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ABSTRACT
By using immunohistochemical methods, we examined the distribution of cells expressing subunits of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)-selective glutamate receptors (GluR2/3) in the cortical areas of the occipitotemporal pathway in monkeys.
GluR2/3-immunoreactive (-ir) cells were primarily pyramidal cells; this category, however,
also included large stellate cells in layer IVB of the striate cortex (V1) and fusiform cells in
layer VI of all the areas examined. GluR2/3 immunoreactivity differed among the areas in
laminar distribution and intensity. In V1, GluR2/3-ir cells were identified mainly in layers II,
III, IVB, and VI. The prestriate areas V2 and V4 and the inferior temporal areas TEO and TE
contained GluR2/3-ir cells in layers II, III, and VI. In the TE, GluR2/3-ir cells were also
abundant in layer V. In area 36 of the perirhinal cortex, neurons in layers II, III, V, and VI
were labeled in a similar manner to the TE labeling, but with greater staining intensity and
numbers, especially in layer V. Thus, GluR2/3 immunoreactivity increased rostrally along the
pathway. Within V1 and V2, cells strongly stained for GluR2/3 formed clusters that colocalized with cytochrome oxidase (CO)-rich regions. These distinct laminar and regional distribution patterns of GluR2/3 expression may contribute to the specific physiological properties
of neurons within various visual areas and compartments. J. Comp. Neurol. 456:396 – 407,
2003. © 2003 Wiley-Liss, Inc.
Indexing terms: inferior temporal cortex; primary visual cortex; glutamate receptor; cytochrome
oxidase; monkey; immunohistochemistry

The occipitotemporal or “ventral” visual pathway of the
monkey cerebral cortex, essential for object recognition
(Mishkin et al., 1983), contains the hierarchically organized areas of the primary visual cortex (V1), prestriate
areas V2 and V4, and areas TEO and TE within the
inferior temporal cortex. These areas are defined by their
visuotopographic representation and the afferent/efferent
connections made with other cortical and subcortical
structures (Felleman and Van Essen, 1991). The first two
areas can also be subdivided into compartments by histochemical cytochrome oxidase (CO) reactivity. V1 is compartmentalized into CO-rich “blobs” and CO-poor “interblobs,” whereas V2 is divided into CO-rich “thick” and
© 2003 WILEY-LISS, INC.

“thin” stripes and CO-poor “pale” stripes (Horton and
Hubel, 1981; Livingstone and Hubel, 1982; Tootell et al.,
1983). Each area or compartment contains a unique pro-
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AMPA RECEPTORS IN VENTRAL VISUAL PATHWAY
file of neurons with distinct visual response properties
(Hubel and Livingstone, 1987; DeYoe and Van Essen,
1988; Zeki and Shipp, 1988). Along the V1-to-TE pathway,
the neuron’s receptive field size increases, in conjunction
with increases in the complexity of the stimulus configuration required for full neuronal activation (Gross et al.,
1972; Desimone and Gross, 1979; Gattass et al., 1981,
1988; Tanaka et al., 1991; Gallant et al., 1993; Pasupathy
and Connor, 1999; Hegdé and Van Essen, 2000). A recent
study also demonstrates that the susceptibility to synaptic
plasticity differs between V1 and TE, suggesting that
modifiability of the neuronal circuit may also differ between the cortical areas (Murayama et al., 1997).
Anatomical aspects also differ between areas and compartments along the pathway; the tangential spread and
morphological complexity of the basal dendrites of pyramidal neurons in layers III and V increase as successively
more anterior areas of this pathway are considered (Lund
et al., 1993; Elston and Rosa, 1998, 2000). In addition, V1
neurons within CO-rich blobs have larger dendritic fields
than those in interblobs (Elston and Rosa, 1998). The size,
center-to-center spacing, and spread of terminal arbors of
intrinsic horizontal axons increase from caudal to rostral
areas (Yoshioka et al., 1992; Amir et al., 1993; Lund et al.,
1993; Fujita and Fujita, 1996). These morphological characteristics may allow the neurons of later stages in the
pathway to integrate information from larger visual fields
and larger populations of afferent neurons, allowing a
more global level of visual processing (Amir et al., 1993;
Elston and Rosa, 1998, 2000). Similarly, there exist rostrocaudal neurochemical gradients along the pathway.
The concentration of an opiate receptor subtype (-like;
Lewis et al., 1981), the phosphorylation of protein kinase
C substrates (Nelson et al., 1987), and the numbers of
calbindin-immunoreactive (-ir) pyramidal cells (Kondo et
al., 1994) gradually increase toward the anterior portion
of the ventral visual pathway. CO-rich regions also differ
in a chemical manner from CO-poor compartments. In V1,
strong calbindin D-28K immunoreactivity is distributed in
CO-poor regions and layers (Celio et al., 1986). In contrast
to the previous extensive physiological characterizations
of the monkey visual cortex, however, a comprehensive
molecular characterization of the occipitotemporal visual
pathway has not been performed.
L-glutamate, the predominant excitatory neurotransmitter of the brain, exerts its function through glutamate
receptors (GluRs; Fagg and Foster, 1983; Fonnum, 1984;
Tsumoto, 1990). GluRs are grouped into subtypes by their
molecular structure and signal transduction mechanism
(Monaghan et al., 1989; Nakanishi, 1992). Ligand-gated
ionotropic GluRs, oligomers of various subunits forming
cation-selective channels, are classified into three subtypes,
␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA)-type (GluR1– 4), kainate-type (GluR5–7, KA1,
KA2), and N-methyl-D-aspartate (NMDA)-type
(NMDAR1, NMDAR2A–D) receptors. Metabotropic glutamate receptors are coupled to G-proteins to modulate intracellular messengers. Among these subtypes, AMPAtype and kainate-type GluRs primarily mediate fast
synaptic excitatory neurotransmission. To characterize
the neurochemical nature of the monkey visual cortex, we
examined the distribution of various L-glutamate receptor
subtypes along the ventral visual pathway using immunohistochemistry. We report the cellular pattern of immunoreactivity to an antibody recognizing the GluR2 and
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GluR3 subunits (GluR2/3) of AMPA-type GluRs. Preliminary results have been reported elsewhere (Xu et al.,
1997).

