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1 | INTRODUCTION

Abstract

We studied the organization of the inferior parietal cortex (IPC) in five capuchin
monkey (6 hemispheres) using cytoarchitectonic (Nissl), myeloarchitectonic (Gallyas),
and immune-architectonic (SMI-32 monoclonal antibody) techniques. We partitioned
the IPCinto five distinct areas: PFG, PG, Opt, PFop, and PGop. Since we used parasagit-
tal sections, we were not able to study area PF due to its far lateral position, which
yielded slices that were tangential to the pial surface. Areas PFG, PG, and Opt were in
the convexity close to the lateral sulcus, while PFop and PGop were positioned more
posteriorly, in the opercular region of IPC. Of all the five regions, area Opt was the
one most similar to its analogue in the macaque, especially as revealed with SMI-32
staining. Namely, in both primate species area Opt showed a low density of large pyra-
midal neurons. Additionally, the apical dendrites of these neurons were sparse and
vertically orientated, resembling columns. We also found area PG to be similar: both
species exhibited cell body layers with a radial arrangement. On the other hand, Nissl
staining revealed area PFG to be architectonically different between New and Old-
World monkeys: PFG in the capuchin showed a comparatively higher cell density than
in macaques, especially in layers Il and IV. These results suggest that evolution may
have enabled the functional specialization of these brain regions based on behavioral
demands of upper limb use. The small differences in the IPC of the two primates may

be linked to interspecies variability.

KEYWORDS
anatomy of the inferior parietal lobe, capuchin monkey, RRID:AB_509998, somatosensory
association cortex

auditory information) and are highly connected to motor areas in the

frontal lobe. The frontal lobe, in turn, implements the motor planning

Skilled hand movements and tool manipulation are landmarks abilities
observed in capuchin monkeys (Mayer et al., 2016, 2019; Wright et al.,
2015). These skills allow individuals to accurately interact with and
modify the external environment in accordance with their need. The
correct performance of such behaviorally relevant tasks depends on
different regions of the parietal cortex that process and integrate sen-
sory inputs from the body and the environment (Kalaska & Rizzolatti,
2013; Niu et al., 2021; Rozzi et al., 2008). These areas process sensory

information from different modalities (i.e., somatosensory, visual and

and execution according to the goal of the task and the available sen-
sory information (Geyer et al., 2005; Passarelli et al., 2021; Rizzolatti
etal., 1997).

The monkey’s inferior parietal cortex (IPC) is a region of the
neocortex limited medially/dorsally by the intraparietal sulcus and lat-
erally/ventrally by the lateral and superior temporal sulci (Fogassi &
Luppino, 2005; Rizzolatti et al. 1998). The IPC was first described in
the early 20th century by Brodmann (1905). He used the Nissl method
to partition the cerebral cortex in several areas (Vogt & Gabriel, 1993;
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Zeki, 2005). Brodmann described the IPC as being a single cytoarchi-
tectonic area, named area 7 (Figure 1a). About a decade later, Vogt
and Vogt (1919) used cyto- and myeloarchitecture techniques to divide
the IPC into caudal and rostral sectors. The caudal two-thirds of IPC
was called area 7a, and the rostral one-third of IPC was named area
7b (Figure 1b). Later, von Economo and Koskinas (1925) revised the
nomenclature proposed by Vogt and Vogt (1919). They maintained the
same parcellation, but used the numerical nomenclature proposed by
Brodmann (1905) followed by letters. Von Bonin and Bailey (1947) also
maintained the same subdivision as Vogt and Vogt (1919), but renamed
area 7b as PF and 7a as PG (Figure 1c). However, subsequent anatom-
ical, connectivity and functional studies use the PF, PFG, PG and Opt
parcellation (Andersenetal., 1990a, 1990b, 1997; Asanunaet al., 1985;
Buneo & Andersen, 2006; Clower, 2001; Friedman & Goldman-Rakic,
1994; Jones & Burton, 1976; Leinonen et al., 1979%a, 1979b; Lewis &
Van Essen, 2000; May & Andersen, 1986; Rushworth et al., 1997a,
1997b; Stanton et al., 2005; Yokochi et al., 2003), despite the fact that
Preuss and Goldman-Rakic (1991) and Rozzi et al. (2006) preserve the
7a and 7b nomenclature. Toward the end of the 20th century, Pandya
and Seltzer (1982) carried out an influential study (Figure 1d) based on
neuronal connectivity and architecture, which demonstrated that the
IPC can be subdivided into six areas: PF and PFG rostrally, PG and Opt
dorsally, and two more ventrally located subdivisions PGop (caudal)
and PFop (rostral). Subsequently, Preuss and Goldman-Rakic (1991)
proposed a different parcellation, with only a single area in the parietal
operculum, 7op, and three areas on the IPL convexity, rostral area 7b,
followed caudally by areas 7a-m and 7a- | (Figure 1e). More recent stud-
ies, employing the methods of Nissl, Gallyas, immunohistochemistry
with SMI-32 monoclonal antibody (Figure 1f) and multimodal receptor
architectonic techniques (Figure 1g) confirmed the accuracy of Pandya
and Seltzer (1982) original parcellation of the IPC (Geyer et al., 2005;
Gregoriou et al., 2006; Niu et al., 2021; Rozzi et al., 2006).

