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Microstimulation of the IT on color

Abstract

Within the anterior inferior temporal cortex (AIT) there is a cluster of color selective neurons
whose activities correlate with color discrimination behavior. To examine the causal
relationship between the activities of these neurons and behavior, we applied electrical
microstimulation to modulate neuronal activities within the AIT. We trained monkeys to
perform a color judgment task and evaluated the effect of microstimulation in terms of the
horizontal shift of the psychometric function. We found large effects of microstimulation on
color discrimination behavior, predominantly within a subregion of the AIT. The cortical extent
where microstimulation modulated behavior correlated with the presence of color-selective
neurons. Unexpectedly, the direction of the modulation of color judgment evoked by
microstimulation correlated negatively with the preference of the neurons around the
stimulation site. These results support the existence of an anterior inferior temporal
color-selective area (AITC) and its causal relationship with the color perception of these
animals.
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Introduction

Information about color, an essential and independent attribute of visual stimuli, is

transmitted along the ventral visual stream, which includes areas V1, V2 and V4, until it

ultimately reaches the inferior temporal cortex (IT) (Conway et al. 2010; Desimone et al. 1985;

Fujita et al. 1992; Komatsu 1998; Maunsell and Newsome 1987; Tootell et al. 2004; Zeki 2005).

Lesioning or cooling the anterior IT (AIT) severely impairs color discrimination (Buckley et al.

1997; Dean 1979; Heywood et al. 1995; Horel 1994; Huxlin et al. 2000), and imaging and

neural recording studies have demonstrated color-selective responses in several subregions of

both the AIT and posterior IT cortex (Conway et al. 2007; Conway and Tsao 2006; Harada et al.

2009; Koida and Komatsu 2007; Komatsu and Ideura 1993; Komatsu et al. 1992; Lafer-Sousa

and Conway 2013; Takechi et al. 1997). One of these color-selective subregions was detected in

the inferior temporal gyrus, near the posterior end of the anterior middle temporal sulcus

(AMTS) in the AIT and was named the AIT color area (AITC) (Banno et al. 2010; Namima et

al. 2014; Yasuda et al. 2010). Simultaneous recordings of the activities of color-selective

neurons in the AITC and color judgment behavior in monkeys has revealed that the activities of

these neurons correlate positively with the monkeys’ color judgment (Matsumora et al. 2008).

Comparison between the ability of single neurons and monkeys to discriminate colors indicated

that variation in the color discrimination threshold across a color space in the monkeys

corresponded well with that in the neurons. Although these recording studies suggest a
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correlation between the activities of color-selective neurons in the AITC and color

discrimination behavior, a causal relationship has not yet been demonstrated.

Electrical microstimulation, which enables one to manipulate the activities of small

groups of neurons, has been successfully used to demonstrate causal links between neuronal

activities in visual cortical areas where specific visual attributes are represented and visual

discrimination behavior based on the same attributes (Afraz et al. 2006; Clark et al. 2011;

Cohen and Newsome 2004; DeAngelis et al. 1998; Salzman et al. 1990; Verhoef et al. 2012). In

the present study, we applied this method to the AITC and measured the effect of

microstimulation on color judgment behavior in monkeys. We asked how the magnitude of the

effects distribute in the AIT, and whether it is related to the distribution of color-selective

neurons (extent of the AITC). In addition we asked whether the effect of microstimulation on

color judgment behavior could be explained by the color preference of the neurons at the

stimulation site.

Materials and Methods

Experimental model

Two Japanese macaque monkeys (Macaca fuscata, one female monkey YU weighting

5.5 kg, and one male monkey RG weighing 7.0 kg) participated in the experiments. All

procedures for animal care and experimentation were in accordance with the National Institutes
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of Health Guide for the Care and Use of Laboratory Animals (1996) and were approved by the

Institutional Animal Experimentation Committee.

Preparation of the animals

The surgical procedure was described previously (Matsumora et al. 2008). In short, the

animal’s head was fixed with a head holder, and eye position was recorded using an implanted

eye coil (1 kHz) (Judge et al. 1980) or a video-based monitoring system (120 Hz, ISCAN, MA,

US). The recording chamber was placed on the skull, where an electrode could be inserted

vertically into a region of interest in the ventral surface of the IT. This was guided using

landmarks in magnetic resonance images obtained before the surgery. Recording positions were

identified by comparing the depth profile of neuron activities during each penetration and MRI

images, as well as the tip of the electrode identified in x-ray photos. At the end of the

experiment, a constant dynamic current was applied to several recording sites to mark the sites

and confirm that the electrode tip was located as intended.

Color judgment task

The monkeys were trained to perform a fine color judgment task (Fig. 1a). A sample color

was presented for 500 ms on the fovea while the animal fixated (eye window 2.6 deg) at a

distance of 82 cm from the CRT display (CV921X, Totoku, Tokyo, Japan). The fixation spot

was turned off 350 ms before the sample onset. The stimulus shape was always a circle with a
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diameter of 2 deg. The chromaticity of the sample was randomly selected from among 7 colors
in one sample set arbitrarily named #1 to #7. Two white targets were presented 5 deg
horizontally or vertically from the fixation point just after sample offset. Sample colors #1-3 and
#5-7 were associated with different targets. The animals made a saccade to either one of the
targets by judging whether the sample color was more similar to either end of the spectrum of 7
colors. A juice reward was given if the monkey made the correct saccade, except for color #4
for which a reward was given randomly (50%). After making a saccade, the color of the two
targets changed from white to the colors at either end (#1 and #7) for 100 ms, which facilitated
the association between the target direction and sample color. For each recording, the number of
repetitions was 20 for monkey YU and 15 for monkey RG, and a total of 280 or 210 trials were
performed for each set. The same monkeys participated in an experiment employing similar

color judgment tasks for over two years (Matsumora et al. 2008).