MATERIALS AND METHODS
Ten young adult monkeys (nine Macaca fuscata and one
Macaca fascicularis, body weight 4.2– 6.5 kg) were utilized
for analysis. One hemisphere from each animal was used
for these studies, and the other hemisphere was used for
additional experiments (Tanigawa and Fujita, 1997; Tanigawa et al., 1998a,b; Wang et al., 1998). All animal care
and experimental procedures, in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (1996),
were approved by the animal experiment committee of
Osaka University.

Tissue preparation
Animals were sedated with ketamine hydrochloride
(2.4 –3.8 mg/kg, i.m.) and then anesthetized with an overdose (60 mg/kg, i.v.) of sodium pentobarbital. After injection of 1,000 IU heparin into the exposed heart, the descending aorta was clamped. Monkeys were perfused
transcardially with 1 liter 0.1 M phosphate-buffered saline (PBS; pH 7.4), followed by 2 liters of a mixture of 4%
paraformaldehyde, 0.2% picric acid, 0.1% glutaraldehyde
in 0.1 M phosphate buffer (PB; pH 7.4) and then by 2 liters
4% paraformaldehyde in 0.1 M PB for 30 – 40 minutes. In
two cases, the fixative contained 4% paraformaldehyde
only. No differences in staining patterns were observed
using the two perfusion protocols. After perfusion, the
brains were removed from the skull, photographed, cut
into blocks, postfixed in 4% paraformaldehyde fixative for
3– 4 hours at 4°C, and immersed in a graded series (10%,
20%, 30%) of sucrose solutions in PB to facilitate cryoprotection and clearance of fixatives. All brains were then cut
at 40 m on a freezing microtome. To facilitate a comparison of the different cortical areas, six hemispheres were
cut in a plane parallel to the superior temporal sulcus,
such that a single section included both all major neocortical areas within the ventral pathway (i.e., V1, V2, V4,
TEO, and TE) and the medial limbic structures, such as
the perirhinal (PR) and entorhinal cortices (EC) and the
hippocampal formation (Fig. 1). Coronal sections through
the medial temporal lobe were made through two hemispheres to obtain a better view of the border between TE
and PR. The opercular surface of V1 from the two remaining monkeys was flattened by pressing the samples
against aluminum foil-covered dry ice. Tangential sections
through V1 were prepared to analyze the relation of
GluR2/3 immunoreactivity with CO-rich blobs.