It is well known that the inferior parietal cortex (IPC) is involved
in the sensorimotor integration underlying hand movements. Assum-
ing that primates with comparable manual skills share similar cortical
circuits, we tested the hypothesis that the architectural organization
of the IPC in the New-World capuchin monkey is similar to the one
previously described for the Old-World macaque monkey. To this aim,
we used neuronal and fiber staining techniques (the Nissl and Gallyas
methods, respectively) and immunohistochemistry labeling with the
monoclonal SMI-32 antibody to characterize the architectural features

of the cortical areas that compose the capuchin monkey IPC.

2 | METHODS
21 | Animals

In this study, we used 6 hemispheres (3 right and 3 left hemispheres)
of 5 capuchin monkeys (Sapajus s.p., formerly called Cebus s.p.). All
subjects were adults (3 males and 2 females) weighing between 2.4
and 4.4 kg. All experimental procedures were approved by the Ethics
Committee for the Care and Use of Experimental Animals (CEUA-CCS
protocol # IBCCF-119, Center for Health Science, Federal University of

Rio de Janeiro), and were also in accordance with the guidelines of the
National Institute of Health for the Care and Use of Laboratory Animals
(NIH-USA).

2.2 | Perfusion and microtomy

A lethal dose of sodium pentobarbital was administered to the animals
intravenously. After reaching deep anesthesia, the animals were sub-
mitted to perfusion through the heart with 0.9% saline, followed by 4%
paraformaldehyde in phosphate buffer (pH 7.3), 4% formaldehyde in
2.5% sucrose phosphate buffer, 4% paraformaldehyde in 5% sucrose
phosphate buffer and, finally, in 10% sucrose phosphate (pH 7.2-7.4).
After perfusion, the brain was removed from the skull and placed in
a postfixation solution of 4% paraformaldehyde in 30% sucrose for
approximately 24 h. After this postfixation period, the brain was sec-
tioned (40 or 50 um thick slices) in the parasagittal plane at using a
cryomicrotome (Cryostat, Bright Instruments Inc.).

2.3 | Histological processing

Alternate histological sections were stained for cell bodies (Nissl
method), myelinated fibers (Gallyas method as described in Gallyas,
1979), or neurofilaments M and H of pyramidal neurons (immunohis-
tochemistry with SMI-32 monoclonal antibody) (Campbell & Morrison,
1989; Hof et al., 1996; Sternberger & Sternberg, 1983).

For SMI-32 immunohistochemistry, individual free-floating sections
were placed in separate wells and washed three times with 0.1 M saline
phosphate buffer (PBS) for 10 min. Subsequently, the slices were incu-
bated with 2% bovine serum albumin (BSA) in a solution of 0.3% triton
X-100in PBS (PBS-Tx), for 1 h at room temperature. After three washes
in PBS, sections were kept under gentle agitation overnight at room
temperature in a solution containing the mouse monoclonal SMI-32
antibody (1:5000 dilution, Covance Research Products Inc. Cat# SMI
32R-500, RRID: AB_509998) in 2% BSA and 0.3% PBS-Tx. The sec-
tions were washed three times in PBS, incubated with biotinylated
anti-mouse secondary antibody (1:200 dilution, Vector Laboratories)
for 2 h at room temperature. Subsequently, they were washed with
PBS (3 times for 10 min) and incubated for 1 h in Vectastain Elite
brand avidin-biotin complex (avidin biotincomplex-ABC) (1:500 dilu-
tion, Vector Laboratories) at room temperature. Immunoreactivity was
revealed with a 0.05% solution of 3,3’-diaminobenzidine (DAB) and
0.1% nickel ammonium sulfate. The sections were then mounted on
bi-gelatinized slides (1% gelatin), dehydrated in increasing amounts of
alcohol (75%, 90%, 100%, and again 100%) for 1 min in each of the solu-
tions, clarified with xylene (twice for 3 min), covered with DPX (BDH
Laboratory Supplies, Poole, BH15 1TD, England), and then mounted

with a glass coverslip.

2.4 | Architectural analysis

We first selected, based on anatomical landmarks such as the central,
intraparietal and lateral sulci, the histological sections that contained
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(a) Brodmann, 1905 (b) Vogt and Vogt, 1919 (c) Von Bonin and Bailey, 1947 (d) Pandya and Seltzer, 1982
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FIGURE 1 Architectonic subdivisions of the inferior parietal cortex (IPC). (a-e) Subdivisions of the macaque monkey IPC as described by

(a) Brodmann (1905), (b) Vogt & Vogt (1919), (c) Von Bonin & Bailey (1947), (d) Pandya & Seltzer (1982), (e) Preuss & Goldman-Rakic (1991),

(f) Gregoriu et al., 2006, (g) Niu et al., 2021. (h) Subdivision proposed by the present study for the capuchin monkey IPC. (i) Lateral view of the
monkey brain showing the portion of the left cortex (dashed square) that is enlarged in panels a-h. (j) Architectural subdivision of the capuchin
monkey IPC in a 3D reconstruction of the left hemisphere of the Case 1. Five architectural areas are illustrated: three areas in the IPC convexity
(PFG, inred; PG, in blue; and Opt, in brown), and two areas in the IPC operculum (PFop, in purple; and PGop, in green). The reconstruction was done
with the aid of the CARET software and is based on the areal contours estimated at the level of layer 4, thus accentuating the opening of the sulci.
(k) Magnification of the region of interest delimited by the red rectangle in j. Sulci: arcuate (ars), central (cs), inferior-occipital (ios), intraparietal
(ips), lateral (Is), lunate (lus), principal (ps), and superior temporal (sts)
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the cortical regions of interest. These sections were micropho-
tographed with the aid of the 2D “virtual tissue” module of the Neurolu-
cida system (MBF Biosciences, Inc, RRID: nif-0000-10294, Williston,
VT, USA). We used the graphics program Canvas 15 (ACD Systems
International Inc., RRID:SCR_014288/ Fort Lauderdale, FL, USA,
Victoria, BC, Canada) to visualize the images on a computer screen at
different amplifications (25%, 50%, 100%, and 200%). Based on these
images we carried out the architectural analysis of the capuchin IPC.

