J., Gunning, D.E.,
Mathieson, K., Dabrowski, W., et al. (2010). Functional connectivity in the retina at the resolution of photoreceptors.
Nature 467, 673-677.

Fisher, R.A., and Yates, F. (1948). Statistical tables for biological, agricultural and medical research (London: Oliver
and Boyd).

Gauthier, J.L., Field, G.D., Sher, A., Greschner, M., Shlens, J., Litke, A.M., and Chichilnisky, E.J. (2009). Receptive
fields in primate retina are coordinated to sample visual space more uniformly. PLoS Biol 7, e1000063.

Gollisch, T. (2013). Features and functions of nonlinear spatial integration by retinal ganglion cells. J Physiol Paris
107, 338-348.

Gollisch, T., and Meister, M. (2010). Eye smarter than scientists believed: neural computations in circuits of the
retina. Neuron 65, 150-164.

Govardovskii, V.I., Fyhrquist, N., Reuter, T., Kuzmin, D.G., and Donner, K. (2000). In search of the visual pigment
template. Vis Neurosci 17, 509-528.

Hartline, H.K. (1938). The response of single optic nerve fibers of the vertebrate eye to illumination of the retina.
Am J Physiol 121, 400-415.

Haverkamp, S., Wassle, H., Duebel, J., Kuner, T., Augustine, G.J., Feng, G., and Euler, T. (2005). The primordial,
blue-cone color system of the mouse retina. J Neurosci 25, 5438-5445.

Hawrylycz, M., Anastassiou, C., Arkhipov, A., Berg, J., Buice, M., Cain, N., Gouwens, N.W., Gratiy, S., lyer, R.,
Lee, J.H., et al. (2016). Inferring cortical function in the mouse visual system through large-scale systems
neuroscience. Proc Natl Acad Sci U S A 113, 7337-7344.

Heitman, A., Brackbill, N., Greschner, M., Sher, A., Litke, A.M., and Chichilnisky, E. (2016). Testing pseudo-linear
models of responses to natural scenes in primate retina. bioRxiv, 045336.

Hochstein, S., and Shapley, R.M. (1976). Quantitative analysis of retinal ganglion cell classifications. J Physiol 262,
237-264.

Joesch, M., and Meister, M. (2016). A neuronal circuit for colour vision based on rod-cone opponency. Nature 532,
236-239.

Kastner, D.B., and Baccus, S.A. (2014). Insights from the retina into the diverse and general computations of
adaptation, detection, and prediction. Curr Opin Neurobiol 25, 63-69.

36


https://doi.org/10.1101/2020.06.29.176859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.29.176859; this version posted June 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Kuffler, S.W. (1953). Discharge patterns and functional organization of mammalian retina. J Neurophysiol 16, 37-
68.

Lee, S., Chen, L., Chen, M., Ye, M., Seal, R.P., and Zhou, Z.J. (2014). An unconventional glutamatergic circuit in
the retina formed by vGIluT3 amacrine cells. Neuron 84, 708-715.

Liu, J.K., Schreyer, H.M., Onken, A., Rozenblit, F., Khani, M.H., Krishnamoorthy, V., Panzeri, S., and Gollisch, T.
(2017). Inference of neuronal functional circuitry with spike-triggered non-negative matrix factorization. Nat
Commun 8, 149.

Mani, A., and Schwartz, G.W. (2017). Circuit Mechanisms of a Retinal Ganglion Cell with Stimulus-Dependent
Response Latency and Activation Beyond Its Dendrites. Curr Biol 27, 471-482.

Meyer, A.F., O'Keefe, J., and Poort, J. (2020). Two distinct types of eye-head coupling in freely moving mice.
bioRxiv, 957712.

Moller, R. (2002). Insects could exploit UV-green contrast for Landmark navigation. J Theor Biol 214, 619-631.

Petrusca, D., Grivich, M.I., Sher, A., Field, G.D., Gauthier, J.L., Greschner, M., Shlens, J., Chichilnisky, E.J., and
Litke, A.M. (2007). Identification and characterization of a Y-like primate retinal ganglion cell type. J Neurosci 27,
11019-11027.

Pillow, J.W., Paninski, L., Uzzell, V.J., Simoncelli, E.P., and Chichilnisky, E.J. (2005). Prediction and decoding of
retinal ganglion cell responses with a probabilistic spiking model. J Neurosci 25, 11003-11013.

Pillow, JW., Shlens, J., Paninski, L., Sher, A., Litke, A.M., Chichilnisky, E.J., and Simoncelli, E.P. (2008). Spatio-
temporal correlations and visual signalling in a complete neuronal population. Nature 454, 995-999.