Histological procedures
All sections were kept in serial order in 0.1 M PBS (pH
7.4). Every twelfth section (i.e., 480 m interval) makes up
a series; adjacent series of sections were separately processed for GluR2/3 immunohistochemistry, Nissl staining
with cresyl violet, and CO histochemistry (Wong-Riley,
1979). The remaining sections were processed for immunohistochemical reactions for other GluRs and additional
markers for parallel studies, including parvalbumin and
␥-aminobutyric acid (GABA). For GluR2/3 immunohistochemistry, floating sections were incubated first in 0.3%
H2O2 in 0.1 M PBS for 20 minutes to block endogenous
peroxidase activity, then in 5% normal goat serum (NGS)
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with 5% bovine serum albumin (BSA; Sigma, St. Louis,
MO) in 0.1 M PBS for 1 hour at room temperature to block
nonspecific binding. A commercially available rabbit antiserum (Upstate Biotechnology Inc., Lake Placid, NY) specific for a 21-residue synthetic peptide (KQNFATYKEGYNVYGIESVKI) corresponding to the C-terminus of rat
GluR2 (with the additional of lysine at the N-terminus)
was used as a primary antibody. This polyclonal antibody
recognizes both the GluR2 and the GluR3 subunits (Craig
et al., 1993; Martin et al., 1993a,b). Sections were incubated in diluted anti-GluR2/3 antiserum (0.5 g/ml diluted in 0.1 M PBS containing 3% NGS and 2% BSA) with
gentle agitation for 36 – 48 hours at 4°C. After three
washes in PBS, sections were incubated for 2–3 hours in
secondary antibody [biotinylated goat anti-rabbit IgG
(H ⫹ L); Vector Laboratories, Burlingame, CA] diluted
1:200 in 0.1 M PBS containing 3% NGS and 2% BSA at
room temperature. After rinsing with PBS, sections were
processed for 1 hour with the avidin-biotin-peroxidase
method using an ABC standard kit (Vector Laboratories).
The peroxidase reaction product was visualized by incubation in 0.05% 3,3⬘-diaminobenzidine tetrahydrochloride
(DAB; Sigma) with 0.01% H2O2 in 0.1 M PBS. The sections
were then mounted on gelatin-coated slides, air dried,
cleared in Hemo-De (Fischer Scientific, Chicago, IL), and
coverslipped in Entellan (Merck, Darmstadt, Germany).
The reaction products of a population of sections were
intensified by adding 0.02% ammonium nickel sulfate to
the DAB solution. As a control, the primary antibody was
omitted from the reaction solution for a few sections per
animal; no immunoreactive signal was produced under
these circumstances.
All sections were examined under a light microscope
(Eclipse E800; Nikon, Tokyo, Japan) equipped with brightfield illumination. Section images were captured digitally at
4⫻ or 10⫻ magnification using a 3CCD color video camera
(DXC-950; Sony, Tokyo, Japan). Images of sections captured
at high magnification were assembled into montages by using an image-analysis system (MCID; Imaging Research).

Fig. 1. Overall distribution of GluR2/3 immunoreactivity along the
ventral visual pathway and in the medial limbic structures. A: Lateral
view of a macaque left cerebral cortex. B: GluR2/3-immunostained
section taken at the plane indicated by a straight line in A. The
staining intensity exhibits an anteroposterior gradient. amt, Anterior
middle temporal sulcus; io, inferior occipital sulcus; lu, lunate sulcus;
pmt, posterior middle temporal sulcus; st, superior temporal sulcus;
EC, entorhinal cortex; HIP, hippocampus; PR, perirhinal cortex; TEa,
TEp, TEO, anterior and posterior parts of area TE and area TEO of
the inferior temporal cortex; V1, V2, V4, visual cortical areas V1, V2,
and V4. Scale bar ⫽ 10 mm.

RESULTS
The distribution pattern of GluR2/3 immunoreactivity
was similar in both M. fuscata and M. fascicularis. The
results obtained for the two species will be described together. All the figures contain results obtained using materials from M. fuscata.

Overall staining pattern
The overall distribution of GluR2/3 expression along the
ventral visual pathway and in the medial temporal lobe can
be observed in a single section, parallel to the superior temporal sulcus and cutting through the occipital and temporal
cortices (Fig. 1). In these sections, the entire structure of the
hippocampus was stained intensely. The gray matter of the
neocortical and rhinal cortical areas was also immunoreactive for GluR2/3, at weaker levels than those seen for the
hippocampus. Within the neocortical and rhinal cortical areas, the EC was most densely stained, followed by the PR,
which was in turn stained more densely than the lateral and
posterior neocortical regions, including the anterior and posterior TE, TEO, and V4 –V1. This increase in GluR2/3 immunoreactivity observed toward the anterior part of the
brain was consistent throughout all animals examined (n ⫽
6). In the neocortical areas, staining in the middle layer was

weaker than in the upper and lower layers; the middle portion of the gray matter appeared as a light band. This weakly
immunoreactive band was either a part (in area V1) or the
whole of layer IV (in the other cortices: V2, V4, TEO, TE) and
layer V (in V2–TEO, but not in TE and PR; see below). This
study focuses on areas of the ventral visual pathway (V1–V4,
TEO, TE) and area 36 of the PR, to which TE projects.

