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a b s t r a c t

Physiological and lesion studies have shown that the anterior inferior temporal (IT) cortex (aITC) is
involved in the color vision of macaque monkeys. However, some functional imaging studies using awake
monkeys contradicted the involvement of aITC in color vision. Thus, in most of the imaging studies, corti-
cal activation has been observed during a fixation task. However, because the neuronal activity of aITC is
highly affected by the behavioral task, it is desirable to investigate cortical activity during a color discrim-
ination task to determine the functional role of aITC in the color vision of macaque monkeys. In this study,
we investigated the cortical activity of aITC of macaque monkeys during color discrimination by positron
emission tomography. Two monkeys were trained in a color discrimination task. Cortical areas involved
onkey in color processing were investigated by comparing activities during the color discrimination and lever
release tasks. In addition to area V4 and the posterior IT cortex (pITC), we found color-related activi-
ties in the anterior IT gyrus. Consistent activation was observed in the region posterior to the anterior
medial temporal sulcus (AMTS), although the exact location and the size of activations differed between
monkeys and hemispheres. We also found color-related activities in the anterior portion of the superior
temporal sulcus (STS), suggesting its involvement in the color vision. The present results revealed that
aITC is involved in the color vision of macaque monkeys by a functional imaging technique.
unctional imaging studies using behaving monkeys can provide
mportant clues to elucidating neuronal mechanisms underlying
arious functions of the human brain. Because of the differences
n spatiotemporal resolution between methods, it is important to
arefully compare the results of functional imaging studies with
hose obtained by conventional techniques, such as histological,
lectrophysiological, and lesion studies. Indeed, there is a discrep-

ncy between the results obtained by recent functional imaging
nd conventional studies of the color vision of macaque monkeys.
o date, accumulating evidence has shown that the anterior portion
f the inferior temporal (IT) cortex (aITC), including the anterior IT
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gyrus and the adjacent lower bank of the superior temporal sul-
cus (STS), plays an important role in the color vision of macaque
monkeys. Physiological studies revealed that neurons in aITC selec-
tively respond to colored stimuli [5,10,12]. It has also been shown
that lesions in aITC cause an impaired color vision [2,8]. Consis-
tent with these findings, recent functional imaging studies using
macaque monkeys have revealed color-related activity in aITC by
double-label deoxyglucose (2L-DG) [19] and functional magnetic
resonance imaging (fMRI) [7] techniques. However, only a few
color-related activities were detected in aITC in other imaging stud-
ies by fMRI [3,20] and positron emission tomography (PET) [18].
Thus, functional imaging studies have shown contradicting results
regarding the involvement of aITC in the color vision of macaque

monkeys.

The activity of color-selective neurons in aITC is highly affected
by behavioral context, such as color discrimination and color cat-
egorization [11,13]. However, in most of the previous functional
imaging studies described above, cortical activity in monkeys

dx.doi.org/10.1016/j.neulet.2010.08.040
http://www.sciencedirect.com/science/journal/03043940
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uring the performance of a fixation task was investigated. To
eevaluate the involvement of aITC in the color vision of macaque
onkeys using functional imaging technique, it is desirable to

nvestigate cortical activity during a discrimination task.
In this study, we investigated the cortical activity in macaque

onkeys during a color discrimination task by PET. In particular, we
ocused on activity in aITC during task performance and examined
he functional role of this region in the color vision of macaque

onkeys in such a behavioral context.
The present experiments were approved by the Animal Research

ommittee of Osaka Bioscience Institute and were performed in
ccordance with the National Institutes of Health Guide for the Care
nd Use of Laboratory Animals and the guidelines for animal exper-
ments of the Central Research Laboratory of Hamamatsu Photonics
. K. All efforts were made to minimize the suffering of the animals.

