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A monoclonal antibody (4F5) was generated against a por-
tion of the putative extracellular domain of glutamate recep-
tor subunit GluR5. Western blot analyses and immunocyto-
chemistry of transfected human embryonic kidney 293 cells
confirmed that monoclonal antibody 4F5 was specific for
GIuR5, -6, and -7 (the three identified members of the kainate
receptor subunit class), but did not recognize GluR1, -2, or
-3 (the AMPA /kainate receptor subunit class). The antibody
was subsequently used to examine immunocytochemically
the regional, laminar, and cellular distribution of GIluR5/6/7
receptor subunits at the light and electron microscopic levels
in monkey neocortex.

Receptor subunit immunoreactivity was present through-
out all cortical areas examined, but exhibited marked cel-
lular, laminar, and regional specificity. Typically, pyramidal
cell somata and apical dendrites were well stained. Electron
microscopy revealed an extensive cytoplasmic localization
of GluR5/6/7 immunoprecipitate, with intense staining of many
postsynaptic densities, all of which were associated with
asymmetric synapses located on dendritic shafts or den-
dritic spines. There was no evidence of stained glial cells
or presynaptic axon terminals. In most areas, labeled cells
and dendrites were concentrated in layers Il, lll, and V while
layers |, IV, and VI typically possessed the fewest and/or
least intensely stained elements. A consistent feature in
many areas was groups of clustered layer V pyramidal cells
and bundles of ascending apical dendrites. Regionally, mo-
tor areas and higher-order association areas of the frontal,
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parietal, and occipital lobes were more densely stained than
primary sensory areas (somatic sensory and visual cortex),
which was confirmed quantitatively. These data indicate a
high degree of selectivity in the distribution of kainate re-
ceptors composed of GIuR5/6/7 subunits, and suggest that
functional specificity and diversity in the ubiquitous excit-
atory amino acid-utilizing axonal systems in neocortex are
achieved in part by the differential association of particular
glutamate receptor subunits with specific cortical circuits.
In addition, the regional, laminar, and morphological char-
acteristics of GIuR5/6/7-immunoreactive neurons bear a
strong similarity to those of the neocortical neurons with
heightened vulnerability in certain neurodegenerative dis-
orders.

[Key words: excitatory synaptic transmission, excitatory
amino acid receptors, cortical circuitry, primate, immuno-
cytochemistry, electron microscopy]

Cerebral cortical function is critically dependent on fast, excit-
atory neurotransmission, which is thought to be mediated pri-
marily by the amino acid neurotransmitters glutamate (Glu) and
aspartate (Asp) (Streit, 1984). A large number of diverse studies
have firmly established the excitatory nature of both thalamo-
cortical relay neurons, the principal route through which sensory
information is conveyed to the cerebral cortex, and the majority
of intrinsic cortical neurons, which include pyramidal neurons
and nonpyramidal spiny stellate neurons. For example, each of
these cell populations is immunoreactive for Glu and/or Asp
(Ottersen and Storm-Mathisen, 1984; Conti et al., 1987; De-
Felipe et al., 1988; Giuffrida and Rustioni, 1989; Montero, 1990;
Dori et al., 1992), selectively incorporates and retrogradely
transports D->H-aspartate (Baughman and Gilbert, 1981; Man-
zoni et al., 1986; Barbaresi et al., 1987; Kisvarday et al., 1989;
Johnson and Burkhalter, 1992), furnishes axon terminals whose
synaptic contacts are of the asymmetrical variety (LeVay, 1973;
Saint Marie and Peters, 1985) and therefore presumably excit-
atory (Gray, 1969), and, when physiologically stimulated, in-
duces EPSPs in target neurons (Mayer and Westbrook, 1987).
The excitatory synaptic activity conveyed by these and other
neuronal populations has been implicated in the normal pat-
terning of connections that arise during development (Shatz,
1990), in certain forms of memory and learning (Collingridge
and Singer, 1990), in the etiology of some neuropathological
diseases (Meldrum and Garthwaite, 1991), and in the estab-
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lishment and maintenance of normal receptive field properties
of cortical neurons (Tsumoto, 1990).