Visual stimulus

Sample color stimuli (20 cd/m?) were presented on a gray background (Standard white
D65, CIE x = 0.313, CIE y = 0.329, 10 cd/m?). The luminance and chromaticity of the stimuli
were calibrated using a photometer (CS-200, Konica-minolta, Tokyo, Japan) and presented
using a 14-bit linearized video card (VSG 2/3, Cambridge research systems, Rochester, UK).

Three sets of sample colors were used for monkey YU and six sets for monkey RG (Fig. 1b).
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In our previous study (Matsumora et al. 2008), color stimuli were chosen in every
experimental session according to the neuron’s preferred color. In the present study, however,
we used three fixed sets of colors for monkey YU and six sets of colors for monkey RG (Fig 1b).
We used fixed color sets because 1) microstimulation was applied to sites both with and without
color-selective responses and 2) it is not yet clear whether neurons with similar color
preferences are clustered within the AIT. Each sample color set consisted of 7 colors. The tests
for each color set were separated into blocks.

Three edge-color sets for monkey YU

The colors in each of the three sets (green-set, red-set and blue-set) were distributed along
the edge of the CRT gamut (Fig. 1b). The seven colors in each set were separated by the same
distance on the CIE-xy chromaticity diagram. Color #1 was associated with a leftward saccade
and #7 with a rightward saccade. The order of the stimulus blocks was always the same: red,
green and blue.

Six hue-saturation color set for monkey RG

The seven colors in each of the six sets were distributed in either the hue or saturation
direction in the CIELAB color space, a uniform color space. They were separated by the same
distance in this color space, and color #4 was common across two color sets that had a hue angle
of red (27 deg), green (140 deg) or blue (-70 deg) and a saturation of 40 unit radius from the
neutral point. The constant saturation locus is circular in this color space, but we approximated

it as linear because of the small color distance. Behavioral responses were a rightward or
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leftward saccade for the saturation color set (rightward saccades associated with desaturated red,

saturated green, and saturated blue), and upward or downward saccades for the hue color sets

(upward saccades associated with yellowish red, bluish green, and reddish blue, Fig 1b). This

rotation of saccade direction was introduced to avoid crosstalk between the behavioral responses

to hue and saturation. For example if microstimulation modulates color perception toward both

hue and saturation, the animal would judge color in the hue or saturation directions

independently. The order of the stimulus blocks was red-hue, green-hue, blue-hue,

red-saturation, green-saturation and blue-saturation.

The range of colors between #1 and #7 in each color set was determined after extensive

training of the monkeys in a color judgment task, when their behavioral performance had

arrived at a plateau level. The interval of the color set was determined such that both extremes

of the behavioral responses were clearly observed (0 or 100%), and the intermediate response

ratio was observed with several stimuli (Fig. 1c¢).

When the stimulus block was changed, several trials under both the non-stimulation and

stimulation conditions were performed as brief training. These data were not used for analysis.

The influence of the order of the color sets was tested by repeating the experiment with different

initial color sets, and we confirmed that the stimulation effect was reproducible.

Electrical Microstimulation
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For microstimulation, in half of the trials biphasic electrical pulses (200 Hz, anode first;

Fig. 1a) were randomly applied through the same electrode used for neural recording (0.5-1.5

MQ, FHC, ME, US). The stimulus current was usually 20 puA, but was 50 pA for the right

hemisphere of monkey RG. The duration and timing of the stimulation were the same as for the

visual stimuli (500 ms). The reward rule was the same with or without stimulation.

Penetration and recording

Neural recordings were made using electrodes inserted through an evenly spaced grid of

holes at 1-mm intervals (Crist et al. 1988) over a wide area of the ventral surface of the IT.

Electrodes were penetrated vertically and entered the target cortex from a deeper layer. The

experiment was performed when the electrode was advanced more than 200 um from the entry

depth of the deep layer. In one electrode penetration, we performed the experiments up to three

times, and the electrode was displaced at least 300 pm in each experiment. At each site, we

performed unit recording and microstimulation through the same electrode. We first examined

the color selectivity of the multi-unit activity (MUA) elicited by 15 equiluminant color stimuli

that evenly distributed across the color gamut on the CIE-xy chromaticity diagram while the

animals were fixating. Then the effects of microstimulation on color judgment behavior were

measured. Neural activities were amplified, filtered and sampled at 25 kHz, and MUAs were

detected by a setting threshold such that the mean firing rate at baseline (300-ms period before
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sample onset) became 40 spikes per second. Net responses were calculated after subtracting the

baseline activity and then used for the analysis.

Stimuli for the fixation task

To examine the color selectivity of neuronal responses, we used 15 equiluminant (20
cd/m?) color samples arranged systematically on the chromaticity coordinates (Fig. 2b, d),
except for saturated blue (10 cd/m?). The stimulus shape for the color-selectivity test was a
circle in most cases, but other geometrical shapes were used in some cases when the response to

that shape was significantly larger than to a circle.

Analysis of behavior

Behavioral performance was fitted by a maximum likelihood logistic equation using a
generalized linear model (glmfit function in Matlab). The observed psychometric function was
characterized by its horizontal position and slope at the point corresponding to 50% of the
height of the function. The effect of microstimulation was summarized as the horizontal shift
and slope change between two independently fitted curves; values were obtained by subtracting
data acquired in the non-stimulation condition from data acquired in the stimulation condition.
The significances of the horizontal shift and slope change were tested using a permutation test,
where the animals’ responses under both stimulation and non-stimulation conditions were

mixed, then randomly separated into two conditions while keeping the visual stimulus condition

10
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constant. The horizontal shift and slope change were calculated by fitting the resulting data.

This process was repeated 2,000 times and p values were calculated based on the distributions

of each variable. The horizontal shift and slope change were first quantified on the stimulus

metrics (#1 to #7), then were normalized to mean behavioral performance to allow comparison

across different color sets and animals. One unit of horizontal shift corresponded to a change in

performance from 50% to 86% in the logistic function, which corresponded to the average

standard deviation (SD) of the function.

