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Architectonic Subdivisions of Neocortex
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ABSTRACT
Tree shrews are small mammals that bear some semblance to squir-

rels, but are actually close relatives of primates. Thus, they have been
extensively studied as a model for the early stages of primate evolution. In
this study, subdivisions of cortex were reconstructed from brain sections
cut in the coronal, sagittal, or horizontal planes, and processed for parval-
bumin, SMI-32-immunopositive neurofilament protein epitopes, vesicle glu-
tamate transporter 2 (VGluT2), free ionic zinc, myelin, cytochrome oxidase,
and Nissl substance. These different procedures revealed similar bounda-
ries between areas, suggesting the detection of functionally relevant bor-
ders and allowed a more precise demarcation of cortical areal boundaries.
Primary cortical areas were most clearly revealed by the zinc stain, because
of the poor staining of layer 4, as thalamocortical terminations lack free
ionic zinc. Area 17 (V1) was especially prominent, as the broad layer 4 was
nearly free of zinc stain. However, this feature was less pronounced in pri-
mary auditory and somatosensory cortex. In primary sensory areas, thala-
mocortical terminations in layer 4 densely express VGluT2. Auditory cortex
consists of two architectonically distinct subdivisions, a primary core region
(Ac), surrounded by a belt region (Ab) that had a slightly less developed
koniocellular appearance. Primary motor cortex (M1) was identified by the
absence of VGluT2 staining in the poorly developed granular layer 4 and
the presence of SMI-32-labeled pyramidal cells in layers 3 and 5. The pres-
ence of well-differentiated cortical areas in tree shrews indicates their use-
fulness in studies of cortical organization and function. Anat Rec, 292:994–
1027, 2009. VVC 2009 Wiley-Liss, Inc.
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The tree shrews are diurnal, arboreal mammals that
bear some squirrel-like characteristics. At first glance,
tree shrews and squirrels are so similar in appearance
that to the natives in South-east Asia, they are one and
the same animal, with both species bearing the same
name Tupai in the Malay and Indonesian languages. In
fact, when a Western naturalist, William Ellis, recorded
the first tree shrew in 1780, he mistook it to be a squir-
rel. It took 40 years after the first recording before taxo-
nomists recognized tree shrews as a separate species in
the genus Tupaia (Emmons, 2000). Tree shrews are the
only members of the order Scandentia that diversified
from the rest of the Euarchontoglire clade about 85 mil-
lion years ago (Murphy et al., 2001a; Huchon et al.,
2002). Since then, tree shrews have been established as
non-rodent, small mammals that, with flying lemurs, are
the closest living relatives of primates (Liu et al., 2001;
Murphy et al., 2001a,b; Springer et al., 2003). Tree
shrews possess certain features of the brain that are
shared with primates, such as a well-developed visual
system and a reduced dependence on olfaction (Soren-
son, 1970), and were once considered to be primates by
Le Gros Clark (1959). Although this classification no lon-
ger holds, the observation made by Clark that tree
shrews resemble primates, has resulted in tree shrews
being the species of choice in many neuroanatomical and
electrophysiological experiments. Here, we describe the
architectonic subdivisions of neocortex in tree shrews, so
as to establish a reliable areal cortical map that can be
used to guide functional studies.

Tree shrews have often been used as animal models in
the study of the visual system (e.g., Lund et al., 1985;
Fitzpatrick, 1996). They are visually oriented animals
with a retina consisting of mostly cones. The laterally
placed eyes offer about 60-degree angle of binocular over-
lap (Kaas and Catania, 2002). The superior colliculus is
exceptionally large compared with primates (Kaas and
Huerta, 1988) and more distinctly laminated (Abplanalp,
1970; Lane et al., 1971). Their visual cortex is expansive.
Primary visual cortex is relatively large and architectoni-
cally distinct, and several extrastriate visual areas have
been proposed (Kaas et al., 1972; Sesma et al., 1984; Lyon
et al., 1998). Pyramidal cells in primary visual cortex
share a similar branching pattern to those found in prima-
tes, but are more branched and spinous than those found
in galagos and monkeys (Elston et al., 2005). Primary vis-
ual cortex of tree shrews contains an orderly arrangement
of orientation selective columns similar to those of prima-
tes (Humphrey and Norton, 1980; Bosking et al., 1997),
whereas rodents do not (Van Hooser et al., 2005).

Given that tree shrews are arboreal and use their
forepaws to climb and manipulate food items (Bishop,
1964), as do most primates, their sensorimotor system
and cortex is well developed. Tree shrews are found to
have at least five somatosensory fields, and a large fore-
paw representation is apparent in primary somatosen-
sory cortex (Sur et al., 1980). The organization of the
motor cortex has also been comprehensively character-
ized through corticospinal tracing and intracortical
microstimulation, and the subdivisions of motor cortex
have been defined cytoarchitecturally (Remple et al.,
2006). There are two distinct motor fields that have been
identified in tree shrews, and these areas have been
found to share common features with the primary and
premotor cortical areas of primates (Remple et al.,

2006). The auditory cortex of tree shrews is less well
studied. However, preliminary cortical mapping results
indicate at least one auditory field, presumably the pri-
mary auditory cortex, which contains a complete tono-
topic representation (Oliver and Hall, 1978).
Architecturally, there are at least two definable regions
in the auditory cortex of tree shrews. The first being a
core region, which has a densely populated granular
layer 4, and the second being a belt region, which has a
less densely populated granular layer 4, located dorsal
and medial to the core (Casseday et al., 1976).

These various studies reflect an interest in under-
standing the organization of tree shrew neocortex, and
future studies may be better guided by a comprehensive
architectonic map of tree shrew neocortex. There are three
published architectonic maps of tree shrew neocortex to
date. The first two were by Le Gros Clark (1924) and von
Bonin and Bailey (1961), which showed only a few cortical
areas. The third, by Zilles (1978), adopted a quantitative
approach to determine the borders of cortical areas and
defined a number of cortical areas. These earlier studies
used the Nissl preparation to reveal cell bodies.

As the repertoire of staining procedures available has
since increased, an update to the cortical maps is now
timely. In this study, we use a battery of staining prepa-
rations to aid us in the characterization of cortical areas
in the tree shrew. In addition to the traditional Nissl
and myelin stains, another histochemical preparation,
the zinc stain (Danscher, 1981, 1982; Danscher and Stol-
tenberg, 2005) has proved to be useful in revealing areal
borders in the neocortex. This technique reveals free
ionic zinc in the synapses of corticocortical terminations,
allowing secondary sensory areas to be distinguished
from primary sensory areas because the dense thalamo-
cortical inputs in layer 4 of primary sensory areas lack
free ionic zinc (e.g., Valente et al., 2002). Four immuno-
histochemical stains were also used, including those for
neurofilaments (SMI-32), parvalbumin (PV), calbindin
(CB), and the vesicle glutamate transporter 2 (VGluT2).
The SMI-32 antibody reacts with nonphosphorylated epi-
topes in neurofilaments M and H that are present in a
subset of pyramidal cells (Lee et al., 1987; Campbell and
Morrison, 1989). PV preparations reveal a subset of
GABAergic, nonpyramidal cells, such as basket and dou-
ble bouquet interneurons (Celio, 1986; Condé et al.,
1996; DeFelipe, 1997; Hof et al., 1999) that contain the
calcium-binding PV protein. PV is also a useful marker
that labels afferent cortical terminals from sensory tha-
lamic nuclei (Van Brederode et al., 1990; DeFelipe and
Jones, 1991; de Venecia et al., 1998; Hackett et al., 1998;
Latawiec et al., 2000; Cruikshank et al., 2001; Wong and
Kaas, 2008). CB, another calcium-binding protein,
reveals a subset of GABA immunoreactive interneurons
that are different from those revealed by PV (Van Bre-
derode et al., 1990). VGluT2 immunostaining reveals
thalamocortical terminations (Fujiyama et al., 2001;
Kaneko and Fujiyama, 2002; Nahmani and Erisir, 2005;
Wong and Kaas, 2008).

The use of several staining methods in this study
allows us to provide more extensive descriptions of the
architectonic subdivisions present in the neocortex of tree
shrews. Comprehensive cortical maps with rigorous areal
borders are more reliably established when the same bor-
ders are detected across different sections stained with
different histological and immunohistochemical stains.
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MATERIALS AND METHODS

The cortical architecture was studied in a total of
eight adult Tupaia belangeri, which were kindly pro-
vided by David Fitzpatrick at Duke University. All ex-
perimental procedures were approved by the Vanderbilt
Institutional Animal Care and Use Committee and fol-
lowed the guidelines published by the National Institute
of Health.

Tissue Preparation

The tree shrews were given a lethal dose of sodium
pentobarbital (100 mg/kg). For visualizing synaptic zinc
in the cortex, tree shrews were given 200 mg/kg body
weight of sodium sulphide with 1 cc of heparin in 0.1 M
phosphate buffer (PB) intravenously. Perfusion was car-
ried out transcardially with phosphate-buffered saline
(PBS), followed by 4% paraformaldehyde in 0.1 M PB,
and 4% paraformaldehyde and 10% sucrose in PB. The
brains were removed from the skull, bisected, and post-
fixed for 2–4 hr in 4% paraformaldehyde and 10% su-
crose in PB. The hemispheres were placed in 30%
sucrose overnight for cryoprotection before cutting on a
freezing microtome into 40-lm-thick sections in the coro-
nal, parasagittal, or horizontal planes. Brain sections
were saved in four to five series. In some cases, the
brains were artificially flattened, then cut tangentially
at 40 lm, and saved in three series.

Histochemistry

One series of sections from each hemisphere was proc-
essed for Nissl substance (with thionin), and another se-
ries was processed for myelin, using the Gallyas (1979)
silver procedure. In some cases, a third series of sections
were processed for cytochrome oxidase (CO) (Wong-Riley,
1979).

Zinc Histochemistry

In tree shrews that were given intravenous injections
of sodium sulfide, a series of sections was processed
using the protocol outlined by Ichinohe et al. (2004) to
visualize synaptic zinc. Brain sections were washed thor-
oughly with 0.1 M PB, followed by 0.01 M PB. The zinc-
enriched terminals were visualized using the IntenSE M
Silver enhancement kit (Amersham International, Little
Chalfont Bucks, UK). The developing reagent was a one-
to-one cocktail of the IntenSE M kit solution and 50%
gum Arabic solution. The development of the sections
was terminated, when a dark brown/black signal was
seen, by rinsing sections in 0.01 M PB. Sections were
then mounted and dehydrated in an ascending series of
ethanols, (70% for 20 min, 95% for 10 min, 100% for
10 min), cleared in xylene, and coverslipped using Per-
mount (Fisher Scientific, Pittsburgh, PA).

Immunohistochemistry

Each case contains one to two series of sections that
have been immunostained for SMI-32 (1:2000; Covance,
Princeton, NJ), parvalbumin (1:4000; Sigma-Aldrich, St.
Louis, Mo), calbindin (CB) (1:5000; Swant, Bellinzona,
Switzerland), or vesicle glutamate transporter 2 (1:4000;
Chemicon now part of Millipore, Billerica, MA). Sections

were incubated in their respective antibodies for 40–48
hr at 4�C. Details of the immunohistochemical proce-
dures have been described in Wong and Kaas (2008).

Antibody Characterization

The anti-SMI-32 antibody is a mouse monoclonal anti-
body that specifically recognizes the 200-kD nonphos-
phorylated epitope in neurofilament H of most
mammalian species. The epitope shows up as two bands
(200 and 180 kDa) that merge into a single neurofila-
ment H line on two-dimensional blots (manufacturer’s
technical information). The anti-SMI-32 antibody visual-
izes neuronal cell bodies, dendrites, and some thick
axons in the nervous system and is not found in other
cells and tissues. The mouse monoclonal anti-parvalbu-
min antibody specifically recognizes PV in a calcium ion-
dependent manner and does not react with other mem-
bers of the EF-hand family. On a two-dimensional gel,
this anti-parvalbumin antibody specifically reacts with
the Ca-binding spot of PV (MW ¼ 12,000) from human,
bovine, goat, pig, rabbit, canine, feline, rat, frog, and
fish (manufacturer’s technical information). The anti-cal-
bindin antibody is a mouse monoclonal antibody pro-
duced by the hybridization of mouse myeloma cells with
spleen cells from mice immunized with the calbindin D-
28k that was purified from the chicken gut. It is not
known to crossreact with other known calcium-binding
proteins and specifically stains the 45 Ca-binding spot of
calbindin D-28k (MW 28,000, IEP 4.8) from human,
monkey, rabbit, rat, mouse, and chicken on a two-dimen-
sional gel (manufacturer’s technical information). The
mouse monoclonal anti-VGluT2 antibody has shown spe-
cies reactivity to the mouse and rat, and the antibody
epitope for VGluT2 from Millipore is not known. How-
ever, preadsorption of this monoclonal antibody
(MAB5504) with the C-terminal peptide (562–582) did
not block staining (Wässle et al., 2006).

Light Microscopy

The architectonic borders were delineated from the
brain sections that had undergone the various histo-
chemical and immunohistochemical procedures described
earlier. The locations of architectonic borders were deter-
mined by analysis of laminar and cell density changes in
the processed sections when viewed at high power using
a projection microscope. The Nissl, zinc, and VGluT2
preparations were most useful in identifying primary
sensory areas, whereas sensorimotor cortical areas were
better distinguished in the Nissl and SMI-32 prepara-
tions. Other histological preparations were used for cor-
roborating ambiguous borders. Digital photomicrographs
of sections were acquired using a Nikon DXM1200
(Nikon, Melville, NY) camera mounted on a Nikon E800
(Nikon, Melville, NY) microscope and adjusted for
brightness and contrast using Adobe Photoshop (Adobe
Systems, San Jose, CA).

Anatomical Reconstruction

Areal borders were reconstructed on surface views of
the tree shrew brain as described in Wong and Kaas
(2008). In brief, architectonic borders were identified
and drawn for each outlined brain section using a
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Bausch and Lomb Microprojector (Bausch & Lomb,
Rochester, NY). Adjacent brain sections were aligned
based on blood vessels and other landmarks that were
added to the section outlines. Outlines of brain sections
with marked borders were imported into Adobe Illustra-
tor (Adobe Systems, San Jose, CA) and aligned using the
contour of the outline sections and the landmarks that
were drawn. Brain surface views were reconstructed by
projecting cortical and areal borders of selected brain
sections onto lines appropriate for dorsal lateral, medial,
and 45-degree angle view, and spacing these lines
according to the location on the brain. Typically, the dif-
ferent histological procedures revealed similarly located
boundaries between areas, suggesting that functionally
relevant borders were being identified.