The diversity in the effects generated by excitatory amino acid
neurotransmitters arises in part from the existence of multiple
subtypes of glutamate receptors, which can be broadly segre-
gated into metabotropic receptors that are G-protein linked and
ionotropic receptors that form cation-selective channels. Phar-
macologically, ionotropic receptors can be further classified by
selective agonists into NMDA, 3-hydroxy-5-methylisoxazole-
4-propionate (AMPA), kainate, and 2-amino-4-phosphonobu-
tyric acid (AP4) subtypes. Recently, molecular cloning studies
have identified multiple glutamate receptor subunits that are
thought to comprise the non-NMDA ionotropic glutamate re-
ceptors. Four of these subunits, GluR1-GluR4 (or GluRA-
GIluRD), share a high sequence identity distinct from other non-
NMDA receptor subunits and appear to represent the major
AMPA receptor subunits (Hollmann et al., 1989; Boulter et al.,
1990; Keinanen et al., 1990; Nakanishi et al., 1990; Sommer et
al., 1990; Sun et al., 1992). A second family of cloned non-
NMDA receptor subunits has been identified whose members,
GIuR5-GluR7, may represent a family of high-affinity kainate
receptor subunits (Bettler et al., 1990; Egebjerg et al., 1991;
Bettler et al., 1992; Sommer et al., 1992). A third family of
closely related genes encodes proteins that also appear to bind
3H-kainate with affinities characteristic of high-affinity kainate
binding sites (Gregor et al., 1989; Wada et al., 1989; Werner et
al., 1991; Herbet al., 1992; Sakimura et al., 1992). Such kainate-
binding proteins, termed KA1 and KA2, are incapable of form-
ing homomeric ion channels when expressed in oocytes, but in
heteromeric assemblies can form ligand-gated ion channels.
These and other data suggest that non-NMDA ionotropic re-
ceptors may be differentially constructed from multiple receptor
subunits, although the relationship between actual functional
glutamate receptors or receptor complexes found in vivo and the
precise combinations of receptor subunits that assemble to form
them remains to be determined. Nevertheless, details of the
localization and distribution of the individual glutamate recep-
tor subunits in the brain represent an important step toward
unraveling the precise complement of particular receptor sub-
units present in identified neural circuits (see Vickers et al.,
1993). In addition, non-NMDA ionotropic glutamate receptors
can flux Ca?* with a magnitude that appears to depend on the
subunit composition (reviewed in Gasic and Heinemann, 1992),
which has profound implications for the classes of cells poten-
tially vulnerable to neuroexcitotoxicity and some neurode-
generative diseases (Choi, 1988). To date, most studies have
focused on the distribution of the mRNAs encoding AMPA-
selective subunits (Bettler et al., 1990; Boulter et al., 1990; Kein-
anen et al., 1990; Pellegrini-Giampietro et al., 1991) or those
encoding kainate-selective subunits (Bettler et al., 1990, 1992;
Egebjerg et al., 1991; Sommer et al., 1992) in rat brains, which
precludes any knowledge of the cellular localization of the sub-
unit proteins and the morphology of the labeled cells. Recently,
however, immunocytochemistry using subunit-specific antibod-
ies has been used for localizing at a greater resolution some of
the AMPA-selective subunit proteins in rat brains (Rogers et
al., 1991; Wenthold et al., 1992). However, nothing is known
about the cellular distribution of the kainate-selective subunit
proteins, and no studies to date have examined the distribution
of any glutamate receptor subunit in primate cortex. We report
here the characterization of a monoclonal antibody (mAb) against
kainate-selective subunits GluR5/6/7 and describe the light and

electron microscopic immunocytochemical localization of these
subunits in monkey cortex.

