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UNCTIONAL AND HISTOLOGICAL PROPERTIES OF CAUDAL

NTRAPARIETAL AREA OF MACAQUE MONKEY
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bstract—In our previous studies, we found that cells in the
audal intraparietal (CIP) area of the macaque monkey selec-
ively responded to three-dimensional (3D) features, such as
he axis and surface orientations, and we suggested that this
rea played a crucial role in 3D vision. In this study, we

nvestigated (1) whether cells in CIP respond to other 3D
eatures, such as curvature, and (2) whether CIP has any
istological property to distinguish it from neighboring ar-
as. Curvatures defined by a random-dot stereogram were
resented on a display while the monkey performed a fixation
ask. The shape and amount of curvature were manipulated
y two independent variables, shape index and curvedness,
espectively. Two-way ANOVA showed that 19 out of 56 vi-
ually responsive cells (34.0%) showed the main effect of
hape index. We tentatively designated these cells as 3D
urvature-selective (3DCS). Of these, six 3DCS cells showed
he main effects of shape index and curvedness, whereas 13
howed the main effect of shape index only. In both types of
DCS cells, preferred shape indices calculated from tuning
urves at two levels of curvedness matched well. These results
ndicate that the majority of 3DCS cells responded equally to a
articular shape of curvatures with different curvedness levels.
n immunohistochemical study showed that the recording
ites of 3DCS cells were in a cortical region characterized by a
ense SMI-32 immunoreactivity in the caudal portion of the

ateral intraparietal sulcus (IPS), which suggests that this region
s comparable to the lateral occipital parietal (LOP) designated
n the caudal IPS previously. Further investigations showed that
his region was separated from LIPv, the ventral subdivision of
ateral intraparietal (LIP) located rostral to CIP/LOP. These re-
ults suggest that CIP is a cortical area distinct from LIP histo-
ogically as well as functionally. © 2010 IBRO. Published by
lsevier Ltd. All rights reserved.
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972-8292.
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bbreviations: AIP, anterior intraparietal; CDI, curvature discrimination

ndex; CIP, caudal intraparietal; CPSI, calculated preferred shape
ndex; CSI, curvature selectivity index; DAB, diaminobenzidine tetra-
ydrochloride; DB, dorsal band; IPS, intraparietal sulcus; LIP, lateral

ntraparietal; LIPd, dorsal subdivision of LIP; LIPv, ventral subdivision
f LIP; LOP, lateral occipital parietal; PB, phosphate buffer; POS,
f
arieto-occipital sulcus; VB, ventral band; VR, visually responsive; 3D,
hree-dimensional; 3DCS, 3D curvature-selective.
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ey words: curvature, SMI-32, parietal cortex, CIP, 3D vision,
acaque monkey.

he intraparietal sulcus (IPS) of the macaque monkey is
ivided into many cortical areas. Our previous studies
evealed that cells in the caudal portion of the lateral bank
f IPS selectively respond to three-dimensional (3D) struc-
ures of visual stimuli, such as the axis orientation
Kusunoki et al., 1993; Sakata et al., 1998) and surface
rientation (Taira et al., 2000; Tsutsui et al., 2002). This
egion was designated as area cIPS or c-IPS (Sakata et
l., 1998), and later CIP (Taira et al., 2000). These findings
trongly suggest that CIP is a cortical area for the process-

ng of 3D structures of objects. Studies of computational
heory have suggested that the surface orientations of
lanes and curvatures are critical for the representation of
D shapes in our visual system (Marr, 1982). Thus, if CIP

s the processing center for 3D structure cognition, CIP
ells may also respond to curvatures.

Although we designated the caudal portion of the lat-
ral IPS as CIP, it was defined functionally, and it is un-
lear whether CIP has a specific histological property.
ewis and Van Essen (2000) examined the architectonic
rganization of the posterior parietal cortex by immunohis-
ochemical staining using SMI-32 antibody. They found a
ortical region characterized by the presence of a dense
and of SMI-32 immunoreactivity in the caudal portion of
he lateral bank of IPS and designated this region as the
ateral occipital parietal (LOP). We speculated that LOP
dentified by Lewis and Van Essen (2000) might be homol-
gous to CIP, because their geographic location in the
audal IPS was comparable.

In this study, we determined whether cells in CIP also
esponded to other 3D features, such as curvature, and
nvestigated whether CIP where we recorded such cells
ould be characterized histologically as well by examining
he immunohistochemical organization in the caudal por-
ion of the lateral IPS using SMI-32 antibody.

EXPERIMENTAL PROCEDURES

aterials and apparatus

male Japanese monkey (monkey GI, Macaca fuscata, 5 years old,
kg) was used for neuronal recording and immunohistochemical

tudy. Because a portion of the brain tissue was damaged by long-
erm neuronal recordings, we utilized immunohistochemical samples
rom another three monkeys (monkeys M17, M19, and HG, Macaca

uscata, young adults, 3–6 kg) prepared for other anatomical studies.

s reserved.