Pouzat, C., Mazor, O., and Laurent, G. (2002). Using noise signature to optimize spike-sorting and to assess
neuronal classification quality. J Neurosci Methods 122, 43-57.

Rieke, F. (2001). Temporal contrast adaptation in salamander bipolar cells. J Neurosci 21, 9445-9454.

Rieke, F., and Schwartz, E.A. (1996). Asynchronous transmitter release: control of exocytosis and endocytosis at
the salamander rod synapse. J Physiol 493, 1-8.

Roska, B., and Meister, M. (2014). The retina dissects the visual scene into distinct features. In The New Visual
Neurosciences, ed. JS Werner, LM Chalupa. Cambridge, MA: MIT Press, 163-182.

Schwartz, G.W., Okawa, H., Dunn, F.A., Morgan, J.L., Kerschensteiner, D., Wong, R.O., and Rieke, F. (2012). The
spatial structure of a nonlinear receptive field. Nat Neurosci 15, 1572-1580.

Shah, N.P., Brackbill, N., Rhoades, C., Kling, A., Goetz, G., Litke, A.M., Sher, A., Simoncelli, E., and Chichilnisky,
E.J. (2020). Inference of nonlinear receptive field subunits with spike-triggered clustering. Elife 9, e45743.

Shapley, R., and Victor, J. (1979). Nonlinear spatial summation and the contrast gain control of cat retinal ganglion
cells. J Physiol 290, 141-161.

Stabio, M.E., Sabbah, S., Quattrochi, L.E., llardi, M.C., Fogerson, P.M., Leyrer, M.L., Kim, M.T., Kim, I., Schiel, M.,
Renna, J.M., et al. (2018). The M5 Cell: A Color-Opponent Intrinsically Photosensitive Retinal Ganglion Cell.
Neuron 97, 150-163.

Szatko, K.P., Korympidou, M.M., Ran, Y., Berens, P., Dalkara, D., Schubert, T., Euler, T., and Franke, K. (2019).
Neural circuits in the mouse retina support color vision in the upper visual field. bioRxiv, 745539.

Takeshita, D., and Gollisch, T. (2014). Nonlinear spatial integration in the receptive field surround of retinal ganglion
cells. J Neurosci 34, 7548-7561.

Tikidji-Hamburyan, A., Reinhard, K., Storchi, R., Dietter, J., Seitter, H., Davis, K.E., Idrees, S., Mutter, M.,
Walmsley, L., Bedford, R.A., et al. (2017). Rods progressively escape saturation to drive visual responses in
daylight conditions. Nat Commun 8, 1813.

Turner, M.H., and Rieke, F. (2016). Synaptic Rectification Controls Nonlinear Spatial Integration of Natural Visual
Inputs. Neuron 90, 1257-1271.

Turner, M.H., Schwartz, G.W., and Rieke, F. (2018). Receptive field center-surround interactions mediate context-
dependent spatial contrast encoding in the retina. Elife 7, e38841.

37


https://doi.org/10.1101/2020.06.29.176859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.29.176859; this version posted June 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Vaney, D.l., Sivyer, B., and Taylor, W.R. (2012). Direction selectivity in the retina: symmetry and asymmetry in
structure and function. Nat Rev Neurosci 13, 194-208.

Wallace, D.J., Greenberg, D.S., Sawinski, J., Rulla, S., Notaro, G., and Kerr, J.N. (2013). Rats maintain an
overhead binocular field at the expense of constant fusion. Nature 498, 65-69.

Wang, Y.V., Weick, M., and Demb, J.B. (2011). Spectral and temporal sensitivity of cone-mediated responses in
mouse retinal ganglion cells. J Neurosci 31, 7670-7681.

Wei, W., Elstrott, J., and Feller, M.B. (2010). Two-photon targeted recording of GFP-expressing neurons for light
responses and live-cell imaging in the mouse retina. Nat Protoc 5, 1347-1352.

Wiesel, T.N., and Hubel, D.H. (1966). Spatial and chromatic interactions in the lateral geniculate body of the rhesus
monkey. J Neurophysiol 29, 1115-1156.

Wolfe, J., and Palmer, L.A. (1998). Temporal diversity in the lateral geniculate nucleus of cat. Vis Neurosci 15, 653-
675.

Whystrach, A., and Graham, P. (2012). What can we learn from studies of insect navigation? Animal Behaviour 84,
13-20.

Yin, L., Smith, R.G., Sterling, P., and Brainard, D.H. (2006). Chromatic properties of horizontal and ganglion cell
responses follow a dual gradient in cone opsin expression. J Neurosci 26, 12351-12361.

Yin, L., Smith, R.G., Sterling, P., and Brainard, D.H. (2009). Physiology and morphology of color-opponent ganglion
cells in a retina expressing a dual gradient of S and M opsins. J Neurosci 29, 2706-2724.