2.5 | Three-dimensional (3D) reconstruction of
anatomical data

The 3D reconstruction of the IPC convexity with its corresponding
cortical areas was obtained for the left hemisphere of case R13-01
using the CARET software (Computerized Anatomical Reconstruction
and Editing Tool Kit, available at http://brainvis.wustl.edu/wiki/index.
php/Caret:Download), which is widely used in neuroanatomical stud-
ies (Bezgin et al., 2008; Bezgin et al., 2012; Chaplin et al, 2013; Galletti
et al., 2005; Kalwani et al., 2009; Sperka & Ditterich, 2011; Van Essen,
2005; Van Essen, 2012; Van Essen et al., 2001; Zhong et al., 2010).
First, we used histological sections immunoreacted for SMI-32 to iden-
tify layer IV. The outline of layer IV was digitized using Neurolucida.
Subsequently, the anatomical boundaries between different cortical
areas were identified and marked. This procedure was carried out for
all available sections and the corresponding images were appropriately
aligned. The resulting XML file was edited in two steps. In the first step,
the XML file was duplicated: one containing the x, y and z coordinates
of layer IV outline, and the other containing the x, y, and z coordi-
nates of the markers (features of the Neurolucida) corresponding to
the anatomical limits of the cortical areas. In the second step, the file
containing the x, y, and z coordinates of the markers were organized
and converted by a homemade Python program into a file format that
could be read by the CARET program. Finally, within CARET we were
able to obtain a 3D reconstruction of the capuchin IPC partitioned in
accordance with the steps described above.

3 | RESULTS

This work comprises a qualitative assessment of IPC architecture,
through the analysis of histological sections of six hemispheres of five
adult capuchin monkeys. The illustrations shown below correspond to
microphotographs of histological sections of the left hemispheres of
cases R13-01 (Nissl and SMI-32) and CB-78 (Gallyas), which are exem-
plar for all hemispheres analyzed. The architectural borders of the IPC
areas could be identified at low magnification (5x objective) based
on the differential staining intensity for cell bodies, myelin fibers and
SMI-32 immunohistochemistry. We also analyzed microphotographs
at higher magnification (10x objective), where more detailed archi-
tectural features, such the staining pattern and staining intensity of
cell bodies and their corresponding cell processes (including neuropil),
could be observed.

After careful architectural analysis, we verified that the organiza-
tion of IPC areas was similar to the one previously described in the
macaque by Pandya and Seltzer (1982). We thereby adopted the same
nomenclature proposed by these authors. Moreover, we identified and
characterized five cortical areas in the capuchin monkey IPC. Three of
them, PFG, PG, and Opt, are located in the convexity of the IPC, while
the other two areas, PFop and PGop, are in the IPC operculum. It is pos-
sible that thereis asixth cortical area, PF, which was not analyzed in this
study. The reason for this is that we sliced the brain in the parasagit-
tal plane. Since area PF is located laterally in the brain, the histological
slices corresponding to area PF were too tangential to be appropriately

analyzed.

3.1 | Delimitation of IPC areas in the capuchin
monkey

Figure 1h, j, and k shows the location of the five IPC areas identified in
this study: PFG, PG, Opt, PFop, and PGop. Area PFG, the most lateral of
the analyzed areas, is located in the posterior bank of the intraparietal
sulcus and it borders posteriorly with area PFop and medially with area
PG. Its lateral limit is parallel to the lateral tip of the intraparietal sulcus.
Area PFop is limited rostrally by area PFG and posteriorly by the ante-
rior margin of the superior temporal sulcus, close to the convergence
with lateral sulcus. Its lateral boundary lies near to the medial tip of
the lateral sulcus. Medially, PFop is bordered by area PGop. Area PGop
extends caudally up to the crown of the anterior bank of the superior
temporal sulcus.

On the mediolateral axis, area PG lies between area PFG, located
laterally, and area Opt, located medially. PG is also located close to the
posterior bank of the intraparietal sulcus, and its posterior border is
shared with area PGop. Area PGop, which is located close to the ante-
rior bank of the superior temporal sulcus, is bordered laterally by PFop
and medially by Opt. Opt is the most medial and dorsal area of the IPC,
being located on the convexity immediately posterior to the intrapari-
etal sulcus. The caudal limit of Opt is located close to the dorsal tip of
the superior temporal sulcus and the dorsocaudal tip of the intrapari-
etal sulcus. Most of the lateral border of Opt is shared with area PG,

and a very small portion is shared with area PGop.

