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Abstract:

Studies of color perception have led to mechanistic models of how signals from cone-opponent retinal
ganglion cells are integrated to generate color appearance. But it is not known where or how these
hypothesized mechanisms occur in the brain. Here we show that cone opponent signals transmitted from
the retina to primary visual cortex (V1) are integrated through highly organized circuits within V1 to
generate the color opponent mechanisms that underlie color appearance. Combining intrinsic signal optical
imaging (ISI) and 2-photon calcium imaging (2PCI) at single cell resolution, we demonstrate cone-
opponent functional domains (COFDs) that combine L/M cone-opponent and S/L+M cone-opponent
signals in precisely the combinations predicted from psychophysical studies of color perception. These give
rise to an orderly organization of hue preferences of the neurons within the COFDs and the generation of
hue “pinwheels”. COFDs occupy regions corresponding to both high and low cytochrome oxidase intensity
(“blobs” and “interblobs”) but have a bias toward blobs. Thus, neural circuits in the primary visual cortex
establish the boundary conditions for color opponency and unique hues.

One Sentence Summary:

Cone-opponent functional domains generate color opponent functional architecture in primary visual
cortex.
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Main Text:

Color vision has a long history of rigorous psychophysical investigation to develop mechanistic
models. This has led to some of the greatest successes in linking neural circuit mechanisms to perceptual
phenomena. Psychophysical studies led to 3-stage models (/-5) (Fig. 1) that presaged the later discovery of
three cone types (stage 1: L-long, M-middle, and S-short wavelength sensitive) and four cone-opponent
mechanisms (stage 2: L+M-, M+L-, S+(L+M)-, and (L+M)+S-). We now know that these cone opponent
mechanisms are generated by precise retinal circuits to give rise to four types of L/M opponent neurons and
two types of S/(L+M) opponent neurons (6-8). These retinal ganglion cell types connect to the primary
visual cortex (V1) via the lateral geniculate nucleus of the thalamus and terminate in different layers of V1.
L+M-, L-M+, M+L-, and M-L+ terminate in layer 4Cf; (L+M)+S- in layer 4A and S+(L+M)- in layer 3B
blobs (9). The neural circuit mechanisms that give rise to color appearance (Stage 3) remain elusive, but
require specific patterns of mixing between L/M and S/(L+M) cone opponent mechanisms (/) (Fig. 1) and
therefore cannot occur before V1. These mixing patterns are based on explicit models and circuit level
predictions generated by the psychophysics community to account for the appearance of the opponent
colors, red and green or blue and yellow (10, 11), as well as “unique colors” (/, 12-14). Fig. 1 illustrates
the cone-opponent mixing patterns that are required to account for the perception of opponent colors and
unique hues (7). Specifically, color opponency forbids mixtures of L+ with M+, L- with M-, and S+ with
S- (combinations that would create achromatic responses), while the appearance of each of the four “unique
colors” (red — RG; green — GR; yellow — YB; blue — BY) requires a particular mixture of the four remaining
combinations between L/M opponent and S+ or S- mechanisms, which are L+S+, M+S-, L+S-, M+S+,
respectively.

Here we present data showing that these predictions are implemented by functionally-organized circuits in
the superficial layers of V1. We developed intrinsic signal imaging (ISI) methods to map the locations in
V1 that are responsive to the ON and OFF phases of cone-isolating stimuli. These maps reveal cone-
opponent functional domains (COFDs) where neurons are preferentially activated by the ON or OFF phases
of cone-isolating stimuli. Results show that L-ON (L+) and M-OFF (M-) responsive regions are always
spatially overlapping, as are L-OFF (L-) and M-ON (M+) regions, to generate L+M- and M+L- domains.
The L+M- and M+L- domains occur as adjacent non-overlapping pairs. S+ and S- domains are also
organized as non-overlapping pairs. Importantly, the axes joining the L+M-/M+L- pairs are often organized
roughly orthogonally or interdigitated in parallel to the axes joining nearby S+/S- pairs, to create
interactions across all four combinations. The same relationships are observed for the underlying individual
neurons assayed with 2-photon calcium imaging (2PCI) and the intersections of the interacting pairs often
form hue “pinwheels” or parallel structures. These combinations correspond to the circuits predicted to
generate color-opponency and unique hues RG, GR, YB and BY in third stage mechanisms (Fig. 1). Finally,
ISI hue-phase maps and 2PCI of individual neurons reveal that the functional architecture and micro-
architecture of neuronal color preferences within intersecting COFDs is as expected from relatively linear
combinations of these cone-opponent mechanisms, indicating that circuits in these regions do in fact
implement the predicted mixing.

Results

We conducted ISI and 2PCI to map the functional architecture and measure the visual responses of neurons
in superficial layers of V1 using methods described previously (/5). Here we present data collected from 7
adult male and female macaque monkeys (M. fascicularis) (see Table S1). All data were collected from
anesthetized animals following procedures approved by the Salk Institute Institutional Animal Care and
Use Committee. We present ISI data from 5 animals (A1, A2, and A5 to A7) and 2PCI data from 3 animals
(A1, A3, A4). Data from 2 of the animals (A3, A4) subjected to 2PCI has been described in a previous
publication (/5), but data presented here include responses to visual stimuli and analyses not described in
the previous publication.
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Cone-opponent functional domains in V1