Materials and Methods

Bacterial overproduction and antibody production. The trpE bacterial
overexpression system (Dieckmann and Tzagoloff, 1985) was used to
obtain GluRS antigen for antibody production. A BglII-Smal fragment
of the GluR5 cDNA (nucleotides 990-1889; Bettler et al., 1990) was
shuttle cloned into the BamH I-Hinc?2 sites of vector pUC18. This frag-
ment was then removed using Smal and Hind3 for subcloning into the
pATH2 expression vector at the same restriction enzyme sites. Protein
from GluR1 (long construct), GluR2, and GluR3 was the same as pre-
viously described (Rogers et al., 1991). The portion of GluR6 used for
overproduction was from the Pstl site at the codon for amino acid 200
to the BamH 1 site at the codon for amino acid 376. Antigen production,
enrichment, and purification by SDS-PAGE fractionation were done
exactly as described previously (Rogers et at., 1991, 1992).

Soluble fusion proteins were prepared by dissolving enriched antigen
into freshly prepared 8 M urea (10 ml per gram of protein) at room
temperature for 1 hr. The solution was clarified by centrifugation and
the supernatant diluted 1:10 by the slow addition of a solution consisting
of 50 mMm KCl and 50 mm NaCl (pH 10.5). After an additional hour of
stirring at room temperature, the solution was brought to pH 8 with 1
N HCl and repeatedly dialyzed against 10 mm NaCl in 10 mm sodium
phosphate buffer (pH 7.2) at 4°C. The concentration of soluble protein
was then measured by the method of Lowry (Lowry et al., 1951; Bio-
Rad).

Monoclonal antibodies were produced by immunizing 6-8-week-old
BALB/c mice with polyacrylamide gel strips emulsified in Complete
Freund’s Adjuvant in the foot pads and intraperitoneally. The animals
were boosted after 3 weeks with gel strips emulsified in Incomplete
Freund’s Adjuvant. Boosts were repeated two additional times at monthly
intervals. Serum antibody titers were checked by Western blotting (de-
scribed below) and the animal with the highest titer was selected for
fusion. Ten million SP2/0 BALB/c myeloma cells were mixed with 100
x 10¢ spleen cells and fused by the dropwise addition of PEG 4000
using a standard technique. Colonies were visible 12 d later and su-
pernatants were removed and analyzed for the presence of specific an-
tibodies by radioimmunoassay. Falcon microtest III plates were coated
with 2.5 ug/ml of fusion protein or trpE overnight at 4°C. Undiluted
supernatants (50 ul) were added to each plate, incubated 2 hr, and
washed carefully, and 50,000 cpm '*’I-labeled rat anti-mouse kappa
light chain antibody was added to each well. After a 2 hr incubation,
the wells were washed, the plates were cut up, and radioactivity was
determined in a gamma counter. Hybridomas producing antibody that
bound only to the fusion protein were retested and, if positive, cloned
by limiting dilution. Clones producing the desired antibody (antibody
4F5) were injected into pristane-primed BALB/c mice and the ascitic
fluid was collected and used in subsequent experiments.

Brain dissection and fractionation. Young Fisher rats were killed, and
the brains were immediately removed from the cranium, stored in ice-
cold dissection buffer (50 mm Tris-acetate, pH 7.4; 10% sucrose; 5 mm
EDTA) containing a freshly added protease inhibitor cocktail of 1 mm
phenylmethylsulfonyl fluoride, 20 pg/ml benzamidine, and 20 ug/ml
iodoacetamide prior to dissection as described previously (Rogers et al.,
1991). Brain regions examined included the cortex, hippocampus, and
cerebellum. For monkey brain (Macaca fascicularis), postmortem tissue
was removed from the hippocampus, cerebellum, and several areas of
the neocortex and frozen immediately on dry ice. These samples were
then placed in dissection buffer and processed as described for rat brain
tissue.