RESULTS

Our findings provide further evidence for several previ-
ously proposed subdivisions of neocortex in tree shrews
(e.g., Zilles, 1978; Lyon et al., 1998; Remple et al., 2006),
and evidence for areas that have not been previously
described. Some of these proposed areas are shown on a
dorsolateral view of the tree shrew brain in Fig. 1F.
Descriptions of the cortical areas, by region, are as follows.

Occipital Cortex

The occipital region of tree shrews consists of areas 17
and 18, following Brodmann’s (1909) terminology, and

possibly areas lateral to area 18 that are included here
in temporal cortex (Figs. 1–4). Areas 17 and 18 are
architectonically distinct, and both fields are found to be
coextensive with systematic retinal maps of the primary
visual (V1) and secondary visual (V2) areas, respectively
(Kaas et al., 1972). The visually responsive region lateral
to area 18 has been divided into the temporal dorsal
(TD), temporal anterior (TA), and temporal posterior
(TP) regions (Kaas et al., 1972). Area TD lies in the mid-
dle portion along the rostral V2 border and shares some
characteristics to the middle temporal visual area (MT)
of primates, such as dense V1 input into the region, rela-
tive location, and dense myelination of area TD (Sesma
et al., 1984; Kaas and Preuss, 1993; Lyon et al., 1998).
Tracer injection studies have shown that area TP has
connections with both V1 and V2 (Sesma et al., 1984;
Lyon et al., 1998), and area TA has connections with V2
(Lyon et al., 1998).

Primary visual area, Area 17. Area 17 or striate
cortex is a very architectonically distinct region with
easily identifiable borders at low magnification (Fig. 1).
The borders of area 17 are apparent even at low magni-
fication in Nissl, fibers, zinc, CO, SMI-32, PV, and
VGluT2 stains and are observed to be in similar loca-
tions (Figs. 1, 2). Area 17 is bordered rostrolaterally by
extrastriate area 18 and extends medially onto the ven-
tral surface of the hemisphere, where it is bordered by
cortex known as the prostriata (PS) (Fig. 21). Laterally,
layer 4 of area 17 tapers off near the 17/18 border (Figs.

Fig. 1. Architectonic characteristics of visual areas 17, 18, and TD.
Coronal sections from occipital cortex were processed for (A) Nissl
substance, (B) myelin, (C) synaptic zinc, (D) CO, and (E) vesicle gluta-
mate transporter 2 (VGluT2). The architectonic borders of proposed
cortical areas are shown on the dorsal view of the tree shrew brain in
panel F. The vertical line on the brain shows the level from which the
sections were taken for panels A–E. The thicker portion of the line

marks the regions illustrated in panels A–E. Occipital areas 17 and 18
are adopted from Brodmann (1909). TD is the temporal dorsal visual
area. Arrowheads on the sections illustrated here and in the following
figures mark architectonic boundaries. Short lines on the sections indi-
cate cortical layers 1 to 6. See the abbreviations for other areas. The
scale bar for brain sections (panel E) ¼ 0.5 mm. The scale bar on the
brain (panel F) ¼ 5 mm.
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1, 2), where a transition zone of callosal connections
with the other cerebral hemisphere may be located (Prit-
zel et al., 1988).

In Nissl preparations, layer 4 forms a dark band of
densely populated granule cells (Figs. 1A, 2A). A cell-
poor cleft in the middle of layer 4 is observed in sagittal
sections, closer to the caudal portion of area 17 (Fig. 2A)
(Conley et al., 1984; Jain et al., 1994). This cleft divides
layer 4 into layers 4a and 4b, which receives projections
from different layers of the geniculate nucleus (Harting
et al., 1973; Conley et al., 1984). At higher magnifica-
tions (Fig. 3), area 17 has a layer 3 that is broad and di-
vided into three sublayers, with layer 3a and 3c being
less densely populated with cells than the middle layer
3b, and a layer 2 that has a dense population of small
cells (Fig. 3A). The laminar features of area 17 can also
be appreciated in sections processed for myelin, where
the outer and inner band of Baillarger in layers 3c and
5, respectively, are revealed (Figs. 1B, 2B, 3B). Note that
the outer band of Baillarger, also known as the stria of
Gennari, is coextensive with layer 3C in Nissl stains and
is not in layer 4 as commonly depicted for primates. The
two bands of Baillarger are not apparent laterally in
area 18, and medially in PS, which is poorly myelinated,
allowing the delimitation of the area 17/18 and 17/PS ar-
eal borders.

In CO preparations, layer 4 is darkly stained (Figs.
1D, 3C), whereas middle layer 3 is lightly stained (Fig.
1D). Layer 4 is darkly stained for PV in area 17 (Figs.
2E, 3G) and tapers off at the 17/18 border (Fig. 2E).
Layers 3a and 3b showed darkly stained cell bodies im-
munoreactive for PV (Fig. 3G). SMI-32 staining of area
17 is not homogenous, with more pyramidal cells labeled
closer to the rostral border of area 17 (Fig. 2E). At
higher magnifications, the SMI-32 stain revealed dark
bands of pyramidal neurons in layers 3 and 5, with some
staining in inner layer 6, and no SMI-32 immunopositive
cell bodies in layer 4 (Fig. 3D). Layers 1, 2, and 3a of
area 17 express high levels of CB, with a dense popula-
tion of CB-immunoreactive cell bodies (Fig. 3H).

Layer 4 of area 17 expresses very little synaptic zinc,
standing out as a white band (Figs. 1C, 2C, 3E), and
layers 1 to 3b and 5b stain darker than the rest of the
cortical layers in area 17 (Fig. 3E). The adjacent area 18
and PS express more synaptic zinc in layer 4 (Figs. 1C,
2C). Layers 3, especially inner layer 3, and 6 show
higher levels of zinc stain than layer 4, but lower levels
than the corresponding layers of the adjacent cortices.
The lower levels of zinc staining in layers 3 and 6 sug-
gest that there are a greater proportion of thalamic ter-
minations in these layers than in adjoining areas of
cortex. The lateral geniculate nucleus of tree shrews has

Fig. 2. Architectonic characteristics of visual areas and adjoining
retrosplenial cortex. Parasagittal sections from occipital cortex were
processed for (A) Nissl substance, (B) myelin, (C) synaptic zinc, (D)
PV, and (E) neurofilaments with the SMI-32 antibody. The level at
which the sagittal sections are taken from is indicated by the horizon-

tal line on the dorsal view of the brain in panel F. The thicker line in
panel F marks the regions illustrated in panels A–E. Short lines on the
sections indicate the extent of each cortical layers 1 to 6. See the
abbreviations for other areas. The scale bar for brain sections (panel
E) ¼ 1 mm. The scale bar on the brain (panel F) ¼ 5 mm.
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major projections to layer 4 and minor projections to
layers 3b, 3c, and 6 (Conley et al., 1984). In coronal sec-
tions and at higher magnification, the zinc stain also
reveals a patchy pattern in layer 3b (Figs. 1C, 3E).

In artificially flattened cortex, a pattern of myelin-
poor patches surrounded by myelin-rich regions is
observed in layer 3 (Figs. 4A,B). In addition, there are
circular regions, resembling ‘‘walls,’’ darkly stained for
zinc, surrounding zinc-poor centers (Fig. 4D). In
VGluT2-stained sections, layer 4 is darkly stained in
area 17 compared with the adjoining cortical areas (Fig.

1E). Small, dark patches of VGluT2 staining seem to cor-
respond to the zinc-poor centers in layer 3c (Fig. 3F).
The patchy staining pattern is observed in sections of
flattened cortex through layer 3 (Fig. 4C). This suggests
that thalamocortical and corticocortical projections fol-
low some form of modular organization in layer 3b of the
tree shrew’s primary visual cortex, whereby thalamic
projections are clustered in patches surrounded by
‘‘walls’’ of corticocortical projections. This is reminiscent
of the projections of the koniocellular layers of the lat-
eral geniculate layer to layer 3 of area 17 in primates

Fig. 3. The laminar characteristics of area 17 at higher magnification. The sublayers of layer 3 are
apparent in the Nissl, synaptic zinc, VGluT2, and CB preparations. Layer 5 has two sublayers, 5a and 5b,
that are apparent in Nissl, CO, SMI-32, and zinc preparations. Scale bar ¼ 0.25 mm.
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(e.g., Weber et al., 1983; see Casagrande and Kaas,
1994, for review), and the ‘‘honeycomb’’ structure that
has been described in the layers 1 and 2 of visual cortex
in rats (Ichinohe et al., 2003). It is also interesting to
note that the VGluT2-rich patches and zinc-poor patches
are smaller in size compared with the myelin-poor
patches (Fig. 4).

Second visual area, Area 18. Area 18 in the tree
shrews lies along the lateral border of the primary vis-
ual area, V1 or area 17, and is approximately one-third
the size of area 17 (Sesma et al., 1984). Electrophysiolog-
ical recordings revealed that area 18 is coextensive with
the second visual area, V2, and contains a representa-
tion of the contralateral visual hemifield that is an ap-
proximate mirror reversal of that in area 17 (Kaas et al.,
1972).

The laminar pattern of area 18 is less distinct than
area 17. As shown in Nissl preparations (Figs. 1A, 2A),
layers 4 and 6 in area 18 are less densely packed with
granular cells compared with area 17. Layer 5 is more
sparsely populated with cells than the three cortical
areas TA, TD, and TP that lie lateral to V2 (Figs. 6A,
8A). In sections stained for myelin, the distinct outer
and inner bands of Baillarger that are present in area
17 are absent in area 18, although area 18 has a moder-
ately high level of myelination (Figs. 1B, 2B) that is
higher than the cortical areas along its lateral border

(Figs. 4B, 6B). In sections stained for zinc, area 18
shows increased staining in layer 4, suggesting less tha-
lamic and more corticocortical inputs are present. Layer
5 is thicker and more darkly stained compared with
area 17 (Fig. 1C). The intensity of zinc staining in layer
4 of area 18 is higher than in area TD (Figs. 1C, 7C,
8C), but is lower than in areas TA and TP (Fig. 6C, not
shown). As such, area TD likely receives proportionally
more thalamic inputs than areas 18, TA and TP,
whereas area TA and TP receives proportionately the
most cortical inputs. Layer 4 of area 18 shows lower lev-
els of CO staining compared with area 17 (Fig. 1D).

Layers 4 and 6 express less PV (Fig. 2D) and VGluT2
(Fig. 1E) in area 18 than area 17. In SMI-32 prepara-
tions, area 18 shows a higher density of pyramidal cells
in layer 3 compared with area 17 (Fig. 2E). Additionally,
the SMI-32-immunoreactive pyramidal cells in 5 of area
18 are larger and have shorter apical dendrites than
those in area 17 (Fig. 2E).

Temporal Visual Cortex

Originally identified as area 19 by Kaas et al. (1972),
the strip of cortex lateral to area 18 has since been di-
vided into three architectonically distinct areas, TA, TD,
and TP (Sesma et al., 1984; Lyon et al., 1998). These
three areas receive projections from area 17, with TD
receiving the densest inputs, followed by TP, then TA

Fig. 4. Patchy staining pattern of area 17. (A) A myelin-stained sec-
tion cut parallel to the surface of an artificially flattened cerebral hemi-
sphere. Dashed lines show the approximate location of the cortical
borders. The boxed region in A is shown in B at higher magnification.

C and D are from a different case and show the patchy staining pat-
tern of area 17 in VGIuT2 and zinc preparations. Scale bar in panel A
¼ 0.5 mm, for panel B and C ¼ 0.5 mm, for panel D ¼ 250 lm.
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with the fewest inputs (Sesma et al., 1984; Lyon et al.,
1998). In sections processed for the Cat-301 antibody,
both TD and TA expressed more of the antigen for Cat-
301 than TP (Jain et al., 1994).

Temporal anterior area. In the Nissl stain, area
TA has a thinner layer 4 and a more densely packed
layer 5 with larger pyramidal cells than area 18 (Fig.
5A). Area TA is less well myelinated than both area 18
and TD. There are higher levels of synaptic zinc in TA,
with a thicker, more darkly stained layer 5 compared
with area 18 (Fig. 5C). In CO preparations, layer 4 is
somewhat darker stained in area TA than in area 18,
but is lighter stained than in the ventrally located poste-
rior parietal caudal area (PPc) (not shown).

Layer 4 of area TA has much lower immunoreactivity
levels for both PV (Fig. 5D) and VGluT2 than the adjoin-
ing areas (not shown). SMI-32 immunostaining reveals
darkly stained pyramidal cells in layers 3 and 5 of area
TA with layer 5 being more densely packed with pyrami-
dal cells than the adjoining area 18 (Fig. 5E). The py-
ramidal cells in layer 3 have shorter apical dendrites
compared with those in area 18. The distribution of
SMI-32-immunopositive pyramidal cells in layers 3 and
5 of TA is similar to that of PPd (Fig. 5E).

Temporal dorsal area. Area TD is about 6 mm
long and 2 to 3 mm wide (Sesma et al., 1984). Based on
its relative location, connection pattern with area 17,
myeloarchitecture, and Cat-301 immunostaining charac-
teristics, area TD has been proposed as a possible homo-
logue of the primate MT (Sesma at al., 1984; Kaas and

Preuss, 1993; Jain et al., 1994; Northcutt and Kaas,
1995).

Near the area 18/TD border, sections processed for
Nissl bodies reveal a reasonably well-developed layer 4
in area TD that is thicker than in area 18 (Figs. 1A, 7A),
but much less populated with granule cells than in area
17 (Figs. 1A, 7A). Layer 5 of area TD was packed with
pyramidal cells that were larger than those in area 18
(Fig. 1A), but smaller than those in the inferior temporal
caudal area (ITc). The distribution densities of cells do
not seem to be homogeneous in area TD. Away from the
18/TD border, the density of cells in layer 4 increases
(Fig. 7A). Area TD is slightly more myelinated than area
TA (not shown), TP (Fig. 7B), and ITc (Fig. 6B) but is
less myelinated than area 18 (Figs. 1B, 7B). As observed
in the Nissl stain, the myelination level of area TD is
not uniform and increases gradually away from the 18/
TD border (Fig. 7B). In the zinc stain, layers 3 and 5 of
area TD are more intensely stained compared with area
18 (Figs. 1C, 8A) and are similarly stained to that of TP
(Fig. 8A). The distribution of free ionic zinc in layer 4 of
area TD is lower than in areas 18 and TP (Fig. 8A). In
flattened cortex, layer 4 of area TD has higher levels of
CO activity than area 18 and similar levels to ITc
(Fig. 6C).