3.1.1 | Areas PFG and PFop

In Nissl-stained sections (Figures 2a and 5), we observed that area PFG
has a high cell density. At the limit of layer Il, the cells are not arranged
in a palisade, as it is usually characteristic of this cortical layer. Layer
11l stands out as presenting a stratification into superficial (a), interme-
diate (b) and deep (c) sublayers. The superficial sublayer shows a high
density of predominantly small cell bodies. The intermediate sublayer
exhibits predominantly medium-sized and sparse cell bodies. The deep
sublayer contains predominantly large and sparse cell bodies. On the
other hand, layer IV is thick and shows poorly defined limits with layer

V. Layer V also presents medium and large cell bodies, but these are
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FIGURE 2 Characterization of areas PFG, PG, PGop, PFop, and Opt based on cytoarchitecture. Left: histological sections (a-c) running from
lateral to medial, with (a) being the lateralmost section. Arrowheads indicate the borders of areas PFG, PG, PGop, PFop, and Opt. Right: schematic
drawings of the three parasagittal sections indicated in a-c, with a red rectangle indicating the region that is enlarged in the photomicrographs.
The levels of the parasagittal sections used for analysis are indicated by lines in the schematic drawing of the dorsal view of the capuchin brain (top

left). Abbreviations as in Figure 1

homogeneously distributed. Finally, layer VI shows a predominance of
neurons with small cell bodies.

Immunohistochemistry for SMI-32 (Figures 3a and 5) reveals a clear
pattern of lamination in IPC. Labeling is particularly intense in layers

Il and V, which present large immunoreactive cell bodies. Layers |, 11,

and IV show very weak immunostaining, even though layers Il and IV
are often invaded by apical dendrites originating from cells located in
layers |1l and V, respectively. Layer VI usually presents more immunos-
taining of neuropil than of cell bodies. Area PFG is less immunostained

than the immediately neighboring cortical regions. Additionally, we
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FIGURE 3 Characterization of areas PFG, PG, PGop, PFop, and Opt based on SMI-32 immunostaining. Left: histological sections (a-c) running
from lateral to medial, with (a) being the lateralmost section. Arrowheads indicate the borders of areas PFG, PG, PGop, PFop, and Opt. Right:
schematic drawings of the three parasagittal sections indicated in a-c, with a red rectangle indicating the region that is enlarged in the
photomicrographs. The levels of the parasagittal sections used for analysis are indicated by lines in the schematic drawing of the dorsal view of the

capuchin brain (top left). Abbreviations as in Figure 1

also observe a clear distinction between its layers V and VI. Layer I
is intensely labeled and predominantly populated by sparse cells of
medium and large size, especially in the sublayer c, which also exhibits
neurons with short apical dendrites. Layer V staining presents a low
density of small and medium cells, while layer VI presents small and

sparse cells with immunostained neuropil.

In myelin-stained sections, area PFG is characterized by having a
layer | with few fibers. Additionally, layers Il and Ill are lightly stained
and have visible outer and inner bands of Baillarger. The deep layers
are more myelinated than superficial layers (Figures 4a and 5).

In Nissl-stained sections (Figures 2a and 6), layers Il and IV of area

PFop stand out for being more intensely stained than layers Il and IV
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Gallyas

FIGURE 4 Characterization of areas PFG, PG, PGop, PFop, and Opt based on myeloarchitecture. Left: Histological sections (a-c) running from
lateral to medial, with (a) being the lateralmost section. Arrowheads indicate the borders of areas PFG, PG, PGop, PFop and Opt. Right: schematic
drawings of the three parasagittal sections indicated in a-c, with a red rectangle indicating the region that is enlarged in the photomicrographs.
The levels of the parasagittal sections used for analysis are indicated by lines in the schematic drawing of the dorsal view of the capuchin brain (top

left). Abbreviations as in Figure 1

of PFG. This characteristic enabled us to draw a clear border between
areas PFop and PFG. In addition to its stronger staining, layer Il of
area PFop is thinner than the one of PFG. Moreover, due to the clas-
sic palisade arrangement of the granular neurons cell bodies in layer

11, especially at its most superior border, we are able to draw a clear

distinction between layers | and Il of PFop. As we did for PFG, we also
stratified Layer Il of PFop into three sublayers (a, b, and c). However,
sublayer Illc of PFop is comparatively more lightly stained and shows
fewer of the large pyramidal cells that we observed in sublayer Illc of

PFG. Layer IV of PFop is more intensely labeled than layer IV of PFG,
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FIGURE 5 Characterization of area PFG based on cytoarchitecture, SMI-32 immunostaining and myeloarchitecture. Enlargement of the
regions of area PFG encompassed by the blue dashed rectangles shown in Figures 2-4. Red or white dashed lines indicate the boundary between

gray and white matters

while layer V of PFop is less dense in medium and large sized cell bod-
ies than area PFG. This made it more difficult to draw a clear boundary
between layers IV and V.

We analyzed the SMI-32 immunostaining pattern for areas PFG
and PFop (Figures 3a and 6). Layer Ill of area PFop contained
medium and large cells that were less scattered in sublayer c, as
compared to the same sublayer in PFG. However, we observe thin
apical dendrites that are comparatively more apparent in PFop.
These differences may be related to the fact that layer Ill is thin-
ner in PFop, although we must keep in mind that differences in
layer thickness can also be partially explained by differences in the
plane of cut with respect to the orientation of the cortical man-
tle. We find small and medium pyramidal cells scattered along Layer
V of PFop, but with more apparent apical dendrites than observed

in layer V of PFG. In PFop, layer VI contained fewer cells and api-

cal dendrites than layer V, even though it showed intense neuropil
labeling.

In myelin-stained sections, area PFop is characterized by a radial
appearance of fibers. This area presents weak myelin labeling in lay-
ers | and Il and a light labeling in layer Ill. Layers IV, V, and VI are all
well stained. We are also able to visualize the outer and inner bands of
Baillarger. However, their boundaries are less prominent than the ones
observed in PFG (Figures 4a and 6).