Western blot analysis. Proteins that were fractionated using SDS-
PAGE were transferred overnight at 4°C to nitrocellulose (pH 7.9, 0.1
wm pore size, Schleicher and Schuell) using a Hoeffer TE-635 tank transfer
system containing freshly prepared transfer buffer (10 mm MOPS; 4 mm
sodium acetate, pH 7.5; 20% ethanol; 0.1% SDS) as described previously
(Rogers et al., 1991). The blots were blocked with Blotto (3% nonfat
dry milk in PBS) and then exposed to primary antibody (1:10 4F5
hybridoma media, Blotto) overnight at 4°C. The blots were then washed
in Blotto, transferred to Blotto containing 1:1000 goat anti-mouse IgG
+ IgM alkaline phosphatase—coupled secondary antibody (Jackson
ImmunoResearch) for 1 hr at room temperature, washed with devel-
oping buffer (50 mm sodium carbonate, 2 mm magnesium sulfate, pH
9.5), and then developed in developing buffer containing 1 mg/ml ni-



troblue tetrazolium and 0.5 mg/ml BPTI (bovine pancreatic trypsin
inhibitor). Development was stopped with PBS/1 mm EDTA.

Cell transfection and immunocytochemistry. Immunocytochemistry
of 293 cells (human adenovirus-transformed primary kidney cells, ATCC
CRL 1573) transfected with either GluR1, GluR2, GluR3, GluRé, or
GluR7, respectively, were used to evaluate subunit specificity of mono-
clonal antibody (mAb) 4F5. Full-length cDNAs encoding the above
subunits were subcloned into cytomegalovirus (CMV)-driven expres-
sion vectors. Kidney 293 cells were subcultured onto coverslips in six-
well culture dishes (Corning) at a density of approximately 104 cells/
well and grown for 24 hr in Dulbecco’s modified Eagle’s medium with
10% fetal calf serum in a humidified atmosphere containing 5% CO, at
37°C. These cells were then transfected overnight with 5 ug of cesium-
banded plasmid DNA per well using the calcium phosphate method
(Chen and Okayama, 1987). The culture media were changed the fol-
lowing morning. Cells were fixed 24-48 hr later for 30 min at 37°C by
adding an equal volume of 4% freshly prepared paraformaldehyde (Elec-
tron Microscopy Sciences) in 0.2 M cacodylate buffer. The fixative was
removed and cells were blocked and permeabilized as described pre-
viously (Rogers et al., 1992) except that goat anti-mouse IgG + IgM
coupled to horseradish peroxidase (Jackson ImmunoResearch) was used
as the detection system.

Animals used for immunocytochemistry. The brains from 10 adult
cynomolgus monkeys (Macaca fascicularisy weighing between 2.5 and
4 kg were used for immunocytochemistry of tissue sections in this and
a related study (Vickers et al., 1993). For each cortical region examined,
a minimum of seven brains were used for analysis. The care and treat-
ment of all animals was in accordance with institutional and NIH guide-
lines. All animals were deeply anesthetized with ketamine (25 mg/kg)
and Nembutal (30 mg/kg) and perfused transcardially initially with cold
1% paraformaldehyde for 60 sec followed by cold 4% paraformaldehyde
for 8-10 min. Aldehyde solutions were prepared with 0.1 M phosphate-
buffered saline (PBS; pH 7.4). Brains were immediately removed and
blocked.