Cellular localization
GluR2/3 was expressed primarily in neuronal somata,
the proximal portion of the dendrites, and to a less extent
neuropil. Most GluR2/3-ir neurons were identified as pyramidal cells from their somatic and dendritic morphology
(Figs. 2A, 7). Labeled pyramidal cells differed in size between the layers and areas, exhibiting light, moderate, or
strong GluR2/3 immunoreactivity. In layer IVB of V1,
large, stellate cells were intensively immunoreactive for
GluR2/3 (Fig. 2B). In layer VI throughout the regions
examined, the irregularly shaped GluR2/3-ir cells were
identified as asymmetric pyramidal or fusiform cells (Fig.
2C). The predominant cellular localization of GluR2/3 immunoreactivity to pyramidal cells was consistent with
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Fig. 2. Cellular localization of GluR2/3 immunoreactivity. A: GluR2/3-ir pyramidal cells with intensely stained somata and proximal
dendrites regions in layer III of V4. B: GluR2/3-ir large stellate cells in layer IVB of V1. C: GluR2/3-ir fusiform and pyramidal cells in layer VI
of V1. Scale bars ⫽ 50 m.

Fig. 3. Blob-like distribution pattern of GluR2/3 immunoreactivity in layer III of V1. A,B: A pair of adjacent tangential sections through
layer III of V1, stained with either CO (A) or anti-GluR2/3 antiserum (B). GluR2/3 immunoreactivity was not evenly distributed throughout
this layer; strongly labeled cells formed clusters. These clusters were in register with CO blobs in the adjacent section. C: High-magnification
microphotograph from B. GluR2/3-ir clusters contained intensely stained GluR2/3-ir cells. Neuropil exhibited stronger staining than interblob
regions. Asterisks indicate the corresponding radial blood vessels in each of the sections. Scale bars ⫽ 500 m.

previous studies using similar antibodies in rats, cats,
monkeys, and humans (Martin et al., 1993a,b; Vickers et
al., 1993; Gutierrez-Igarza et al., 1996; Kohama and Urbanski, 1997; González-Albo et al., 2001), although the
identification of neurons by morphological type is not completely reliable in immunohistochemical materials. In
fact, a small population of GABAergic interneurons expresses GluR2/3 in the monkey prefrontal cortex (Vickers
et al., 1993) and the human temporal lobe (Brodmann’s
area 21; González-Albo et al., 2001).

Regional distribution
Primary visual cortex (area V1). GluR2/3 immunoreactivity in layers II and III of V1 was not uniform in a
tangential direction; strongly labeled neurons formed
clusters. GluR2/3-ir cell clusters of similar size and con-

figuration were distributed regularly with a center-tocenter interval of approximately 500 m in a tangential
direction. We identified this structure in a pair of adjacent
tangential sections through layer III by processing with
CO histochemistry (Fig. 3A) and GluR2/3 immunohistochemistry (Fig. 3B). The strongly GluR2/3-ir neuron clusters were distributed in register with CO-rich blobs. The
staining intensity of neuropil was also stronger within the
clusters than in the external regions (Fig. 3C). Although
CO-rich blobs were identified in both layers II and III (Fig.
4A), GluR2/3-ir cell clusters were also located in layers II
and III, but centered on layer III (Figs. 4B, 7A). Both
inside and outside the clusters of strongly GluR2/3-ir cells,
lightly stained neurons existed in layers II and III. Most of
these cells were recognizable as pyramidal cells from the
morphology of the soma and apical dendrites.
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Fig. 4. Laminar distribution of GluR2/3 expression in V1. A and B are adjacent sections cut perpendicular to the pial surface. A: CO stained
section. B: GluR2/3-immunostained section. Clusters of GluR2/3-ir pyramidal cells (asterisks) are regularly distributed throughout layers II
and III. Upper layer II, layer IVB, and layer VI also demonstrated strong immunoreactivity for GluR2/3. GluR2/3-ir cells in layer IVB and layer
VI also formed weak clusters. Scale bars ⫽ 200 m.