Two Japanese adult male monkeys (Macaca fuscata, 5–6.5 kg)
ere used in this study. Under general anesthesia induced by

odium pentobarbital (®NEMBUTAL, Abbott Laboratories, Abbott
ark, USA, 25 mg/kg body weight, i.v.), anatomical brain images of
ach monkey fixed in a stereotaxic apparatus were collected using
0.5 Tesla MR scanner (MRT-50A/II, Toshiba, Ohtawara, Japan)

quipped with a quadrature coil (MJQJ115A, Toshiba, Ohtawara,
apan). After MRI, an acrylic head holder was surgically implanted
nder sodium-pentobarbital anesthesia. Postoperative treatments,

ncluding daily injection of benzylpenicillin (®PENICILLIN G,
anyu Pharmaceutical Co., Ltd., Tokyo, Japan, 10,000 units/time × 2
imes/day for 2 weeks), were performed until the monkeys had
ully recovered. After recovery from the surgery, both monkeys
ere trained in a color discrimination task. A trial began with

he presentation of a fixation spot at the center of the CRT dis-
lay, and the animal was required to press the lever down within
000 ms. The fixation spot was a white circle with a diameter of
.3 visual degrees. After a short interval, a color stimulus (a cir-
le with a diameter of 6.0 visual degrees) was presented over the
xation spot for 500 ms, which was followed by a 1000 ms delay
eriod. At the end of the delay, the fixation spot was dimmed.
hen the color of the stimulus was either red, blue, or yellow,

he monkey had to release the lever within 700 ms after the onset
f dimming (GO trial). When the color of the stimulus was either
ink, sky blue, or green, the monkey had to keep pushing the lever
or another 2000 ms, and was required to release it when the fixa-
ion spot disappeared (delayed GO trial). In both trials, the fixation
arget disappeared when the monkey released the lever follow-
ng an intertrial interval of 1500 ms. Each monkey was rewarded

ith a drop of juice for the correct response. The incidences of GO
nd delayed GO trials were both 50%, and the trials were inter-
ingled during scanning sessions. The chromaticity coordinates

f the six colors used in this study are shown in Supplementary
ig. 1A. The luminance of a color stimulus was intentionally var-
ed in three stages so that the monkeys could not discriminate the
timulus on the basis of luminance. The luminances of each color
easured using a luminance meter (CS-100, Konica Minolta Sens-

ng, Inc., Sakai, Japan) are as follows: red, 9.09, 9.65, and 11.43; blue,
.40, 6.31, and 10.17; yellow, 11.90, 20.43, and 31.63; pink, 5.66,
.13, and 13.47, sky blue, 5.34, 10.67, and 18.20; and green, 9.24,
5.70, and 24.20 cd/m2 (Supplementary Fig. 1B). The mean lumi-
ances of a color stimulus for the GO trial (red, blue, and yellow)
nd delayed GO trial (pink, sky blue, and green) were 12.78 ± 8.36
nd 12.40 ± 6.16 (mean ± S.D.) cd/m2, respectively. There was no
ignificant difference between them [unpaired t-test, t(16) = 0.11,
< 0.5]. To subtract motor components from the activation of the

olor discrimination task, monkeys were also trained in two control
asks: the lever release GO and delayed GO tasks. The time sequence
f the lever release GO and delayed GO tasks was the same as that
f the GO and delayed GO trials in the color discrimination task,
espectively. In this study, no visual stimulus was present in the
Letters 484 (2010) 168–173 169

control tasks, because it was very difficult for monkeys to discrimi-
nate isoluminant gray stimuli. One may argue that signals obtained
as the difference between the color discrimination task and the
control tasks without visual stimuli may reflect neuronal signals
related to the discrimination of any aspects of a visual stimulus,
such as shape, size, and luminance. However, we consider that it
is less likely for the following reasons. First, the shape and size of
a visual stimulus were kept constant and luminance was varied
so that none of the properties except color was specifically asso-
ciated with the responses. Second, the subtracted images showed
no activation in the frontal cortex involved in the GO/delayed GO
responses. Because the time sequence of the control tasks was the
same as that of the discrimination task except for the presentation
of visual stimuli, the component of color processing would selec-
tively remain and could be identified by comparison between the
color discrimination and control tasks. Nevertheless, the possibil-
ity mentioned above cannot be ruled out completely. Therefore, we
refer to the activation observed in this study as color-related in this
article.

In the scanning session, these behavioral tasks were performed
in a blocked manner, that is, one scanning session was assigned to
the color discrimination task, lever release GO task, or lever release
delayed GO task.