Tissue preparation and immunocytochemistry: light microscopy. Blocks
of tissue for light microscopic immunocytochemistry were postfixed in
4% paraformaldehyde for an additional 6 hr before cyroprotection in a
graded series of sucrose solutions (12%, 16%, and 18% in 0.1 M phos-
phate buffer) and subsequent freezing in dry ice. In some cases, blocks
containing motor or anterior cingulate cortex were flattened prior to
freezing. Sections were processed in one of two ways. A series of frozen,
40-um-thick sections was cut on a sliding microtome into cold PBS
containing 0.3% Triton X-100 and 5% nonfat milk powder. After in-
cubation for 2 hr, sections were transferred to an identical solution that
contained, in addition, the primary antibody 4F5 diluted 1:1000. After
a 48-72 hr incubation at 4°C, sections were processed by the avidin—
biotin—peroxidase method using Vectastain ABC kits (Vector Labs, Inc.),
reacted with 3,3’-diaminobenzidine tetrahydrochloride (DAB) and 0.01%
hydrogen peroxide, mounted, and coverslipped. A second, alternative
series of 40-um-thick sections was first incubated in 10% dimethyl sulf-
oxide (diluted with PBS) and then refrozen by suspension in
2-methylbutane whose temperature was equilibrated with that of liquid
nitrogen. Sections were then thawed in PBS, incubated in primary an-
tibody solution for 48 hr, and processed for immunocytochemistry in
the exact manner described above. This second procedure was done to
possibly enhance antibody penetration. However, the appearance of the
immunocytochemical staining was similar between the two tissue pro-
cessing conditions. All subsequent data analysis was performed on tissue
processed in either manner.

Tissue preparation and immunocytochemistry: electron microscopy.
Blocks of tissue were postfixed for 6 hr in 4% paraformaldehyde in PBS.
Sections 80 um thick were then cut on a Vibratome, incubated in pri-
mary antibody solution for 72 hr, and processed for immunocytochem-
istry as described in the first tissue processing procedure above, without
the additional freeze—thaw step. After the reaction with DAB, sections
were postfixed for 1 hr in 1% osmium tetroxide. Sections were then
dehydrated in ethanols followed by immersion in acetone, infiltrated
with Araldite resin, flat embedded, and polymerized at 58°C for 2448
hr (DeFelipe and Fairén, 1992). Sections were cut at 50-70 nm, collected
on 300-mesh grids, and viewed unstained on a Hitachi 7000 electron
microscope.

Immunocytochemical controls. Control procedures consisted of pro-
cessing tissue sections immunocytochemically as described except for
the omission of the primary antibody 4FS5, which resulted in no specific
staining. In addition, the specificity of mAb 4F5 was tested by pread-

The Journal of Neuroscience, July 1993, 13(7) 2967

sorption of the antibody with an excess of purified GluR1, GluR2,
GluR3, or GluRS5 peptides. Immunocytochemistry was then carried out
on tissue sections exactly as described above. The pattern of immu-
nostaining following blocking with GluR 1, -2, and -3 was identical to
the pattern found using unblocked mAb 4FS5. Blocking with GluR5
resulted in no specific staining (these data not shown).

Data analysis. Sections were viewed and photographed under con-
ditions of normal bright-field optics and differential interference contrast
optics, which in some cases optimized the visualization of the finely
stained processes. Two types of analyses were performed on stained
sections using a Zeiss Axiophot photomicroscope equipped with a com-
puter-driven stage and a high-sensitivity CCD camera interfaced with
a DEC 3100 workstation and a Macintosh II microcomputer employing
custom morphometry software developed in the laboratory in collab-
oration with Scripps Research Institute. First, in the flattened sections
through cingulate and motor cortex, an estimation of the degree of
clustering of stained dendrites in layers IT and V cut in cross section
was provided by exporting and digitizing for analysis two adjacent mi-
croscope fields. In each case, the distribution of the stained dendrites
was subjected to a nearest neighbor analysis and the mean density was
determined, both using standard algorithms. Then, to determine the
degree of clustering of stained dendrites, the mean nearest neighbor data
(m) were used to assess the relative degree of randomness with which
the stained dendrites were distributed by relating m to the mean density
(D) by the formula r = 2/D(m) (Morrison et al., 1984). By this rela-
tionship, r reflects the randomness of the distribution. If r = 1, the
distribution is considered random; » > 1 suggests a nonrandom distri-
bution, while r < 1 suggests a clustered distribution. In the second type
of quantitative analysis, the density of immunolabeled somata within
400-pm-wide traverses from pia mater to white matter was determined
for three of the cortical areas examined [areas 9, 17 (V1), and 18 (V2)].
Stained somata were counted and density determined from five separate
traverses for each area from three monkeys. For each area examined,
the data were pooled across the three monkeys following a one-way
analysis of variance (ANOVA) that indicated no statistical differences
between values; the mean densities of the areas were then compared
and statistical significance assigned following a second ANOVA and a
series of paired Student’s ¢ tests.