Zeil, J. (2012). Visual homing: an insect perspective. Curr Opin Neurobiol 22, 285-293.

38


https://doi.org/10.1101/2020.06.29.176859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.29.176859; this version posted June 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Supplementary Information

Projector
D Green light >
UV light N

Lenses

M 8

Retina
%1 R
s d &

Multielectrode array

Mouse photoreceptor absorption probability
and projector spectrum

UV LED Green LED
0.8 - ~ 0.2
@ 2>
] =
£ :
S 06 2
8 8
8 §
= 0.4 - - 0.1 g_
5 i
p=d <

0.2 4

0
T 1 1 1
300 350 400 450 500 550 600

Wavelength (nm)

Supplementary Figure 1 | Visual stimulation of mouse retina with a UV-green projector.
a, Schematic view of the experimental setup. The mouse retina was mounted over a multi-
electrode array, and dichromatic, UV-green stimuli were displayed onto to the retina from
above. b, Emission spectra of the LEDs from the projector used in this study (filled areas) and

spectral sensitivities of mouse cone opsins.
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Supplementary Figure 2 | Sample responses of UV-selective and color-opponent cells
to the chromatic integration stimulus. a, Examples of UV-selective On, Off, and On-Off
ganglion cells. These cells responded strongly to UV stimuli, but were unaffected by pure
green stimuli (stimulus index 1). b, Three examples of color-opponent cells. These cells
responded preferentially to the stimuli in one of the two sets, either green-On-UV-Off or green-
Off-UV-On. Shaded regions around the curves show meantSEM. c, PSTHs from the
responses of the cells in a-b to all contrast combinations in the chromatic integration stimulus.
d, Distribution of the chromatic nonlinearity index of all recorded cells (n=2585). Cells with
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chromatic nonlinearity index >0.1 or < -0.1 were considered as nonlinear cells (shaded region,
n=829 out of 2585 cells totally recorded). e, Comparison of average baseline activity between
linear and different classes of nonlinear cells. Nonlinear On cells showed a comparatively high
level of baseline activity (Kruskal-Wallis test, d.f.=3, p=5.1x10"'2 with post-hoc analysis of

mean ranks with Bonferroni correction, Statistics summary: *** p<0.001, n.s., not significant).

41


https://doi.org/10.1101/2020.06.29.176859
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.29.176859; this version posted June 29, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Grating stimulus

Linear On-Off

Nonlinear On-Off

P

20 Hz

b 100 ms

70 170
I35
[
©
[+

0 -
15
e " —
1 6 11 1 6 1
Full-field stimulus index
(o]
-
. Green-On-UV-Off - Green-Off-UV-On
230+ 100
-o-F1
- F2
[«
3
2115 50
[=%
£
"] \Oo/’.“
0- w 0

L e e e
1 ] 11

1 6 1

Grating stimulus index

Full-field stimulus
I .

Local stimulus

FA '.o s . o o.-.l6®0ss --°':'c
0 e O : o L} o °) 0 [} 0
640 jm
e
Green-On-UV-Off ~@— Green-Off-UV-On
Linear On-Off
oo
Full-field Local
o0
o0
o0 - |1oHz
oL .
o f
©— Green-On-UV-Off —@— Green-Off-UV-On
Nonlinear On-Off
U Full-field Local
Grating
stimulus
-
c
f:I;
o 20 Hz 10 Hz
’(ﬁ .
5
= 0 T T T T
& 1 6 11 6 1
Stimulus index
o
EY
=
=
@
@
3
=5
C
w

Supplementary Figure 3 | Responses of chromatically linear and nonlinear On-Off cells

under grating and local stimulation. a, Responses of a linear On-Off and a nonlinear On-

Off cell to the grating stimulus, revealing similar response profiles under grating stimulation.

b, Responses of the cells in a, to the spatially homogenous chromatic integration stimulus.

Shaded regions around the curves show meantSEM. c, Amplitudes of first and second

harmonics measured from the responses of the cells in a to the grating stimulus. d, Schematic

view of the full-field and the local chromatic integration stimuli. e, Chromatic integration curves

of a linear On-Off cell for full-field and local stimulation. f, Chromatic integration curves of a

nonlinear On-Off cell for full-field and local stimulation, indicating that the cell became linear

under local stimulation.
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Supplementary Figure 4 | Nonlinear cells were found predominantly in the ventral
region of the mouse retina. a, Three retinas with overlaid spatial receptive fields of recorded
ganglion cells. The receptive field colors show the UV-green index for each cell. b, Distances

from the receptive field center of each cell to the horizontal midline of the retina.
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