In PV preparations, two bands of PV-immunopositive
terminations, reflecting thalamic inputs, are observed,
one dark band in layer 4 and a lighter band in layer 6.
Layers 4 and 6 of area TD are more immunoreactive for
PV than either area 18 or TP. The immunoreactivity of
layer 4 for PV increases away from the 18/TD border
(Fig. 7C). TD stains poorly for VGluT2, with layer 4

Fig. 5. Architectonic characteristics of visual and temporal visual
areas. The level at which the sagittal sections are taken from is indi-
cated by the horizontal line on the dorsal view of the brain in panel F.
The thicker line in panel F marks the regions illustrated in panels A–E.

The extent of each cortical layers 1 to 6 is indicated by the short hori-
zontal lines on panels A–E. The scale bar for brain sections (panel E)
¼ 1 mm. The scale bar on the brain (panel F) ¼ 5 mm.
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being less intensely stained for VGluT2 than in area 18
(Figs. 1E, 6F). There is no noticeable difference between
the levels of VGluT2 staining in TD and TP (Fig. 6F).
SMI-32 staining in TD is less than in ITc (Fig. 10K), but
is darker than in TP (not shown). The pyramidal cells in
layers 3 and 5 of area TD stain darker for the SMI-32
antibody compared with area 18; however, they have
shorter apical dendrites (Fig. 8C). As the staining pat-
tern gradually changes somewhat from medial to lateral,
it is possible that TD represents the visual field from
central to peripheral vision.

Temporal posterior area. Area TP covers an area
of �10 mm2 (Sesma et al., 1984), and as revealed by the
Nissl stain, is less densely populated with cells in layers
2 and 3 than the adjoining area 18 (Fig. 7A). Layer 4 of
TP is more densely populated by granule cells than the
adjoining ITi (Fig. 9B). TP is less myelinated than both
area 18 and TD (Fig. 7B). The myelination levels of TP
and ITi are similar (Fig. 9C). The TP/PRh border is dis-
tinctly marked by the lack of myelination in PRh
(Fig. 9C). In CO preparations, layer 4 of area TP stains

Fig. 6. Architectonic characteristics of temporal and inferior tempo-
ral cortex in flattened preparations. (A) Architectonic borders of pro-
posed cortical areas are shown on the lateral view of the tree shrew
brain. The box indicates the regions that are illustrated in panels B–F.

Sections in panels B to F are cut parallel to the surface of an artifi-
cially flattened cerebral hemisphere and show the topographic organi-
zation of the areas in the temporal and inferior temporal cortex. Scale
bar in panel A ¼ 5 mm, in panel F ¼ 2 mm.
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darker than layer 4 of area 18 (not shown), and is
lighter stained than layer 4 of ITi (Fig. 9C) and ITc (not
shown). There is an overall increase in the intensity of
zinc staining across the cortical layers of area TP com-
pared with the adjoining area 18, TD (Fig. 7E), ITi
(Fig. 9E), and ITc (not shown). However, the level of zinc
staining in TP is still lower than that of PRh (Figs.
7E, 9E).

In PV preparations, there is one thin but distinct band
of PV-immunopositive terminations in layer 4 of TP, and
a faint band in layer 6. TP is lightly stained for the PV
antibody compared with TD, but more darkly stained
than PRh (Fig. 7C). TP stains poorly for both SMI-32
and VGluT2 (not shown).

Temporal inferior area. Ti has a well-developed
layer 4 that is densely populated with cells in Nissl-
stained sections (Figs. 10G, 11A). Layer 5 of TI is more
densely populated with cells than ITr (Figs. 10G, 11A)
and ITc (Fig. 10G), and has smaller cells compared with
PPc (Fig. 11A). In the myelin stain, TI is more densely
myelinated than the surrounding areas (Figs. 6B, 10H,
11B), with a band of myelinated fibers in inner layer 3

(Fig. 10H). In flattened cortex stained for CO, TI is a
darkly stained oval (Fig. 6C). In coronal sections, two
bands of CO staining, in layers 4 and 6, are present in
TI, and absent in PPc and ITr (Fig. 11D). Layer 4 of TI
stains poorly for the zinc stain, as such, the borders of
TI with the surrounding cortical areas are distinct in
the zinc stain (Figs. 6D, 10I, 11C).

TI stains darkly for PV with a band of PV-immunopos-
itive terminations in layer 4, and also note the scatter-
ing of PV-positive cells (Fig. 10J). In flattened cortex, TI
is a darkly stained oval in PV preparations (Fig. 6E). TI
also stains darkly for VGluT2 compared with the sur-
rounding areas in flattened cortex (Fig. 6F), and in coro-
nal sections, has a dense band in layer 4, and a lighter
band in layer 6 (Fig. 11E). In SMI-32 preparations, layer
5 of TI has darkly stained SMI-32-immunopositive py-
ramidal neurons (Fig. 10J).

Inferior Temporal Cortex

The organization of inferior temporal (IT) cortex in
tree shrews has not been extensively studied. Zilles
(1978) considered IT cortex of tree shrews to be as a

Fig. 7. Architectonic characteristics of occipital and temporal visual areas. The location from which the
coronal sections are taken from is indicated by the vertical line on the lateral view of the brain in panel D.
The thicker portion of the line indicates the region that is illustrated in panels A–C. The scale bar for brain
sections (panel C) ¼ 1 mm. The scale bar on the brain (panel D) ¼ 5 mm.
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single area, area temporalis 3 (Te3). More recently, Rem-
ple et al. (2007) divided IT cortex into at least three
areas, the temporal inferior area (TI), the temporal pos-
terior inferior area (TPI), and, the rest of IT cortex sur-
rounding these two areas, the temporal inferior ventral
(TIV) area. In this study, IT cortex has been divided into
four areas, inferior temporal rostral (ITr), inferior tem-
poral intermediate (ITi), ITc, and TI. ITi is similar to
TPI of the Remple et al.’s (2007) study.

Inferior temporal rostral area. In Nissl prepara-
tions, layer 4 of ITr is less densely packed with granule
cells than layer 4 of auditory cortex (Fig. 9B), TI (Fig.
11A), and ITi (Fig. 10A). However, layer 4 of ITr is more
distinct than layer 4 of PRh (Fig. 10A). ITr is less my-
elinated (Figs. 9C, 10B, 11B) than the cortical areas sur-
rounding it, except for PRh (Figs. 9D, 10C, 11C), and
this is observed in artificially flattened cortex as well
(Fig. 6B). ITr expresses more free ionic zinc, especially
in layer 4, compared with the auditory cortex (Fig. 9E),
TI (Fig. 11C), and ITi (Figs. 9D, 10C). Compared with
PRh, ITr expresses less free ionic zinc across all the cort-
ical layers, with the greatest difference in layer 4 (Fig.
10C). At higher magnification, CO staining is observed
in layer 5 of ITr, but very little CO staining is present in
layers 4 and 6 (Fig. 11C). ITr expresses less CO protein
than the surrounding cortical areas (Fig. 6C), such as Ti
(Fig. 11D), auditory cortex (Fig. 9D), and ITi (Figs. 9D,
10D), and is more darkly stained for CO than PRh (Figs.
9D, 10D).

ITr stains poorly for PV (Fig. 6E) and VGluT2 (Fig.
6F) compared with the surrounding cortical areas. Sec-
tions stained for SMI-32 revealed a sparse population of
pyramidal cells in layer 5 (Fig. 10K).

Inferior temporal intermediate area. In Nissl
preparations, ITi has a thicker and more densely packed
layer 4 than ITr, and a thicker, but less densely packed
layer 4 than ITc (Fig. 10A). Layer 5 of ITi is sparsely
populated, and the size of cells is smaller compared with
both ITc and ITr (Fig. 10A). Layer 4 of ITi is thicker but
more sparsely populated than the adjoining TP, and
layer 5 is thinner and populated with smaller cells than
in TP (Fig. 9B). In myelin preparations, ITi is more my-
elinated than the bordering areas, ITc and ITr (Fig.
10B), and has a similar level of myelination compared
with TP (Fig. 9C). In flattened cortex, ITi stands out as
a darkly myelinated oval (Fig. 6B). ITi expresses more
CO protein than both ITr and TP (Figs. 9D, 10D), and
expresses a similar level of CO to ITc (Fig. 10D). In flat-
tened cortex, ITi is an oval region that stains darker for
CO than the surrounding regions (Fig. 6C). ITi expresses
less free ionic zinc than ITr across all the cortical layers,
and this is most obvious in layer 4 (Figs. 9D, 10C). The
zinc staining in ITi is slightly lower than that in both
TP (Fig. 9E) and ITc (Fig. 10C). In flattened cortical sec-
tions stained for zinc, ITi is a light patch surrounded by
darker stained areas (Fig. 6D).

ITi stains darker for PV than ITr and TP, and to a
lesser extent, ITc as well (Fig. 6E). In VGluT2 prepara-
tions, layer 4 of ITi is thicker and darker stained than
TP (Fig. 6F), ITc, and ITr (Fig. 10E). ITi stains poorly
with the SMI-32 antibody (not shown).

Inferior temporal caudal area. In Nissl prepara-
tions, ITc has a thinner layer 4 compared with ITi (Fig.
10A) and TD (Fig. 10G), and a less densely populated
layer 4 than in TI (Fig. 10G). Layer 5 of ITc is less popu-
lated with cells than TI (Fig. 10G), and more populated
with cells than ITi (Fig. 10A) and TD (Fig. 10G). ITc has

Fig. 8. Architectonic characteristics of the temporal dorsal area. (A)
A coronal section stained for synaptic zinc. The level at which this
section is taken from is indicated by the vertical line on the lateral
view of the tree shrew brain. (C) A parasagittal section stained for the
SMI-32 antibody to reveal neurofilaments. The horizontal line on the

dorsal view of the tree shrew brain in D indicates the location from
which the section in panel C is taken from. The scale bar for brain
sections (panels A and C) ¼ 1 mm. The scale bar on the brain (panels
B and D) ¼ 5 mm.
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Fig. 9. Architectonic characteristics of the temporal posterior and inferior temporal areas. Cortical
areas are shown on a lateral view of the ventral hemisphere in panel A. The thicker portion of the horizon-
tal line across the brain indicates the location of the horizontal brain sections illustrated in panels B–E.
The scale bar for brain sections (panel E) ¼ 0.5 mm. The scale bar on the brain (panel F) ¼ 5 mm.
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lower levels of myelination compared with the surround-
ing areas TD, TI, and ITi (Figs. 6B, 10B, 10H). ITc
expresses similar levels of CO to TD (Fig. 6C), and less
CO than TI and ITi (Figs. 6C, 10D). In the zinc stain,
ITc expresses more free zinc ions than TI (Figs. 6D, 10I)
and ITi (Figs. 6D, 10C), especially in the upper cortical
layers. ITc expresses less free zinc ions, especially in
layer 4, than TD (Figs. 6D, 10I).

In PV preparations, more labeled cells are observed in
layers 2 and 3 than in layers 4, 5, and 6 (Fig. 10J). ITc
stains less intensely for PV-immunopositive terminals
than both ITi and TI (Figs. 6E, 10J). Layer 4 of ITc
stains less intensely for VGluT2 than in layer 4 of ITi
(Figs. 6F, 10E) and TI (Fig. 6F). In SMI-32-immuno-
stained sections, ITc has a sparser distribution of SMI-
32-labeled pyramidal cells compared with TI (Fig. 10K).

Fig. 10. Architectonic characteristics of the inferior temporal areas.
Panels A–E are coronal sections taken from the approximate location
indicated by the vertical line on the lateral view of the tree shrew brain
in panel F. Panels G–K are parasagittal sections take from the approxi-

mate location indicated by the horizontal line on the dorsal view of the
tree shrew brain in panel L. The scale bar for brain sections (panels E
and K) ¼ 1 mm. The scale bar on the brain (panels F and L) ¼ 5 mm.

1006 WONG AND KAAS



Auditory Cortex

The auditory cortex of tree shrews contains a primary
auditory core (Ac) of one or more primary auditory areas
(Diamond et al., 1970; Oliver and Hall, 1975, 1978; Cas-
seday et al., 1976) and a bordering auditory belt (Ab),
which wraps around the mediorostral border of the pri-
mary Ac (Oliver and Hall, 1978). Ac extends ventrally
into the rhinal fissure, where it abuts the ectorhinal cor-
tex (Ect).

Primary auditory core. The primary Ac is charac-
terized by a thick layer 4 that is densely populated by
small granule cells in the Nissl stain, and by a layer 5
that contains medium-sized pyramidal cells in the outer
sublayer of layer 5 (Fig. 12A). Ac is well myelinated,
with distinct outer and inner bands of Baillarger that
are absent in Ect (Fig. 12B). In CO preparations, layer 4
of Ac stains darker than the surrounding areas, Ab and
Ect (Fig. 12D). Layer 4 of Ac stains poorly for free zinc
ions, and as such shows up as a white band, providing a
sharp ventral border with Ect (Fig. 12C).

In VGluT2 preparations, layer 4 of Ac is a wide band
that is more intensely stained compared with the sur-

rounding areas, Ab and Ect (Fig. 12E). Neurons stained
for PV are present throughout the cortical layers in Ac
(Fig. 13A). Layer 4 of Ac stains darkly for PV-immuno-
positive terminations, and this staining terminates at
the Ac/Ect border (Fig. 13A). Small SMI-32-immunoposi-
tive pyramidal neurons densely populate layer 3, and a
few SMI-32-stained pyramidal cells are observed in layer
5 of Ac (Fig. 13B).

Auditory belt. Ab has a thinner layer 4 than Ac, but
is thicker than in Pv (Fig. 12A). In the Nissl stain, the
granule cells in layer 4 of Ab are larger and more darkly
stained than those in Ac, and in layer 3, the cells are
larger in Ab than in Ac (Fig. 12A). Ab is more heavily
myelinated than Pv and has similar myelination levels
to Ac (Fig. 12B). Like Ac, Ab expresses low levels of free
zinc ions in layer 4; as such, layer 4 of Ab is a white
band in zinc-stained sections (Fig. 12C). Layer 4 of Ab
stains more darkly for CO than in Pv and is more lightly
stained and thinner than in Ac (Fig. 12D).

In VGluT2 preparations, layer 4 of Ab stains darkly
for VGluT2-immunopositive terminations compared with
the adjoining Pv, and is thinner and less intense in

Fig. 11. Architectonic characteristics of the temporal intermediate area and adjoining areas. Cortical
areas are shown on a lateral view of the right hemisphere in panel F. The thicker part of the vertical line
across the brain indicates the location of the coronal brain sections illustrated in panels A–E. The scale
bar for brain sections (panel E) ¼ 1 mm. The scale bar on the brain (panel F) ¼ 5 mm.
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staining compared with Ac (Fig. 12E). Layer 4 of Ab
stains darkly for PV-immunopositive terminations, and
darkly stained neurons are present throughout the corti-
cal layers (Fig. 13A). The Ab/ITr border is marked by a
decrease in PV staining in layer 4 of ITr. The Ab/Ac bor-
der is not distinct in the PV stain, although PV staining
in layer 4 of Ab is more diffuse than in Ac (Fig. 13A). In
sections stained for the SMI-32 antibody, Ab has similar
staining characteristics to Ac, with a dense population of

SMI-32-immunopositive pyramidal cells in layer 3, and
some stained pyramidal cells in layer 5 (Fig. 13B).