mailto:katz@med.nihon-u.ac.jp


F
0
i
d
o
r
p
a

N. Katsuyama et al. / Neuroscience 167 (2010) 1–102
ig. 1. (A) (C Left): example of a 3DCS cell responding to concave curvatures. This cell was tested using nine shapes (S: �1.0, �0.75, �0.5, �0.25,
, 0.25, 0.5, 0.75, 1.0) at two curvedness levels (C: 0.15 and 0.25). Schematic diagrams of curvatures tested are shown on the histograms. Arrows

ndicate the direction of the viewpoint to each stimulus. (C Right): tuning curves of this cell at two curvedness levels. Gaussian function (indicated by
otted line) was fitted to the responses of the cell. The goodness of the curve fitting was indicated by the coefficient of determination (R2). The CPSIs
f this cell at the smaller curvedness and larger curvedness were �0.36 and �0.35, respectively. The gray circles in the tuning curves represent the
esponses to the front parallel plane. The broken lines indicate the mean firing rates of spontaneous activity. (B) Responses of 3DCS cells shown in (A) to disparity
atches presented at seven positions across a depth over the fixation target. Schematic diagrams showing the positions of the disparity patches (small gray circles)

nd values of disparity are shown on the histograms. Arrows indicate the direction of the viewpoint to each stimulus. The diameter of the
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his study was approved by the Experimental Animal Committee of
ihon University Medical School (approval number: 020146/2002).
he animals were treated in accordance with the National Institutes
f Health Guide for the Care and Use of Laboratory Animals.

hysiological procedures

Behavioral task. The monkey was trained in a fixation task.
hen a fixation target (a red circle, 0.2° in diameter) was pre-

ented at the center of the display, the monkey was required to
ress a key and to fixate on the target. After a variable duration
1000–1250 ms), a visual stimulus was presented over the fixation
arget for 1 s, followed by another variable duration (1000–1250
s). The monkey had to maintain fixation throughout the presen-

ation of the stimulus and was rewarded with a drop of juice if he
eleased the key when the fixation target was turned off. The
ovements of one eye were continuously monitored by an infra-

ed eye tracking system with a CCD camera (R-21C-AS, RMS
irosaki, Hirosaki, Japan) at a sampling rate of 250 Hz. When the
ye position exceeded the limit of 1 degree from the fixation target,
he trial was immediately aborted.

Visual stimuli. All visual stimuli were generated by software
or 3D graphics (Omega Space ver. 2.0, Solidray Institute, Yoko-
ama, Japan) and presented on a display (21 inches, 2048�1024
ixels) with a liquid crystal polarized filter (Nu210544, MacNaughton
nc., Beaverton, OR, USA). The display was placed 85.5 cm in
ront of the monkey’s eyes. The filter was switched at 120 Hz, and
0 frames/s of stimulus were presented to each eye. The monkey
ore a pair of polarized glasses to view these stimuli stereoscop-

cally. Images of 3D curvatures were generated by expressions
roposed by Koenderink (Koenderink, 1990; de Vries et al., 1993).
series of curvatures can be represented by manipulating the

rincipal curvature (K), which defines the curvature of a local
atch over quadratic surfaces. Using the maximum (Kmax) and
inimum (Kmin) values of the principal curvature, shape index and

urvedness are defined by the following expressions.

Shape index��
2
�

arctan
Kmax�Kmin

Kmax�Kmin

Curvedness��Kmax
2 �Kmin

2

2

hape index defines the shape of curvatures. It can take values
rom �1 to 1, and enables us to place curvatures on a continuous
ne-dimensional scale. The scale can be divided into surface
ypes: from �1.0 to �0.5, concave ellipsoidal; from �0.5 to 0.5,
yperbolic shapes (saddles); and from 0.5 to 1.0, convex ellipsoi-
al (see schematic diagrams in Fig. 1A, B). The boundaries at
0.5 and 0.5 are the cylinders of a concave and a convex,

espectively. Curvedness is the amount of curvature. It can vary
rom 0 (flat surfaces) to infinity (needles). It has been shown that
hese quantities can provide a convenient parameterization for
sychophysical tests for human subjects (de Vries et al., 1993). In

atch was 6.7°. (C) Left: another example of a 3DCS cell responding
.5, 1.0) at two curvedness levels (C: 0.05 and 0.25). Right: tuning cu
urvedness and larger curvedness were �0.86 and �1.0, respectivel
ell was tested using five shapes at two curvedness levels (C: 0.0
urvednesses were 0.69 and 0.74, respectively. (E) The CPSIs at the
n�19). Filled symbols indicate 3DCS cells showing the significant m
ymbols indicate 3DCS cells showing the main effects of shape inde
ectangle, a filled star, and an open triangle, respectively. The slope o
.92 and 0.86, respectively. The broken lines indicate 95% confidenc
hape index at the curvedness at which the maximum response was e

left) and CDI (right) for all visually responsive cells in CIP. Filled and gray bar
uning curves in (A) and (C) indicate S.D. C, curvedness; SI, shape index.
he first half of the physiological study, cells were tested with five
hape indices (SI ��1.0, �0.5, 0, 0.5, 1.0) at two curvedness

evels (C�0.05 and 0.25). The maximum disparities of curvatures
t C�0.25 around the fixation target was 0.016°. This corre-
ponded to 24.1 cm from the fixation target toward the observer,
nd was almost the limit of binocular fusion for 3D vision in the
ettings employed in this study. Likewise, the maximum disparities
f curvatures around the fixation target at C�0.15 and 0.05 were
.008° and 0.002°, which corresponded to 14.4 and 4.8 cm from
he fixation target toward the observer, respectively. As shown in
ig. 1D, vigorous responses were evoked at two shape indices in
ome cells. We considered that five shape indices might be crude
o test selectivity for the shape index of CIP cells, and added
nother four shape indices (SI��0.75, �0.25, 0.25, and 0.75) to
ll the gaps between the five shape indices in the second half of
he physiological study. In addition, because some CIP cells
howed weak responses to a curvedness level of 0.05, we em-
loyed a larger curvedness in the second half of the physiological
tudy (C�0.15 and 0.25). Fifty-six cells were tested with five
hape indices at curvedness levels of 0.05 and 0.25, and forty-two
ells were tested with nine shape indices at curvedness levels of
.15 and 0.25. Because the contour of curvatures projected on the
isplay varied with the stimulus presented, a circular window
13.3° in diameter) was attached to the surface of the display to
over the boundary of the stimuli.