In two experimental blocks for monkey YU, the psychometric function in the stimulating

condition exceeded the range of the color set because of the large effect of microstimulation. In

those cases, data were clipped at 5 SD units for further analysis (Fig. 3).

Results

Stimulated sites were systematically distributed on the ventral surface of the AIT. The

sites were centered at the posterior end of the AMTS, where many color-selective cells are

concentrated (Banno et al. 2010; Koida and Komatsu 2007; Komatsu and Ideura 1993; Komatsu

et al. 1992; Matsumora et al. 2008). For each of the 76 penetrations, the experiment was

performed at up to three sites at different depths. In total, 110 experiments were performed (70

with monkey YU, 40 with monkey RG, Table 1).

Large impact on color judgment

11
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We found that microstimulation modulated color-judgment behavior at some stimulation

sites. Figure 2 shows the effects of stimulation at two sites where clear modulation of

color-judgment behavior was observed. In an example from monkey YU (Fig. 2a, b), the MUA

at the stimulation site indicated a preference for pink (right-bottom area in the color space, Fig.

2b). In this case, the effect of microstimulation was apparent in all three color sets, and the

psychometric function shifted horizontally when microstimulation was applied. The leftward

shift in the psychometric function for the green set indicates the monkey more frequently judged

the sample colors as greenish when the microstimulation was applied. Likewise, leftward shifts

for red and blue sets indicate the animal more frequently judged the sample colors as reddish

and bluish, respectively.

The magnitude of the effect was quantified through logistic regression of the

psychometric functions (see Method). Each function was described by two parameters: the

horizontal position and the slope. The horizontal position indicates the sample number where

the animal chose the two alternatives with equal frequency. The slope indicates the accuracy of

the animal's behavior. Changes in the psychometric function caused by microstimulation were

quantified based on the horizontal shift and slope change between conditions with and without

stimulation. If microstimulation induced a color signal, a horizontal shift would be expected. If

microstimulation induced noise and disturbed choice behavior, irrespective of color, a decrease

in slope would be expected. Horizontal shifts caused by stimulation in the example case shown

in Figure 2a were -3.13, -4.37 and -3.37 for green, red and blue sets, respectively, which

12
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significantly deviated from zero (p < 0.05, permutation test). Slope changes caused by

stimulation were -0.513, -0.558 and -0.229 for the green, red and blue sets, respectively.

To evaluate the effect of microstimulation in terms of perceptual biases in a color space,

we converted the magnitudes of the horizontal shifts of the psychometric functions into

distances in chromaticity (bar length in Fig. 2a). In these examples, microstimulation biased

color judgment toward more reddish colors for the red set, more greenish colors for the green

set and more bluish colors for the blue set. In all three cases, color judgment was biased in the

outward direction in the color space; in other words, toward more saturated colors.

Microstimulation at some sites also modulated the behavior of monkey RG, and an

example case is shown in Figure 2c. In this case, the sizes of the effects differed depending on

the color set: large effects were observed for four color stimulus sets (red-hue, green-hue,

green-saturation and blue-saturation sets, p < 0.05, permutation test), while the effect for the

other two color sets was small (red-saturation set) or absent (blue-hue set). To visualize the

effect for each color set, the magnitude of the horizontal shift in the psychometric function was

converted to distance in chromaticity and was plotted along the direction of each of the hue and

saturation color sets on the chromaticity diagram (two thin lines crossing at the center of the

chromaticity of each color set in Fig. 2c). Then the effects of two components, in the hue and

saturation directions, were combined to make a single vector for the red, green and blue regions

(thick lines in Fig. 2¢). On the whole, the observed effects tended to distribute toward the upper
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right in the color space, which is headed away from the blue region. The MUA recorded at this

site showed clear color selectivity and preferred blue and green colors (Fig. 2d).

Not only did microstimulation alter the animals’ behavior in the stimulated condition, it

also affected behavior in the non-stimulated condition. For example, in the data from monkey

YU described above, the psychometric function shifted leftward in the stimulation condition,

but rightward in the non-stimulation condition (Fig. 2a). This contrasted with the fact that the

psychometric function was centered at sample color #4 for the training session (Fig. 1¢) or for

the experimental session when microstimulation had no effect (blue-hue set in Fig. 2c). The

shift observed in the non-stimulation condition is likely due to 'probability matching' behavior,

where monkeys made a roughly equal number of responses toward both directions over the

course of an experiment, and similar effects were reported previously as 'null choice bias'

(Salzman et al. 1992; Verhoef et al. 2012).

Population results

Across the experiments at the 110 sites tested, significant horizontal shifts of the

psychometric function (p < 0.05, permutation test) for at least one color set were observed at 74

sites (45 for monkey YU and 29 for monkey RG). Significant changes in the slope for at least

one color set were observed at 38 sites (24 for monkey YU and 14 for monkey RG). A complete

list of the numbers of significant cases is summarized in Table 1. The magnitudes of the effects

evaluated in terms of the absolute horizontal shift and slope change for all stimulation sites are

14
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summarized in Figure 3a and c. Each value was normalized to the mean accuracy of the

animal’s judgment for each color set (standard deviation (SD) of the psychometric function) to

enable comparison among different color sets and between the animals (see Method). The

magnitudes of the horizontal shifts were widely distributed up to 5 SD units (data were clipped

when magnitude of the shift exceeded 5 SD units in two cases for monkey YU). Significant

horizontal shifts (p < 0.05, permutation test) were observed for 164 color sets (87 for monkey

YU, 77 for monkey RG). These cases were not limited to specific color sets (33, 26 and 28

cases for red, green and blue sets for monkey YU and 19, 10, 17, 10, 11 and 10 cases for

red-hue, red-saturation, green-hue, green-saturation, blue-hue, blue-saturation sets for monkey

RG, respectively). Mean absolute horizontal shifts were 0.82 SD units for monkey YU and 0.43

SD units for monkey RG. When the shifts along two axes (hue and saturation directions) were

integrated in Euclidean distance for monkey RG, the average shift was 0.67 for all color sets,

and 0.65, 0.83 and 0.52 for red, green and blue integrated sets, respectively (Fig. S1). When the

effective sites were considered, the mean absolute horizontal shifts for the different color sets

were comparable (p > 0.10, 1-way ANOVA), indicating that the effect of microstimulation was

not limited to a specific color set.