Parietal Cortex

The parietal cortex in tree shrews consists of six main
areas. Three of these areas are in the anterior parietal
cortex: the primary somatosensory area [3b(S1)], the
adjoining strip of the transitional area, area 3a, and the

Fig. 12. Architectonic characteristics of the auditory areas. Cortical
areas are shown on a lateral view of the right hemisphere in panel F.
The thicker part of the vertical line across the brain indicates the loca-
tion of the coronal brain sections illustrated in panels A–E. Short hori-

zontal lines on panels A to F indicate the extent of the six cortical
layers. The scale bar for brain sections (panel E) ¼ 1 mm. The scale
bar on the brain (panel F) ¼ 5 mm.
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somatosensory caudal area (SC). In the lateral ventral
cortex, there are the second somatosensory (S2) and the
parietal ventral (Pv) areas. The sixth area is the PP
area, which has been subdivided into the posterior parie-
tal dorsal (PPd), posterior parietal rostral (PPr), and
PPc areas.

Primary somatosensory area. Area 3b(S1) in tree
shrews contains the complete representation of the body,
and extends over the medial wall where it abuts the cin-
gulate cortex (Sur et al., 1981b) (for example see Fig.
18D). In Nissl preparations, 3b(S1) has a koniocellular
appearance, with a layer 4 that is more densely popu-
lated with small granule cells than the surrounding cort-
ical areas, and a layer 5 that is populated with medium-
sized pyramidal cells (Figs. 14A, 16A, 17A). In some sec-
tions, the thickness of layer 4 in 3b(S1) is not constant
throughout the area, and this is observed in the myelin
stain as well. 3b(S1) is well myelinated, with two dis-
tinct bands of Baillarger, compared with the adjacent
areas SC (Fig. 14B), 3a (Figs. 16B, 17B), and the dorsal
cingulate area (CGd) (Fig. 16B). However, in favorable
sections, the myelinated bands are discontinuous (Fig.
16B). In the zinc stain, 3b(S1) expresses less free zinc
ions throughout the cortical layers than the surrounding
areas, especially layer 4 of 3b(S1), which appears as a
white band, allowing 3b(S1) to be delineated from the
adjacent areas such as 3a (Figs, 16C, 17C), SC, and CGd
(Figs. 14C, 17C), where layer 4 of those areas stain
darker in the zinc stain. The varying thickness of layer
4 in 3b(S1) is observed in the zinc stain as well, forming
a ‘‘scallop’’ pattern that is absent in the adjoining insular
area (Fig. 16C). The nonuniform thickness of layer 4
that is observed in the Nissl, myelin, zinc, and VGluT2
stain may be due to the presence of different representa-
tions of body part in a single section. Layer 4 of 3b(S1)
expresses more CO than the adjoining SC and CGd (Fig.
14D), and some darkly stained cell bodies are present in
layer 5 (Fig. 14D, 16D).

In the VGluT2 stain, layer 4 of 3b(S1) is darkly
stained compared with the surrounding areas SC, CGd
(Fig. 14E), and 3a (Figs. 14E, 16E), and the staining is
not uniform throughout its extent (Fig. 16E). A lighter
stained band is observed in layer 6. Layer 4 of 3b(S1)
stains darkly for PV-immunopositive terminations, and a
concentration of PV-immunopositive cells is observed in
the upper cortical layers (Fig. 17D). In SMI-32 prepara-
tions, two bands of pyramidal neurons are labeled in
layers 3 and 5 (Fig. 17E). These SMI-32-immunopositive
neurons are not as densely packed as those in SC (Fig.
17E) and are smaller than those in 3a (Fig. 17E).

Area 3a. In Nissl preparations, area 3a has a layer 4
that is thinner than in 3b(S1) and is thicker than in M1
(Figs. 16A, 17A). Layer 5 of 3a is populated with pyrami-
dal cells that are larger than those in 3b(S1), but

Fig. 13. Architectonic characteristics of the auditory areas in PV
and SMI-32 preparations. Cortical areas are shown on a lateral view
of the right hemisphere in panel C. The vertical line indicates the
location from which the coronal section in panel A is taken, and the
horizontal line indicates the location from which the horizontal section
in panel B is taken. The scale bar for brain sections (panel B) ¼ 0.5
mm. The scale bar on the brain (panel F) ¼ 5 mm.
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smaller than in M1 (Figs. 16A, 17A). Although 3a is not
as well myelinated as 3b(S1) (Figs. 16B, 17B), an outer
band of Baillarger, which is lighter than that in 3b(S1),
is present in 3a and absent in M1 (Fig. 17B). Layer 4 of
3a stains darker in the zinc stain than in 3b(S1), and 3a
expresses more free zinc ions throughout the cortical
layers compared with M1 and 3b(S1) (Figs. 16C, 17C).
In CO preparations, darkly stained cell bodies are pres-
ent in layer 5 of 3a (Fig. 16D).

In VGluT2-immunostained sections, layer 4 of 3a has
reduced staining compared with layer 4 of 3b(S1) and
has darker staining than layer 4 of M1 (Fig. 16E). No
VGluT2 staining is observed in layer 6 of 3a. There are
few PV-immunopositive neurons present in area 3a, and
the PV-immunopositive terminations that are present in
3b(S1) are absent in 3a (Fig. 17D). In SMI-32 prepara-
tions, layer 3 of 3a has fewer, though larger, stained py-
ramidal neurons than layer 3 of 3b(S1) (Fig. 17E). SMI-
32-immunopositive neurons in layer 5 of 3a are larger
than those in 3b(S1), but smaller and have shorter api-
cal dendrites than those in M1 (Fig. 17E).

Somatosensory caudal area. In Nissl-stained sec-
tions, SC has a moderately packed layer 4 that is thin-
ner than layer 4 of 3b(S1) (Figs. 14A, 17A). Layer 4 of
SC is also thinner and packed with smaller cells than
layer 4 of S2 (Fig. 15A). Layer 5 of SC is moderately

populated with pyramidal cells that are larger than
those in 3b(S1) (Figs. 14A, 17A) and PPd (Fig. 17G), but
smaller than those in S2 (Fig. 15A). In the myelin stain,
SC lacks distinct bands of Baillarger and has reduced
myelination compared with 3b(S1) (Figs. 14B, 17B). SC
is also not as well myelinated as S2 (Fig. 15B), but has
similar levels of myelination to PPd (Fig. 17H). In the
zinc stain, SC stains darker, especially in layer 4, com-
pared with both 3b(S1) (Figs. 14C, 17C) and S2 (Fig.
15C), and stains at a similar level to PPd (Fig. 17I).
Layer 4 of SC expresses less CO than layer 4 of 3b(S1)
(Fig. 14D) and S2 (Fig. 15D), and layer 5 of SC is popu-
lated with CO-stained cells (Figs. 14D, 15D).

SC stains lighter in the VGluT2 stain compared with
3b(S1) (Fig. 14E) and S2 (Fig. 15E). A faint band of
VGluT2 staining that is present in layer 6 of SC is
absent in S2 (Fig. 15E). In PV preparations, PV-immu-
nopositive terminations in SC do not form a dark band
in layer 4 as they do in 3b(S1) (Fig. 17D). There is a
sparse distribution of PV-immunostained cell bodies in
SC, and there is no distinct difference in PV staining
between SC and PPd (Fig. 17J). Layer 3 of SC is more
densely populated with SMI-32-immunopositive neu-
rons compared with 3b(S1), and in layer 5, the SMI-32-
immunopositive pyramidal neurons are larger and
more darkly stained than those in 3b(S1) (Fig. 17E)
and PPd (Fig. 17K).

Fig. 14. Architectonic characteristics of the primary somatosensory
cortex. Cortical areas are shown on a dorsolateral view of the right
hemisphere in panel F. The vertical line across the cortex (panel F)
indicates the location where the coronal brain sections in panels A–E
were obtained. Short horizontal lines on panels A–E indicate the extent

of the six cortical layers. Solid arrows mark the extent of 3b(S1). Dot-
ted arrows indicate the approximate location of the border between
SC and S2. The scale bar for brain sections (panel E) ¼ 0.5 mm. The
scale bar on the brain (panel F) ¼ 5 mm.
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Second somatosensory and parietal ventral
areas. S2 in tree shrews contains a topographic map of
the contralateral body surface, and cortex caudal and
lateral to S2, which corresponds to Pv, is also respon-
sive to somatosensory stimulation (Sur et al., 1981a).
Remple et al. (2006) distinguished Pv from S2 in the
Nissl stain, where in Pv, layer 5 was thinner and more
densely packed compared with S2. In the other stains
used, S2 and Pv have similar patterns of staining.
Results presented here for S2 also apply to Pv, as we
did not distinguish an architectonic border between the
two fields.

In Nissl-stained sections, S2 has a well-developed
layer 4 that is thinner than that of 3b(S1) and thicker
than that of SC. Layer 5 of S2 is populated with pyrami-
dal cells that are larger than the adjoining insular (Ins)
area (Fig. 15A), but are smaller than in 3b(S1). S2 is
more highly myelinated than SC but is less myelinated

than Ins (Fig. 15B). No bands of Baillarger are observed
in S2 (Fig. 15B). In the zinc stain, layer 4 of S2 is lighter
stained than in SC (Fig. 15C), but is darker stained
than in 3b(S1) and Ins (Fig. 15B). Layers 1 to 3 of S2
also express more free zinc ions than Ins (Fig. 15C).
Layer 4 of S2 is thinner and stains less intensely for CO
than layer 4 of Ins (Fig. 15D).

In VGluT2 preparations, a band of VGluT2-immuno-
stained terminations in layer 4 of S2 is thinner and
darker than in Ins, and thicker and darker than in SC
(Fig. 15E). No VGluT2 immunostaining is observed in
layer 6 of S2. Layer 4 of S2 has reduced staining of PV-
immunopositive terminations compared with 3b(S1) and
Ins, and has higher staining compared with SC (not
shown). In SMI-32 preparations, the pyramidal cells in
layer 3 of S2 are less darkly stained, and the pyramidal
cells in layer 5 are smaller than those in 3b(S1) (not
shown).

Fig. 15. Architectonic characteristics of the secondary somatosen-
sory cortex and insular cortex. Cortical areas are shown on a lateral
view of the right hemisphere in panel F. The vertical line across the
cortex (panel F) indicates the location where the coronal brain sec-

tions in panels A–E were obtained. The extent of each cortical layers
1 to 6 is indicated by the short horizontal lines on panels A–E. The
scale bar for brain sections (panel E) ¼ 0.5 mm. The scale bar on the
brain (panel F) ¼ 5 mm.
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Posterior parietal area. The PP area has been di-
vided into three regions, PPr, PPc, and PPd, where each
of these regions has different connections patterns with
the motor cortex (Remple et al., 2007). Although areas
PPd and PPr have dissimilar connection patterns with
the motor cortex, they have similar architectonic charac-
teristics, and we were unable to reliably determine the
architectonic border between them. As such, they were
drawn as a single architectonic field in our summary
diagrams.

In Nissl-stained sections, layer 4 of PPd is thicker and
more populated with granule cells than the adjoining TA
(Fig. 5A), but is neither as well developed nor as popu-
lated with granule cells when compared with area
infraradiata dorsalis (IRd) along the medial wall (Fig.
20A). Layer 5 of PPd has a similar packing density of
pyramidal cells compared with TA (Fig. 5A), and a
reduced packing density compared with area 18 and SC
(Fig. 17G). Pyramidal cells in layer 5 are larger than
those in area 18 and SC (Figs. 5A, 17G), and similarly
sized to those in TA (Fig. 5A). PPd also has a higher
packing density of cells in layers 1 to 3 compared with
TA (Fig. 5A). In myelin preparations, PPd has similar
myelination levels as SC (Fig. 17H) and is less myelin-
ated than area 18, TA (Fig. 5B), and IRd (Fig. 20B). PPd
expresses free zinc ions throughout the cortical layers.
Layers 1 to 3 are darker in the zinc stain than the corre-
sponding layers in TA (Fig. 5C), and layer 5 stains lighter
for free zinc ions than IRd (Fig. 20D). In CO prepara-
tions, layer 4 of PPd is not darkly stained, and layer 5 is
populated with darkly stained cell bodies (Fig. 20F).

PPd shows reduced staining for VGluT2-immunoposi-
tive terminals compared with the surrounding areas,
such as SC and area 18, except for IRd, where the stain-
ing intensities in layer 4 are similar (Fig. 20E). In PV
preparations, the staining intensities of PPd, TA (Fig.
5D), and SC (Fig. 17J) are similar. The PPd/IRd border
is distinct in PV-stained sections, as PV-immunopositive
terminations are absent in layer 4 of PPd and are pres-
ent in layer 4 of IRd (Fig. 20C). PPd and TA have simi-
lar staining characteristics in the SMI-32 stain, where
there is dense staining in layer 3, and layer 5 is popu-
lated with medium-sized pyramidal cells (Fig. 5E). The
SMI-32-immunostained pyramidal cells in layer 3 of PPd
have smaller apical dendrites than in area 18 (Figs. 5E,
17K), and in layer 5, PPd is more densely populated
with SMI-32-immunopositive pyramidal cells than area
18 (Figs. 5E, 17K).

In Nissl-stained sections, layer 4 of PPc is populated
by small granule cells, and layer 5 is populated by me-
dium-sized pyramidal cells that are mainly in outer
layer 5 (Fig. 11A). PPc has reduced myelination com-
pared with TD and TI, and no bands of Baillarger are
observed (Figs. 6B, 11B). In the zinc stain, PPc stains
darker for zinc than TI (Fig. 11C), and stains at similar
intensity to ITc and TA (Fig. 6D). CO staining in layer 4
of PPc is lower than in TI, and in layer 5, darkly stained
cell bodies are present (Fig. 11D).

Layer 4 of PPc shows diffuse and less intense staining
for VGluT2 antibody compared with TI (Fig. 11E). PPc
also stains less intensely for PV compared with the sur-
rounding areas (Fig. 6E), and a sparse population of
SMI-32-immunostained pyramidal cells is observed in
layer 5 of PPc (not shown).

Frontal Cortex

Here, the frontal cortex in tree shrews is divided into
four areas, the primary motor area (M1), the secondary
motor area (M2), the dorsal frontal cortex (DFC), and
the orbital frontal cortex (OFC).