In transverse sections, three densely stained laminar
bands were observed at the upper, middle, and bottom
parts of the gray matter, corresponding to upper layer II,
layer IVB, and layer VI, respectively (Fig. 4). The upper
band, residing at the junction of layers I and II, consisted
of moderately stained, densely packed, small cells. These
cells were round, without observable dendrites. The
densely stained band in layer IVB consisted of both moderately stained pyramidal cells and darkly stained, large
stellate cells. Tangential sections through this layer demonstrated that these stellate cells also formed clusters
(Fig. 2B). Within a 40-m-thick section, each cluster contained three to eight stellate cells. The layer VI band,
containing moderately to strongly stained pyramidal cells,
was characterized by heterogeneous darkly stained cells
ranging in morphology from vertical and horizontal fusiform cells to smaller, asymmetric pyramidal cells (Fig.
2C). These three regions, upper layer II, layer IVB, and
layer VI, also exhibited strong neuropil staining. In contrast, layers IVA, IVC, and V contained few GluR2/3-ir
neurons, with weaker neuropil staining than was seen in
the other layers.
Area V2. At the border between V1 and V2, the sudden appearance of large and heavily GluR2/3-ir pyramidal
cells in layer III and the lack of GluR2/3 labeling in layer
IV in V2 demarcated the two areas sharply (Fig. 5). The
cells and neuropil of layer VI were stained moderately,
whereas only small numbers of cells were even lightly
stained in layer V. Layers I and IV were devoid of labeled
neurons, with a light neuropil staining (Figs. 6B, 7B). As
in V1, GluR2/3-ir V2 neurons in layers II and III were not
evenly distributed along a tangential direction; strongly
labeled regions alternated with lightly labeled ones. The
strongly stained regions contained clusters of large,
darkly labeled GluR2/3-ir cells (Fig. 6B). These clusters
extended from layer II through layer III. Large pyramidal
cells within the lower part of layer III were stained most
intensely. The tangential extent of each cluster in V2,
unlike that of V1, was variable (from 200 m to 1 mm).

Some clusters were close to each other, whereas others
were farther apart. Beneath the strongly labeled regions
of layers II and III, GluR2/3 immunoreactivity in layer VI
was also slightly stronger than in the neighboring regions.
When we examined immediately adjacent sections for CO
staining, the GluR2/3-ir cell clusters in layers II and III in
V2 were also in register with corresponding CO-rich regions (Fig. 6A,B) that represent the thick and thin COrich stripes (Tootell et al., 1983; Wong-Riley and Carroll,
1984). The correlation of GluR2/3-ir cell clusters and COrich thick and thin stripes was observed across consecutive sections in all animals.
Area V4 and inferior temporal cortex. The GluR2/
3-ir cells in areas V4, TEO, and TE had a laminar distribution similar to that in V2, with the labeling of both
supragranular and infragranular layers and the lack of
labeled cells in layers I and IV (Fig. 7C–E). Positive cells
were distributed evenly tangentially within the layers of
these areas. No GluR2/3-ir cell clusters similar to those
observed in areas V1 and V2 were identified. The lower
tier of layer III stained most densely, containing large,
darkly stained pyramidal cells with long apical dendrites.
Layer II and the upper portion of layer III were moderately to strongly stained, possessing a greater density of
smaller cells than the lower portion of layer III. Layer VI
contained smaller immunoreactive cells, most of which
were reduced in staining intensity from the layer II and
III neurons. The three areas exhibited notable differences
in labeling of layer V cells; V4 contained few labeled cells
in layer V (Fig. 7C), whereas GluR2/3-ir layer V cells
appeared in area TEO (Fig. 7D). This layer of area TE,
however, contained many strongly GluR2/3-ir neurons
(Fig. 7E).
The staining intensity of both the supragranular and
the infragranular layers increased gradually from V1
through area TE. In a set of photographs taken of a single
section and processed with identical imaging procedures,
the intensity of staining in layer II/III increased from V 1
through TE (Fig. 7). Labeled layer V neurons appeared in
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stained large pyramidal cells in layer V is greater in area
36 than in TE. In Nissl-stained materials, however, these
differences are often subtle and not easily discernible.
Whereas area 36 of the PR contained GluR2/3-ir cells in
layers II, III, V, and VI, as in area TE (Fig. 7), two aspects
of GluR2/3 immunoreactivity differentiated these areas.
In TE, staining intensity of the supragranular layer was
stronger than that of the infragranular layer, whereas the
staining intensity of both somata and neuropil was comparable between the supragranular and infragranular
layers in area 36 of the PR (Fig. 7E,F). In addition,
GluR2/3 immunoreactivity in area 36 of the PR was
marked by an increase in darkly stained large GluR2/3-ir
neurons in layer V compared with those in TE, with both
the supragranular and the infragranular layers appearing
darker in the PR than in area TE (Fig. 8).