We also tested responses of 3DCS cells to disparity patches.
circular patch (6.7° in diameter) was presented over the fixation

arget at seven positions across a depth. Each position corre-
ponded to the maximum and minimum portions of curvatures
round the fixation target at the three curvedness levels. The
isparities of the seven positions were �0.009°, �0.006°,
0.002°, 0°, 0.003°, 0.009°, and 0.017°, which corresponded to
25, �15, �5, 0, 5, 15, and 25 cm from the fixation target toward

he observer, respectively (see schematic diagrams in Fig. 1B).

Single-unit recording and data analysis. Before the single-
nit recording, the T1-weighted anatomical images of the monkey
rain were collected using a 1.5 T MRI scanner (Symphony,
iemens, Erlangen, Germany) to construct a stereotaxic atlas. For
ead fixation, a halolike metal ring was implanted in the monkey’s
kull (Isoda et al., 2005), and a recording chamber was stereotaxi-
ally implanted over IPS under sodium pentobarbital-induced an-
sthesia. After recovery from the surgery, tungsten microelec-
rodes (Frederick Haer, Bowdoinham, ME, USA) were inserted
nto the lateral bank of the IPS with a micromanipulator (MSD,
lpha Omega, Nazareth, Israel) for extracellular single-unit re-
ordings in CIP. Action potentials during the behavioral task were
ecorded and discriminated into single-unit activity using a wave-
orm-based spike detector (MSD, Alpha Omega, Nazareth, Israel)
or off-line analysis. When the mean firing rate of a cell responding
o any curvature tested within 200 ms after stimulus onset was
ignificantly higher than that before stimulus onset, the cell was
egarded as visually responsive (Mann–Whitney’s U-test, P�0.01).
he tuning of recorded cells to shape index and curvedness were

e ellipsoid. This cell was tested using five shapes (S: �1.0, �0.5, 0,
is cell at two curvedness levels. The CPSIs of this cell at the smaller
other example of a 3DCS cell responding to convex curvatures. This
.25). The CPSIs of this cell at the smaller curvedness and larger
urvedness levels were plotted against those at the larger curvedness
t of shape index only by two-way repeated-measures ANOVA. Open
rvedness. 3DCS cells shown in (A, C, D) are indicated by an open
ar regression line (dotted line) and the correlation coefficient (r) were
F) Distribution of the best shape index of 3DCS cells. The preferred
s assigned to the best shape index of the cell. (G) Distribution of CSI
to concav
rves of th
y. (D) An
5 and 0
smaller c
ain effec
x and cu
f the line
e limits. (
voked wa
s indicate 3DCS and non-3DCS cells, respectively. Error bars in the
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N. Katsuyama et al. / Neuroscience 167 (2010) 1–104
ested by two-way repeated-measures ANOVA. In this study, we
ocused on the tuning profile of CIP cells responding to the shape
f curvatures. For this reason, cells showing the significant main
ffect of shape index (P�0.01) that showed no interaction with
urvedness (P�0.01) were tentatively defined as 3D curvature-
elective (3DCS). Thus, cells responding to a particular shape at
arger curvedness and/or smaller curvedness were selected on
he basis of this definition. To quantify the tuning of 3DCS cells to
hape index, Gaussian function was fitted to neuronal responses
y the least-squares method using the constrained minimization

ool, “fmincon,” in Matlab (Mathworks, Natick, MA, USA). We
mployed curve fitting instead of multiple comparisons in this
nalysis, because shape index was a continuous variable in its
efinition. The calculated preferred shape index (CPSI) for each
DCS cell was given by the shape index at which the tuning curve
eached a peak. The best shape index was defined as CPSI at
urvedness at which the largest response was evoked in a cell. To
ssess the tuning strength of a 3DCS cell with respect to shape

ndex, curvature selectivity index (CSI) and curvature discrimina-
ion index (CDI) were calculated for each cell using the following
xpressions:

CSI�
Rmax�Rmin

Rmax
,

CDI�
(Rmax�Rmin)

(Rmax�Rmin)�2�RMSerror

here Rmax and Rmin are the mean responses to the most and
east effective stimuli, respectively. RMSerror is the residual vari-
nce around the means across the entire tuning curve. These

ndices were calculated using the square root of firing rates to
omogenize the variance in firing rate (Prince et al., 2002). CSI is
conventional measure of the strength of selectivity, which com-

ares the difference between the firing rates in response to the
referred and least-preferred shapes with the firing rates in re-
ponse to the preferred shape. CSI is 1 when a cell responds only
o the preferred shape and is 0 when the cell responds to the
referred and least-preferred shapes equally. CDI is an indicator
or selectivity, which takes the variance in firing into account, and
as been shown to be a better measure of selectivity of V1 cells
o binocular disparity (Prince et al., 2002).