3.1.2 | Areas PG and PGop

Layer 1V, as evidenced by Nissl staining, is clearly visible in area PG,
even at low magnification (Figure 2b). Indeed, this layer was more

intensely stained in area PG as compared to PFG (compare Figure 2a

5UBO 17 SUOWLIOD A 1B9.0 3|e01 ke L) Aq PoUBAOB 316 SBPILE YO 98N J0 SN 10} AXeiq 1T BUIIUO 31 UO (SUONIPUOD-PUE-SWLBIWO0"AB] W ARG 1BU1|U0//SdIY) SUONIPUOD PLe SWd | 941 885 *[£202/T0/20] U0 AIGIT8UIIO /BIIM * S3d VD - {BULeuIrs BsNENPIAIRULES YINIT OHTE00 SYONOE3Y SSNYE Ad 67162 8U0/Z00T OT/10p/W0d" 81w ALeIq1pu1uo//Sdly o1 popeojumog ‘0 ‘T986960T



BONFIMET AL.

RESEARCH IN
SYSTEMS NEUROSCIENCE 9
THE JOURNAL OF COMPARATIVE NEUROLOGY W l l l I

TN
£3

o
LA 7 o A
A N A

o
5

L)

_
o
.
43 =X
Fwt
~
.

0
I

7

s
RN
4

"\‘J ol
AL
’4..4,.»."

.
%

L/
\

7 1;4‘,1 s
P2

o ;u‘,-,’f

FIGURE 6 Characterization of area PFop based on cytoarchitecture, SMI-32 immunostaining and myeloarchitecture. Enlargement of the
regions of area PFop encompassed by the blue dashed rectangles shown in Figures 2-4. Red or white dashed lines indicate the boundary between

gray and white matters

and b). At higher magnification (Figure 7), we can observe a radial
arrangement of the cells across layers lllb and V. Layer Il can be strati-
fied into upper (a) and lower (b) sublayers. The former showed a greater
density of small cells, while the later showed sparsely distributed
medium and large cells. Layer V of area PG was more discernible
than the one of area PFG. Additionally, the former contained relatively
more scattered medium pyramidal neurons than the later. Layer VI is
populated by small cell bodies.

Layer Il in area PGop showed more intense cell staining and more
cell bodies than the corresponding layer Il of area PG (Figures 2b and 8).
PGop’s layer Il showed a denser distribution of pyramidal neurons

in its lower sublayer, while the cell bodies of PG’s layer Ill are more

homogeneously distributed. On the other hand, layers 1V, V, and VI of
areas PGop and PG are quite similar. Regarding layer V, both areas
show medium pyramidal cells sparsely distributed, while layer VI is
populated by small cell bodies.

SMI-32 immunostaining allows us to compare layer Il of areas PG
and PFG (Figure 3b and 7). Layer Il of area PG is more compact and
shows greater labeling intensity than layer Il of area PFG. Greater
magnification allowed us to observe that layer Ill was thinner in PG
as compared to PFG. Despite this fact, it could still be stratified into
sublayers a and b, where sublayer b showed a greater density of large
and sparse cells than sublayer a. Layers V and VI in both areas also

showed somewhat clear boundaries between them. Layer V contains
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FIGURE 7 Characterization of area PG based on cytoarchitecture, SMI-32 immunostaining and myeloarchitecture. Enlargement of the
regions of area PG encompassed by the blue dashed rectangles shown in Figures 2-4. Red or white dashed lines indicate the boundary between

gray and white matters

medium-sized pyramidal neurons, but with more apparent apical den-
drites, while layer VI contained few small labeled neurons and some
labeled neuropil.

Area PGop shows fewer labeled neurons in layer Ill and in the infra-
granular layers relative to area PG. The infragranular layers exhibits a
lower cell density and sparser apical dendrites. Layer Il in PGop could
also be stratified into sublayers a, showing characteristic apical den-
drites, and sublayer b, containing small pyramidal cells. Layer V shows
few stained cells and almost no apical dendrites, while layer VI showed
weak neuropil immunostaining, as is observed in area PFG (Figures 3b
and 8).

Myelin staining revealed that area PG has the same vertical
arrangement of fiber bundles as observed in PGop, but with a
more prominently thick and sparse pattern (Figures 4b and 7). In
addition, the outer and inner bands of Baillarger are more promi-
nent in PG than PGop (compare Figures 7 and 8). Overall, PG and
PGop can be architecturally distinguished from areas PFG and PFop
due to their vertically oriented fiber bundles, resembling a radial

pattern.

Area Opt

Area Opt is the most medial area we describe in IPC. In Nissl-stained
sections, layer Il presented a high density of cell bodies (Figure 2c). At
higher magnification (Figure 9), we observe aradial pattern of vertically
clustered cells, which was found to be even more pronounced than the
one we find in area PG. The medium-sized pyramidal cellsin layer Il are
sparsely arranged along the entire layer. Layer IV presents a high den-
sity of small granule cells and a clear boundary with layer V. However,
we do not find a clear boundary between layers V and VI.

Layer Ill of area Opt shows few cells immunostained for SMI-32,
at least when compared to area PG (Figure 3c). At higher magnifi-
cation (Figure 9), we observe that layers Ill and V contain sparsely
distributed pyramidal cells with long apical dendrites, highlighting its
radial pattern. In general, the layer Ill is more densely populated by
large pyramidal neurons than layer V that showed sparse pyramidal
cells and few apical dendrites invading layer IV.