The magnitude of the slope change distributed around zero, but its mean was slightly

lower than zero (Fig. 3a, c) (-0.19 for monkey YU, -0.05 for monkey RG). Significant changes

in the slope for each experiment were observed in 58 cases (42 for monkey YU, 16 for monkey

RG, p < 0.05, permutation test), among which negative changes in slope were more frequently

15
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observed (negative n = 36, positive n = 6 for monkey YU, negative n = 10, positive n = 6 for

monkey RG). Negative changes in the slope indicate microstimulation decreased the stability of

the judgments.

There was weak but significant correlation between the horizontal shift and the slope

change; the correlation coefficients were -0.40 for monkey YU (p < 0.01, t-test) and -0.17 for

monkey RG (p < 0.01, t-test). The negative correlation indicates that when microstimulation

biased a monkey’s judgment, it also decreased the stability of the judgment. Because significant

horizontal shifts were more frequently observed than significant slope changes for both

monkeys, in the following analyses we will focus on the horizontal shift as an index of the

effect of microstimulation.

Direction of modulation in a color space

We next examined the direction of the modulation of the population data, and asked how

those directions distribute in a color space. The directions of the shifts for each color set in each

experiment summarized in the color space are shown in Fig. 3b, d. As was illustrated in the

example case in Fig. 2a, there was a consistent tendency for microstimulation to modulate

monkey YU’s judgment toward more saturated colors or toward the corner of the color triangle

in the display gamut. This tendency was particularly obvious when the microstimulation was

applied to the right hemisphere (blue bars), but it was significant for both hemispheres (p < 0.05,

t-test). This suggests stimulation may have made the stimulus color appear more saturated.

16


https://doi.org/10.1101/2023.03.31.535032
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.31.535032; this version posted March 31, 2023. 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.

Microstimulation of the IT on color

To examine this possibility, in monkey RG we used different color sets, one laid along

saturation directions and the other along hue directions. However, we did not observe consistent

shifts along the saturation direction. Instead the induced shift distributed in various directions,

and we observed that large effects were frequently observed along a line from blue or toward

blue (Fig. 3d). To quantitatively examine whether there was bias in the effects of

microstimulation, we calculated the covariance of the horizontal shifts between the hue and

saturation axes. Significant covariance was observed between the hue and saturation sets

(correlation coefficient r = 0.55, -0.75, -0.89 for red, green and blue sets, respectively, p < 0.01

for all cases, t-test), which indicates that the directions of the modulation in a color space are

biased in certain directions. When extrapolating the directions of modulation for all color sets,

they approximately converged at a blue region in the left bottom of the chromaticity diagram.

When this extrapolation was performed in cone excitation space, which is another coordinate set

of color stimuli based on photoreceptor outputs, the directions of modulation did not align along

the S cone axis, but tended to rotate clockwise (Fig. S2). We conclude that there is a consistent

tendency in the direction of modulation in the color space.

Mapping cortical topography

To examine the spatial relationships between sites where the effects of the

microstimulation were observed and where color-selective neural responses were recorded, we

compared their distributions on the ventral surface of the IT cortex (Fig. 4). Hemispheric bias in
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the effect of microstimulation was observed in both monkeys: larger effects were frequently

observed in the right hemisphere of monkey YU and the left hemisphere of monkey RG (Fig. 4c,

d). This bias was not due to the order of the experiments, as the experiments with monkey YU

were not conducted serially but were switched several times between hemispheres. Strong

impacts were observed in a subregion extending a few millimeters and positioned adjacent to

the posterior end of AMTS. This localization was again not explained by the experimental order,

because the penetration sites were pseudorandomly chosen within each hemisphere.

Color-selective responses in the MUA were also clustered within the IT region examined

(Fig. 4e, f). The strength of the color selectivity was assessed as the difference between the

maximum and minimum responses across 15 equiluminant colors. We also performed similar

analyses using the maximum response or the difference between the maximum and minimum

responses divided by the maximum as a measure of the strength of the color selectivity, and the

results were similar. Strong color-selective responses were observed in both hemispheres in

both monkeys. Clusters of color-selective sites were observed in the right hemisphere of

monkey YU and left hemisphere of monkey RG, where they extended several millimeters

adjacent to the posterior end of the AMTS, which is consistent with our earlier findings (Banno

et al. 2010; Koida and Komatsu 2007; Komatsu and Ideura 1993; Komatsu et al. 1992;

Matsumora et al. 2008).

To assess the coincidence of the spatial distribution between the effect of

microstimulation and color-selective responses, we examined their correlation (Fig. 5). A

18


https://doi.org/10.1101/2023.03.31.535032
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.31.535032; this version posted March 31, 2023. 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.

Microstimulation of the IT on color

significant correlation was observed for both monkeys when the data from both hemispheres

were pooled (r = 0.564 for monkey YU, r = 0.559 for monkey RG, p < 0.05, t-test). When the

data from each hemisphere was analyzed separately, a significant correlation was observed for

the effective hemisphere (r = 0.670 for the right hemisphere of monkey YU, r = 0.665 for the

left hemisphere of monkey RG, p < 0.05), but not for the other hemispheres. Significant

correlations indicate that the spatial organization of the effect of microstimulation coincided

with that of the color-selective MUA.

Comparison between direction of modulation and color preference

We next examined whether there is any relationship between the preferred color indicated

by the MUA at each recording site and the direction of modulation in a color space. Analysis

was performed only in the right hemisphere of monkey YU and the left hemisphere of monkey

RG, where effects of microstimulation were clearly observed.