Reconstruction of recording sites of 3DCS cells. The re-
ording sites of 3DCS cells were reconstructed using MR images
nd photomicrographs of Nissl and SMI-32 immunohistochemical
tainings of the brain to compare them with the location of strong
MI-32 immunoreactivity. The shrinkage of the brain by histolog-

cal processing was estimated by electric lesions made stereotaxi-
ally in the intact regions of the brain just before perfusion. The
efects of the brain tissue were supplemented by superimposing
R images on the photomicrographs of the coronal sections at the

orresponding rostrocaudal level. We reconstructed all electrode
racks and compared their locations with those of SMI-32 immu-
oreactivity in coronal plane.

istological procedures

Histochemistry. Animals were sedated with ketamine (5.7
g/kg body weight) and xylazine (1.5 mg/kg body weight), and
nesthetized by injection of an overdose of sodium pentobarbital.
fter deep anesthesia was attained, intracardial perfusion of sa-

ine was performed followed by that of ice-cold 4% paraformalde-
yde in 0.1 M phosphate buffer (PB, pH�7.4). After perfusion,
rains were removed and cut into 2–3-cm-thick coronal blocks
tereotaxically. The brain blocks were immersed in 30% sucrose
n 0.1 M phosphate-buffered saline (PBS, pH�7.4) until they sank.
ifty-micrometer-thick sections were cut on a sliding microtome

Yamato Koki, Tokyo, Japan) and kept in 0.01% sodium azide in b
BS at 4 °C until use. One-in-ten series of sections were used for
issl staining (Cresyl Violet) and SMI-32 immunohistochemical
taining. Free-floating sections were reacted with 0.01% H2O2 in
ethanol for 30 min at 4 °C and then thoroughly washed in PB.
ollowing the incubation with 0.1% Triton X-100, 10% fish gelatin
Sigma, St. Louis, MO, USA) and 1% normal horse serum (Vector
aboratories, Burlingame, CA, USA) in PB (G-PB) for 2 h, the
ections were reacted with the monoclonal antibody SMI-32
Sternberger Monoclonals, Inc., Baltimore, MD, USA) at a dilution
f 1:10,000 in G-PB for 48 h at 4 °C. After thoroughly washing with
B, the sections were incubated overnight in a biotinylated sec-
ndary antibody (Vector) at a dilution of 1:200 in G-PB at 4 °C and
hen washed with PB. The sections were reacted with a Vectastain
lite ABC solution (Vector) for 90 min. Following the washing with
.05 M Tris–HCl buffer (pH�7.6), the sections were incubated with
.03% 3,3=-diaminobenzidine tetrahydrochloride (DAB, Merck,
armstadt, Germany) in Tris–HCl buffer for 2 h at 4 °C and then

eacted with DAB and 0.03% H2O2 in sTris–HCl buffer for 5–10
in. As described above, a portion of the brain tissue of monkey
I was damaged, and this might cause artifactually low intensities
f SMI-32 immunohistochemical staining around the damaged
issues. Because the purpose of this study was to compare the
attern of SMI-32 immunohistochemical staining in the caudal IPS
ith the locations of recording sites of 3DCS cells, we allowed a

onger time for DAB reaction in the processing of immunohisto-
hemical samples from monkey GI to obtain an intense SMI-32
mmunohistochemical staining.

Measurement of relative thickness of band of SMI-32
mmunoreactivity. Dense SMI-32 immunoreactivity was ob-
erved in the lateral bank of the caudal portion of IPS. It appeared
o be a dark band lying in layers II/III and V in photomicrographs
t low magnification (Fig. 2A). The lower border of the band of
MI-32 immunoreactivity in layers II/III corresponded to the border
etween layer III and IV identified by Nissl staining. We utilized the
elative thickness of the band of SMI-32 immunoreactivity in layers
I/III to the full width of the supragranular layers as an index of
MI-32 immunoreactivity in a coronal section, and plotted it
gainst the rostrocaudal levels to compare the recording sites of
DCS cells with the rostrocaudal extent of cortex with dense
MI-32 immunoreactivity. The band of SMI-32 immunoreactivity in

ayers II/III was chosen in this analysis because it was thick
nough to measure it as compared with thin band of SMI-32

mmunoreactivity in layer V. The thickness of the band of SMI-32
mmunoreactivity in layers II/III and the full width of the supra-
ranular layers were measured using software for image analysis
Win ROOF, Mitani Corporation, Fukui, Japan). Colored photomi-
rographs showing SMI-32 immunoreactivity were transformed
nto grayscale images. The boundary between the dark band of
MI-32 immunoreactivity and the background was determined by
inarization of the grayscale images using two thresholds. The den-
ity histograms of the grayscale images showed polymodal distribu-
ions. The lower threshold was set to 0 (black) in all cases, and the
pper threshold was adjusted so that the lower border of the band of
MI-32 immunoreactivity in layers II/III was visible in the binarized

mages (see the right column in Figs. 2C and 4D). The thickness
f the band of SMI-32 immunoreactivity in layers II/III and the full
idth of the supragranular layers in the binarized images were
easured at the maximum thickness (for example, a and b in the

ight column of Fig. 2C). The relative thickness of the band at
osition i in the rostrocaudal direction (Ti) was normalized to the
aximum and minimum values of Ti using the following expres-

ion to emphasize the change:

RTi�100�
Ti�Tmin

Tmax�Tmin
,

here RT represents the normalized relative thickness of the
i

and of SMI-32 immunoreactivity at position i in the rostrocaudal
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irection. Tmax. and Tmin indicate the maximum and minimum
alues of Ti, respectively. RTi was measured basically at 500 �m
nterval in the caudal portion of IPS and was plotted against the
ostrocaudal levels.