We used the 2PCI and ISI imaging methods described above to reveal cone-opponent functional domains
in V1. We begin by describing the functional micro-architecture of cone inputs to individual neurons
measured with 2PCI imaging. We presented flashed sine-wave gratings (Fig. 2A) while monitoring changes
in fluorescence of superficial V1 neurons (150-310 pm depth, Fig. 2, B to H) expressing the genetically-
encoded calcium indicator GCaMP6f (Fig. 2, C and D). These sine-wave gratings consisted of 4 sets with
different colors which were L, M, or S cone-isolating or achromatic, and they were presented in separate
stimulus blocks. Each set was generated using the same Hartley basis function (/6), therefore, the
orientations, spatial frequencies (SFs), and spatial phases were identical between each set (see materials
and methods). Fluorescence changes were converted to inferred spike-rate time sequences that were then
used to calculate spike-triggered averages (STA) of stimuli as linear estimates of receptive fields (Fig. 2, E
to H). 2PCI from 9 imaging regions (16 planes, 1168 x 568 um or 1100 x 725 um) yielded data from 13117
neurons that were visually responsive to drifting gratings (see materials and methods). A subset of those
visually responsive neurons (2420 of 13117 neurons, 18.4%) had significant STA kernels (see materials
and methods) to one or more of the Hartley stimulus sets. These included 1578 neurons with significant
STAs to the achromatic stimulus set, 596 to L-cone isolating, 607 to M-cone, and 600 to S-cone. That only
a minority of neurons have significant STA kernels is expected from the prevalence of complex cells in
superficial V1 that do not linearly integrate responses to flashed grating stimuli. The smaller numbers of
neurons responsive to L and M cone-isolating versus achromatic stimuli is expected from the low cone-
contrasts of the L and M cone-isolating stimuli (18%-18.5%, L and M cone-contrasts were matched, see
materials and methods) imposed by the properties of the CRT monitor, versus 98%-99% achromatic
stimulus contrast. The small minority of neurons with significant S-cone STA kernels cannot be attributed
to the cone contrast of the S-cone stimulus, which was 89.9%-90.2%.

If a neuron had a significant STA kernel to a Hartley stimulus set, then we calculated its ON or OFF
dominance (see materials and methods), and plotted the ON/OFF dominance map in red/blue, based on the
locations of neurons. Maps from all imaging regions are presented in the main and supplementary figures
(Fig. 2, Fig. 3, and fig. S1). Here, we call attention to representative examples from two imaging regions in
Fig. 2 (I and J) and Fig. 3 (F to I). In all imaging regions, neurons with significant STA kernels occupied a
small and relatively contiguous region within the imaging window. This organization is best appreciated in
the context of maps showing the locations of all visually responsive neurons, relative to the locations of
neurons with significant STA kernels (in Fig. 3, compare F to I with J). It is apparent from these maps that
neurons with dominant responses to the ON versus OFF phases of each stimulus set are clustered together
for each of the four stimulus sets. Furthermore, clusters of neurons with L-ON dominance overlap with M-
OFF dominance clusters, while L-OFF clusters overlap with M-ON. The smaller numbers of neurons with
significant S-cone STA kernels prevents definitive identification of the spatial relationships of S-ON and
S-OFF clusters to the L and M clusters based on this relatively subjective assessment. (We present detailed
neuron-by-neuron comparisons of the signs and magnitudes of cone weights to each cone-isolating stimulus
below, Fig. 5SH). These cone and achromatic ON/OFF dominance maps suggest that within V1 there are
functional architectures where neurons with significant STA kernels are clustered together, that ON and
OFF dominant neurons of each type are further clustered, and that the organized overlap between L and M
cone clusters creates L+M- and M+L- cone-opponent clusters.

We inferred that this cone-opponent functional architecture might be visualized across much larger V1
regions using ISI and allow its relationship to cytochrome oxidase (CO) “blobs” and “interblobs” (/7) to
be revealed by aligning ISI maps to postmortem CO histology (/5). To generate ISI ON/OFF phase maps
corresponding to the ON/OFF phases of L, M and S cone-isolating and achromatic stimuli, we presented
full-field stimuli that were temporally modulated between ON and OFF phases of each stimulus type at
0.017 Hz, 0.08Hz or 0.1 Hz (Fig. 3A, see materials and methods). Subsequent Fourier analysis of the ISI
images yielded ON/OFF phase maps for each stimulus type (/8) (see materials and methods). In all 5
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animals imaged, and in response to each stimulus type, the phase maps showed clear patches of ON and
OFF signal surrounded by regions with no phasic response, extending across the full extent of V1 (Figs. 3,
4, 6, and figs. S1 and S3B). (Phase maps in the adjacent visual cortical area V2 are not further explored
here.) Furthermore, within each patch, there were invariably adjacent pairs of alternating ON and OFF
domains. Because of the unknown latency of hemodynamic signal, correct signs cannot be assigned to the
phase maps without additional measurements from another modality with greater temporal sensitivity. We
identified the correct phases using electrophysiological recordings (see materials and methods and fig. S7)
within imaged domains for 2 of 5 animals (A2, AS5) and using 2PCI for 2 of the remaining animals (A1,
A6). For the last animal (A7), similar phase maps were generated (fig. S3B), but we did not identify the
phase signs. We assume that the latency is consistent between every sub-region within V1 for each animal.
Alignment of ISI phase maps to the ON/OFF dominance map measured by 2PCI demonstrates a clear
correspondence between the two imaging modalities (Fig. 3, F to I, and fig. S1). We refer to the V1 regions
with strong ON and OFF phasic responses to temporally modulated cone-isolating stimuli as cone-opponent
functional domains (COFDs).

COFD interactions follow color appearance mixing rules

Based in their spatial overlaps, the COFDs in V1 appear to follow the cone-opponent mixing rules predicted
by studies of color appearance (Fig.1). In particular, L-ON functional domains overlap with M-OFF and L-
OFF overlap with M-ON, but there is minimal overlap between L-ON and L-OFF or between M-ON and
M-OFF (Fig. 4, A, B, D, E, and G). This overlap generates L+M- and M+L- domains that appear to intersect
with both S+ and S- domains (Fig. 4H). Two different types of intersections appear to be common within
these maps. In many cases, an isolated set of COFDs includes one L+M-/M+L- pair and one S+/S- pair, in
which the axes connecting the L/M COFDs are perpendicular to the axes connecting the S COFDs (e.g.
dark arrows in Fig. 4H, schematic in Fig. 4I). Other interactions occur through a parallel arrangement, with
S+ and S- domains interdigitated between the L+M- and M+L- domains (e.g. bright arrows in Fig. 4H,
schematic in Fig. 4I). These spatial relationships potentially allow the S+ and S- domains to mix with the
L+M- and M+L- domains in the combinations predicted by color appearance models (Figs. 1 and 4I),
suggesting that the COFDs are the substrate for implementation of the cone-opponent mixing rules that
generate color opponent mechanisms.