Three example cases recorded from different penetration sites in monkey YU are shown

in Figure 6a-c. Among 15 sample colors, the preferred colors indicated by the maximum MUA

responses were pink (bottom right in the color space, Fig. 6a), orange (upper right, Fig. 6b), and

red (upper right, Fig. 6c). The directions of modulation in color judgment evoked by

microstimulation (blue bars) were compared with color preference vectors (orange bars) that

connected from the stimulus color to the preferred colors. For the MUA depicted in Fig. 6a, the

directions of the color preference vectors were downward for the green set, down-leftward for
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the red set, and up-rightward for the blue set (Fig. 6a). On the other hand, the directions of the

biases evoked by microstimulation all pointed toward the corner of the gamut. These two sets of

directions tended to be in the opposite or orthogonal directions with respect to each other.

Similar tendencies were also observed in the other example cases (Fig. 6b, c). Because the

direction of the bias elicited by microstimulation in monkey YU was estimated from only a

one-dimensional color judgment test, the direction of the bias in a two-dimensional color space

could not be determined.

For monkey RG, we estimated the direction of the bias in two dimensional color space

based on the two experiments using the hue set and saturation set for each color region. Thus

comparison between the direction of the behavioral shift and color preference indicated by the

MUA would be more straightforward than that for monkey YU. In the first example (Fig. 6d),

microstimulation biased color judgment toward top-right for all three color sets, which is away

from the preferred color (blue, bottom-left). This means the shift and color selectivity were in

opposite directions. In the second example (Fig. 6¢), the directions of the bias tended to

converge toward the blue color (down left direction), and the preferred color indicated by the

MUA (red, right corner) was roughly in the opposite direction. In the third example, a clear shift

was observed only for the green sample set (Fig. 6f), and it was directed toward the

yellow-green color. The preferred color indicated by the MUA at this site was blue, though the

selectivity was rather broad. Nonetheless, the shift for the green set was again in the direction

opposite to the preferred color.
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To quantitatively compare the directions of the modulation induced by the

microstimulation and the direction of the preferred color indicated by the MUA at the same site,

we computed the angle difference between these two directions (Fig. 7). Although the observed

directions were widely distributed, there was clear bias toward the opposite half with both

monkeys. If we consider only the cases showing large effects of microstimulation (bias > 2.5

SD), for monkey YU, there were 4 cases with a similar direction (< 90 deg) and 17 cases with

an opposite direction (> 90 deg, Fig. 7a). This ratio was significantly different from chance (p <

0.01, sign test). For monkey RG, there was only one case with a similar direction but 6 cases

with an opposite direction (Fig. 7b). This tendency did not change if a different threshold on the

effect of microstimulation was applied. The mean angle difference was 119 deg for monkey YU

and 131 deg for RG, both of which were significantly displaced from 90 deg (p < 0.01, t-test).

These results indicate that the direction of modulation by the microstimulation tended to lie in

the direction opposite to that of the preferred color at the same site.

Discussion

We found that microstimulation in the AIT significantly modulated color-judgment

behavior. The sites where stimulation modulated the monkeys’ behavior were localized within a

subregion of the AIT, and effective sites coincided with the presence of color-selective neurons.

The effect of microstimulation was mainly observed as a horizontal shift in the psychometric

function and was sometimes accompanied by a decrease in the slope of the function. The
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horizontal shift in the psychometric function indicates that microstimulation biased the

monkeys’ color judgment, and the direction of the bias was toward more saturated colors in

monkey YU and away from blue in monkey RG. The bias also tended to be in the direction

opposite to the preferred color indicated by the MUA at each stimulation site.

Potential of factors other than color to induce a stimulation effect

The IT plays important roles in shape and object recognition (Desimone et al. 1984;

Logothetis and Sheinberg 1996; Perrett et al. 1982; Rolls 1984; Tanaka 1996) and in color

discrimination. Microstimulation may have thus modulated shape or object perception, though

this is unlikely. If microstimulation had modulated shape or object perception, it would not have

provided any cue affecting color judgment, and no consistent bias in color judgment would be

expected.

Likewise, spatial bias due to microstimulation affecting saccade eye movements is

unlikely the cause of the observed modulation. Although the receptive fields of cells in the AIT

cover both visual fields, there are contralateral biases, and microstimulation may bias judgments

in contralateral directions. However, this is not consistent with the observed direction of the bias.

For monkey YU, the observed biases across the population tended to be rightward, in the

direction of saturated color, regardless of the stimulated hemisphere (Fig. 1b). Furthermore,

large effects were dominantly observed in the right hemisphere, and an increased frequency of

rightward saccade is hard to reconcile with the biased activities of neurons in the right
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hemisphere. With monkey RG, we observed no consistent biases toward either leftward or

rightward saccade responses with the saturation sets (Fig. 3d). Moreover, the behavioral

responses of monkey RG to the hue sets were vertical saccades, which are hard to explain based

on any lateral bias. There still remains the possibility that microstimulation at one site induced

eye movement toward a particular direction for an unknown reason. To test this, we compared

the observed bias in the direction of eye movements between stimulus sets. For example, in

Figure 2¢ the animal frequently responded with a rightward saccade when microstimulation was

applied with the green-saturation set, but with a leftward saccade with the blue-saturation and

red-saturation sets. In the same manner, the animal responded with a downward saccade with

the green-hue set, but with an upward saccade with the red-hue set. Similar inconsistency in the

saccade direction was observed in cases that showed a large effect of microstimulation (Fig.

6d-f), and also for the entire population (data not shown). We therefore conclude that

microstimulation of this subregion in the AIT modulated color signals.

Spatial organization related to color in the AIT

Previous studies in unit recordings (Banno et al. 2010; Conway et al. 2007; Matsumora et

al. 2008; Namima et al. 2014; Yasuda et al. 2010) and imaging methods (Conway et al. 2007,

Conway and Tsao 2006; Harada et al. 2009; Tootell et al. 2004) have shown that there are

subregions within the IT where color-selective activities are clustered. In the present study, we

observed that within the effective hemisphere, the sites where clear modulation of color

23


https://doi.org/10.1101/2023.03.31.535032
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.31.535032; this version posted March 31, 2023. 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.