The methods of data acquisition and analysis were described in
detail previously [14]. In brief, regional cerebral blood flow (rCBF)
was measured using a high-resolution animal PET scanner (SHR-
7700, Hamamatsu Photonics K.K., Hamamatsu, Japan). The scanner
has 16 detector rings of 508 mm diameter with a 7.2 mm pitch
and a 114 mm axial field of view (FOV). Thirty-one slices with a
center-to-center distance of 3.6 mm were collected simultaneously
(enhanced 2D mode). The transaxial resolution of the scanner is
2.6 mm full-width at half-maximum (FWHM) at the center of FOV,
and the average axial resolutions on the axis of the ring are 3.3 mm
FWHM for direct slices and 3.2 mm FWHM for cross slices [21]. After
the monkey was set in the scanner, the scanner was tilted 15◦ from
the vertical position so that the monkey could look at the 19-in. CRT
monitor placed 37 cm in front of its eyes. The eye movements were
continuously monitored using a custom-made infrared eye track-
ing system with an X-Y tracker (C3162, Hamamatsu Photonics, K.
K., Hamamatsu, Japan) and a CCD camera during scanning sessions.

A scanning session began with the start of a behavioral task
(prescanning trial). One minute after the start of the prescanning
trial, a bolus of H2

15O (3.0–4.0 GBq) followed by 1.0 ml of saline was
administered intravenously with an automatic injector, a device
specially developed to prevent the exposure of experimenters to
radioactivity. The radioactivity in the brain was continuously mon-
itored, and scanning was automatically initiated when it reached
30 kcps. Data were collected for 120 s, and those of the first 60 s after
the arrival of the H2O15 bolus to the brain were used for analysis.
The monkey was required to keep performing the behavioral task
during scanning. A session was followed by an intersession inter-
val of approximately 15 min, and 15–20 successive sessions were
performed in a daily experiment. Seventeen successive PET images
were collected for each task. Because the GO and delayed GO tri-
als both appeared at frequencies of 50% in the color discrimination
task, the 17 images collected during the color discrimination task
and the sum of nine images collected during the lever release GO
task and eight images collected during the lever release delayed
GO task were compared to construct statistical parametric maps
using SPM95 (Wellcome Department of Cognitive Neurology, UK)
[6]. Subtracted PET images were superimposed on anatomical MR

images using 3D Brain Station (Loats Associates, Inc., Westminster,
USA), and the anatomical location of each activation was identified
by referring to a brain maps of the rhesus monkey and the definition
of the ventral visual areas by Harada et al. [7]. In most parts of this
study, we used a Z score > 1.96 (p < 0.05 uncorrected for multiple
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Table 1
Cortical regions significantly activated during color discrimination task.

Region No. (Fig) Z score Coordinates (mm)

x y z

Monkey OH
Left

Inferior occipital sulcus (V2) S1 (Spl. 2) 3.75 −25.5 −10.5 11.5
Prelunate gyrus (V4) S3 (Spl. 2) 3.19 −27.0 0.0 21.5
Inferior temporal gyrus (TE) 1 (Fig. 1) 2.63 −22.0 8.5 5.5
Perirhinal sulcus 4 (Fig. 1) 2.81 −8.0 16.5 0.0
Superior temporal sulcus 5 (Fig. 2) 3.38 −28.5 6.0 15.5
Hippocampus 2.81 −16.0 3.0 7.5
Insula 2.94 −17.5 20.0 12.0

Right
Inferior occipital sulcus (V2) S2 (Spl. 2) 2.81 24.5 −9.0 11.5
Inferior temporal gyrus (TEO) S4 (Spl. 2) 2.88 31.5 −1.0 17.5

Inferior temporal gyrus (TE) 2 (Fig. 1) 2.75 25.5 5.0 4.5
3 (Fig. 1) 2.63 20.5 16.0 3.5

Superior temporal sulcus 6 (Fig. 2) 2.81 26.0 8.0 16.0
7 (Fig. 2) 2.56 23.5 12.0 10.0
8 (Fig. 2) 2.88 17.5 21.5 4.5

Occipitotemporal sulcus 2.31 23.0 2.5 11.0
Putamen 3.38 8.0 23.0 16.5

Monkey TO
Left

Inferior occipital sulcus (V2) S5 (Spl. 2) 2.69 −27.5 −4.0 12.5
Superior temporal sulcus (PITd) S6 (Spl. 2) 2.56 −24.5 2.0 21.5

Superior temporal sulcus 11 (Fig. 2) 3.00 −19.5 5.0 15.0
12 (Fig. 2) 2.50 −23.0 11.0 9.0

Caudate 2.56 −1.0 20.5 2.5

Right
Superior temporal sulcus (PITd) S7 (Spl. 2) 3.44 23.0 1.5 17.5

Inferior temporal gyrus (TE) 9 (Fig. 1) 2.31 24.0 6.5 8.0
10 (Fig. 1) 2.38 25.5 13.5 6.0