Myelin staining shows that area Opt contains prominent fiber bun-
dles that are more vertically oriented than those found in the more

lateral IPC areas. Additionally, the outer and inner bands of Baillarger in
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FIGURE 8 Characterization of area PGop based on cytoarchitecture, SMI-32 immunostaining and myeloarchitecture. Enlargement of the
regions of area PGop encompassed by the blue dashed rectangles shown in Figures 2-4. Red or white dashed lines indicate the boundary between

gray and white matters

area Opt are less evident than those in the lateral IPC areas (Figures 4c
and 9).

4 | DISCUSSION

Skilled hands movements, including the goal-directed use of tools is
a distinctive behavior observed in primates. Capuchin monkeys stand
out among New-World monkeys (and Old-World monkeys alike) in
their elaborate ability for the manual use of tools. The inferior parietal
cortex (IPC) is involved in the sensorimotor integration processes that
underline hand movements, including tool manipulation. It is therefore
paramount that we understand the cortical organization of the IPC,
including the number of cortical areas it contains, and whether the
capuchin monkey exhibits any architectural features that differentiate
it from other primates. To this aim, immunostaining techniques with the
potential to reveal unique architectural features across cortical areas
are invaluable tools in our effort to adequately parcellate the IPC. In
this way, SMI-32 immunostaining (Sternberger & Sternberger, 1983)

has been used for cortical parcellation in different mammalian groups,

such asrodents (Boire et al., 2005; Dias et al., 2014; Van der Gucht et al.,
2007), Old-World monkeys (Ding et al., 2009; Gregoriou et al., 2006;
Lewis & Van Essen, 2000) and New-World monkeys (Cruz-Rizzolo et al.,
2011, Mayer et al., 2016, 2019; Mariani et al., 2019). Similar to what
has been observed in macaques (Campbell & Morrison, 1989; Hof &
Morrison, 1995; Hof et al., 1996; Lewis & Van Essen, 2000; Lewis et al.,
1999), SMI-32 immunohistochemistry in the capuchin monkey reveals
a heterogeneous cortical labeling pattern, where two bands with vary-
ing levels of immunoreactivity are usually observed in layers Il and V
(Cruz-Rizzolo et al., 2011; Soares et al., 2008). These two bands are
composed of small to large pyramidal neurons, including their proximal
processes and apical dendrites.

The laminar distribution of cell bodies and dendrites are the main
criteria used to differentiate among the cortical areas of the capuchin
monkey. Regarding SMI-32 and Nissl staining, anatomical features such
as the size, density, laminar distribution and labeling intensity of cell
bodies are important. SMI-32 immunostaining allows us to evaluate
additional anatomical criteria, such as the thickness of apical dendrites,
the relative neuropil staining across cortical layers, the relative thick-

ness of cortical layers, and the breakup of cortical layers into sublayers.
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FIGURE 9 Characterization of area Opt based on cytoarchitecture, SMI-32 immunostaining and myeloarchitecture. Enlargement of the
regions of area Opt encompassed by the blue dashed rectangles shown in Figures 2-4. Red or white dashed lines indicate the boundary between

gray and white matters

These criteria have been successfully used to describe cortical organi-
zation in humans (Caspers et al., 2006; Eickhoff et al., 2006), Old-World
monkeys (Gregoriou et al., 2006; Morecraft et al., 2012; Pandya &
Seltzer, 1982), and New-World capuchin monkeys (Cruz-Rizzolo et al.,
2011; Mayer et al., 2016, 2019; Mariani et al., 2019). Notably, studies
have shown that cortical parcellation based on cytoarchitecture cor-
relates well with neurotransmitter receptor distribution in monkeys
(Geyer et al., 2005; Niu et al., 2020, 2021) and humans (Caspers et al.,
2013).

There is a notable difference in the inclination of the intraparietal
sulcus between capuchin and macaque monkeys. If we estimate the
relative angle between this sulcus and the coronal plane, the intra-
parietal sulcus in capuchins is more parallel oriented relative to the
coronal plane, as compared to macaque monkeys, where the intrapari-
etal sulcus is more obliquely disposed. Based on these characteristics,
the lateral region of capuchin IPC is analogous to the rostral region
of macaque IPC. In the macaque, the most rostral area of IPC is area
PF. Accordingly, in both macaque and capuchin monkeys, the oper-
cular areas PFop and PGop share borders with areas PFG and PG,
respectively. However, areas PFop e PGop in the capuchin share ros-
tral borders with PFG and PG, respectively, while in the macaque these
borders are localized medially. Area PG is located medially relative to
area PFG, and we found area Opt to be the most medially located area

in capuchin IPC. On the other hand, the anatomical disposition of the

intraparietal sulcus in the capuchin and the fact that we sliced the cor-
tex parasagittally impaired us from appropriately examining area PF
due to its far lateral position in the brain (region lateral to area PFG in
Figure 1). Future work should try to revisit this issue using another sec-
tioning plane. Taken together, we suggest that the intraparietal sulcus
should be used as an anatomic reference when pairing corresponding
IPC areas between macaque and capuchin monkeys (Andersen et al.,
1997; Matelli et al., 1998; Morecraft et al., 2012; Pandya & Seltzer,
1982; Petrides & Pandya, 2007; Rozzi et al., 2006; Seltzer & Pandya,
1984; Seltzer & Pandya, 1986; Zhong & Rockland, 2003) and electro-
physiological studies (Hyvarinen, 1981; Hyvarinen & Shelepin, 1979;
Leinonen et al., 1979a, 1979b; Yokochi et al., 2003; Battaglia-Mayer
etal, 2015; Rozzi et al., 2008).