The delineation of cortical areas was based primarily on the nomen-
clature of Brodmann (1905) and Walker (1940), and was determined
by comparison with a series of sections adjacent to those used for im-
munocytochemistry that was stained with thionin.

Results

Specificity of mAb 4F5

mADb 4F5 was prepared to a portion of the putative extracellular
domain of GluR5 receptor subunit protein (amino acids 233—
518) using the trpE bacterial expression system as described
previously (Rogers et al., 1991). For Western blot analysis, fu-
sion proteins corresponding to the overlapping regions of the
closely related GluR 1 (long form, amino acids 185-521), GluR2
(amino acids 175-430), GluR3 (amino acids 245-451), GluR5
(amino acids 233-518), and the putative cytoplasmic domain
of GluR1 (amino acids 658-889) were prepared exactly as de-
scribed previously (Rogers et al., 1991; see Bettler et al., 1992,
for amino acid numbering). mAb 4F5 showed strong immu-
noreactivity toward the GluRS fusion protein, but not fusion
proteins prepared from GluR 1, GluR2, or GluR3 (Fig. 14). In
addition, a fusion protein derived from a construct of GluR6
(amino acids 200-376, kindly provided by Jan Egebjerg, Salk
Institute) that only partially overlapped with the GluRS5 con-
struct was not detected by mAb 4F5 on Western blots (data not
shown).

Human embryonic kidney 293 cells were transiently trans-
fected with a CMV-based expression plasmid containing cDNAs
encoding either full-length GluR1, GluR2, GluR3, GluRé6, or
GluR7, respectively. GluR4 and GluRS were not included be-
cause of a lack of a form of the cDNA that produces functional
receptors when transfected into Xenopus oocytes or cultured
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Figure 1. mAb 4F5 subunit specific-
ity. A, Fusion proteins encoding the pu-
tative cytoplasmic portion of GluR1,
and overlapping portions of the puta-
tive extracellular domains of GluRIL
(GluR 1, long construct), GluR 2, GluR3,
and GluR 5 were size fractionated using
SDS-PAGE and then transferred to ni-
trocellulose as described in Materials
and Methods. The Western blot on the
left shows total immunoreactivity using
a rabbit anti-trpE polyclonal antibody
(see Materials and Methods). An equiv-
alent blot on the right exhibits immu-
noreactivity revealed using mAb 4F5.
Proteins that are lower molecular weight
than the fusion protein result from deg-
radation during preparation. Molecular
weights are indicated and are based upon
the prestained molecular weight mark-
ers obtained from Bio-Rad. B, Immu-
nocytochemical analysis with mAB 4F5
of human embryonic kidney cells trans-
fected with CMV-based expression
plasmid containing either GluRI,
GluR2, GluR3, GluR6, or GluR7 (see
Materials and Methods). A nontrans-
fected set of cells served as the control.
Immunoreactivity was visualized em-
ploying a goat anti-mouse [gG + IgM
antibody coupled to horseradish per-
oxidase. Only cells transfected with
GluR6 or GluR7 exhibit immunoreac-
tivity, and examples are indicated with
arrowheads. Scale: 2 cm = 50 pm.