DISCUSSION
By using immunohistochemical methods, we localized
cells and neuropil expressing GluR2/3 in visual cortical
areas along the occipitotemporal pathway of the monkey.
This study examined specific laminar, compartmental,
and regional distribution patterns of GluR2/3-ir cells and
neuropil. We identified differences in GluR2/3 immunoreactivity among the areas in laminar distribution and intensity, an anterior-posterior gradient of GluR2/3 immunoreactivity in the cortical areas, a differential
distribution of GluR2/3 expression in CO-rich and COpoor compartments in V1 and V2, and a clear border
between area TE and area 36 of the PR defined by differences in GluR2/3 immunoreactivity.

Different distribution patterns of GluR2/3
immunoreactivity among ventral
visual areas

Fig. 5. Pattern of GluR2/3 expression at the boundary of V1 and
V2. A: Section stained with cresyl violet. B: GluR2/3-immnostained
section adjacent to the section showin in A. The appearance of a
distinct population of GluR2/3-ir pyramidal neurons in layer III and
the absence of staining in layer IV in area V2 sharply demarcate the
border between V1 and V2. Arrowheads mark the position of the
border. Asterisks indicate the same blood vessel in each of the two
sections. Scale bars ⫽ 200 m.

areas TEO and TE; their number and staining intensity
increased further in area 36 of the PR. These changes
occurred in a gradual fashion, with no sharp border
present between neighboring areas, except at the borders
of V1 and V2 (Fig. 5) and TE and PR (see below).
PR. The PR contains area 36 and area 35. Area 36 of
the PR is located immediately medially to area TE. We
distinguished, in Nissl-stained sections (Fig. 8B), area TE
from area 36 of the PR by criteria similar to those of
Suzuki and Amaral (1994a,b). Layers V and VI of area TE
are separated, but this distinction is less clear in area 36.
Layer II cells are smaller in area TE than in area 36, with
the darkly stained layer II cells forming clumps in area 36
but not in area TE. In addition, the proportion of darkly

In their examination of the distribution of various
GluRs in the monkey medial temporal regions, Kohama
and Urbanski (1997) reported that the distribution of
GluR2/3 is more homogenous throughout the hippocampus, EC, temporal cortex, and basal ganglia areas than
the distribution of GluR1. It can still be seen in their
immunohistochemical images that GluR2/3 immunostaining is densest in the hippocampus, with moderate reactivity in the EC and PR and weaker staining in the temporal
neocortex. By sectioning parallel to the superior temporal
sulcus, we have extended our observations to earlier
stages of the visual pathway. We identified a rostrocaudal
gradient of GluR2/3 immunoreactivity throughout the
neocortical areas in the ventral visual pathway. These
changes in staining intensity do not result from simple
differences in cell density among the different cortical
areas nor sectioning artifacts, such as uneven thickness or
reaction efficiency. In actuality, the cell density of V1 is
twice that of the other areas (O’Kusky and Colonnier,
1982; Peters, 1987), despite stronger GluR2/3 immunoreactivity in the anterior areas. The staining patterns of
additional antibodies, examined in adjacent sections from
the same animal, showed distinct distribution patterns,
demonstrating the specificity of GluR2/3 staining; parvalbumin immunoreactivity, for example, was highest in V1
and gradually decreased anteriorly along the ventral
pathway, as has been previously reported (Kondo et al.,
1994). In addition, the staining intensity in supragranular
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Fig. 6. Uneven distribution of GluR2/3 immunoreactivity in area V2. A and B are adjacent sections cut perpendicular to the pial surface.
A: CO-stained section. B: GluR2/3-immunostained section. Strong GluR2/3 immunoreactivity was observed in layers II, III, and VI. In layer
II/III, intensely immunoreactive regions alternated with lightly stained regions. The distance between these areas was irregular. A comparison
of A and B indicates that intensely stained GluR2/3-ir regions corresponded to CO-rich regions. Black asterisks indicate the corresponding
location of CO-rich and GluR2/3-immunoreactive regions. White asterisks indicate the corresponding blood vessels in each of the two sections.
Scale bars ⫽ 500 m.

and infragranular layers did not change in a parallel
manner. The supragranular layer possessed a higher intensity of staining than the infragranular layer in areas
V2 to TE, whereas, in the PR, the staining intensity in the
supragranular and infragranular layers was comparable.
These observations indicate that the pattern of staining
reflects a gradient of GluR2/3 immunoreactivity throughout the occipitotemporal visual pathway.
GluR2/3 immunoreactivity demarcated the border between area V1 and V2. Because of the substantial differences in the V1 and V2 laminar structures, the V1/V2
border can easily be identified in Nissl- and CO-stained
sections. There is also a difference in immunoreactivity to
neurofilaments and parvalbumin between the two areas
(Hof and Morrison, 1995; DeFelipe et al., 1999; Goodchild
and Martin, 1998; our unpublished observations). GluR2/3
can thus be added to the list of neurochemicals possessing
distinct laminar and cellular distributions throughout V1
and V2.
It should be pointed out here that we adopt the widely
used nomenclature of V1 cortical layers proposed by Brodmann (1909) for macaque monkeys in order to follow the
majority of reports on V1 and avoid confusion. However,
layer IVA/B of Brodmann has been suggested to belong to
subdivisions of layer III, insofar as it contains many pyramidal neurons projecting to target cortical areas in both
the ipsilateral and the contralateral hemispheres (Casa-