Primary motor cortex. M1 is a narrow strip, �1
mm wide, that has a complete body and orofacial repre-
sentation (Remple et al., 2006). In the Nissl stain, M1
has a poorly developed layer 4, and a well-developed
layer 5, where inner layer 5 is populated with large py-
ramidal cells (Figs. 16A, 17A). M1 is less well myelin-
ated than 3a, with no distinct band of Baillarger (Figs.
16B, 17B), and has similar levels of myelination to M2
(Fig. 17B). In the zinc stain, the staining intensity is
lower in M1 than in M2 (Fig. 17C) and MMA (Fig. 16C),
and higher, especially in layer 4, than in 3a and 3b(S1)
(Figs. 16C, 17C). M1 does not express high levels of CO
in layer 4 (Fig. 16D), although darkly stained cell bodies
are observed in layer 5.

In VGluT2 preparations, layer 4 of M1 stains poorly
compared with 3a, but is darker stained than MMA (Fig.
16E). No VGluT2 staining is observed in layer 6 of M1.
In the PV stain, M1 stains poorly for PV-immunopositive
terminations and is sparsely populated with PV-immu-
nopositive neurons (Fig. 17D). M1 has large, densely
stained SMI-32 pyramidal neurons in layer 5, with thick
apical dendrites that extend to layer 3 (Fig. 17E). No
SMI-32-immunopositive neurons were present in layer 3
of M1.

Secondary motor cortex. M2 is delineated from M1
by a thinner layer 5 that is less densely packed with py-
ramidal neurons than in M1 (Fig. 17A). The M2/DFC
border is marked by the return of a granular layer 4
and smaller layer 5 pyramidal cells in DFC (Figs. 17A,
18A). In myelin preparations, M2 is more myelinated
than DFC (Figs. 17B, 18B) and less myelinated than
OFC (Fig. 18B). M2 expresses higher levels of free zinc
ions throughout the cortical layers compared with the
adjacent cortical areas such as M1 (Fig. 17C), DFC
(Figs. 17C, 19A), and OFC (Fig. 19A). In CO prepara-
tions, the rostral border of M2 with DFC is not distinct,
except for the larger sized, darkly stained cell bodies in
layer 5 of M2 than in layer 5 of DFC (Fig. 19C). The M2/
OFC border is distinct in CO preparations, as a band of
dark CO staining is present in layer 4 of OFC and
absent in M2 (Fig. 19C).

M2 expresses low levels of VGluT2 staining, resulting
in a distinct M2/OFC border (Fig. 19B). The rostral bor-
der of M2 with DFC is not as distinct in VGluT2 prepa-
rations, as both cortical areas stain at similar intensities
(Fig. 19B). No VGluT2 staining is observed in layer 6 of
M2. PV staining in M2 is lower than in DFC and OFC
(Fig. 18C) and is similar to that of M1 (Fig. 17D). SMI-
32-immunoreactive pyramidal cells in layer 5 of M2
were smaller than those in M1 and had thinner apical
dendrites (Fig. 17E). No SMI-32-immunoreactive pyram-
idal cells are observed in layer 3 of M2. The M2/DFC
border is marked by a transition to a sparser population
of small SMI-32-immunoreactive cells, with poorly
stained cell bodies and thin apical dendrites (Fig. 17E).
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Dorsal frontal cortex. In Nissl-stained sections,
DFC has a thin granular 4 (Figs. 17A, 18A). DFC also
has a lower cell packing density throughout the cortical
layers, resulting in a paler appearance of DFC compared
with the medial frontal (MF) area (Fig. 18A). In myelin
preparations, DFC has reduced myelination compared
with the surrounding areas such as M2 and MF (Figs.
17B, 18B). DFC has lower expression of free zinc ions
compared with M2, especially in layer 4 (Fig. 19A). How-
ever, the zinc staining of layer 4 in DFC is not homoge-
nous as it reduces toward the DFC/MF border, which is
marked by the transition to increased zinc stain in layer
4 of MF (Fig. 18A). There is no band of CO staining in
layer 4 of DFC, although there are darkly stained cell
bodies in layer 5 (Fig. 19C). This allows for the demarca-
tion of the DFC/MF border, where there is a band of CO
staining in layer 4 of MF (Fig. 19C).

VGluT2 expression in DFC is similar to that of M2
and MF; as such the borders of DFC are not distinct in
the VGluT2 stain (Fig. 19B). In PV preparations, a thin,
PV-stained band is observed in layer 6 of DFC (Fig.
18C). Layers 3 to 5 of DFC stains darker for PV-immu-
nopositive terminals compared with M2 and MF, and
DFC has a larger population of PV-immunopositive neu-
rons than M2 (Fig. 18C). In SMI-32 preparations, DFC
does not have stained pyramidal cells in layer 3, and
has a sparse population of poorly stained pyramidal cells
bodies in layer 5 that have thin apical dendrites
(Fig. 17E).

Orbital frontal cortex. In Nissl preparations, OFC
is overall more densely populated with cells than M2,
giving it a darker appearance than M2 (Fig. 18A). OFC
has a well-developed layer 4 that is populated with small
granule cells (Fig. 18A). Layer 5 of OFC has a lower cell
packing density and is populated with smaller pyramidal
cells than layer 5 of M2 (Fig. 18A). The ventral border of
OFC is marked by a transition to poorly laminated cor-
tex with a thick, densely populated layer 2/3 in the
claustral cortex (Cl) (Fig. 18A). OFC is more myelinated
than the surrounding cortical areas M2 and Cl (Fig.
18B). In zinc preparations, layer 4 of OFC stains poorly,
standing out as a white band. As a result, a distinct dor-
sal border with M2 and ventral border with Cl is seen in
the zinc stain, as layer 4 both of the adjoining areas
expresses higher levels of free zinc ions (Fig. 19A). Layer
4 of OFC stains darkly in CO preparations, expressing
higher levels of CO protein than the surrounding areas
M2 and Cl (Fig. 19C).

OFC has a darkly stained VGluT2-immunopositive
band in layer 4 that terminates at the OFC/M2 and
OFC/Cl borders (Fig. 19B). In PV preparations, OFC has
darker PV staining compared with M2, with an
increased population of PV-immunoreactive neurons
throughout the cortical layers. OFC also has a band of
PV-immunopositive terminations in layer 4 and a thin-
ner band in layer 6 (Fig. 18C). The upper cortical layers
of OFC are less darkly stained than in Cl (Fig. 18C). In
SMI-32 preparations, there are no immunostained

Fig. 16. Architectonic characteristics of primary somatosensory
and motor areas. Cortical areas are shown on a lateral view of the left
hemisphere in panel F. The vertical line across the cortex (panel F)
indicates the location where the coronal brain sections in panels A–E

were obtained. Short horizontal lines on panels A–E indicate the extent
of the six cortical layers. The scale bar for brain sections (panel E) ¼
0.5 mm. The scale bar on the brain (panel F) ¼ 5 mm.
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pyramidal cell bodies, and some short immunostained
dendrites in OFC (not shown).

Medial Cortex

The cortical areas along the medial wall of the tree
shrew neocortex can be divided into rostral, middle, and
caudal regions. The rostral region consists of the MF,
the CGd, the ventral cingulate (CGv), and the medial
motor (MMA) areas. In tree shrews, the somatosensory
cortex, including areas 3a, 3b(S1), and SC, wraps onto
the medial wall to occupy part of the middle region, and
the rest consists of the infraradiata areas. The caudal

region, largely occupied by area 17, also includes area
18, PS, and the retrosplenial areas.

Medial frontal area. In Nissl preparations, MF has
a well-developed layer 4 that is more densely populated
with granule cells than in DFC, and a layer 5 that is
less densely populated with cells than in CGv (Fig. 18A).
MF is also more heavily myelinated than DFC and CGv
(Fig. 18B). In the zinc stain, MF expresses more free
zinc ions in layer 4 than DFC, with a higher density of
zinc stained ‘‘strings’’ running through layer 4 (Fig.
19A). MF has a band of CO staining in layer 4 that is
absent in both DFC and CGv (Fig. 19C) and darkly
stained cell bodies in layer 5.

Fig. 17. Architectonic characteristics of somatosensory and motor
areas. Cortical areas are shown on a dorsal view of the left hemi-
sphere in panel F. The lateral most horizontal line across the cortex
(panel F) indicates the location where the sagittal brain sections in
panels A–E were obtained. The horizontal line across the cortex (panel

F) that is close to the medial wall indicates the location where the sag-
ittal brain sections in panels G–K were obtained. The scale bar for
brain sections (panels E and K) ¼ 1 mm. The scale bar on the brain
(panel F) ¼ 5 mm.
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The borders of MF in the VGluT2 stain are not dis-
tinct as the adjoining cortical areas, DFC and CGv, stain
with similar intensities to MF for the VGluT2 stain (Fig.
19B). In PV preparations, a thin band of PV stain is
present in layer 6, and darkly stained PV-immunoposi-
tive cell bodies are present throughout the cortical layers
(Fig. 18C). There is no distinct difference between DFC
and MF in the PV stain, whereas the MF/CGv border is
marked by a transition to a sparser distribution of PV-
immunopositive cell bodies and the absence of PV stain
in layer 6 of CGv.

Cingulate ventral area. CGv has a less densely
populated, and a thinner layer 4 than MF in Nissl-
stained sections (Fig. 18A). The upper cortical layers 2
and 3 are populated with larger cells than in MF,
although this changes in the ventral portion of CGv,
where the cells that populate layer 2 and 3 are reduced
in size (Fig. 18A). Layer 5 of CGv is thick and densely
populated with cells. In myelin preparations, CGv is less
myelinated than MF (Fig. 18B). The pattern of zinc
staining in CGv is not homogenous. At the dorsal border
of CGv, layer 4 stains very poorly for the zinc stain, and
the staining increases toward the ventral border of CGv
(Fig. 19A). CGv stains poorly for CO (Fig. 19C). The

variable staining patterns in the Nissl and zinc stains
suggest the possibility for further subdividing CGv.

CGv stains poorly in the VGluT2 stain (Fig. 19B). In
the PV stain, no dense bands of PV-immunopositive ter-
minations are observed, and only a scattering of small
PV-immunopositive cell bodies are present (Fig. 18C).

Cingulate dorsal area. CGd is densely populated
with cells throughout the cortical layers, giving it a dark
appearance in the Nissl stain (Fig. 16A). Layer 4 in CGd
is very thin and not well developed, and layer 5 is
densely populated with small pyramidal cells. The
3b(S1)/CGd border is marked by the reduction in the
thickness of layer 4 in CGd (Fig. 14A). CGd is less heav-
ily myelinated than MMA (Fig. 16B) and 3b(S1) (Fig.
14B). In the zinc stain, CGd stains more intensely than
3b(S1) (Fig. 14C), especially in layer 4, where CGd
expresses more free zinc ions than layer 4 of 3b(S1).
CGd expresses less free zinc ions than MMA, as such
CGd has a lighter appearance than MMA in zinc-stained
sections (Fig. 16C). In CO preparations, the CGd/3b(S1)
border is marked by the reduction of CO staining in
CGd (Fig. 14D).

CGd has reduced expression of VGluT2-immunoposi-
tive terminals compared with 3b(S1), resulting in a

Fig. 18. Architectonic characteristics of the medial frontal and cingu-
late areas. Cortical areas are shown on the medial view of the right
hemisphere (panel D). The vertical line across the cortex (panel D) indi-
cates the location where the coronal brain sections in panels A–C were

obtained. The extent of each cortical layers 1 to 6 is indicated by the
short horizontal lines on panels A–C. The scale bar for brain sections
(panel E) ¼ 0.5 mm. The scale bar on the brain (panel F) ¼ 5 mm.
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distinct 3b(S1)/CGd border (Fig. 14E). The CGd/MMA
border is not as distinct, although CGd stains more
intensely for VGluT2 than MMA (Fig. 16E). In the PV
stain, the dorsal border of CGd with 3b(S1) is marked by
a transition to reduced PV staining in CGd and the ab-
sence of PV-immunopositive terminals in layer 4 of CGd
(not shown). The PV staining pattern of CGd is similar
to that of CGv.

Medial motor area. MMA is adjacent to M1 along
the medial wall and has projections to M1 and M2 (Rem-
ple et al., 2007). MMA does not have a distinct granular
layer 4 and has a thick layer 5 that is densely populated
with pyramidal cells (Fig. 16A). The upper cortical
layers 2 and 3 of MMA are densely populated with cells,
giving it a darker appearance than the adjacent M1
(Fig. 16A). MMA is as heavily myelinated as M1 and is
more heavily myelinated than CGd (Fig. 16A). In the
zinc stain, MMA expresses more free zinc ions through-
out its cortical layers than both CGd and M1 (Fig. 16C).
MMA stains poorly for CO, and it is difficult to define
the MMA/CGd and M1/MMA borders in CO preparations
(Fig. 16D)

In VGluT2 preparations, layer 4 of MMA stains less
densely than the surrounding areas (Fig. 16E), and PV
expression in terminals is weak, with a sparse scattering
of PV-immunopositive neurons (not shown).

Infraradiata dorsal area. In Nissl preparations,
layer 4 of IRd is sparsely populated with medium-sized
cells, and layer 5 is sparsely populated with small py-
ramidal cells (Fig. 20). IRd is myelinated at similar lev-
els to PPd, and is more heavily myelinated than the
infraradiata ventral area (IRv) (Fig. 20B). In the zinc
stain, IRd expresses more free zinc ions in layers 4 and
5 compared with PPd (Fig. 20D). The borders of IRd are
not as obvious in the CO stain as the CO expression of
IRd, and the adjoining PPd and IRv are similar (Fig.
20F).

Reduced VGluT2 staining intensity in IRd marks the
IRd/IRv border (Fig. 20E). However, IRd has similar lev-
els of VGluT2 staining to PPd, as such the IRd/PPd bor-
der is not distinct in VGluT2 preparations (Fig. 20E). In
PV preparations, IRd is more darkly stained than PPd,
and layer 4 of IRd is more darkly stained with PV-immu-
nopositive terminals than layer 4 of PPd (Fig. 20C).

Infraradiata ventral area. In Nissl-stained sec-
tions, IRv has a thin layer 4, and a layer 5 that is more
densely populated with small cells than IRd (Fig. 20A).
IRv is less heavily myelinated than IRd, and an outer
band of Baillarger is present (Fig. 20B). The upper corti-
cal layers 2 and 3 and layer 5 of IRv stain darker in the
zinc stain than the corresponding layers in IRd (Fig.
20D). The ventral border of IRv is marked by a reduced

Fig. 19. Architectonic characteristics of the medial frontal and cin-
gulate ventral area. Cortical areas are shown on the medial view of the
right hemisphere (panel D). The vertical line across the cortex (panel D)
indicates the location where the coronal brain sections in panels A–C
were obtained. Short horizontal lines on panels A–E indicate the extent
of the six cortical layers. The scale bar for brain sections (panel C) ¼
0.5 mm. The scale bar on the brain (panel D) ¼ 2.5 mm.
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expression of free zinc ions. IRv stains lightly for CO
(Fig. 20F).