Microstimulation of the IT on color

judgment behavior occurred were clustered, and their spatial extent was highly correlated with

the distribution of color-selective cells. This suggests that there is a causal link between the

activities of color-selective neurons in the AITC and color judgment behavior, and that this

region consists of a functional domain specifically related to color judgment.

The spatial extent of the effect of microstimulation using our current range (20-50 pA)

was presumably several hundred micrometers from the electrode tip (Histed et al. 2009; Ranck

1975; Stoney et al. 1968; Tehovnik et al. 2006). As we sampled the data at intervals of 2 mm,

the observed spatial organization of the effect of microstimulation should be reliable.

A relatively large effect of microstimulation was observed for one hemisphere in both

monkeys, but the dominant hemisphere was not consistent between the animals; it was the right

hemisphere in monkey YU and left hemisphere in monkey RG. On the other hand, there was no

clear laterality of the color-selective responses in the AITC in either of our previous studies

(Koida and Komatsu 2007; Matsumora et al. 2008) or in the present study (Fig. 4e, f). One

possible explanation is that there are differences in the way neurons with different color

preferences are clustered. For example, the dominant hemisphere may have relatively strong

clustering of neurons with specific color selectivity, while the other hemisphere does not.

Another possible explanation is that even if the distribution of color-selective neurons is roughly

the same across hemispheres, differences in neural processing in downstream areas exert a

strong effect on color judgment through stimulation in the dominant hemisphere. A similar

discrepancy between the selective neural responses and the effect of electrical stimulation was
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observed in the human fusiform gyrus (Rangarajan et al. 2014), where conscious face

perception was evoked only by stimulation of the right hemisphere, though face-selective

activities were observed in both hemispheres.

Possible explanation for the direction of bias

It is generally thought that microstimulation-driven changes in neural activity are

excitatory and are combined with visually driven activity in an additive manner (Clark et al.

2011). In the present study, however, the directions of the bias and the preferred color of

neurons at the stimulation sites were roughly opposite, which appears to contradict those

previous studies. One possible explanation is that the stimulation acted as if it provided an

antagonistic surround against the sample stimulus. If microstimulation of the AITC evokes a

color percept that extends over a large visual field, the color of the small sample stimulus (2

deg) in the central visual field may be contrasted with the evoked color, which would

antagonistically modulate the perceived color of the sample stimulus. Consistent with this idea,

microstimulation of the MT reportedly induces responses toward the opposite direction of the

neurons when the stimulation sites preferred wide-field motion (Born et al. 2000). It may be that

activating wide-field sites induces background motion, and antagonistic center-surround

interactions induce an effect that is opposite of the center target. In a similar fashion, in the

present study microstimulation in the AITC, where neurons have large receptive fields, might

have evoked background color and induced modulation antagonistic to the center color. Indeed,

25


https://doi.org/10.1101/2023.03.31.535032
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.31.535032; this version posted March 31, 2023. 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.

Microstimulation of the IT on color

electrical stimulation in the human medial fusiform cortex produced a subjective percept of

color near the center of gaze, which was not localizable to a small region of the visual field

(Murphey and Maunsell 2008).

Another possible cause of the opposite color effect is that microstimulation had an

inhibitory effect on the neurons. Prolonged inhibition reportedly occurs after electrical

stimulation of anesthetized animals (Berman et al. 1991; Butovas and Schwarz 2003; Chung

and Ferster 1998), though direct measurement of the time course of the effect of

microstimulation in the MT of alert macaques revealed a long-lasting excitatory effect on

behavior (Masse and Cook 2010). In our experiment, microstimulation was applied at the same

time as the visual stimulation. It therefore seems unlikely that an inhibitory aftereffect

modulated color judgment. One could argue that the electrical stimulation would precede the

visually driven neural responses, taking into account the neuron's response latency, which is

about 100 ms in IT (Baylis and Rolls 1987; Vogels and Orban 1994). However,

microstimulation experiments in the IT have shown that biased judgment is towards the

preferred stimulus category at the stimulation site, irrespective of when the microstimulation

ends during the visual stimulus presentation period (Afraz et al. 2006). It is thus unlikely that an

inhibitory effect of microstimulation can explain the opposite tendency between the direction of

the shift and the preferred color indicated by the MUA.

Previous microstimulation studies in the IT examining causal links between face-selective

and depth-selective neuron activities and perception showed an additive effect between
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microstimulation and visual stimulation (Afraz et al. 2006; Verhoef et al. 2012), but our results

are at variance with those findings. So what accounts the difference between the present results

and those of previous studies? Other than the difference in the visual attributes examined, there

were two differences in the experimental procedures between the previous and present studies

that may have affected the results. One difference is the stimulus size. Our color stimulus (2 deg

in diameter) was smaller than the face stimulus (7 deg) in Afraz et al. and the depth stimulus (5

deg) in Verhoef et al. (Afraz et al. 2006; Verhoef et al. 2012). If the stimulation-induced percept

is spatially spread, a contrast effect may become more prominent with smaller stimuli. The

other difference is in the way discrimination difficulty was manipulated. Previous studies have

used random dot noise to degrade face/non-face images (Afraz et al. 2006) or convex/concave

stimuli (Verhoef et al. 2012), and the difficulty of the task was manipulated by the amount of

noise. On the other hand, we did not use noise in the present study; instead, the difficulty was

manipulated based on the distance between the ends of the spectrum, which made the range of

stimulus variation very small. This may have made the contrast effect of the stimulation more

visible in the present study for some unknown reason.