RESULTS

urvature-selective cells in CIP

e recorded ninety-eight cells from the caudal portion of
he lateral bank of IPS from both hemispheres of the
onkey. The classification of recorded cells is shown in
able 1. Among them, fifty-six cells (56/98, 57.1%) were
isually responsive (VR). The responses of VR cells to
hape index and curvedness were analyzed by two-way

A

B

AG

CSMI-32 ir

Nissl staining

CIP

tz
LIPv

tz

CIP

LIPv

SMI-

ig. 2. (A) Photomicrograph showing SMI-32 immunoreactivity in the c
y white and thin arrows, respectively. These two areas were observ
indicated by a dotted line) with a thin band of SMI-32 immunoreactiv
cale bar�1 mm. (C) Left: photomicrographs showing SMI-32 immuno
hown from the top to bottom. Middle: enlarged photomicrographs in
hotomicrographs shown in the middle. The thickness of the bands of SM
y a and b, respectively. All images are rotated so that the pia matter is
olumns. AG, annectant gyrus; hm, high magnification; ir, immunoreactiv

able 1. Classification of cells

ategory of cells n

isually responsive 56
Main effect of SI onlya 13
Main effects of SI and Ca 6
Main effect of C only 6

Numbers of cells showing the significant (P�0.01) main effects of
I, C, and both by two-way repeated-measures ANOVA are shown.
Cells classified into these categories were defined as 3D curvature-
ielective. SI, shape index; C, curvedness.
epeated-measures ANOVA. As described in the experi-
ental procedures, we tentatively defined cells showing

he main effect of shape index (P�0.01) without interaction
P�0.01) in their responses as 3D curvature-selective
3DCS) in this study. Nineteen cells (19/56, 33.9%) met
his criteria. Six cells showed the main effect of curvedness
nly. Of the nineteen 3DCS cells, 13 cells showed the main
ffect of shape index only, indicating that these cells re-
pond equally to curvatures at two curvedness levels.
ther six 3DCS cells showed significant main effects of

hape index and curvedness, indicating that these cells
espond to 3D curvatures with specific shape index and
urvedness. An example of a 3DCS cell is shown in Fig.
A. We tested the responses of this cell to the nine shapes

llustrated above the histograms at two curvedness levels
C�0.15 and 0.25). This cell showed the main effects of
oth shape index and curvedness. The largest response of
his cell was evoked at the larger curvedness. The tuning
f this cell to shape index was quantified by fitting the
aussian curve to the responses (Fig. 1A, right). The
oodness of the curve fitting was represented by coeffi-
ients of determination (R2). Values of R2 of this cell at the
maller curvedness and larger curvedness were 0.82 and
.76, respectively. R2 of all 3DCS cells was 0.83�0.16 (19
airs, mean�SD). The CPSI was determined by shape

SMI-32 ir binarized

a
b

a
b

a b

)

tion of the left IPS of monkey GI. VB (CIP) and DB (LIPv) are indicated
same coronal section and were separated by the transitional zone

photomicrograph of cytoarchitecture by Nissl staining (Cresyl violet).
at high magnification. Images of LIPv, transitional zone, and CIP are

y rectangles in (A). Right: binarized images are superimposed on the
unoreactivity and the full width of the supragranular layers are indicated
p. Scale bar�100 �m in the left column; 1 mm in the middle and right
nsitional zone.
32 ir (hm

audal por
ed in the

ity. (B) A
reactivity
dicated b
I-32 imm
on the to
ndex at the peak of the tuning curve. The values of CPSI
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f this cell at the smaller curvedness and larger curved-
ess were �0.36 and �0.35, respectively. We also tested

he responses of this cell to disparity patches presented
t the seven positions across a depth (Fig. 1B). No response
o the disparity patches was elicited in this cell, although
he disparities of �0.006° and �0.002° were close to those
f preferred shapes around the fixation target at the larger
urvedness and smaller curvedness, respectively. We
ested the responses of four 3DCS cells to disparity
atches. However, no 3DCS cell showed systematic re-
ponses to them. Another example of a 3DCS cell is
hown in Fig. 1C. We tested the responses of this cell to
he five shapes illustrated above the histograms at two
urvedness levels (C�0.05 and 0.25). This cell selectively
esponded to the concave ellipsoid. This cell showed the
ain effect of shape index only. Although the response to

he front parallel plane was larger than those to convex
urvatures, it was significantly smaller than those to the
referred stimuli. The largest response of this cell was
voked at the larger curvedness. The values of CPSI of

his cell at the smaller curvedness and larger curvedness
ere �0.86 and �1.0, respectively. Another example of a
DCS cell is shown in Fig. 1D. We tested the responses of

his cell to the five shapes at two curvedness levels
C�0.05 and 0.25). This cell responded to convex shapes
t both curvedness levels, and the CPSIs at the smaller
urvedness and larger curvedness were 0.69 and 0.74,
espectively. The CPSIs of all 3DCS cells at a smaller
urvedness (C�0.05 or 0.15) were plotted against those at
larger curvedness (C�0.25) in Fig. 1E. As predicted by

he definition of a 3DCS cell, the CPSIs at the two levels of
urvedness matched well. Statistical analysis showed that
he correlation between CPSIs at two curvedness levels
as significant [P�0.001, correlation coefficient (r)�0.86].
he slope of the linear regression line (dotted line) was
.92, and fourteen out of nineteen 3DCS cells were inside
he 95% confidence interval (indicated by broken lines).

The CPSI at the curvedness at which the largest re-
ponse was obtained was assigned as the best shape
ndex for the 3DCS cell. The distribution of the best shape
ndices for nineteen 3DCS cells is shown in Fig. 1F. The
est shape indices were distributed in the range of nearly all
hape indices tested. These results showed that some basic
hapes of the 3D curvatures, such as saddles, concave or
onvex ellipsoid, and cylinders, are encoded in CIP.