We next quantified the relationships between the L, M, and S-COFDs to more rigorously test this
possibility. The COFD map of each cone type was thresholded to generate a mask to select ON- and OFF-
phase regions, then masks from all three cone type maps were merged to create a final COFD mask
including L, M and S-COFD regions. Then using normalized pixel values from L, M, and S-COFD maps
(range: [-1 to 1]), each pixel within the COFD mask was assigned three values corresponding to the
modulation (including magnitude and sign) by each of the three cone-isolating stimuli at that pixel (see
materials and methods). Pixel-by-pixel comparisons were then made across each of the three possible
comparisons of cone-types (M to L, S to L, and S to M). Typical results are illustrated in Fig. 4, M to O.
Similar results were observed for all 4 animals with known ON/OFF phases (Fig. 4 and figs S3A). It can
be seen that for the L-cone versus M-cone comparisons, the great majority of pixels (84.2%) fall into the
LM opponent quadrants (L+M- and M+L-) and not in the achromatic quadrants (L+M+ and L-M-). In
contrast, comparisons between S-cone and either L- or M-cone maps generate pixels relatively evenly
distributed across all 4 quadrants, as predicted. While it can be appreciated that achromatic ON and OFF
domains have a similar appearance and overall organization as COFDs (Fig. 3, E and I, and fig. S1), we do
not systematically explore their spatial relationships here. (But see below for relationships of COFDs and
achromatic domains to CO histology.)

COFD interactions generate hue tuning maps in DKL color space
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The above observations show that the overlap of the COFDs follows the rules required to generate
appropriate mixing for color opponency, but do not reveal whether mixing occurs at the level of individual
neurons or how neurons within the overlapping regions respond to a larger range of hues. For example, are
the ISI phase responses to colors that concurrently modulate multiple cone types predictable from the COFD
maps, as expected from mixing of cone-opponent inputs? Do the individual neurons within the COFDs
prefer colors that would be predicted from mixing of the cone-opponent mechanisms within the COFDs?

To address these questions, we selected as visual stimuli a set of 12 hues spaced evenly in the isoluminant
plane of DKL color space (/9) (see materials and methods), which were presented as drifting gratings for
2PCI or temporally modulated gratings for ISI, and imaged the responses of neurons within the COFDs.
We generated both ISI hue-phase maps (Fig. 4, J to L, and Fig. 5, B to E), and 2PCI hue maps (Fig. 3J and
fig. S2) to reveal the overall functional architecture and the microarchitecture of hue preferences of
individual neurons. We chose the DKL isoluminant plane because there is a close correspondence between
DKL colors and the cone-opponent mechanisms, allowing straightforward predictions of hue preferences
expected from linear integration of cone-opponent inputs. Within the DKL isoluminant plane, hue angles
of 0 and 180 deg. correspond to the L+M- and M+L- directions and appear pinkish and greenish,
respectively, while 90 and 270 deg. correspond to S+ and S- and appear violet and lime (Fig. 5A, and fig.
S6B). Intermediate hues are predicted from mixing of the cone-opponent mechanisms that modulate along
these cardinal axes. The L, M, and S cone increments were matched for the DKL stimuli presented to animal
A1 (both IST and 2PCI experiments), while for animal A2 (ISI experiments only) all cone increments were
set to the maximum cone contrasts achievable with the monitor, substantially increasing the S-cone
contrasts relative to L and M cone contrasts (see materials and methods and fig. S6B). These differences
are noted where relevant, below.

Figure 3J illustrates, for one imaging region (out of 5 sampled), the 2PCI-based functional microarchitecture
for hue preferences in the DKL isoluminant plane (matched cone increments) and the overlaps with COFD
maps are shown in Fig. 3, K to L. (Maps from all 5 imaging regions, 10 planes, are shown in fig. S2). All
visually responsive neurons are indicated, with significantly hue-selective (see materials and methods)
neurons identified by their preferred hue and non-selective neurons in grey. It is readily apparent that
neurons with similar hue preferences are grouped together and that hue preferences shift gradually across
the cortical surface (Fig. 3J, and fig. S2). When overlaid on the M-cone ISI phase map, it is apparent that
neurons in the M+ (L-) domains prefer greenish hues while those in the M- (L+) domains prefer pinkish
hues (Fig. 3K). The predominant red and greenish preferring neurons are both found in both S+ and S-
domains (Fig. 3L).

To quantitatively evaluate the relationships between the preferred DKL hues of individual neurons and their
locations within ISI COFD maps, we first selected neurons located within COFDs and that were
significantly tuned to DKL hues (n = 2589 neurons from 5 imaging regions). We then generated a mask for
each neuron to identify its corresponding ISI pixels and the normalized pixel values from L, M, and S-
COFD maps (see above) for each neuron were averaged to yield the magnitudes and signs modulated by L,
M and S cone-isolating stimuli. Similar to Fig. 4, M to O, three possible comparisons of cone-types (M to
L, Sto L and S to M) were plotted neuron-by-neuron (Fig. 4, P to R), and each neuron was colored according
to its preferred DKL hue measured by 2PCI. For the L cone versus M cone plot (Fig. 4P) pixels from the
great majority of neurons (87.1%) are in the L/M opponent quadrants; neurons with pixels in the L+M-
quadrant are significantly more likely to prefer DKL hues near 0 deg. (0 + 60 deg., 1167 of 1650 neurons,
70.7%) than near 180 deg. (180 + 60 deg., 462 of 1650 neurons, 28.0%; P < 0.0001, Fisher's exact test);
and neurons with pixels in the M+L- quadrant are significantly more likely to prefer hues around 180 deg.
(180 £ 60 deg., 344 of 605 neurons, 56.9%) than around 0 deg. (0 + 60 deg., 250 of 605 neurons, 41.3%; P
= 0.0018, Fisher's exact test). For the S-cone versus L and M cone comparisons (Fig 4, Q and R) neurons
are more evenly distributed amongst the 4 quadrants, as expected from the overlap of both S+ and S-
domains with all combinations of L and M cone domains.
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Perceived color is influenced not only by the relative activation of different cone types, but also by
luminance, or achromatic contrast. For example, the DKL color space (like other color spaces) includes
modulation not only in the isoluminant plane, as we have explored here, but also along the achromatic
axis(/9). While we have observed achromatic ON and OFF phase maps similar to the COFDs (Fig. 2J and
Fig. 3, E and I), we have not explored the responses of individual neurons to the much larger 3D hue
stimulus space. Future studies should explore whether the achromatic ON and OFF domains interact with
the COFDs to generate predictable tuning across the full 3D color space.