In VGluT2 preparations, two immunostained bands
are present in IRv, a darker band in layer 4 and a
lighter band in layer 6 (Fig. 20E). Layer 4 of IRv stains
darker for VGluT2 than layer 4 of IRd. The absence of
the two bands in adjoining cortex marks the ventral bor-
der of IRv (Fig. 20E). PV immunostaining in layer 4 of
IRv is more diffuse than in IRd, and layers 2 and 3 of
IRv do not stain as darkly for PV, giving IRv a paler
appearance than IRd (Fig. 20C). IRv expresses more PV
staining than the adjoining cortex, allowing the delinea-
tion of the ventral border of IRv (Fig. 20C).

Prostriata. PS runs between the ventromedial edge
of area 17 and the retrosplenial agranular (RSag) area,
where there is a slope in the cortex. In Nissl prepara-
tions, the area 17/PS border is marked by a disappear-
ance of a well-developed granular layer 4 in PS (Fig.
2A). Layer 2 of PS is more densely packed with cells
than in RSag (Fig. 2A). PS is more lightly myelinated
than area 17, and, to a lesser extent, RSag (Figs. 2B,
21A). PS expresses higher levels of free zinc ions
throughout the cortical layers compared with the adjoin-
ing area 17 and RSag (Figs. 2C, 21B). The absence of a
dark CO-stained band in layer 4 marks the transition to
PS from area 17 (Fig. 21C).

PS shows almost no VGluT2 staining (Fig. 21D). In
PV preparations, a scattering of PV-immunopositive cell
bodies is observed (Fig. 21E), and no staining of PV-
immunopositive terminations is observed (Figs. 2D,
21E). There are no SMI-32-immunostained cell bodies
present in PS (Fig. 2E).

Retrosplenial agranular area. In Nissl prepara-
tions, RSag is not well laminated. It has lower cell pack-
ing density, and as a result has a paler appearance than
the adjoining PS and retrosplenial granular (RSg) areas
(Fig. 2A). RSag is lightly myelinated compared with
RSg, but is more heavily myelinated than PS (Fig. 21A).
In zinc preparations, RSag is more lightly stained than
PS, especially in layer 5, and is more darkly stained in
layers 1 to 3 than in RSg (Figs. 2C, 21B). CO expression
in RSag is poor, and there is no distinct different in
staining pattern between RSag and PS (Fig. 21C).

RSag does not have visibly detectable levels of VGluT2
(Fig. 21D) and SMI-32 (Fig. 2E) immunoreactivity. In
PV preparations, RSag has a similar staining pattern to
PS and has a lighter appearance in layers 1 to 3 when
compared with RSg (Fig. 21E).

Retrosplenial granular area. In Nissl prepara-
tions, darker staining of layer 2/3 in RSg marks the
RSag/RSg border (Fig. 2A). Similar to RSag, RSg does
not have well-developed laminar properties. RSg is more

Fig. 20. Architectonic characteristics of the infraradiata areas. Cort-
ical areas are shown on the medial view of the right hemisphere (panel
G). The vertical line across the cortex (panel G) indicates the location
where the coronal brain sections in panels A–F were obtained. The

extent of each cortical layers 1 to 6 is indicated by the short horizontal
lines on panels A–F. The scale bar for brain sections (panel F) ¼
0.5 mm. The scale bar on the brain (panel G) ¼ 2.5 mm.
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heavily myelinated than RSag (Figs. 2B, 21A). The
upper cortical layers 1 to 3 of RSg stain less intensely in
the zinc stain than RSag, and no darkly stained band is
observed in layer 5 (Fig. 21B). In CO preparations, RSg
has poor CO expression (Fig. 21C). However, a denser
population of CO stained cell bodies in layer 5 is present
in RSg than in RSag (Fig. 21C).

The upper cortical layers 2/3 of RSg stain darkly for
VGluT2, providing a sharp border between RSg and
RSag (Fig. 21D). In PV preparations, RSg has more
darkly stained PV-immunopositive cell bodies than
RSag, and RSg has an overall darker appearance than
RSag (Fig. 21E). Closer to the rostral border of RSag,
SMI-32-immunopositive dendrites are present in the
middle layers, and a few SMI-32-immunopositive cell
bodies are present in layer 5 of RSag (Fig. 2E).

Remaining Cortical Areas

Insular area. In Nissl preparations, Ins has a well-
developed layer 4 that is populated by granule cells that
are small than those in S2 (Fig. 15A). Layer 5 of Ins is
more sparsely populated with cells than both 3b(S1) and
S2, giving it a paler appearance than the adjoining areas
(Figs. 1A, 16A). Ins is as heavily myelinated as S2 (Fig.
15B), and is less heavily myelinated than 3b(S1) (Fig.
16B). In zinc preparations, Ins expresses lower levels of
free zinc ions throughout the cortical layers than S2
(Fig. 15C). The difference in free zinc ion expression
between S2 and Ins is most distinct in layer 4 (Fig.
15C). Ins expresses higher levels of free zinc ions com-
pared with 3b(S1), especially in layer 5 (Fig. 16C). In
CO preparations, layer 4 of Ins stains more intensely
than in S2 (Fig. 15D).

Layer 4 of Ins contains VGluT2-immunopositive termi-
nations, and no staining is observed in layer 6 (Figs.
15E, 16E). VGluT2 expression in layer 4 of Ins is lower
and the staining is more diffuse than in S2 (Fig. 15E),
whereas the VGluT2 expression in layer 4 of Ins is less
intense than in 3b(S1) (Fig. 16E). In PV preparations,

PV staining in layer 4 of Ins is more intense than in S2
and less intense than in 3b(S1) (not shown).

Perirhinal area. In Nissl-stained sections, Prh does
not have a well-developed layer 4 and has a low cell pop-
ulation density, giving it a pale appearance (Figs. 7A,
8B, 10A). It is also poorly myelinated compared with the
adjoining areas TP, ITr, and the entorhinal cortex (Figs.
7B, 9C, 10B). In zinc preparations, Prh stains more
intensely compared with the surrounding areas, such as
TP (Fig. 9E) and ITr (Fig. 10C), whereas it stains at sim-
ilar intensity to the entorhinal cortex (Fig. 9E). Prh
stains poorly in the CO stain (Figs. 9D, 10D). In the
three immunostains used, Prh has low immunoreactivity
for all three, VGluT2 (Fig. 10E), PV (Fig, 7C), and SMI-
32 (not shown).

DISCUSSION

In this study, we used a battery of histological proce-
dures to reveal and characterize the architectonic subdi-
visions of tree shrew neocortex that have known or
presumed functional significance. Previous architectonic
studies of tree shrews (Le Gros Clark, 1924; von Bonin
and Bailey, 1961; Zilles, 1978) have been limited and
were completed too early to take advantage of the many
immunohistochemical and other architectonic procedures
that are now available to help characterize cortical
areas. There has been a longstanding (e.g., Le Gros
Clark, 1924) and persisting interest in cortical organiza-
tion of tree shrews (e.g., Kaas et al., 1972; Sesma et al.,
1984; Lyon et al., 1998; Remple et al., 2006), as they are
close relatives of primates (Liu et al., 2001; Murphy et
al., 2001a,b; Springer et al., 2003), and insights into
cortical organization in tree shrews should inform theo-
ries of forebrain evolution in primates. As the differences
between areas reflect functional specializations, we dis-
cuss the functional implications of the architectonic dif-
ferences across cortical fields. Most notably, previous
findings indicate that cortical areas with layer 4 termi-
nations that have dense expression of VGluT2 and PV,

Fig. 21. Architectonic characteristics of the retrosplenial areas. Cortical areas are shown on the medial
view of the right caudal hemisphere (panel F). The vertical line across the cortex (panel F) indicates the
location where the coronal brain sections in panels A–E were obtained. The scale bar for brain sections
(panel E) ¼ 0.5 mm. The scale bar on the brain (panel F) ¼ 5 mm.
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and little synaptic zinc are likely to be dominated by
thalamic rather than cortical inputs (Van Brederode et
al., 1990; DeFelipe and Jones, 1991; de Venecia et al.,
1998; Hackett et al., 1998; Latawiec et al., 2000; Cruik-
shank et al., 2001; Fujiyama et al., 2001; Kaneko and
Fujiyama, 2002; Valente et al., 2002; Nahmani and Eri-
sir, 2005; Wong and Kaas, 2008). Areas of high metabolic
activity, typically sensory areas, express high levels of
CO, especially in layer 4. Such areas are likely to have a
well-developed layer 4 of granule cells that is densely
myelinated. In brain sections cut parallel to the brain
surface, several of the histological preparations revealed
a patchy pattern in some areas of cortex, suggesting
that these areas have a modular organization.

Here, we discuss our results and conclusions for each
major cortical region of the tree shrews in the context of
previous architectonic and experimental studies of corti-
cal organization in tree shrews, and, to a limited extent,
in other mammals.

Occipital Cortex

The occipital cortex of tree shrews includes two archi-
tectonically distinct fields, areas 17 and 18, which corre-
spond to visual areas V1 and V2 of other mammals.
Areas lateral to area 18 include visual areas TA, TP, and
TD, which also may be considered as parts of occipital
cortex, but they are discussed here as parts of dorsal
temporal cortex.

Area 17 has such pronounced sensory features that it
was easily identified as such in early architectonic stud-
ies (Le Gros Clark, 1924; von Bonin and Bailey, 1961).
These and a number of subsequent investigators (see
Lund et al., 1985) were impressed with the very distinct
layer 4 of granule cells, which is divided by a narrow,
cell poor cleft into inner and outer halves (Figs. 1, 2),
now identified as sublayers 4a and 4b (Lund et al.,
1985). Both Le Gros Clark (1924) and von Bonin and
Bailey (1961) considered the possibility that the 4a and
4b divisions of layer 4 in tree shrews are homologous to
the outer and inner sublayers of layer 4 of primates
(sublayers 4Ca and 4Cb of Brodmann’s (1909) terminol-
ogy), as they considered tree shrews to be primates. We
now know that 4a and 4b in tree shrews do not corre-
spond to 4Ca and 4Cb sublayers of primates, and they
represent different evolutionary specializations of layer
4. In primates, layer 4Ca receives inputs from the mag-
nocellular layers of the lateral geniculate nucleus,
whereas layer 4Cb receives inputs from the parvocellu-
lar layers (Casagrande and Kaas, 1994). In tree shrews,
sublayers 4a and 4b each receive inputs from a mixture
of lateral geniculate layers (Conley et al., 1984), and
neurons in sublayer 4a are distinguished by responding
to the onset of light, whereas neurons in 4b responded to
the offset of light (Norton et al., 1985; Kretz et al.,
1986). Sublayers of layer 4 are also apparent in CO
preparations, with the middle portion of layer 4 express-
ing less CO (Fig. 1; also see Lund et al., 1985). In our
preparations, layer 4 of tree shrews is also characterized
by dense expressions of PV and VGluT2, reflecting dense
inputs from the lateral geniculate nucleus of the sensory
thalamus (Diamond et al., 1970; Harting et al., 1973).
The very poor zinc staining of layer 4 indicates that this
layer is dominated by thalamic rather than cortical
inputs. Additionally, layer 4 of tree shrews, as well as

cats and monkeys, expresses very little of the antigen
for the Cat-301 antibody (Jain et al., 1994).

Layer 3 of tree shrews also has sublayers, with a cell
sparse inner subdivision of layer 3, which is most
obvious in Nissl preparations (Fig. 3A). Le Gros Clark
(1924) speculated that this inner portion of layer 3 might
correspond to a fiber dense band, the stria of Gennari,
and our brain sections stained for myelin clearly indicate
that the outer band of Baillarger, or the stria of Gennari,
is in the inner portion of layer 3 that is sublayer 3c (also
see Rockland et al., 1982). This result is in conflict with
most current interpretations of layers 3 and 4 in prima-
tes, which place the stria of Gennari in sublayer 4B of
Brodmann (1909). Thus, these results add to previous
evidence that the laminar pattern of area 17 of monkeys
has been misinterpreted, and that Brodmann’s layer 4B
of monkeys corresponds to layer 3C of tree shrews, gala-
gos, and other mammals (for review, see Casagrande
and Kaas, 1994). Note that sublayer 3b of tree shrews
and cats expresses more of the antigen for Cat 301 than
adjoining layers, as does the sublayer typically defined
as layer 4B of macaques (Jain et al., 1994).

In addition to sublayer 3c, sublayers 3a and 3b have
been distinguished in Nissl material from area 17 of tree
shrews (e.g., Lund et al., 1985; Wong-Riley and Norton,
1988; Jain et al., 1994). Layer 3b is somewhat more
densely packed with cells than sublayers 3c and 3a. In
this study, we also found that sublayer 3b is distin-
guished from sublayers 3a and 3c by a patchy pattern of
zinc poor regions and a dense expression of VGluT2 (Fig.
3). Both of these features suggest the existence of more
inputs from the thalamus in layer 3b than in adjoining
sublayers, and likely some input from the lateral genicu-
late nucleus, and such inputs from the lateral geniculate
nucleus to layer 3b have been demonstrated (Hubel,
1975; Conley et al., 1984; Usrey et al., 1992). Our mate-
rial also indicates that sublayer 3a expresses less PV
and much more CB than sublayer 3b (Fig. 3). Finally,
we were able to divide layer 5 into two distinct sub-
layers, 5a as a band of SMI-32-immunoreactive pyrami-
dal cells and 5b with a dense expression of synaptic zinc
(Fig. 3). As sublayer 3a also has considerable synaptic
zinc, sublayers 3a and 5b are likely dominated by corti-
cal inputs, perhaps those intrinsic to area 17.

We also observed architectonic features of area 17 in
brain sections cut parallel to the artificially flattened
cortex. In layer 3, an uneven distribution of myelin-light
patches was surrounded by myelin-dark regions (Fig. 4),
as previously reported by Lyon et al., (1998). In addition,
synaptic zinc and VGluT2 were distributed in a patchy
formation that was also apparent in layer 3b of trans-
verse brain sections (Fig. 3). This modular pattern
within area 17 of tree shrews is reminiscent of the CO-
dark blobs of area 17 of primates, although tree shrews
do not have CO blobs (e.g., Wong-Riley and Norton,
1988). However, the patchy pattern may reflect a pattern
of VGluT2-rich terminals of the lateral geniculate nu-
cleus inputs that are surrounded by walls of zinc-
enriched terminals of intrinsic connections (Rockland et
al., 1982; Sesma et al., 1984; Bosking et al., 1997). The
CO blobs of primates receive inputs from the koniocellu-
lar layers of the lateral geniculate nucleus (see Casa-
grande and Kaas, 1994).