The tuning strength of 3DCS cells to shape index was
ssessed using two indices. First, we calculated CSI for
he responses of all VR cells to shape index at the curved-
ess at which the largest response was evoked (Fig. 1G,

eft). The mean CSIs of 3DCS and non-3DCS cells were
.79�0.21 and 0.58�0.29 (mean�SD), respectively. The
ean CSI was significantly larger in 3DCS than in non-
DCS cells [Student’s t-test, t(54)�2.81, P�0.01]. Next,
e calculated CDI, a selectivity index that takes the vari-
bility in the firing rate of a cell into account. The distribu-
ions of CDIs of 3DCS and non-3DCS cells are shown in
ig. 1G (right panel). The mean CDIs of 3DCS and non-
DCS cells were 0.59�0.08 and 0.50�0.11 (mean�SD),

espectively. The mean CDI of 3DCS cells was signifi- d
antly higher than that of non-3DCS cells [Student’s t-test,
(54)�3.11, P�0.01].

MI-32 immunohistochemistry in the caudal IPS

s described by Lewis and Van Essen (2000), a dense
MI-32 immunoreactivity was observed in the ventral por-

ion of the lateral bank of caudal IPS (white arrow in Fig.
A). It appeared to be a dark band lying along gray matter

n coronal sections in photomicrographs at low magnifica-
ion. Comparison with the adjacent section whose cytoar-
hitecture was revealed by Nissl staining demonstrated
hat the band was in layers II/III and V (Fig. 2B). Morpho-
ogically, the lateral bank of IPS appears as the “opercu-
um” over the annectant gyrus (AG in Fig. 2A) in coronal
ections of this rostrocaudal level. In this study, we refer to
he dense SMI-32 immunoreactivity observed in the ventral
operculum” of the lateral bank of IPS as the “ventral band”
VB). At a high magnification, many somata and radially
irected apical dendrites stained by SMI-32 antibody were
bserved in layers II/III (Fig. 2C, bottom left). At a low
agnification, the thickness of the dark band of SMI-32

mmunoreactivity occupied more than the half of the full
idth of the supragranular layers (Fig. 2C, bottom middle).
n the other hand, at the more dorsal portion of the lateral

PS (indicated by dotted line in Fig. 2A), although the
omata and bundle of dendrites stained by SMI-32 anti-
ody were observed in layers II/III at a high magnification
Fig. 2C, middle left), the relative thickness of the band of
MI-32 immunoreactivity to the full width of the supra-
ranular layers was small (Fig. 2C, center). These obser-
ations suggest that the relative thickness of VB can be a
istological landmark of the ventral portion of the lateral
PS. Thus, we calculated the relative thickness of VB in
ayers II/III (indicated by a in the bottom right panel of Fig.
C) to the full width of the supragranular layers (indicated
y b in the bottom right panel of Fig. 2C) using the bina-
ized images, and plotted it against the rostrocaudal levels
solid lines in Fig. 3B, a). VB was observed in a small
ortical region of several millimeters along the rostrocaudal
xis. The caudal border of VB was the branching point of
PS from the parieto-occipital sulcus (POS), and the rostral
order was the point where the annectant gyrus disap-
eared (Fig. 3A, b). We reconstructed the location of re-
ording sites of all 3DCS cells and compared them with the
ostrocaudal extent of the cortical region with VB. As
hown in Fig. 3B, all 3DCS cells were recorded from the
ortical region characterized by VB in both hemispheres.
either a 3DCS cell nor a VR cell was recorded from the
orsal half of the lateral bank of IPS (around the thin
rrows in Fig. 3A, a, b). These results indicate that VB can
e a salient histological landmark of the cortical region
rom which 3DCS cells are recorded. These observations
lso suggest that LOP in the caudal IPS defined by Lewis
nd Van Essen (2000) may be homologous to CIP.

We investigated whether CIP/LOP is histologically dis-
inct from its rostral neighbor LIP. It has been shown that LIP
an be divided into two subdivisions: LIPd and LIPv. LIPv is
he ventral portion of LIP, which is separated from LIPd by

ense myelination (Blatt et al., 1990). We found that CIP and
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he caudal portion of LIPv can be observed at different
ortions of the lateral bank of IPS in the same coronal
ection. A pale band of SMI-32 immunoreactivity was ob-
erved in layers II/III of the dorsal corner of IPS where the
ulcus appeared to bend laterally in coronal sections (thin
rrow in Fig. 2A). To contrast to VB, we refer to this region
s the “dorsal band” (DB). At a high magnification, the
omata and dendrites extending to the superficial layer
tained by SMI-32 antibody were observed in layers II/III
Fig. 2C, top left). At a low magnification, the relative
hickness of DB to the full width of the supragranular layers
ncreased as compared with those observed in the transi-
ional zone between DB and VB (Fig. 2C, top middle). The
MI-32 immunoreactivity of DB increased in the rostral
irection along IPS, and merged with the dense SMI-32

mmunoreactivity in the ventral portion of the lateral IPS,

ig. 3. (A) Coronal sections showing SMI-32 immunoreactivity at three
hree sections are indicated in the inset. (a) VB is observed in the “op
f the bank. These bands were separated by the transitional zone. (

ncreased in the rostral direction along IPS, and it merged into the dense
uggesting that VB merged into DB. Same conventions as those in Fig
f the bands of SMI-32 immunoreactivity to the full width of the sup
irection. The solid and broken lines indicate VB and DB, respectively
A, a, b, and c, respectively. (b) recording sites of 3DCS (white circle
ecording sites in the RC and ML directions are plotted in the absciss
hich characterizes LIPv (Fig. 3A). The relative thickness t
f DB to the full width of the supragranular layers was
lotted against the rostrocaudal levels (dotted line in Fig.
B, a). DB and VB are present within a certain range of the
ortical region in the rostrocaudal direction. There was no

ndication that VB merged with DB. These observations
uggest that VB and DB can be histological landmarks of
ifferent cortical areas in the lateral IPS.