Consistent with these 2PCI results indicating mixing of cone-opponent mechanisms to generate
intermediate hue-selectivities of individual neurons within COFDs (above), we also observed gradual shifts
in ISI hue-phase maps (Fig. 5, B to F, and fig. S4A) generated with stimuli modulated at non-cardinal
directions in the DKL isoluminant plane (Fig. 5SA). These maps were generated using DKL stimuli with
cone increments maximized (non-matched, see above) to better reveal the locations with responsiveness to
S-cones. The gradual shifts in ISI hue-phase maps are quantified in Fig. 5, F and G. Similar to comparisons
of normalized ISI phase pixel values and signs across maps from the cone isolating stimuli (Fig. 4, M to
O), each row of Fig. 5F illustrates comparisons between pixel values from each of the 12 hue-phase maps
with either the L (top row), M (middle row) or S cone (bottom row) phase maps. It can be seen that as DKL
hue directions shift, the phase relationships to the COFD phases shift gradually (Fig. 5, F and G, and fig.
S4, A and B). When hue directions are near the L/M axis (0 and 180 deg.) pixels are in opposing quadrants
in relationship to the L and M phase maps (Fig. 5F and fig. S4B) and accordingly the angles joining the two
clusters of pixels in each plot are near 45 and 135 deg. (Fig. 5G and fig. S4C). When these hue phase maps
(0 and 180 deg. hues) are related to the S-cone phase maps, the pixels occupy all 4 quadrants (Fig. S5F and
fig. S4B) and joining angles are near 90 deg. (Fig. 5G and fig. S4C). As hue directions gradually increase
in S cone modulation, comparisons to the L and M phase maps show pixels gradually occupying all 4
quadrants (Fig. 5F and fig. S4B) and joining angles gradually shifting (Fig. 5G and fig. S4C), until at
maximal S cone modulation (90 and 270 deg.), all 4 quadrants are occupied and joining angles are near 90
deg. In contrast, comparisons of hue phase maps to the S-cone maps show pixels more evenly distributed
across all 4 quadrants, with the exception of comparisons to the S+ and S- hues (90 and 270 deg.) where
opposing quadrants are occupied (Fig. SF and fig. S4B) and joining angles are near 45 and 135 deg. (Fig.
5G and fig. S4C). These observations indicate that, not only does the overlap between COFDs follow the
rules predicted to generate color appearance mechanisms (Fig. 1, and Fig. 4, M to O), but that the
interactions between L, M, and S-COFDs generate preferential responses to intermediate hues within the
DKL color space, as predicted from those interactions (Fig. 4, P to R, Fig 5, F and G, and fig. S4, B and C).

Surprisingly, we also noted that plots of these hue maps across the 360 degrees of DKL color space often
resulted in pinwheel-like structures within hue angle maps (Fig. 4, J to L, arrows highlight selected pinwheel
centers), reminiscent of the well-known orientation pinwheels that are also found in V1 (see also orientation
and hue polar maps in fig. S2). Similar to methods typically used to calculate orientation polar maps, the
hue-phase-regions from 12 hue-phase maps were selected, vectorized and summed pixel-by-pixel to
generate the hue angle or polar map (see materials and methods). In some striking cases the pinwheel centers
correspond precisely to regions of convergence of L+M-/M+L- COFD pairs with S+/S- pairs whose axes
are arranged orthogonally (Fig. 4, H, J and K, dark arrows; note that H, J and K are the same region; J and
K are the same map, but K is overlaid with the same contours from H), but other pinwheel centers are found
where COFD pair axes interact in a more parallel arrangement, and some are even found outside the COFDs.
DKL hue pinwheels were most apparent when generated using stimuli with cone increments maximized
(Fig. 4, J and K), but were also observed when cone increments were matched (Fig. 4L).

Cone inputs and hue tuning

For 2PCl-assayed neurons with significant STA kernels to the L, M, or S cone-isolating Hartley stimulus
set, their preferred directions in color space were also highly consistent with the magnitude and sign of cone
inputs estimated from the STA kernels. This was the case both for hues presented in the DKL isoluminant
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plane (Fig. 5H) and in CIE color space (Fig. 5L, see materials and methods, (/5)). This relationship is most
apparent from the responses to DKL hues, due to the clear correspondence between cone-opponency and
DKL hue directions. Normalized cone weight plots (see materials and methods) for both DKL and CIE hues
(Fig. 5, H and L) show that the great majority of neurons are in the L+M- and M+L- cone-opponent
quadrants, as expected from the mixing described above. Neurons in the achromatic quadrants have only
weak STAs to one or another of the L or M cone-isolating stimuli, as expected from the noise inherent to
calculation of input magnitude from STA kernels and the methods we used to assign values (see materials
and methods). (Neurons with a significant STA to only one stimulus set were nevertheless assigned values
for the non-significant stimuli rather than pinning values to zero.) As expected, for the neurons tested with
DKL hues, the great majority of hue-selective neurons in the L+M- quadrant preferred DKL directions
around 0 deg. (315 of 390 = 80.8% of neurons at 0 + 60 deg.), while those in the M+L- quadrant preferred
DKL directions around 180 deg. (119 of 213 =55.9% of neurons at 180 = 60 deg.). For neurons tested with
CIE hues, hue-selective neurons in the M+L- quadrant nearly all preferred blue while neurons in the L+M-
quadrant mostly preferred red with some preferring blue (Fig. SL). This arrangement is expected from the
stronger L cone contrast for red and stronger M cone contrast for blue (fig. S6C), combined with the fact
that the OFF phase of the blue stimulus can sometimes generate a stronger L response than M. It is important
to note that hue selective neurons generate both ON and OFF responses to drifting hue gratings and due to
the slow dynamics of calcium signals observed with 2PClI, it is not possible to definitively identify whether
responses are being generated to the ON versus the OFF phases of the drifting gratings. While ON responses
are generally stronger than OFF responses, this may not always be the case. Therefore, the hue preferences
observed from 2PCI imaging of responses to drifting gratings are not expected to always match the
predictions from responses to flashed, cone-isolating stimuli.