Area 18 of this study corresponds to the area 18 that
was shown to be coextensive with the second visual
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area, V2 by Kaas et al., (1972), a visual area common to
nearly all mammals (Rosa and Krubitzer, 1999). In Nissl
preparations, area 18 of tree shrews has less dense cell
packing in layers 4 and 6 than in area 17 and in areas
along the lateral border of area 18, such that the overall
laminar pattern of area 18 is less distinct. Surprisingly,
area 18 was not recognized by Le Gros Clark (1924),
who divided cortex lateral to area 17 into a large parie-
tal area, of which includes several of our subdivisions of
cortex. Likewise, von Bonin and Bailey (1961) did not
subdivide cortex lateral to V1. More recently, Zilles
(1978) defined an area Oc2 as equivalent to area 18 and
V2 in tree shrews. Oc2 of Zilles (1978) closely corre-
sponds to area 18 of this study. Here, we show that area
18 expresses less PV and VGluT2 in axonal termina-
tions, and more synaptic zinc in layer 4 and 6 than area
17. These observations are consistent with the evidence
that area 18 receives more cortical inputs, including
dense, topographically organized inputs from area 17
(Sesma et al., 1984; Lyon et al., 1998). The distributions
of myelinated fibers in area 18 do not form distinct outer
and inner bands of Baillarger, as in area 17, and in sur-
face view preparations, area 18 appears to have an alter-
nating pattern of myelin-light and myelin-dense bands
or ovals. Cusick et al. (1985) found that the myelin-
dense ovals corresponded to locations with dense clus-
ters of callosally projecting neurons and callosal termi-
nations. Thus, there is evidence for a modular
organization in area 18 of tree shrews. Squirrels also
have a similar pattern of myelin-dense and myelin-light
modules in area 18 (Kaas et al., 1989), and monkeys
have a modular pattern of myelin-dense and myelin-
light bands in area 18 (e.g., Tootell et al., 1983; Cusik
and Kaas, 1988; Krubitzer and Kaas, 1989). Area 18 of
tree shrews is also distinguished by a greater expression
of the antigen for Cat-301 in layer 3 than in adjoining
cortex (Jain et al., 1994), and lower levels of CO in layer
4 than area 17 (Jain et al., 1994; this study). Thus, area
18 of tree shrews can be identified in a number of
preparations.

Temporal Visual Cortex

In this study, we have retained the three divisions of
temporal cortex along the outer border of V2 that were
described as differing in V1 projections by Sesma et al
(1984). In brief, a temporal dorsal (TD) area receives
dense projections from V1; a more posterior region, the
temporal posterior (TP) area receives a second pattern of
dense projections from V1; whereas a more anterior
region, the temporal anterior (TA) area receives only
sparse inputs from V1. All three areas have connections
with V2, and with each other, but only sparse connec-
tions with more ventral portions of the temporal lobe
(Lyon et al., 1998). Other visual inputs come from the
visual pulvinar (Lyon et al., 2003). Area TA and TD pro-
ject to the forelimb portion of primary motor cortex
(Remple et al., 2007), and thus can be considered visuo-
motor in function. Neurons in the region of TD were
found to be responsive to visual stimuli, although the
receptive fields were large and difficult to delineate
(Kaufman and Somjen, 1979). Lesions of temporal cortex
including much of TP, TD, and ITc regions produce
impairments in visual learning (Killackey et al., 1971).

The architectonic borders of TA, TP, and TD are
subtle. Previous studies have shown that TD is more
densely myelinated than TA and TP (Sesma et al., 1984;
Lyon et al., 1998), and that TA and TD express higher
levels of the antigen for the Cat-301 antibody than TP
(Jain et al., 1994). Higher levels of Cat-301 staining
have been associated with structures having larger neu-
rons with thicker, more rapidly conducting axons (e.g.,
Hockfield et al., 1983; Hendry et al., 1984)), whereas
sensory areas are typically more densely myelinated
than other fields (e.g., Hopf, 1964). Our results also
show that TD is more densely myelinated than TA and
TP. In addition, TD has a more developed, thicker layer
4 than TA and TP, as well as more VGluT2- and PV-
immunopositive terminations, indicating the presence of
thalamic inputs, and more synaptic zinc, indicating the
presence of cortical terminations. The relative position of
TD across from central V2 and V1, the dense inputs
from both of these areas, together with pulvinar inputs
and dense myelination, have lead to the hypothesis that
TD is a homologue of primate area MT (Sesma et al.,
1984; Kaas and Preuss, 1993; Jain et al., 1994; North-
cutt and Kaas, 1995). If so, MT may have originated as
a visual area adjacent to V2 (area 18), with the DL-V4
complex emerging later in evolution.

Inferior Temporal Cortex

We have included in the IT region of tree shrew cor-
tex, areas ITc, ITi, and ITr, located in a caudodorsal to
rostroventral sequence. We also include the temporal in-
ferior area, TI, of Lyon et al. (1998) because of its posi-
tion, and because TI, together with other divisions of IT
cortex, receives inputs from a posterior division of the
visual pulvinar, PP (Lyon et al., 2003). Although visual
functions of IT cortex have not been physiologically dem-
onstrated, connections with the visual pulvinar, and at
least a few connections with cortical visual areas (Lyon
et al., 1998), suggest that the IT areas of tree shrews are
higher order visual or multisensory areas, as they are in
other mammals (Wong et al., 2008). Large lesions that
include the IT region are followed by impairments in vis-
ual behavior (Killackey et al., 1971).

TI was previously described as being more myelinated
than surrounding cortex (Lyon et al., 1998). We found
that TI expresses lower levels of zinc and higher levels
of CO than surrounding cortex, perhaps as a result of
inputs from the pulvinar (Lyon et al., 2003). Of the three
other IT areas, ITi has the most features of a sensory
area with thalamic input, including a well-developed
layer 4, higher myelination, low levels of synaptic zinc,
more CO expression, and more PV- and VGluT2-immu-
nopositive terminations. ITi (TPI of Lyon et al., 1998)
has more visual input from the TD-TP region of Lyon et
al. (1998), as well as from two nuclei of the visual pulvi-
nar with superior colliculus inputs (Lyon et al., 2003).
Thus, ITi is likely to have visual functions. In contrast,
ITr and ITc do not have architectonic features of a core
sensory area, but rather the appearance of an associa-
tion or higher order processing area. Thus, ITr and ITc
have low myelination, a high expression of synaptic zinc,
and low levels of PV and VGluT2 staining. ITr may be
involved in auditory functions, as ITr is in the region
identified as nonprimary auditory cortex by Oliver and
Hall (1978) based on connections with the dorsal division
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of the medial geniculate complex and the supragenicu-
late, as well as the visual pulvinar. There also appears
to be some connections with motor cortex (Remple et al.,
2007). Overall, the relative position, architectonic fea-
tures, and cortical and subcortical connections of ITr of
tree shrews are reminiscent of the temporal intermedi-
ate area of squirrels (Wong and Kaas, 2008; Wong et al.,
2008). By position next to higher order visual areas TP
and TD, ITc is likely to have visual functions.

Auditory Cortex

The auditory cortex of tree shrews contains at least
one core sensory area and a surrounding belt region
(Oliver and Hall, 1975; Casseday et al., 1976; Oliver and
Hall, 1978). The core region (Ac) can be identified by
being the target of topographically organized projections
from the ventral subdivision of the medial geniculate nu-
cleus, in addition to diffuse projections from the poste-
rior nucleus and the medial (magnocellular) subdivision
of the medial geniculate nucleus (Oliver and Hall, 1975;
Casseday et al., 1976; Oliver and Hall, 1978). The sur-
rounding Ab region receives inputs from the other subdi-
visions of the medial geniculate nucleus, such as the
medial (magnocellular) and dorsal subdivision (Oliver
and Hall, 1975; Casseday et al., 1976; Oliver and Hall,
1978) and the posterior nucleus (Diamond et al., 1970;
Harting et al., 1973), and is differentiated from the core
by the lack of inputs from the ventral subdivision of the
medial geniculate (Oliver and Hall, 1975; Casseday et
al., 1976; Oliver and Hall, 1978). Both Ac and Ab have a
koniocellular appearance, such as a darkly stained gran-
ular layer 4 in Nissl preparations and dense myelination
(Diamond et al., 1970; Oliver and Hall, 1975; Casseday
et al., 1976; Oliver and Hall, 1978), and can be differen-
tiated cytoarchitectonically by the thinner layer 4 and a
less densely packed layer 3 in Ab (Oliver and Hall,
1978). These findings are congruent with our results.
Both Ac and Ab are poorly populated by zinc-enriched
terminals. In addition, layer 4 of Ac stains more
intensely than layer 4 of Ab in VGluT2 and PV prepara-
tions, as expected of primary sensory cortex.

Parietal Cortex

Tree shrews have as many as eight parietal cortical
areas; 3b(S1), the secondary somatosensory area (S2)
and Pv area, the transitional area 3a, the SC area, and
the PPd, PPr, and PPc areas. Of these eight areas, area
3b(S1) is the largest and has a topographic representa-
tion of the contralateral body surface (Lende, 1970; Sur
et al., 1980, 1981a,b). The somatotopic organization of
the contralateral body surface begins with the head rep-
resentation laterally, proceeding to the hand, arm, ros-
tral trunk, and over the medial wall to the tail, caudal
trunk, and foot in a lateromedial progression (Lende,
1970; Sur et al., 1980, 1981b). This topographic pattern
is similar to the 3b(S1)s of other mammals (for review,
see Kaas, 1983). As expected of primary sensory areas,
area 3b(S1) has a koniocellular appearance with a layer
4 that is densely packed with granule cells, expresses
low levels of free zinc ions, and is densely packed with
VGluT2- and PV-immunopositive thalamocortical termi-
nals. This suggests that layer 4 receives proportionately
more inputs from the thalamus than from other cortical

areas. As with primary somatosensory cortex of other
mammals, area 3b(S1) in tree shrews receives input
from the ventroposterior nucleus (Diamond et al., 1970;
Garraghty et al., 1991). As has been reported in other
studies, the architectonic features of area 3b(S1) are not
uniform throughout (Sur et al., 1980, 1981b; Cusick
et al., 1985). In particular, the lateral part of area
3b(S1), where the face representation is located, has a
thicker layer 4 (Sur et al., 1980). The nonuniform stain-
ing of 3b(S1) is also observed in sections stained for free
zinc ions, VGluT2 and myelin. In favorable sections, the
myelinated bands of Baillarger are discontinuous, which
may be related to the discontinuities in the cortical rep-
resentations of body parts, including the septa that inva-
ginate 3b(S1), where the neurons have high response
thresholds (Sur et al., 1980; Cusick et al., 1985).

Area 3b(S1) is bordered rostrally by area 3a, a narrow
band of cortex where neurons are activated by taps to
the body and noncutaneous stimuli (Sur et al., 1980;
Kaas, 1983; Chapin and Lin, 1984). Area 3a receives
topographically organized projections from area 3b(S1)
and primary motor cortex (M1) (Remple et al., 2007).
Area 3a is distinguished from area 3b(S1) by a reduction
in thickness of layer 4, larger pyramidal cells in layer 5,
reduction in myelination, increased expression levels of
free zinc ions, and reduction in VGluT2 and PV staining.
From the relative position and architectonic characteris-
tics, area 3a in tree shrews is likely to be homologous to
the intermediate sensorimotor area of Sanides and
Krishnamurti (1967), postcentralis 2 region of Zilles
(1978), and area 3a of rodents such as gray squirrels
(Gould et al., 1989; Wong and Kaas, 2008) and primates
(for review, Sur et al., 1980; see Slutsky et al., 2000 and
Krubitzer et al., 2004).

The cortical area caudal to area 3b(S1), the caudal
somatosensory area SC, was previously identified as the
posterior somatic field (Sur et al., 1980). SC is character-
ized by a moderately populated layer 4, larger pyramidal
cells in layer 5 in comparison to 3b(S1), and a reduced
myelination level with no distinct bands of Baillarger. In
layer 4, SC has higher expression levels of free zinc ions
and lower expression of VGluT2- and PV-immunoposi-
tive thalamocortical terminations compared with 3b(S1),
suggesting an increase in proportion of corticocortical
over thalamocortical inputs. Area SC is responsive to
more intense somatic stimuli (Sur et al., 1980) and has a
rudimentary somatotopic map of the contralateral body
(Remple et al., 2006, 2007). SC has dense, topographic
connections with other somatosensory areas, such as 3a,
3b(S1), S2, and PV, and projections to motor cortex
(Remple et al., 2007), as does the parietal medial area of
squirrels (Krubitzer et al., 1986; Slutsky et al., 2000;
Wong and Kaas, 2008) and rats (Donoghue and Parham,
1983; Reep et al., 1990, 1994; Wang and Kurata, 1998).
It is also probable that SC of tree shrews is related to
area 1/2 of galagos (Wu and Kaas, 2003) and area 1 of
New World monkeys (Remple et al., 2007).

Areas S2 and Pv lie caudal and ventral to area 3b(S1).
This region of cortex was previously considered to be a
single, larger area that extends down into the rhinal fis-
sure (Lende, 1970). Remple et al. (2006) established that
S2 and Pv correspond to two separate, mirror image rep-
resentations of the contralateral body surface, as with
other mammals. Pv was also distinguished from S2 by a
thinner and more densely packed layer 5 in Nissl
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preparations. In the histochemical and immunohisto-
chemical stains used here, S2 and Pv have similar archi-
tectonic characteristics, and as such, we did not define
an architectonic border between the two areas. S2 and
Pv are distinguished by the presence of a well-developed
layer 4 that is thinner than that of 3b(S1) and higher
levels of myelination than the dorsally adjoining SC.
Layer 4 of S2 and PV expresses higher levels of free zinc
ions and lower levels of VGluT2- and PV-immunopositive
terminations. This suggests an increased proportion of
corticocortical inputs over thalamocortical inputs, pre-
sumably because of the dense, somatopically organized
inputs from 3b(S1) (Sur et al., 1981a; Weller et al.,
1987). The somatotopic organizations of S2 and Pv in
tree shrews are similar to those in squirrels (Nelson et
al., 1979; Krubitzer et al., 1986) and rats (Walker and
Sinha, 1972; Remple et al., 2003). Additionally, the
architectonic characteristics of S2 and Pv in tree shrews
are similar to those of gray squirrels (Krubitzer et al.,
1986; Wong and Kaas, 2008).