Unfortunately, we were not able to trace the anterior
ortion of DB in the right hemisphere of this monkey,
ecause a portion of the brain tissue in our sample was
amaged by penetrations of electrodes for long-term neu-
onal recordings resulting in bleeding. Therefore, we ex-
mined SMI-32 immunoreactivity in the caudal IPS of an-
ther three monkeys in which no physiological recording
as performed. Coronal sections showing SMI-32 immu-
oreactivity at three different rostrocaudal levels for the

udal (RC) levels along the left IPS of monkey GI. The positions of the
of the lateral bank of IPS, while DB is also visible at the dorsal part
l border of VB. (c) The intensity of SMI-32 immunoreactivity of DB

SMI-32 immunoreactivity characterizing LIPv. There was no indication
le bar�1 mm; 1 cm in inset. (B) (a) Changes in the relative thickness
r layers were plotted against the stereotaxic coordinates in the RC
levels of sections in Figs. 2A, and a, b, and c in D are indicated by

n-3DCS (gray circle) cells in CIP. The stereotaxic coordinates of the
dinate, respectively. ML, mediolateral; RC, rostrocaudal.
rostroca
erculum”
b) Cauda
band of

. 1A. Sca
ragranula
. The RC
hree monkeys are shown in Fig. 4A–C. The changes in
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he relative thickness of VB and DB to the full width of the
upragranular layers in these three monkeys were calcu-
ated similarly to those in monkey GI using binarized im-
ges (Fig. 4D, middle and right columns for monkey M19).

n all cases, DB (thin arrows in Fig. 4A–C) was clearly ob-
erved in a portion different from that of VB (white arrows) in
he same coronal sections, and merged into LIPv in the
ostral portion of IPS. These results suggest that CIP may be
cortical area histologically distinct from LIP.

DISCUSSION

D curvature-selective cells in CIP

n the present study, we investigated (1) whether CIP cells
electively respond to 3D curvatures and (2) whether CIP
as any histological property. Regarding the first issue, we

ound that CIP cells selectively respond to the shape of 3D
urvatures. The CPSIs at two levels of curvedness
atched well in 3DCS cells. Responses of these cells to

he front parallel plane and small disparity patches pre-
ented at the positions close to those around the fixation
arget of preferred stimuli were also tested. However, we
ere not able to find any modulation by these stimuli in

esponses of 3DCS cells. Moreover, the local disparity at
ny point on the surface of the 3D curvatures varied with

he stimulus presented. These results indicate that the
esponses of these cells do not depend on the local dis-
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essing of 3D curvatures.

Studies of computational theory led to the proposal that
nformation of axes and surfaces can be reconstructed by
ntegrating local disparities, and that the surface orienta-
ions of planes and curvatures are crucial for the represen-
ation of 3D shapes (Marr, 1982). In this study, we found
hat six cells showed a significant main effect of curved-
ess only. Although we did not investigate the properties of
hese cells in detail, it is possible that these cells encode
ocal disparities. Furthermore, previous studies have re-
ealed that CIP cells selectively respond to the axis orien-
ation (Kusunoki et al., 1993; Sakata et al., 1999) and
urface orientation (Taira et al., 2000). In particular, CIP
ells selectively respond to the surface orientation defined
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tes

4 16 18

12 14

4 16 18

c

c

c

bands

rior

D monkey M19
SMI-32 ir (hm) binarized

tz
a

b

CIP

LIPv

I-32 ir in 
Pv (DB)

a b

a b

SMI-32 ir

in the relative thickness of VB and DB in three other monkeys (A–C).
changes in the relative thickness of the bands. The abscissa of the
graphs of SMI-32 immunoreactivity in monkey M19 shown in (A, a).

ddle and right columns in (D); 100 �m in the left column in (D).
C coordina

10 12 1

8 10

10 12 1

b

b

b

ess of 

ante

 in SM
LI

changes
B for the
otomicro
ation on monocular and binocular depth cues may be



i
t
m
r
r
s
A
c
r

S

S
p
i
1
a
c
b
s
d
b
t
b
r
t
o
t
s
t
h
o
i
s
a
p
I
e
v
t

i
N
s
p
t
e
I
p
S
b
r
i
L
t

a
w
s
f

i
s
c
r
S
e
g
C

n
p
m
p
d
T
s
p
s
I
p
o
e
a
o
m
t
r
r
n
n
a

F
C

I
c
a
s
f
t
f
i
w
K
b
d
C
2
o
o
i
V
w
(
a
m
e
t

N. Katsuyama et al. / Neuroscience 167 (2010) 1–10 9
ntegrated in CIP. Together with the results of this study,
hese findings are in line with the theoretical considerations
entioned above, and suggest that CIP may play a crucial

ole in the processing of 3D structures of objects. These
esults also suggest that 3D geometrical objects, such as
pheres, cubes, cones, and tori may be represented in CIP.
recent functional imaging study of monkeys revealed that

ortical regions in the posterior and anterior IPS selectively
espond to 3D shapes (Durand et al., 2007).