There is also a clear separation of a set of neurons near the middle of the diamond plots with relatively
strong S-cone STA kernels (Fig. 5, H and L). Note that the S-cone isolating stimulus used to generate these
STA kernels is much higher contrast (89.9%-90.2%) than the L and M-cone stimuli (18%-18.5%),
contributing strongly to the separation of this group. This is apparent from the overall distribution of hue
preferences to DKL stimuli (Fig. 5I). Here it can be seen that when stimuli are matched for cone increment
magnitude (see materials and methods), responses are dominated by colors modulated at or near the L-M
opponent axis (0 and 180 deg.). Extremely few (138 of 6658 neurons, 2.07%) preferred stimuli modulated
in the S+ or S- directions. Nevertheless, S-cone inputs could be seen to have a significant, although
relatively weak influence on preferred DKL hue. Amongst neurons with significant S-cone STA kernels,
their preferred directions in the DKL isoluminant plane were consistent with expected shifts resulting from
linear integration with L/M opponent mechanisms. Neurons with significant S-cone ON STA kernels were
more frequently tuned to the DKL hue at 90 deg. than neurons lacking significant S-cone STA kernels (7
of 203 neurons, 3.45% versus 52 of 6167 neurons, 0.84%; P = 0.0058, Fisher's exact test), or than neurons
with significant S-cone OFF STA kernels (0 of 288 neurons, P = 0.0045, Fisher's exact test). Similarly,
neurons with significant S-cone OFF STA kernels were more likely to prefer the DKL hue at 270 deg. than
neurons without significant S-cone kernels (9 of 288 neuron, 3.13% versus 70 of 6167 neurons, 1.14%; P
= 0.0184, Fisher's exact test), or than neurons with significant S-cone ON STA kernels (0 of 203 neurons,
P =0.0175, Fisher's exact test).

Preferred hues within COFDs and their intersections

The relatively weaker influence of the S cone relative to the L/M opponent mechanisms during interactions
between the COFDs can be seen not only in the hue tuning of the individual neurons (see above), but also
in the tuning of ISI pixels within the different COFDs to the DKL stimuli. To further quantify the
relationships between COFDs and DKL hue responses, the COFD masks were used to identify pixels in
each COFD ON or OFF region (Fig. 5P and fig. S4D), as well as intersections between regions (Fig. 5Q
and fig. S4E), and then the ISI hue responses of those pixels were used to generate hue tuning curves. For
example, it can be seen in Fig. 5P that, as expected, the pixels in the L+ and M- COFDs were most strongly
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modulated by hues at or near the 0 deg. hue direction and most weakly modulated by the 180 deg. hue
direction. In contrast, the M+ and L- pixels were most strongly modulated at 180 deg. and least strongly at
0 deg. Importantly these tuning curves are relatively symmetric around the 90 to 270 deg. axis, as expected
from near equal influences of S-ON and S-OFF signals, resulting from the symmetric mixing of S-ON and
S-OFF COFDs with the L+M- and M+L- domains. Also as expected, the S+ COFDs responded more
strongly to 90 deg. than to 270 deg. and S- more strongly to 270 deg. than to the 90 deg. hue. But owing to
the relatively weak S cone influence, responses to the intermediate as well as 0 and 180 deg. hues were at
least as strong as those to 90 or 270 deg.

To more directly assess the predictions from mixing of COFDs to generate color opponent signals, we also
generated DKL hue tuning curves for the pixels at the intersections corresponding to the regions where
neurons would be expected to be shifted toward each of the red (L+ N S+), yellow (L+ N S-), blue (M+ N
S+), and green (M+ N S-) color appearance mechanisms (Fig. 5Q and fig. S4E). As expected from their L+
contributions, the “red” (e,g. L+ N S+) and “yellow” pixels were strongly biased to preferences toward 0
deg. and away from 180 deg. hues. Similarly, the pixels corresponding to “colors” with M+ contributions
(“blue” and “green”) had DKL hue preferences that were strongly biased toward 180 deg. and away from
0 deg. Importantly, it can be seen that the differential mixing of S+ and S- for each of the combinations
generates differential shifts toward or away from the S+ (90 deg.) and S- (270 deg.) DKL hues. Specifically,
the “red” pixels have hue preferences that are shifted toward 90 deg. (away from 270 deg.) relative to the
“yellow” pixels, and the “blue” are similarly shifted relative to the “green” pixels. Again, despite the clear
differences between the intersections with S+ versus S- COFD contributions, the shifts along the 90-270
axis are much smaller than the shifts along the 0-180 deg axis, once again reflecting the weak overall
contributions of the S cone inputs. This imbalance can also be visualized by comparing to an idealized
schematic that assumes balanced interactions across the COFD intersections (Fig. SR). Fig. 5R also serves
to illustrate the hypothesized production of hue pinwheels that we have described at some locations where
the physical positioning of COFDs generates interactions across orthogonal S+/S- and L+M-/M+L- axes
(Fig 4, H to L). In such cases, the conceptualized schematic and the actual physical mapping on the brain
have similar configurations.

COFDs and CO histology

Previous studies have suggested that cytochrome oxidase blobs in layer 2/3 are specialized for processing
of color information ((20), but see(217)), receive direct S+ input from the LGN (9, 22), and could have
neurons with a different distribution of preferred colors than interblobs (/5). We were therefore interested
in whether there might be a relationship between COFDs and CO staining, either for all COFDs together
(data from all 5 animals) or for ON or OFF domains of particular cones (animal A7 excluded). Alignment
of COFD maps to postmortem CO histology ((/5) and see materials and methods) shows that they have
similar periodicity and are often overlapping, but there are also clearly regions that do not overlap (Fig. 3M
and Fig. 6, E and F). To quantify these relationships, the distributions of CO intensities were compared
between pixels located within versus outside all COFDs. Complete results from all comparisons for all
imaging regions are shown in fig. SSA. In general, regardless of the cone type (L, M, S) or phase (ON or
OFF), pixels in the COFDs have higher CO intensities and pixels in non-COFD regions have lower CO
intensities than expected from the overall distribution of CO intensities across V1. The biases of these
COFD regions toward high CO intensities were all significant for every animal (4 animals for comparisons
between phase-identified COFDs with non-COFDs, 5 animals for comparisons between phase-unassigned
COFDs with non-COFDs). These statistical comparisons within animals are based on treatment of each
COFD region as an independent sample (see materials and methods, Wilcoxon signed rank test), and P
values less than 0.05 are considered significant. Across animals, the bias toward high CO intensities is
statistically significant (n = 5 animals, P = 0.03125, right-tailed Sign test) only for the comparisons based
on phase-unassigned COFDs (5 animals), as maximal statistical significance for 4 animals is P = 0.0625.
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The achromatic ON and OFF domains were also significantly biased toward blob regions for all 3 animals

in which achromatic phase maps were generated.