grande and Kaas, 1994; Elston and Rosa, 1998). The
present results showing that layers IVA and IVB, but not
IVC, contained GluR2/3-ir neurons suggest that the distribution of GluR2/3-ir neurons in supragranular and
granular layers would show a qualitatively similar pattern in all areas examined, if layer IVC was considered to
be the “true” layer IV. The present results thus add support to the alternative nomenclature of the V1 layers
(Hassler, 1966).
Area TE of the inferior temporal cortex of macaque
monkeys, residing near the end of the ventral visual pathway, is critical for visual processing related to object recognition. Area TE provides a major input for the PR. The
PR, part of the medial temporal lobe belonging to the

Fig. 7. Comparison of laminar and cellular localization of GluR2/3
expression among V1 (A), V2 (B), V4 (C), area TEO (D), area TE (E),
and area 36 of the PR (F). Photographs were taken of various parts of
a single section and processed with exactly identical imaging procedures. In all areas, layers II, III, and VI are labeled. Layer IV lacked
staining in all areas except for V1. Layer V cells also stained positively
for GluR2/3 within area TE and PR; PR demonstrates significantly
stronger staining than TE. From V1 to TE, the staining intensity of the
supragranular layers was of higher intensity than that of the infragranular layers, whereas in F the staining intensities of supragranular and
infragranular layers are comparable. Scale bars ⫽ 200 m.

Figure 7
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limbic system, is critically involved in visual recognition
memory (Squire and Zola-Morgan, 1991; Miyashita, 1994;
Suzuki, 1996). Difficulties in determining the exact border
between the two areas have made interpretation of the
results of some previous behavioral and anatomical studies unclear. Only recently have the differential contributions of area TE and the PR to visual perception and the
formation of memory been experimentally demonstrated
(Buffalo et al., 1999). Conflicting reports on the nature of
the connection between the unimodal visual area TE and
the hippocampus (Yukie and Iwai, 1988; Suzuki and Amaral, 1990) may result from discrepancies in the definitions
of the border between area TE and the PR. In our sections,
the PR was distinguished from TE by increased immunoreactivity in all the labeled layers, with a marked increase
in the number of heavily stained, large layer V neurons.
This characteristic makes it possible to distinguish the
TE/PR border more clearly and may provide a valuable aid
for the performance of consistent physiological, anatomical, and behavioral studies.
Regional specialization at cellular and molecular levels
can provide a neurochemical basis for the distribution of
visual function. GluR2/3-ir cells may be related to specific
physiological attributes, such as synaptic plasticity (cf.
Murayama et al., 1997). It is unlikely, however, that such
properties can be specified by GluR2/3 expression alone.
Additional neurochemicals have distinct distribution patterns throughout different cortical regions, including calbindin D-28 expressed in pyramidal cells (Kondo et al.,
1994), and phosphorylation substrates of protein kinase C
(Nelson et al., 1987). Metabolic GluR2/3-ir neuropil staining (Tanigawa et al., 1998a) also gradually increases from
posterior to anterior areas.

Correlation with CO-rich compartments in
V1 and V2
Many neurons within the CO-rich blobs of V1 tune to
low spatial frequencies and exhibit poor orientation and
good spectral sensitivities; those outside CO-rich blobs
prefer high spatial frequencies and are selective to orientation but respond to a broadband spectrum (Livingstone
and Hubel, 1984; Ts’o and Gilbert, 1988; Silverman et al.,
1989; Born and Tootell, 1991). CO-rich thick and thin
stripes and CO-poor (pale) stripes in V2, containing different proportions of cells with various visual response
properties, receive distinct inputs from different layers or
CO compartments in V1 (Tootell et al., 1983; DeYoe and
Van Essen, 1985; Shipp and Zeki, 1985). In addition to
these anatomical and physiological characteristics, the
chemical nature of these regions, defined by CO histochemistry, also differs in both V1 and V2. In squirrel
monkeys, a neurochemically specific subpopulation of calbindin D-28-expressing GABA neurons is distributed in a
pattern similar to that of CO-rich blobs in layers II and III
of V1 (Celio et al., 1986). The staining pattern of Cat-301,
a monoclonal antibody recognizing subpopulations of pyramidal and nonpyramidal neurons, is in register with
CO-rich blobs in V1 and CO-rich stripes in area V2 (Hendry et al., 1988; DeYoe et al., 1990). The colocalization of
GluR2/3-ir pyramidal cell clusters in layers II and III with
CO-rich compartments in V1 and V2 indicates that glutamatergic transmission mechanisms differ between COrich and CO-poor compartments in both V1 and V2. We
did not observe heterogeneity in GluR2/3 immunoreactivity across the cortex in V4, TEO, and TE.