Clustering of similarly tuned neurons

The modulatory effect of microstimulation on visually guided behavior is generally

thought to reflect clustering of similarly tuned neurons. Although clustering of similarly

color-tuned neurons has not been systematically studied in the AITC, the significant horizontal
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shift of the psychometric function seen in the present study suggests there is clustering of

neurons that have similar color tunings. However, this does not necessarily mean that there is

columnar organization of color tuning in the AITC. Previous studies examining the effects of

microstimulation on motion speed in the MT (Liu and Newsome 2003) or motion direction in

the MST (Celebrini and Newsome 1995) have shown that microstimulation modulates

behavioral judgments, even though the columnar organization on these attributes is not obvious.

Those authors assumed neurons with common preferred stimuli tended to cluster, whether or

not the clusters actually formed columns.

The present study also suggests that, as a whole, the activated cells exhibit bias in color

preference. If cells near the electrode tip have a wide variety on color preferences, and if the

microstimulation does activate those cells, the evoked color signals would cancel each other,

and the shift of color judgment behavior would be reduced. The actually observed shift in color

judgment was significant and large, while the slope of the psychometric function did not

consistently decrease, supporting the idea that there was population bias in color preference.

Individual differences in directional bias

There was a difference in the observed directional bias between the two monkeys, which

was distributed toward saturated color for monkey YU and along the line from blue for monkey

RG (Fig. 3). This discrepancy might be due to the difference in the stimulus set. To examine

this we conducted additional experiments with monkey RG using both the edge-color sets and
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the hue-and-saturation set (Fig. S3). In monkey RG, we did not observe the directional bias
toward saturated colors observed in monkey YU. This suggests it is unlikely that the individual
differences in the direction of bias are due to the difference in sample color sets. Taking into
account the bias toward the direction opposite to the preferred color of neurons at the
stimulation site (Fig. 7), the most parsimonious explanation is that the individual differences in
directional bias reflects differences in the color preferences of the neuron populations studied
between the two monkeys. That is, monkey YU had more neurons tuned to saturated colors,

while monkey RG had more neurons tuned to blue or non-blue colors.
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Figure Legends

Figure 1

Task design and behavior. (a) Time course of the visual stimulus presentation and electrical
microstimulation within one trial. The waveform of the microstimulation pulses is shown below.
(b) Chromaticity coordinates of the color sets for monkeys YU (left) and RG (right) shown on a
CIE-xy diagram. Three color sets aligned on the edge of the display gamut were used for
monkey YU. Six color sets distributed along either the hue or saturation direction were used for
monkey RG. Each color set consisted of seven color samples (black dots; overlapped in the
figure because of the small color differences). Numbers shown near the black dots indicate
arbitrarily assigned sample numbers. Associated saccade directions were left (L), right (R), up
(U), or down (D). Gray triangles show the gamut of the display. Dotted lines on the right panel
indicate constant hue and saturation loci determined from CIELAB color space. (c)
Representative example of the color judgment behavior of monkey YU. The horizontal axis
shows the sample color number and associated rules. The vertical axis indicates the proportion
of the animal's binary behavior. Black dots indicate the observed data; the curve is the maximal

likelihood logistic function.
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Figure 2

Effect of microstimulation and color-selective responses. (a) Example results from monkey YU.

Three inset panels show the animal’s behavior in the stimulation (circles with gray line) and

non-stimulation (dots with black line) conditions. The panels depict results obtained with the

red, green and blue sets. Fittings were done using two independent logistic functions. The center

panel summarizes the effects of microstimulation defined as the horizontal shift of the functions

shown on the chromaticity diagram (black bars). Note that the length of the bar was magnified

10 times for the purpose of visualization. The filled gray triangle indicates the display gamut in

CIE-xy color space. Thin lines show the sample color range from #1 to #7 (also magnified 10

times), and orthogonal ticks indicate the position of sample #4. (b) Color-selective multiunit

activity recorded from the same electrode position used for the microstimulation experiment in

(a). Circle diameters indicate response magnitudes to each of 15 color samples recorded while

the animals performed a fixation task. Linearly interpolated response contours are also shown.

(c) Example results from monkey RG. Six inset panels show the results with six color sets.

Symbols are the same as in (a). The center panel summarizes the effects of microstimulation

with the six color sets. Crossed thin lines indicate the ranges of the hue and saturation sets

(magnified 20 times). Gray bars on the thin lines indicate the horizontal shift for each color set,

and thick bars indicate their vector sum. The lengths of the bars were magnified 20 times for

visualization purpose. (d) Color-selective multiunit activity recorded from the same electrode

position used for the microstimulation experiment shown in (c); the format is same as in (b).
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Figure 3

Summary of the effects in all experiments. (a) Effects of microstimulation in monkey YU

summarized as an absolute horizontal shift (horizontal axis) and slope change (vertical axis).

Histograms for each axis are shown to the bottom and left; the colored region indicates the cases

significantly different from zero (p < 0.05, permutation test). Triangles above each histogram

indicate the mean. Colors of the circles on the scatter diagram indicate the color set. Thick

circles correspond to example data in Figure 2a. (b) Direction and size of the shifts for monkey

YU shown in CIE-xy color space; the data were magnified 10 times for visualization purposes.

The origin of each bar plots corresponds to sample color #4, and each bar represents data from

an individual experiment. Bars are separated for each hemisphere (L and R denote data from the

left and right hemispheres) and arranged according to the order of the experiment. Dotted lines

indicate the mean color judgment performance (1 SD unit). The gray triangle represents the

display gamut. (c¢) Effects of microstimulation in monkey RG. Format is the same as in (a),

except asterisks and circles in the scatter diagram represent data for the hue and saturation sets,

respectively. (d) Effects of microstimulation in monkey RG shown as vector sums of the

horizontal shifts across the hue and saturation color sets. The data were magnified 20 times for

visual purposes. Solid black lines indicate the axis of sample color sets. Other conventions are

the same as in (b). See also Figures S1-S3.
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Figure 4

Distribution of the effect of microstimulation and color-selective activities. (a, b) Ventral views

of the anterior parts of the cerebral cortex in monkeys YU (a) and RG (b). Sites of neural

recording and stimulation are shown by open circles. The intervals between penetrations were

usually 2 mm. Dashed lines indicate 10 and 20 mm anterior from the interaural line (A10 and

A20, respectively). AMTS, anterior middle temporal sulcus. STS, superior temporal sulcus. (c,

d) Map for the effect of microstimulation in each hemisphere. Circle diameters indicate the sizes

of the horizontal shifts elicited by the stimulations. Three to six color sets were tested at each

site, and the maximum horizontal shift among them is shown. White circles indicate penetration

sites and correspond to those in (a). In monkey YU, two or three stimulations were conducted at

different depths, and the results are shown separately within the white circles: upper symbols

represent the data from deeper layers. (e, f) Map of the color-selective responses of multiunit

activities recorded at the same electrode position as in (c, d). Diameters of blue circles indicate

the difference between maximum and minimum responses among 15 equiluminant color

stimuli.