Superior temporal sulcus 13 (Fig. 2) 2.56 19.0 14.0 4.5
14 (Fig. 2) 3.19 19.0 22.0 6.0

Insula 2.81 19.0 21.5 15.5
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he identified locations, serial numbers of activation (No.), Z scores, and coordin
umber in parentheses after the serial number indicates the figure number in w
(dorsal[+]/ventral[−]) are shown in millimeters from (x, y, z) = (0, 0, 0) point sit

upplementary Figure 2.

omparisons) for the threshold of significance. For each activation
ocus, we searched for pixels of the highest Z score and assigned
hem as the center of activation. Then, we counted the number of
eighboring pixels using a Z score > 1.96 around the center in the
oronal, sagittal, and transverse planes. We defined the activated
oci as loci with more than 5 significant pixels around the center in
ny of the three planes.

The average percentage of correct responses in the behavioral
asks during scanning sessions is shown in Supplementary Table 1.
oth monkeys showed a high performance (>90%) in all the tasks.

n the control tasks, the monkeys had to determine which task was
unning by trial and error during the prescanning trials. Neverthe-
ess, both monkeys easily switched between the two tasks in a few
rials from the beginning and showed no confusion during scan-
ing. There were no significant differences in the percentages of
orrect GO and delayed GO responses between the color discrimi-
ation and control tasks.

To identify cortical regions associated with color discrimina-

ion, we compared summed images obtained during the two lever
elease tasks with those obtained during the color discrimination
ask. The coordinates and Z scores of all color-related activities
re listed in Table 1. The location of activities is shown in Fig. 1C.
ctivities observed in left (red) and right (blue) hemispheres were
in sagittal (x), coronal (y), and transverse (z) sections for each focus are shown.
each focus appears. Coordinates x (right[+]/left[−]), y (rostral[+]/caudal[−]), and
at the mediolateral halfway between the left and right auditory meatus. Spl. 2,

superimposed on surface map of the left hemisphere for each mon-
key. Activation observed in the early visual areas and the posterior
IT cortex (pITC) are shown in Supplementary Fig. 2. In monkey
OH, activation was observed in V2 (Nos. S1 and S2), V4 (prelu-
nate gyrus, No. S3), and TEO (posterior IT gyrus, No. S4). In monkey
TO, activation was observed in V2 (No. S5) and bilateral poste-
rior STS (Nos. S6 and S7). The latter was closely located to PITd,
in which robust color-biased activity was observed in a previous
study [3].

In this study, we found color-related activity in the anterior IT
gyrus. Several activations were observed in the anterior IT gyrus
of both monkeys (Fig. 1). Although the exact location and size of
activations differed between monkeys and hemispheres, activation
from the dorsoposterior portion to the anterior middle temporal
sulcus (AMTS) was observed consistently in both monkeys (Nos. 1
and 10 for monkeys OH and TO, respectively). Previous functional
imaging studies have also shown color-related activity around this
region [7,19].
In contrast to previous imaging studies, color-related activi-
ties were detected in the anterior STS in both hemispheres of the
two monkeys (Fig. 2). The activations were located from PMTS to
anterior AMTS. The rostral-most activation was located anterior to
AMTS (Nos. 8 and 14 for monkeys OH and TO, respectively). They
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Fig. 1. Color-related activities observed in anterior IT gyrus. Sagittal (left) and coronal (right) sections showing color-related activities of monkeys OH (A) and TO (B). Numbers
below the sections indicate the coordinates. The moderate upper threshold was applied to the pseudo-color imaging of activation No. 10 for illustration purposes. The location,
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score, and coordinates of the numbered activities are shown in Table 1. (C) Locatio
emispheres were superimposed on surface map of left hemisphere for monkeys O
order between the posterior and anterior IT cortices, respectively. A, anterior; L, le

ere observed in the ventral bank and fundus of STS except for one
etected in the dorsal bank (No. 6).

The color-related activities observed in aITC were clustered in
small region, not distributed throughout the cortex. The mean

eight and width of the clusters at their peaks in a coronal section
ere 3.1 and 3.2 mm in monkey OH, and 2.7 and 2.8 mm in monkey

O, respectively. There was no significant difference in cluster size
etween the posterior and anterior IT cortices in both monkeys (see
upplementary Materials).