4.1 | Comparison of New- and Old-World monkeys

The two initial works that employed SMI-32 immunolabeling to study
macaque IPC parceled it into two distinct cortical regions: area 7a and
area 7b (Lewis & Van Essen, 2000 and Hof & Morrison, 1995). Sub-
sequently, Gregoriou et al. (2006), also using SMI-32 immunolabeling,
were able to parcel macaque IPC into four areas, namely areas PF, PFG,
PG and Opt. However, work Pandya and Seltzer (1982) using cytoar-

chitectonic, myeloarchitectonic and connectivity, was able to parcel
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macaque IPC into the 6 areas: the four areas described by Gregoriou
et al. (2006) and two additional areas that they named PFop and PGop.
The work of Niu et al. (2021), using neurotransmitter receptor distribu-
tion, confirmed the results of Pandya and Seltzer (1982). Our results in
the capuchin monkey using cytoarchitectonic, myeloarchitectonic, and
SMI-32 immunohistochemistry corroborate the results of Pandya and
Seltzer (1982) and Niu et al. (2021), even though we were not able to
study area PF due to the technical reasons mentioned above. Below,
we discuss the characteristics of the each of the five IPC areas that we
describe in this work.

411 | Area PFG

We observed that cortical layers Il, V, and VI in area PFG of the
capuchin have higher cell densities than its counterparts in the
macaque (Geyer et al., 2005; Gregoriou et al., 2006; Pandya & Seltzer,
1982; Rozzi et al., 2006). Furthermore, PFG in the capuchin does not
present a cortical lamination pattern that resembles a radial arrange-
ment like we observed in the more medial IPC areas of the capuchin
or as observed by other authors in area PG of the macaque (Geyer
et al., 2005; Gregoriou et al., 2006; Pandya & Seltzer, 1982; Rozzi
et al.,, 2006). Pandya and Seltzer (1982) described area PFG as having
a higher density of cell bodies and a clearer laminar profile compared
to area PF, in addition to exhibiting a radial pattern. Pandya and Seltzer
(1982) considered PFG as a transition area between PF and PG. On the
other hand, Gregoriou et al. (2006) disagreed with this interpretation
and considered PFG as a unique and well-delimited cortical area. It is
important to note that Pandya and Seltzer (1982) used only coronal
sections for their analysis, while Gregoriou et al. (2006) used coronal,
perpendicular and parallel to the intraparietal sulcus in order to study
the IPC.

412 | AreaPFop

Pandya and Seltzer (1982) observed that the macaque area PFop does
not have a radial appearance as found in area PF. Additionally, PFop has
comparatively fewer larger cells in sublayer lllc. In terms of myeloar-
quitecture, layer IV PFop is poorly differentiated from layer I1l. Finally,
these authors reported that area PFop has an outer band of Bail-
larger and an inner plexus of fibers. There are few studies that make
use of immunostaining techniques to study the opercular areas of the
IPC. Based on immunohistochemistry for SMI-32, Lewis and Van Essen
(2000) described a single area in the macaque IPC operculum (area
70p), which is adjacent to area 7a and characterized as having a higher
cell density compared to area 7a. In the capuchin, we observe that layer
11l of area PFop shows a higher density for medium and large cells com-
pared to PGop, while PFop layer V is similar to the one in area PFG,
with small and medium pyramidal cells arranged sparsely. Areas PFop
and PGop in the macaque are connected to area F3 in the frontal lobe
(Luppino et al., 1993) and to area PE in the parietal lobe (Bakola et al.,
2013).

413 | Area PG

Area PG in the capuchin monkey exhibits clusters of cell bodies in a
radial arrangement, similar to what has been described in macaque
area PG by other authors (Geyer et al., 2005; Gregoriou et al., 2006;
Rozzi et al., 2006). Curiously, Pandya and Seltzer (1982) described
area PG as having the least radial appearance among the IPC areas,
with a more homogeneous appearance compared to areas PF and PFG.
This was mainly because area PG shows comparatively weak stain-
ing of large cell bodies in layers IIl and V. In the capuchin monkey we
observe intensely stained cell bodies in area PG, allowing us to draw
clear boundaries between the cortical layers, including layer Ill, which
is sparsely populated by medium and large cells. Geyer et al. (2005)
report that layer Il of area PG has a discrete gradient of cell body stain-
ing along its sublayers. They observed that layer Ilic is not as populated
by large cells as the rostral areas of the IPC, but it has a high density
of small cell bodies in all layers. In capuchins were observe that area
PG has the thinnest layer Il of all IPC areas, and that its layer Il cells
are less sparse compared to layer |l of area PFG. Sublayer Illb contains
mostly medium and large neurons, with apical dendrites that project to
the most superficial portion of this layer. Layer V of both PFG and PG
have similar densities of small and medium cells, with their apical den-
drites sparsely arranged (Figures 5 and 7). According to Gregoriou et al.
(2006), layer Il of macaque area PG exhibits weaker SMI-32 immunos-
taining for pyramidal cells and apical dendrites as compared to area
PFG. Furthermore, they report that the apical dendrites of pyramidal
neurons in sublayer Illc of area PG are smaller compared to the same
sublayer in area PFG. Finally, Gregoriou et al. (2006) report that layer V
immunostaining is weaker in PG compared to PFG, and is characterized
by small pyramidal neurons and weakly labeled neuropil.