MI-32 immunoreactivity

MI-32 antibody has been shown to recognize a nonphos-
horylated epitope of the heavy neurofilament polypeptide

n perikarya and dendrites (Sternberger and Sternberger,
983; Goldstein et al., 1987). This antibody specifically stains
subpopulation of pyramidal cells in layers III and V providing
orticocortical projections (Campbell et al., 1991). It has
een shown that the pattern of immunohistochemical
taining by SMI-32 antibody matches cortical subdivisions
efined by cytoarchitecture. Thus, SMI-32 antibody has
een used as a marker to parcellate cortical subdivisions in
he macaque brain along with antibodies against calcium-
iding proteins including parvalbumin, calbindin, and cal-
etinin (Saleem and Logothetis, 2007 and references
herein). It has been established that cortical areas in IPS
f the macaque monkey are characterized by myeloarchi-
ectonical organization (Blatt et al., 1990). However, myelin
taining is a time-consuming technique requiring much skill
o obtain clear preparations. On the other hand, immuno-
istochemical staining with SMI-32 has some advantages
ver myelin staining. First, the procedure of SMI-32 stain-

ng is easier than that of myelin staining. Second, stable
taining can be obtained with both the fixatives formalin
nd paraformaldehyde. Third, SMI-32 staining can be ap-
lied to old tissues preserved in a fixative for a long time.
f chemoarchitectonic organization by SMI-32 staining is
stablished in IPS, it should provide a useful tool for in-
estigation of the functional and histological properties of
his region.

Lewis and Van Essen (2000) investigated subdivisions
n the posterior parietal cortex of the macaque monkey by
issl and myelin stainings, and immunohistochemical
taining with SMI-32 antibody. They found that the ventral
ortion of the lateral bank of the caudal IPS was charac-
erized by dense myelination, and that the density of my-
lination correlated with SMI-32 immunoreactivity in layers
II and V. They designated this region as LOP. In the
resent study, we confirmed the presence of a dense
MI-32 immunoreactivity in the ventral portion of the lateral
ank of the caudal IPS (ventral band, VB), and that all
ecording sites of 3DCS cells were in the cortical region
ncluding VB. These results suggest that LOP identified by
ewis and Van Essen (2000) is homologous to CIP, and
hat VB can be an anatomical landmark of CIP.

In the caudal part of IPS, another SMI-32 immunore-
ctive region was observed in the dorsal portion of IPS
here the fissure of the sulcus bent laterally in coronal
ections (dorsal band, DB). No 3DCS cell was recorded

rom the cortical region including DB. DB merged into LIPv s
n more rostral IPS where the fissure of IPS appears
traight in coronal sections. This indicates that DB is the
audal portion of LIPv. In the caudal IPS, DB was sepa-
ated from VB by the cortical region including a thin band of
MI-32 immunoreactivity, and we were not able to find any
vidence suggesting that VB was transferred to DB as it
oes rostrally along IPS. These findings strongly suggest that
IP/LOP is a cortical area histologically distinct from LIP.

There was variability in the intensity of SMI-32 immu-
ohistochemical staining in animals used in this study,
articularly, between the intensity in monkey GI and that in
onkeys M17 and M19. As described in the experimental
rocedures, a portion of the brain tissue of monkey GI was
amaged by the neuronal recordings resulting in bleeding.
his might result in an artificially low intensity of SMI-32
taining around the damaged tissues. Because the pur-
ose of this study was to compare the patterns of SMI-32
taining with the recording sites of 3DCS cells in the caudal
PS, we allowed a longer time for DAB reaction in the
rocessing of histological samples from monkey GI to
btain intense SMI-32 immunohistochemical staining. To
liminate the effects of variability in the staining across
nimals, the relative thickness of the bands to the full width
f the supragranular layers were normalized to the maxi-
um and minimum values for each animal. It is noteworthy

hat a similar trend is observed in the changes in the
elative thickness of the bands across the four monkeys
egardless of the variability in the intensity of SMI-32 immu-
ohistochemical staining. These results suggest that immu-
ohistochemical properties observed in monkey GI are not
rtifacts but consistent with those in other monkeys.

unctional and anatomical dissociations between
IP and LIP

t has been shown that LIP is involved in the visuomotor
ontrol of eye movements (Sakata et al., 1980; Barash et
l., 1991a,b; Colby et al., 1996). Anatomically, it has been
hown that LIP has strong neuronal connections with the
rontal eye field (Andersen et al., 1990). In contrast, cells
hat selectively respond to 3D structures were recorded
rom a cortical region different from that where cells show-
ng saccade-related activity were observed. This selectivity
as used to discriminate CIP from LIP in early studies (M.
usunoki, MRC Cognition and Brain Sciences Unit, Cam-
ridge, UK, personal communication). Recently, we have
emonstrated by injection of neuronal tracers into CIP that
IP has weak connections with area 8A (Katsuyama et al.,
008). These findings suggest that neuronal connections
f CIP with other cortical areas may be different from those
f LIP depending on their functional dissociations. Anatom-

cal studies have revealed that CIP receives inputs from
3A and sends projections to AIP (Nakamura et al., 2001),
hich sends projections to the ventral premotor area

Matelli et al., 1986). It has been revealed that cells in AIP
nd the ventral premotor area show activity related to
ovements of hand-manipulation of 3D objects (Rizzolatti
t al., 1988; Sakata et al., 1998). These findings suggest
hat CIP plays an important role in the visuomotor control

ystem by providing visual information on the 3D structure of
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bjects. On the other hand, CIP may be involved in the
erception of 3D objects per se, because CIP cells show a
elayed activity in response to the surface orientation during
he delayed-matching-to-sample task (Tsutsui et al., 2003).

CONCLUSION

e showed that cells in CIP of the macaque monkey
electively responded to 3D curvatures, suggesting that
IP may be a crucial cortical area for the perception of 3D
hapes. Our immunohistochemical study showed that all
he recording sites of 3DCS cells were located in a small
ortical region with a dense band of SMI-32 immunoreac-
ivity. This region was spatially separated from LIPv, which
lso showed a band of SMI-32 immunoreactivity. These
esults suggest that CIP may be homologous to LOP des-
gnated to be in the caudal IPS by Lewis and Van Essen
2000), and that CIP may be a cortical area distinct from
IP histologically as well as functionally.
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