The PP cortex of tree shrews is subdivided into three
cortical areas, the PPr, equivalent to the posterior Pv
area of Remple et al (2007), the PPc area, and the PPd
area. PPc has the architectonic characteristics of an
association cortex, with a thin layer 4 populated by
small granule cells, lower myelination levels compared
with the surrounding cortical areas and lower expression
of CO. In zinc preparations, layer 4 of PPc expresses
higher levels of free zinc ions compared with TI, and in
VGluT2 and PV preparations, layer 4 of PPc expresses
low levels of VGluT2- and PV-immunopositive termina-
tions. This suggests a dominance of corticocortical inputs
into layer 4 of PPc. PPc is likely to have a role in visuo-
motor processing, as it is interconnected with visual
areas including area 18, TD, TP, and TA (Lyon et al.,
1998) and projects to the M2 (Remple et al., 2007). The
visual and premotor connections of PPc in tree shrews
are similar to that of PP cortex in primates, suggesting
some homology between the two regions.

The architectonic differences between PPr and PPd
were not distinct, and an architectonic border between
these two cortical fields was not reliably delimited. PPr
and PPd are likely to be involved in the integration of
visual and somatosensory information as they receive
projections from visual areas, including area 18 and TA,
and somatosensory areas, such as 3b(S1), S2, and Pv
(Remple et al., 2007). This is reflected in the architec-
tonic appearance of PPr and PPd as they show the char-
acteristics of higher order, association areas, such as the
absence of a well-developed granular layer 4 and lower
myelination levels. Additionally, layer 4 of PPr and PPd
is densely populated with zinc-enriched terminals and
sparsely populated with VGluT2- and PV-immunoposi-
tive thalamocortical terminals, which suggests the pres-
ence of a larger proportion of corticocortical inputs. PPr
and PPd can be teased apart by their connection pat-
terns, as PPr projects topographically to the M1 (Remple
et al., 2007).

Frontal Cortex

In frontal cortex of tree shrews, we have identified a
primary motor cortex, M1, that has the general architec-
tonic features of motor cortices, such as a poorly devel-
oped layer 4, a layer 5 that is populated with large SMI-

32-immunopositive pyramidal cells, and poor myelina-
tion. This architectonically defined field corresponds to
the electrophysiologically defined primary motor cortex
that has a topographic arrangement of contralateral
body movements (Remple et al., 2006). Layer 4 of M1
stains darkly in zinc preparations and poorly for
VGluT2- and PV-immunopositive terminations, similar
to the agranular motor cortex in gray squirrels (Wong
and Kaas, 2008). This suggests that larger proportion of
inputs into layer 4 of M1 originates from other cortical
areas rather than from thalamic nuclei. Anatomical trac-
ing studies have shown that M1 has dense connections
with M2, which is rostral to M1, and receives inputs
somatosensory areas such as 3b(S1), the PP cortex, and
temporal visual areas such as TA and TD (Remple et al.,
2007). Neurons in M2 have a higher current threshold
than those in M1 (Remple et al., 2006). Architectonically,
M2 is differentiated from M1 by a less densely packed
layer 5 with smaller sized SMI-32-immunopositive py-
ramidal cells in layer 5. The general connectivity pattern
of M2 is similar to M1. Differences include denser pro-
jections from PPc and ITr (TIV) to M2 than to M1 (Rem-
ple et al., 2007).

The combined extent of both M1 and M2 is compara-
ble to the praecentralis 1 region that was distinguished
in tree shrew by Zilles (1978). M1 of tree shrews has
similar neuron response properties, organization, and
architectonic characteristics of primary motor cortex of
other mammals, such as the lateral agranular cortex of
rats (Donoghue and Wise, 1982; Neafsey et al., 1986;
Wise and Donoghue, 1986; Brecht et al., 2004). The
organizations, architectures, and locations of M1 and M2
in tree shrews bear some similarity to the motor and
premotor areas in prosimians and primates (Wise, 1985;
Matelli et al., 1986; Barbas and Pandya, 1987; Stepniew-
ska et al., 1993; Wu et al., 2000; Fang et al., 2005). As
such, it has been proposed that M2 of tree shrews may
be homologous to the premotor cortex of primates (Rem-
ple et al., 2006).

We have divided the frontal pole of tree shrews into
two main architectonically distinct cortical regions, the
DFC and the OFC, much like the division of the frontal
pole in rats and rabbits into the medial and lateral fron-
tal polar areas (Ray and Price, 1992; Uylings et al.,
2003; Gabbott et al., 2005; Leal-Campanario et al.,
2007). However, the frontal areas of tree shrews have a
distinct granular layer, and as such, have a closer re-
semblance to the frontal polar region of squirrels (Wong
and Kaas, 2008), and the prefrontal cortex of galagos
(Preuss and Goldman-Rakic, 1989, 1991) and other pri-
mates (Preuss et al., 1997), than the agranular prefron-
tal cortex of rats (Öngür and Price, 2000). In addition,
layer 4 of OFC, and to a lesser extent of DFC, has a
lower expression of zinc-enriched corticocortical termina-
tions and a higher expression of VGluT2- and PV-immu-
nopositive thalamocortical terminations, which suggests
the present of a dominant population of thalamocortical
inputs into the area. In galagos, the lateral frontal lobe
and orbital prefrontal cortex receives inputs from the
mediodorsal nucleus of the thalamus, and the posterolat-
eral cortex receives inputs from the ventral thalamic
complex (Markowitsch et al., 1980). However, the frontal
polar region of tree shrews is not as complex as that of
galagos (Preuss and Goldman-Rakic, 1989, 1991) and
other primates (Preuss et al, 1997). Both DFC and OFC
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of tree shrews have a sparse to almost absent population
of SMI-32-immunopositive pyramidal cells, whereas
layer 3 of granular prefrontal cortex of galagos and mac-
aques is populated by a specialized type of spinous py-
ramidal cells that have been suggested to play a role in
the evolution of intellectual complexity in primates
(Elston et al., 2005). The frontal polar region of tree
shrews may have a more complex organization complex
than the scheme proposed here, and may be subdivided
into more cortical areas, as we have not attempted to
make fine architectonic distinctions. Studies of cortical
connections might be useful in further subdividing the
region.

Medial Cortex

The MF area of tree shrews approximately corre-
sponds to area praecentralis 3 of Zilles (1978). MF has a
well-developed layer 4 and a sparsely populated layer 5,
and bears an architectonic resemblance to the pre-SMA
region in galagos (Wu et al., 2000) that has been identi-
fied as the granular medial and MF region of galagos by
Preuss and Goldman-Rakic (1991) and area F6 of mon-
keys (Matelli et al., 1991). MF is also in the approximate
location of the frontal and rostral cingulate area of gray
squirrels, but unlike MF, the rostral cingulate region of
gray squirrels does not have a well-developed layer 4
and is poorly myelinated (Wong and Kaas, 2008). MF
expresses moderate levels of free zinc ions and has a
sparse distribution of VGluT2- and PV-immunopositive
terminations, indicating that there is a dominance of
corticocortical inputs over thalamocortical inputs. Stud-
ies of connections would be needed to confirm this
deduction.

The MMA adjoins M1 along the medial wall and was
identified as a region that has dense, topographically
organized projections to M1 and M2 (Remple et al.,
2007). MMA is likely to have representations of the face
and forelimb, although there has been little success in
eliciting movements from MMA in microstimulation
studies (Remple et al., 2006, 2007). Architectonically,
MMA shares some characteristics with M1, such as a
poorly developed layer 4, a thick layer 5 that is densely
populated with pyramidal cells, and similar myelination
levels. MMA expresses high levels of zinc-enriched ter-
minals and low levels of VGluT2- and PV-immunoposi-
tive thalamocortical terminals. This suggests that MMA
receives stronger inputs from other cortical areas com-
pared with thalamic nuclei.

Cingulate cortex of tree shrews is subdivided into the
CGd, CGv, infraradiata dorsal (IRd), and infradiata ven-
tral (IRv) areas. Various nomenclatures have been used
for the cingulate cortical areas, depending on investiga-
tor and the species studied. For example, in rats, the an-
terior cingulate dorsal area of Jones et al. (2005)
corresponds to area 24 and part of 32 of Kreig (1946),
24b and 24b0 of Vogt and Peters (1981) and Cg1 of Zilles
and Wree (1995), and is homologous to area 24 of Brod-
mann (1909) and IRca and IRba of Rose (1931) in rabbits
(see Jones et al., 2005; Zilles, 2004 for review). In this
study, we partly use the nomenclature used by Zilles
(1978) for tree shrews. CGd and CGv correspond to the
anterior cingularis ventralis of Zilles (1978), and IRd
and IRv were retained from Zilles (1978).

CGd does not have a well-developed layer 4 and is dis-
tinguished from CGv as CGd has a higher cell packing
density and a more homogenous appearance. The archi-
tectonic appearance of CGv varies along its dorsoventral
extent, especially in the Nissl and zinc preparations,
suggesting the possibility for further subdivisions. Both
CGv and CGd have reduced staining of VGluT2- and PV-
immunopositive terminations in layer 4, indicating that
these areas receive proportionately less thalamocortical
input than adjacent cortical areas such as area 3b(S1).
Unlike in rats (Zilles, 1990; Jones et al., 2005) and squir-
rels (Wong and Kaas, 2008), where the cingulate regions
occupy the dorsal extent of the rostral medial wall, the
frontal cingulate areas in tree shrews are displaced ven-
trally by the somatosensory areas, 3a, 3b(S1), and SC,
much as in primates (e.g., Wu and Kaas, 2003).

IRd shares some architectonic features of the cingu-
late cortex in rats (Zilles, 1990; Vogt et al., 2004), such
as the poorly developed layer 4 and moderate myelina-
tion. In rats, the cingulate cortex receives diffuse projec-
tions from the mediodorsal, ventromedial, and
anteromedial nuclei of the thalamus (Domesick, 1969)
and has extensive connections with various cortical
areas, including the visual and motor cortex (Vogt and
Miller, 1983). In tree shrews, IRd expresses high levels
of zinc-enriched terminals and low levels of VGluT2- and
PV-immunopositive terminals, indicating that inputs
into IRd originate predominantly in other cortical areas.

IRv is in the approximate location of the medial soma-
tosensory area (MSA) of Remple et al. (2007). Neurons
in MSA have larger receptive fields than neurons in
3b(S1) and MSA sends dense projections to both M1 and
M2 (Remple et al., 2007). Architectonically, IRv has a
thin layer 4 and is less heavily myelinated than IRd,
with a thin, distinct outer band of Baillarger. IRv
expresses high levels of zinc-enriched terminals and
moderate levels of VGluT2- and PV-immunopositive ter-
minals, indicating that inputs into IRv originate from
the thalamus, as well as other cortical areas.

Area PS is a limbic area that was identified in prima-
tes by Sanides (1970) and is visual in function, repre-
senting the peripheral vision of the contralateral visual
hemifield. This area has been identified in cats as the
splenial visual area (see Rosa and Krubitzer, 1999 for
review), and is comparable to the posteromedial visual
area in rats and mice (Wang and Burkhalter, 2007),
medial area 18b (Krieg, 1946; Caviness, 1975), and
Oc2MM (Zilles and Wree, 1995). In tree shrews, PS has
a poorly developed layer 4, does not have a well-defined
laminar pattern, and is poorly myelinated, similar to the
PS of primates (Allman and Kaas, 1971) and gray squir-
rels (Wong and Kaas, 2008). Area PS is likely to have a
larger proportion of corticocortical, rather than thalamo-
cortical, inputs, as it expressed high levels of free zinc
ions and a near absence of VGluT2- and PV-immunoposi-
tive terminations.

The retrosplenial cortex has been subdivided in to
granular (RSg) and agranular areas (RSag) in a previous
study by Zilles (1978). Both RSg and RSag do not have
well-defined laminar patterns. RSg is characterized by a
densely populated layer 2/3 and is moderately myelin-
ated, whereas RSag has a low cell packing density and
is lightly myelinated. Layer 2/3 of RSag expresses higher
levels of zinc-enriched corticocortical terminations and
lower levels of VGluT2- and PV-immunopositive
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thalamocortical terminations compared with RSg. This
suggests that a higher proportion of the inputs into layer
2/3 of RSag originate from other cortical areas, whereas
a high proportion of inputs into layer 2/3 of RSg origi-
nate from nuclei in the thalamus.

Remaining Cortical Areas

The insular cortex (Ins) defined here is distinctly lami-
nated and has a well-developed granular layer 4. The
low expression of zinc-enriched corticortical terminations
in layer 4 of Ins suggests that this layer has few cortico-
rtical inputs. Layer 4 of Ins expresses high levels of
VGluT2- and PV-immunopositive terminations, indicat-
ing the presence of dense inputs from the thalamus. In
primates, the granular posterior portion of the insular
has a dense population of thalamocortical terminations
(Jones and Burton, 1976). Anatomical tract tracing stud-
ies in primates have shown that Ins has dense connec-
tions with the auditory cortex, temporal cortex, and the
parvocellular subdivision of the medial geniculate nu-
cleus (Augustine, 1985; Mesulam and Mufson, 1985). In
addition, electrophysiological studies have shown the
presence of auditory responsive units in the insular
(Sudakov et al., 1971). Ins of tree shrews approximately
corresponds in location to the parietal insular cortex of
rats (Shi and Cassell, 1998), as both regions lie ventral
to 3b(S1) and S2. In rats, the granular zone of insular
cortex is involved in viscerosensory modalities (Kosar et
al., 1986; Cechetto and Saper, 1987; Sewards and Sew-
ards, 2001). Similar to the posterior insular cortex in
primates, part of the granular insular zone of rats
receives strong inputs from S2 (Shi and Cassell, 1997),
as well as from 3b(S1) and the posterior thalamic nu-
cleus (Shi and Cassell, 1998). Much of this somatosen-
sory zone of granular insular cortex is in the region of
somatosensory area Pv as defined by Remple et al.
(2003) in rats, and this would correspond to the Pv area
of tree shrews rather than the insular cortex.

Perirhinal area (PRh) is retained from Zilles and Wree
(1985) and corresponds to areas 35 and 36 of Brodmann
(1909), the posterior region of area 35 of Krieg (1946),
and the ectorhinal and PRhs of Swanson (2003). As with
other mammals, such as gray squirrels (Wong and Kaas,
2008), and rats (Burwell, 2001; Palomero-Gallagher and
Zilles, 2004), PRh is poorly myelinated and has a poorly
defined lamination pattern. The dark staining in zinc
preparations suggests that a large proportion of inputs
to PRh is from other areas of cortex. PRh has been sug-
gested to have a role in memory processes, as it has con-
nections with the hippocampal formation (Burwell and
Amaral, 1998; Palomero-Gallagher and Zilles, 2004; Fur-
tak et al., 2007). In addition, PRh in rats has connec-
tions with the anterior thalamic nuclei (Palomero-
Gallagher and Zilles, 2004), and the piriform, frontal,
temporal, and insular cortical areas (Furtak et al.,
2007).
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