In this study, we investigated the activity of aITC of macaque
onkeys during the color discrimination task by PET. We found

olor-related activities in the anterior portion of the IT gyrus and the
ower bank of STS as well as V4 and pITC. Although the exact posi-
ion and size of the color-related activities varied between monkeys
nd hemispheres, consistent activation was observed in a region
osterior to AMTS in the two monkeys. Together with previous
ndings showing that neurons in aITC have selectivity to colored
timuli and that lesions in this region impair the performance of
he color discrimination task, the present findings further support
he notion that aITC is also involved in the color vision of macaque

onkeys.
Consistent with previous imaging studies using behaving mon-

eys [3,7,18–20], color-related activities were observed in V4 and
ITC. It has been shown that neurons in these areas selectively
espond to colored stimuli [10,22,23]. Conway et al. [4] found that

here were color-biased fMRI hotspots of several millimeters wide
n these areas, and designated them as globs. They also revealed
hat neurons in the globs were highly color-selective, whereas neu-
ons in the interglob regions were not. Although the lesions in V4
r TEO alone cause only mild impairments in color vision [9,15],
lor-related activities. Activities observed in left (red circles) and right (blue circles)
ft) and TO (right). Yellow, green, and orange arrows indicate PMTS, AMTS, and the
osterior; R, right.

the present study, together with previous functional imaging and
physiological studies, suggests that V4 and pITC are involved in the
color vision of healthy macaque monkeys.

In this study, we found activation in the anterior IT gyrus during
the color discrimination task. Using the same technique employed
in this study, Takechi et al. [18] investigated the cortical activity
in macaque monkeys during color discrimination. Although they
found activation in V4 and pITC, no activation was observed in aITC.
A possible reason for the absence of activation in aITC observed by
the previous study [18] may be the small number of colors used
in their study. In the discrimination task, monkeys had to choose
one stimulus, which was matched to the sample presented on the
display simultaneously, out of the three test stimuli. All visual stim-
uli were concentric rectangles of two different colors. Although six
colors were used in the discrimination task, monkeys could achieve
a high performance in the task if they used three colors out of the
six, because the combination of the two colors in the stimuli was
fixed. To avoid this, we used single-colored stimuli for discrimi-
nation in this study and detected color-related activity in aITC. A
recent imaging study showed that multicolored stimuli (Mondrian
pattern) can evoke a stronger activation in the anterior IT gyrus
than a two-colored grating in the fixation task, suggesting that the
number of colors is one of the effective cues for the activation of
aITC [7].

In this study, color-related activity was also detected in the

lower bank of the anterior STS. Although physiological studies have
revealed that neurons in the anterior STS convey color information
[5,12], consistent activation was not obtained in the anterior STS
in some functional imaging studies [3,7,18–20]. It has been shown
that the removal of the anterior STS accompanied by lesions in the
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Fig. 2. Color-related activities observed in ante

nterior IT gyrus exacerbated the impairment of color discrimina-
ion [1]. Moreover, monkeys with lesions in aITC sparing the lower
ank of STS anterior to AMTS, in which we found color-related
ctivity in this study, showed a mild impairment in color discrim-
nation [8]. Our present finding is consistent with these previous
ndings and suggests that the anterior STS may also be involved in
he color vision of macaque monkeys. Anatomical studies revealed
hat the lower bank of the anterior STS receives inputs from the IT
yrus and provides outputs to the prefrontal cortex [16,17]. This
natomical connectivity suggests that the functional role of the
nterior STS in color discrimination may be, in addition to hue
nalysis, to mediate color information from the visual cortex to
he prefrontal cortex responsible for lever responses. The detailed
unctional assignment of the anterior STS in color vision remains to
e elucidated.

Finally, we found that color-related activities during the color
iscrimination task were clustered in aITC, not distributed through-
ut the cortex. Among these clusters, activation located posterior
o AMTS was also observed in previous functional imaging studies
7,19]. Komatsu et al. [12] found that color-selective neurons were
requently recorded from this region. On the basis of the finding that
eurons in globs are highly color-selective, Conway et al. [4] pro-
osed that color may be processed by a series of specialized color
omains in the ventral visual areas, such as the cytochrome oxi-
ase (CO) blobs in V1, the thin stripes in V2, and the globs in V4 and
ITC. Our present finding suggests that this principle is applicable
o aITC as well.
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