Fig. 8. GluR2/3 immunoreactivity in the ventral part of the inferior temporal cortex. GluR2/3-immunostained (A) and Nissl-stained
(B) sections are demarcated by the rectangle in C. Arrowheads indicate the border between area TE and area 36 of the PR. The staining
intensity of both supragranular and infragranular layers of the PR is
stronger than that of TE. Note also the marked increase of darkly
stained, large GluR2/3-ir neurons in layer V of area 36. rh, Rhinal
sulcus. See Figure 1 legend for other abbreviations. Scale bar ⫽ 500
m for A,B.

Our results differ from the report of Carder (1997) in
both the cellular and the laminar localization of GluR2/3
expression. At the cellular level, GluR2/3 was observed in
a predominant neuropil staining, whereas we discovered a
major pyramidal somatic staining in all areas examined.
The cellular location of GluR2/3 immunoreactivity in our
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study, however, is in accordance with additional studies
using similar antibodies in various animals (Martin et al.,
1993a,b; Vickers et al., 1993; Ginsberg et al., 1995; Kohama and Urbanski, 1997). Carder (1997) reported dense
staining in layers IVA, IVC, and VI within area V1 at the
laminar distribution level, with modest staining in layers
II/III, IVB, and V, suggesting that the layers innervated
by afferents from the lateral geniculate nucleus are rich in
GluR2/3. In the present study, however, layers II/III, IVB,
and VI were stained intensely. In addition, layers IVA and
IVC, the major geniculate recipient layers, were devoid of
staining. Although we both observed a patch-like distribution of GluR2/3 immunoreactivity in layer II /III of area
V1 coinciding with CO-rich blobs, the cellular observations differed greatly. We compared the experimental procedures in Carder’s (1997) and our studies, but could not
find any major methodological difference. Carder used M.
fascicularis, and we used mostly M. fuscata. However, we
confirmed that the two species exhibited identical staining
patterns. The two studies used similar histological procedures and antibodies raised against the same peptide
sequence (albeit from different companies, Chemicon in
Carder’s study and Upstate Biotechnology in ours). Thus,
the explanation for the discrepancies remains unclear.

Functional implication of differential
distribution of GluR2/3
Recent studies suggest that selective changes in expression of certain glutamate receptor subunits may contribute to the pathophysiological processes of brain disorders,
such as ischemia, epilepsy, and neurodegenerative disease. Excessive receptor stimulation induces excitotoxic
neuronal cell death, caused by abnormal influx of Ca2⫹
through glutamate receptors (Choi, 1988; McDonald, et
al., 1998). GluR2 is suspected to serve as a “molecular
switch” determining the permeability of Ca2⫹ through
AMPA receptors (Boulter et al., 1990; Hollmann et al.,
1991). Thus, GluR2 influences neuronal vulnerability to
these pathogenic processes (Pellegrini-Giampietro et al.,
1997). In transient forebrain ischemia induced in rats,
GluR2 gene expression is reduced in CA1 area. In addition, mRNAs for the GluR2 and GluR3 subunits are downregulated in the CA3 and CA4 regions of the hippocampus
of rats subjected to kainate-induced epileptogenesis
(Pellegrini-Giampietro et al., 1992, 1997; Friedman et al.,
1994). GluR2/3 immunoreactivity is also decreased in the
EC of patients with Alzheimer’s disease (Armstrong et al.,
1994). The initial pathologic changes in Alzheimer’s disease begin in the limbic system: Neurofibrillary tangles
first appear in the EC and then progress to other limbic
structures, finally spreading to neocortical areas in a celland layer-specific manner (Braak and Braak, 1991). Although the limbic system, including PR, EC, hippocampus, and amygdala, is highly susceptible to the development of temporal lobe epilepsy, the primary visual area is
rarely affected (Schwabe et al., 2000; Stoop and Pralong.,
2000). Higher levels of expression of GluR2/3 in the limbic
system and the lowest level of expression in V1 may explain the different vulnerabilities of different cortical areas to epilepsy or Alzheimer’s disease.
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