414 | Area PGop

We observe that area PGop in the capuchin exhibits well defined corti-
cal layers. This is especially true for layers Il and IV, which show a higher
cell body density compared to layers |l and IV of area PFop. This is sim-
ilar to what has been observed in macaque PGop, which also exhibits
well defined cortical layers (especially layers Il and IV with its higher
cell densities) compared to area PFop (Pandya & Seltzer, 1982; Pandya
et al., 2015). Pandya et al. (2015) described large and sparse pyramidal
cells in layer Illc of area PGop, similar to what we found in the inner

most sublayer of layer |1l of the capuchin monkey.

415 | AreaOpt

The cells of area Opt in the capuchin monkey are disposed in a radial
arrangement that is even more pronounced than the one found in area
PG. Layer Il of area Opt in the macaque was also described as having
a radial arrangement has (Gregoriou et al., 2006; Rozzi et al., 2006).
Andersen et al. (1990a) highlighted the radial cell arrangement of the
macaque area 7a (probably corresponding to area Opt) using Nissl
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staining. In our study, layer Il of area Opt is thinner than layers IIl of
areas PFG and PG. However, no obvious subdivisions of layer Il are
observed because its large cell bodies are sparsely distributed through-
out the layer. According to Pandya and Seltzer (1982), supragranular
and infragranular layers of area Opt in the macaque have approxi-
mately the same cell density. However, there was no clear evidence for
large pyramidal neurons in layer lllc, as had been observed in area PG.
Layer V was reported to have small to medium sized cells, even though
other studies have reported large cell bodies in sublayer lllc of area
Opt in the macaque (Gregoriou et al., 2006; Rozzi et al., 2006). In accor-
dance with our study in the capuchin, Nissl staining also does not reveal
well-defined limits between layers IV and V, and between V and VI in
the macaque (Pandya & Seltzer, 1982).

In our work, SMI-32 immunostaining shows large (albeit sparsely
distributed) pyramidal neurons in layer Il of area Opt, with long apical
dendrites that project to layer Il. However, its cell density is lower than
the one found in area PG. Layer V of area Opt is also characterized by
sparsely distributed neurons and the corresponding apical dendrites,
but the cell bodies are comparatively smaller thanin layer Il1 (Figure 9).
Lewis and Van Essen (2000) described area 7a in the macaque as
showing low immunoreactivity for the SMI-32 antibody. However, they
observed a radial laminar orientation of the cells and dendrites in lay-
ers Il and V. Similar to the Niss| staining described above, SMI-32
immunostaining in area Opt of the capuchin monkey also reveals that
the pyramidal neurons and their corresponding apical dendrites in lay-
ers |l and V have a vertical orientation, in accordance with what Hof
and Morrison (1995) described for area 7a in the macaque. SMI-32
immunostaining performed by Gregoriou et al. (2006) characterized
macaque area Opt as having a lower density of large pyramidal neu-
rons in layer lllc as compared to area PG. This description is similar to
the one we offer here for capuchin area Opt.

Reyes et al. (2022) recently studied the cytoarchitecture, myeloar-
chitecture, and parcellation of the chimpanzee inferior parietal lobe.
They identified four major areas on the lateral convexity of the chim-
panzee IPL (PF, PFG, PG, OPT), in addition to two opercular areas
(PFOP, PGOP), similar to what has been described for the macaque.
The authors thereby suggest that chimpanzees share homologous IPL
areas with the macaque. In comparison, they argue that rostral IPL
in humans differ in its anatomical organization and contain additional
subdivisions, such as areas PFt and PFm described by Caspers et al.
(2006).

5 | CONCLUSION

Our subdivision of the inferior parietal cortex (IPC) in the New-World
capuchin monkey is in accordance with the one proposed for the Old-
World macaque monkey. We describe a total of five areas: PFG, PG,
Opt, PFop, and PGop. The first three areas are located in the convexity
of the IPC, while the latter two areas are located in the IPC opercu-
lum. Area PF, the most lateral-anterior area of the IPC (Gregoriu et al.,
2006; Niu et al., 2021; Pandya & Seltzer, 1982) could not be investi-

gated in the present study due to technical reasons. The IPC areas in
both species share distinct levels of similarity between them. PFG is
the area most different between Old- and New-World monkeys, espe-
cially regarding cell density in layers Il and IV. On the other hand, area
Opt was the most similar between the two monkey groups. This simi-
larity was evident in SMI-32 immunostaining, which revealed large and
sparsely distributed pyramidal neurons that vertically project their api-
cal dendrites to the supragranular layer. Area PG was also quite similar
between the Old- and New-World monkey groups, as evidenced by the
clusters of radially oriented cell bodies. Unfortunately, we could not
compare the two opercular areas we describe in the capuchin mon-
key (i.e., areas PFop and PGop) with those described in the macaque.
This is because Pandya and Seltzer (1982) did not provide in their work
any figure for these corresponding regions. Overall, our data indicate
a strong homology of the IPC in Old- and New-World primates. The
more subtle anatomical differences we observe between both groups
may be related to interspecific variability or to yet unknown behavioral

demands linked to differential use of skilled hand movements.
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Professor Deepak N. Pandya made important contributions to the
anatomy and connectivity of the parietal cortex in macaque monkeys.
He also made outstanding contributions on the cortical connections
in primates, and on comparative brain architectonics in the monkey
and human. His great scientific expertise and rigorous application of

anatomical techniques will be always remembered.
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