Because a previous study has shown that S+(L+M)- LGN afferents preferentially terminate in the CO blobs
(9), we were particularly interested in whether S+ domains might be more strongly biased toward high CO
intensity regions than other COFDs. Comparisons between cone types and phases within animals revealed
consistent significant differences only for the S+ domains, which were significantly biased toward higher
CO intensities than S- for all four animals (see materials and methods, Wilcoxon rank sum test, P values
less than 0.05 are considered significant, and the same test method and criteria were applied on the following
comparisons). S+ was also significantly higher than both L+ and M- in 3 of 4 animals. Other comparisons
were significant for only 1 or 2 out of the 4 animals. It is noteworthy that the most dense S+ LGN terminals
and CO staining are found deep within layer 2/3 (layer 3B) (9, 22), so there might be a closer
correspondence between S+ responses and CO deeper in cortex.

Previous studies have used ISI and colored visual stimuli to reveal patchy activation patterns (“‘color
domains”) within V1 (23, 24). We have generated maps using the same methods applied in those studies
(regions preferentially responsive to red/green or blue/yellow isoluminant stimuli) and directly compared
those maps to COFDs imaged in the same animals. We find that the color domains and COFDs are closely
related (fig. S5B). This is expected, because both red/green and blue-yellow isoluminant modulation should
differentially activate selected regions within the COFDs. The partial but not exclusive correspondence
between COFDs and CO histology is also consistent with previous observations of the relationships
between color domains and CO staining (24).

Discussion

In summary, we have demonstrated that: 1) L, M and S COFDs are a prominent feature of the functional
organization of primate V1 that can be readily revealed with ISI imaging; 2) 2PCl-assayed responses of
neurons within the COFDs have ON and OFF responses to cone-isolating stimuli that correspond to ISI
phase maps; 3) both qualitative and quantitative assessment of the spatial intersections of COFDs shows
that they follow the mixing rules predicted from models of color appearance mechanisms; 4) DKL-hue
phase maps show that the hue preferences at intersections between COFDs correspond to hues predicted
from functional mixing and generate hue pinwheels; 5) 2PCI of DKL hue preferences at the intersections
of COFDs shows that functional mixing occurs at the level of individual neurons; and 6) COFDs are biased
toward regions of high CO intensity. We conclude that the neural substrates that underlie the transition from
cone-opponent (stage 2) mechanisms to color opponent (stage 3) mechanisms are highly organized and
implemented by specific connections between neurons in the geniculate input layers (4C, 4A, 3B) and the
neurons that we have assayed in more superficial V1.

The most prominent feature of stage 3 of the 3 stage model is the specific combinations of mixing
between cone-opponent mechanisms that are predicted to give rise to each of the four color-opponent
mechanisms (Fig. 1). This mixing is expected to generate a greater range of hue preferences than is present
in the cone-opponent geniculate input population, largely owing to the interactions between the L/M and
S/(L+M) mechanisms that do not occur at earlier stages. The “unique colors” (red, green, blue and yellow)
are not necessarily expected to be preferred by larger numbers of neurons than other hues, but instead reflect
perceptual transitions within the color opponent mechanisms, where, for example, “red” appears neither
“bluish” or “yellowish” (/). (Due to the opponent nature of color appearance, red cannot appear “greenish”
(11).) Consistent with these expectations, our observations and analyses indicate that mixing of the L/M
opponent mechanisms with S/(L+M) mechanisms within COFDs gives rise to shifts in preferred hues that
are in the directions expected to generate color opponent mechanisms. But the contribution of the S/(L+M)
mechanism is likely much less than expected to fully account for color appearance. Careful calculations
based on psychophysical measures assign just a 2.55-fold stronger influence to the L/M mechanism (/),
while the responses we have measured from neurons in upper layer 2/3 of V1 appear to reflect a much
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stronger relative influence of the L/M mechanism. It is likely that these relative contributions are re-
weighted in higher visual areas, as suggested by a recent 2PCI study comparing responses to CIE hues in
cortical areas V1, V2, and V4 (25). Importantly, our observations using DKL hues show that the biases of
V1 neurons toward end-spectral CIE colors observed previously (75, 25) do not result solely from the
stronger L and M cone activation generated by the red and blue CIE hues (75, 26); S-cone contributions are
weak even in response to DKL stimuli with matched L, M, and S-cone increment magnitudes. Neurons
deeper in layers 2/3 and 4A (inaccessible to 2PCI) that receive direct S/(L+M) signals (9) and can project
directly to V2 might also have more dominant S-cone influences that could contribute to stronger S cone
influences in higher visual areas.

Electrode penetrations extending across cortical layers have also found locations containing neurons with
Blue-Yellow versus Red-Green opponency, leading to the suggestion that there are separate blobs for each
type of opponency (27). The COFDs that we observe, as well as their relationships to CO staining, argue
against this interpretation and provide an explanation for why different electrode penetrations might
sometimes be biased to sample neurons with different color opponency. There may in fact be color columns
that extend across cortical layers, but they likely correspond to the more closely spaced COFDs with
different cone inputs rather than to separate blobs. Future experiments using ISI imaging of COFDs to guide
subsequent electrode penetrations (e.g. fig. S7) should more clearly reveal the extent to which color
selectivities and/or cone input signs and sensitivity extend across or vary between layers.