Figure 5

Relationship between the effect of microstimulation and neural color selectivity at the same site

in monkeys YU (a) and RG (b). Circles and asterisks indicate the data from the right and left

hemispheres, respectively. The horizontal axis represents color selectivity and is the same as in
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Figure 4e, f. The vertical axis represents the effect of microstimulation in SD units and is the

same as in Figure 4c, d.

Figure 6

Comparison between the direction of the effect of microstimulation and the color selectivity at

three example sites in monkeys YU (a-c) and RG (d-f). Effects of microstimulation are

superimposed on the color selectivity plot for each site (bubble and contour plot as shown in Fig.

2). Blue bars indicate the direction of the effect of microstimulation; the format is the same as in

Figure 3. Orange bars connect the chromaticity coordinates of color #4 in the sample color set

of the color judgment task and the preferred color among the 15 colors used to test color

selectivity. The example case in (d) is the same as depicted in Figure 2c.

Figure 7

Angle difference between the direction of the modulation and the preferred color for monkeys

YU (a) and RG (b). Bar direction indicates absolute angle difference between them, and bar

length represents magnitude of the horizontal shift caused by the microstimulation. Bars in the

right half (0-90 deg) indicate that the horizontal shift and preferred color are in the same

direction; bars in the left half (90-180 deg) indicate they are in opposite directions. Bar color

indicates the color set.
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Table. 1

Number of microstimulation sites and observed significance

Monkey YU Horizontal shift Slope change
Hemisphere Tested Any Red Green Blue Any
R 34 33 28 22 22 19
L 36 12 5 4 6 5
Both 70 45 33 26 28 4
Monkey RG Horizontal shift Slope change
Hemisphere | Tested | Any R-hue R-sat G-hue G-sat B-hue B-sat Any
R 16 10 5 2 4 3 2 2 4
L 24 19 14 8 13 7 9 8 10
Both 40 29 19 10 17 10 11 10 14

“Tested” indicates the number of microstimulation sites. Three (monkey YU) or six (monkey

RG) color sets were used for each stimulation site. For horizontal shift, “Any” indicates the

number of sites where a significant horizontal shift of the psychometric function was observed

with at least one color set (p < 0.05). In parentheses are the numbers of sites where significant

horizontal shifts of the psychometric function (p < 0.05) were observed with the red, green or
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blue set in monkey YR, and with the red hue (R-hue), red saturation (R-sat), green hue (G-hue),

green saturation (G-sat), blue hue (B-hue) or blue saturation (B-sat) in monkey RG. For slope

change, “Any” indicates the number of sites where a significant slope change in the

psychometric function (p < 0.05) was observed for at least one color set. Because significant

changes in the horizontal shift were observed with more than one color set at multiple sites, the

sum of the numbers of cases showing significant changes exceeds the number of sites.
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Figé Comparisons between neurons and behavior
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Figure S1

Magnitudes of the effects of microstimulation calculated as the root square sum of the effects with the hue and satura-
tion sets in monkey RG (Fig. 3c) are illustrated in a histogram and raster plot. In the histogram, data from sets with
different colors are combined. In the raster plot, data from each color set is shown separately in three colors. The
triangle and asterisks indicate the mean shift.
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Figure S2

Direction of the effect of microstimulation plotted in cone space. In Figure 3d in the main text, the effect was plotted
on CIE-xy chromaticity coordinates. However, a different color space — i.e., cone excitation space (Macleod-Boynton
diagram, Macleod and Boynton, 1979) — might be useful for considering the relationship with early stage of color
mechanisms such as cone output. Cone excitation was calculated using human cone fundamentals (Stockman et al.,
1993). The power spectrum of the stimuli was measured with a spectrometer (PR-650, Photo Research, CA). The
horizontal axis represents L-M cone output, while the vertical axis represents S cone output. The vertical axis is
inverted to help compare the results shown in this diagram and those plotted on the CIE-xy chromaticity diagram.
Consequently, blue is at the bottom, red is at the top right, and green is at the top left. Data obtained from the right
hemisphere was slightly displaced for visualization purposes. The direction of the effect did not coincide with the S
cone axis but was slightly rotated clockwise in this diagram.
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Figure S3

Results of an additional experiment with monkey RG using both edge-color sets and hue-saturation sets. In the main
experiment, sample color sets differed between the animals. We found that the effects of microstimulation in monkey
YU tended to direct toward more saturated colors, while in monkey RG they tended to distribute along a line from blue
or toward blue (Fig. 3b, d). To test whether this discrepancy was due to a difference in color sample set used, we
performed an additional experiment using the edge-color and hue-and-saturation color sets. This experiment was
performed at three penetration sites in monkey RG, which are shown by stars in the upper panel. The results of the
experiment are shown in the bottom row. The format is the same as in Figure 6 in the main text. Large effects of micro-
stimulation were observed in all three cases, as were color-selective responses. The direction of the effects for edge-
color sets were generally consistent with that of the hue-and-saturation color sets, and no clear bias in the direction of
saturated colors was observed. The data for hue-saturation sets were included in the analysis in the main text
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