We have observed a functional organization (COFDs) in the most superficial layers of V1 that involves
systematic mixing of L/M opponent with S+ and S- signals. The fact that L/M opponent LGN inputs
terminate in a separate layer (layer 4CP) from S+ (layer 3B) and S- inputs (layer 4A) indicates that mixing
of these cone-opponent systems can only occur through neural substrates that span across these layers and
also suggests that there are likely to be some laminar differences in cone responses and color tuning. The
most prominent substrate for potential mixing is the axons of layer 4Cp spiny stellate neurons that extend
to and densely arborize in layers 4A and 3B, likely mixing L/M opponent with S cone signals (28, 29). Yet
another synaptic step is required to transmit information in layer 4A/3B to the neurons that we imaged in
layer 2/3A (30). An additional possibility that should not be overlooked is a specialized population of layer
6 pyramidal neurons (Type IBA) that have both dendritic and axonal processes that arborize selectively in
both layers 4CB and 4A/3B (31/-33). These neurons could directly integrate L/M opponent with S+ or S-
LGN inputs and provide their mixed signals to neurons in layers 4Cf} and 4A/3B. Such a mechanism could
account for Blue-Yellow opponent neurons that have been reported in layer 4C (27). While our observations
clearly point to these circuits as the neural substrates that mediate mixing of cone-opponent mechanisms to
generate the rudiments of color opponency, further experiments will be required to more precisely identify
the micro-circuitry involved.
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Fig. 1. Three-stage zone model of color vision (adapted from Stockman and Brainard (7)). At the first
stage (outer ring), light is transduced by three types of cone photoreceptors, L (long), M (middle), and S
(short) -wavelength sensitive. In the second stage, cone signals are integrated through four cone-opponent
mechanisms (L+M-, M+L-, S+(L+M)- and (L+M)+S-) instantiated by retinal circuits connecting specific
cone types to retinal ganglion cell types. At the hypothesized third stage, cone-opponent signals are
predicted to combine in four specific combinations to generate color-opponent mechanisms, as well as
neurons whose activities underlie the perception of four “unique colors” (red — RG; green — GR; yellow —
YB; blue — BY).
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Fig. 2. Clustering of neurons with ON/OFF-dominant receptive fields. (A to C) Presentation of Hartley
flashed gratings (A, L-cone isolating is shown as an example, 4 frames per second) to the anesthetized
macaque monkey during simultaneous two-photon calcium imaging (C) in primary visual cortex (V1, B).
Scale bar in (C) 200 um. (D to H) Higher magnification view of the imaging region (D, scale bar: 20 pm)
with four neurons selected as examples to show their fluorescence signals, inferred spike rates, and their
receptive fields computed from spike-triggered average (STA) shown in (E to H). The color of traces in (E
to H) are matched with the color of circles in (D) to indicate the origin of the signals. Responses to L-cone
isolating (E), M-cone isolating (F), S-cone isolating (S), and achromatic (H) Hartley flash gratings are
shown as four panels. The fluorescence signal (upper trace in each panel) is normalized to the response to
blank condition (AF/F). The spike rate (lower trace in each panel) is inferred from raw fluorescence signal
(see materials and methods). Red colors in the STA images indicate ON sub-regions of spatial receptive
fields, and blue indicates OFF sub-regions. Each grid in the STA images is 0.2 degree, and total size is 1.6
degree. (I to J) Functional maps of the locations of neurons with ON-dominant (red dots) and OFF-
dominant (blue dots) receptive fields in response to each stimulus type (L, M, and S cone isolating and
achromatic color (Achro.)). Neurons are organized in ON and OFF clusters. (I to J) are each from different
imaging regions from animal A1 (more examples are shown in fig. S1); both illustrate two planes that were
merged. Scale bar in (J): 200 um; applies to all panels in (I) and (J).
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Fig. 3. COFDs obtained from ISI are aligned with ON and OFF clusters from 2PCI. (A) Continuous
periodic full-field cone-isolating and achromatic stimuli (top) with corresponding sinusoidal temporal
modulation (bottom, L-cone isolating stimulus is shown). (B to E) ISI phase maps reveal ON and OFF
functional domains resulting from L-, M-, S-cone isolating and achromatic stimuli, respectively. Scale bar:
Imm. (F to I) 2PCI responses of neurons (colored dots) to L-, M-, and S-cone isolating and achromatic
stimuli superimposed on corresponding aligned zoomed-in ISI phase maps from regions outlined in B to E.
Individual neurons imaged with 2PCI depicted based on whether STA receptive field was predominantly
ON (red) or OFF (blue). (J) DKL hue preference map from the same imaging region as shown in (F to I).
Individual neurons are depicted based on the DKL hue to which they responded most strongly. Neurons
that were not hue selective are plotted in grey. The inserted color key indicates the relationship between the
hues for plotting the map (outer ring, DKL hues have maximal contrast that can be generated by our CRT
monitor) and the hues used for stimulation (inner disk, DKL hues have matched cone-increment). (K to M)
Same as J, overlaid on top of ISI M-cone, S-cone COFDs and cytochrome oxidase (CO) histology. Scale
bar in (F): 200 pm; applies to (F) to (M). Note that grids were added in (F to M) for comparison purpose.
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Fig. 4. Spatial relationships between COFDs and hue tuning from ISI and 2PCI. (A to C) COFDs from
ISI phase maps in response to full-field periodic L-, M-, and S-cone isolating stimuli, respectively. Scale
bar in (C): 1 mm; applies to (A to C). (D to F) Zoomed-in views of maps in A to C. Color contours for ON
and OFF phases are overlaid on images based on ISI pixel values. Scale bar in (F): 1 mm; applies to (D to
H) and (J to L). (G and H) Overlays of L-COFD contours (from D) with M-COFD contours (from E) (G)
and L-COFDs with S-COFDs (from F) (H) to demonstrate spatial relationships between COFDs. Same
scale as D to F. Additional examples are shown in fig. S3. L- and M-COFDs overlap extensively with have
an anti-phase relationship; L-on COFDs align with M-off COFDs, and L-off align with M-on (G). In
contrast, S-on and S-off COFDs tend to fall between and partially overlap with L+M- and M+L- COFDs
(also see N and O) with a cross-overlap organization. (I) Schematic diagrams of the COFD relationships
often seen in H. L+M-/M+L- pairs are often grouped with an S+/S-pair such that the pairs have orthogonal
axes (H, dark arrows, schematized at top of I). Alternatively the pairs are arranged in parallel with S+ and
S- COFDs interdigitating between L+M- and M+L- COFDs (H, white arrows, schematized at bottom of I).
(J to L) DKL hue angle maps demonstrating pinwheel and parallel functional structures. Maps are generated
from DKL hue-phase maps (e.g. Fig. 5). J and L are from different animals (A2 and A1, respectively), while
K is same as J but with COFD contours superimposed. Same scale as D to F. Arrows in J and K are at the
same locations as in H and illustrate the relationships between hue functional structures and COFDs. (M to
O) 2D histograms of the spatial relationship between L, M, and S COFDs. The 1D histograms on the x and
y axes display the number of pixels in each category. (Additional cases are shown in fig. S3). The anti-
phase relationships between L and M COFDs are apparent in M, while interactions between L or M with
S-COFDs have more balanced interactions across all phases (N, O). (P to R) Relationships between ISI
COFD organization and DKL hue preference of individual neurons identified with 2PCI. Scatter plots are
shown of mean normalized ISI cone-isolating phase map pixel values for pixels aligned to the location of
each 2PCI imaged neuron. Histograms on x and y axes demonstrate the number of neurons with ISI pixel
values in each bin. Individual neurons are colored according to their preferred DKL hue.
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Fig. 5. Relationships between hue preference maps and COFDs. (A) Schematic of stimulus presentation.
During ISI, twelve evenly spaced DKL hues were presented as full-field, square wave temporally modulated
710  stimuli on a grey background (see materials and methods). L+/M-, L-/M+, S+, and S- directions correspond
to 0, 180, 90, and 270 degree hue directions, respectively. (B to E) ISI phase maps in response to 30, 120,
210, and 300 degree hue directions (animal A2, other maps and another case, A1, are shown in fig. S4A).
Maps have hue/grey phase pairs similar to ON/OFF phase pairs in COFD maps, but each with unique spatial

18


https://doi.org/10.1101/2020.09.22.309054
http://creativecommons.org/licenses/by-nc-nd/4.0/

715

720

725

730

735

740

745

750

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.22.309054; this version posted September 23, 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-NC-ND 4.0 International license.

arrangements. Scale bar in (B): 1 mm; applies to (B to E). (F and G) Quantitative analyses of the spatial
relationship between DKL hue preference domains and each type of COFD (another case, Al, is shown in
Fig S4, B and C). Rows in F correspond to comparisons of hue maps with L (top row), M (middle row),
and S (bottom row) COFDs. Columns in F and G correspond to relationships to hue-phase maps generated
with stimuli modulated in the color directions indicated at bottom of G. (F) The ON and OFF phases of
cone-isolating (L, M, and S) stimuli are shown as ON and OFF colors of each cone type on the left side.
The colors of twelve DKL hues and grey are shown as color disks on the top of the panel. The bivariate
histograms show systematic relationship between phase magnitude and signs for ISI pixels from COFDs
and DKL hue preference domains. (G) The angles defined by the top 10% of pixel densities in each bivariate
histogram for each cone type and in relation to each color direction are plotted. X-axis is the stimulus hue
angle in DKL isoluminant plane, Y-axis is the pixel density angle calculated from each bivariate histogram
(see materials and methods). Note that the L-cone and M-cone fitted curves have a counter-phase
relationship, 180 degrees apart. The phase of the S-cone fitted curve is 90 degrees from and halfway
between the L and M curves. (H) Comparisons for individual 2PCI neurons of the relationships between
DKL hue preferences and cone input weights. 988 neurons with significant L, M, or S-cone STA kernels
from 5 imaging regions (10 planes, see fig. S2) of A1 were selected to calculate normalized cone weights.
L and M cone weights are plotted on the x and y axes in the diamond plot. Due to normalization summing
total absolute values of weights to 1, S-cone weights are implicit as the distance from the edges of the
diamond. Each neuron in the plot is colored according to its preferred DKL hue. Neurons with significant
STAs, but which are not hue selective, are plotted as grey. (I to K) The distribution of preferred DKL hues
of all hue-selective neurons (I), hue-selective neurons with significant S-ON STA (J), and hue-selective
neurons with significant S-OFF STA (K). The preferred hue is shown as the color of bar, and the number
of neurons sampled is shown in each panel. (Five imaging regions, 10 planes, from Al.) (L to O) Similar
to H-K but using 2PCI data from cases in which CIE hues were presented. (L) 336 neurons with significant
STA kernels from 4 imaging regions (3 from A3 and 1 from A4, 6 planes total) are plotted. (P) Hue tuning
curves calculated from the means of ISI pixel values within each COFD region in response to each DKL
hue direction. (Q) The hue tuning curves calculated from the means of ISI pixel values within each COFD-
intersection region in response to each DKL hue direction. Method of curve fitting used in (P) and (Q) is
described in materials and methods. Another case is shown in fig. S4, D and E. (R) Model of how cone-
opponent mixing, facilitated by the spatial organization and overlap of COFDs creates color tuning and
follows stage 3 mixing rules for color opponency and color appearance mechanisms. The organization
allows four intersections between L/M and S/(L+M) cone-opponent mechanisms at the four overlapping
regions of COFDs. This mixing generates opponent color mechanisms and encompasses the four “unique
colors” (red — RG; green — GR; yellow — YB; blue — BY).
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Fig. 6. Spatial relationship between COFDs and CO blobs. (A to C) L- (A), M- (B), and S-cone (C)
COFD maps of V1 and V2 from animal AS. (D) Aligned image of CO staining from the same region as (A

755  to C). Scale bar in (D): 1 mm; applies to (A to D). (E and F) Slightly higher-power view of the COFD and
CO contours from the region within the white square shown in (A to D). More cases are shown in fig. 5S.
Scale bar in (F): 1 mm; applies to (E) and (F). (G) Histogram of CO intensity distributions in COFD, non-
COFD and whole V1 regions. Dash lines are median of the distribution in each region. The CO intensity
distribution in COFD regions is significantly higher than that in non-COFD regions (n = 96 COFD regions,

760 P =0.0062, Wilcoxon signed rank test, see materials and methods). Note that dotted white outline in (D to
F) indicates region restricted from quantitative analysis due to damage by an electrode penetration
(subsequent to ISI data collection) and loss of CO staining.
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