cells (Boulter et al., 1990; Bettler et al., 1992). One to two days
later, the transfected cells were fixed and permeabilized with
Triton X-100, and immunoreactivity to either mAb 4F5 (Fig.
1 B) or rabbit anti-GluR1 polyclonal serum 5011 (not shown;
Rogers et al., 1991) was visualized. mAb 4F5 immunoreactivity
was observed in kidney 293 cells transfected with GluR6 or
GluR7, but not in kidney 293 cells transfected with GluRI,
GluR2, GluR3, or nontransfected cells (Fig. 1B). In the same
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&
=
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GluR2 . #

transfection, immunoreactivity to rabbit polyclonal antibody
5011 was observed only in cells transfected with GIuR1 (data
not shown; T. Hughes, K. Cauley, and S. W. Rogers, unpub-
lished observations).

mAb 4F5 was used to identify the immunoreactive species
in crude membrane preparations of primate CNS tissue using
Western blot analysis (data not shown). In monkey tissue, a
band of molecular weight 110 kDa was observed that was en-



riched in the cerebral cortex, but was also present in cerebellum
and hippocampus. In addition, a doublet of high molecular
weight was also observed in each of the three areas, although
the detection of these larger bands was inconsistent between
preparations. Previous studies using antisera directed against
GluR1 (Rogers et al., 1992) and other GluR species (Wenthold
et al., 1992) have also described an inconsistent, high-molec-
ular-weight band in rat cortex.

Light microscopic localization of GIUR5/6/7 subunit
immunoreactivity in monkey neocortex

General characteristics

Immunocytochemistry using mAb 4F5 revealed GIuR5/6/7
subunit immunoreactivity present throughout all cortical areas
examined, which included anterior cingulate cortex (area 24),
areas of the prefrontal cortex (areas 46, 9, 12, and 11), motor
cortex (areas 4 and 6), first somatic sensory cortex (SI; areas 3a,
3b, 1, and 2), superior parietal lobule [areas 5 (V1) and 7 (V2)],
and primary and secondary visual cortex (areas 17 and 18). The
laminar and cellular distribution and density of the receptor
subunit immunoreactivity, however, varied substantially across
cortical areas (detailed below). Generally, in all regions, pyra-
midal cells appeared to represent the majority of all immuno-
reactive cells based on the common presence of prominent,
labeled apical dendrites emanating from stained somata (see
Figs. 2-6). Usually, a few basilar dendritic processes could be
visualized, although this was more variable than the presence
of labeled apical dendrites (see Figs. 24, 3-6). A minority of
immunolabeled cells, mostly present in superficial layers, pos-
sessed only stained somata and therefore could not be identified
definitively as pyramidal or nonpyramidal (e.g., Fig. 3; see Vick-
ers et al.,, 1993). In general, the staining intensity of somata
varied. Some were very intensely stained, others were more
lightly stained (e.g., Fig. 3). In light microscopic material, im-
munoreactivity typically appeared to be present throughout the
cytoplasm and often appeared to rim the nuclear membrane
(single arrow, Fig. 2B). In some cases, immunoreactivity often
appeared punctate, particularly on segments of proximal den-
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Figure 2. Bright-field photomicro-
graphs showing the cellular staining
pattern of GluR5/6/7 immunoreactiv-
ity in 40-um-thick sections through area
4 (A) and area 46 (inset, A)and ina 3
um plastic-embedded section through
area 24 (B). Pyramidal cell somata and
apical dendrites were well stained;
proximal basilar dendrites were stained
in some cases (4). Immunoreactivity
lined the nuclear membrane (single ar-
row, B) and often appeared punctate
(double arrows in A and B) or, along
apical dendrites, perforated with un-
stained areas (inser, A). Scale bar, 40
JITL.

drites or on the somata (double arrows, Fig. 24, B). The punctate
reaction product was often interspersed with regions lightly and
relatively homogeneously stained, but in some cases, particu-
larly on apical dendrites, puncta were present on otherwise im-
munonegative portions (inset, Fig. 24). Neuroglial cells did not
appear labeled in the cortical gray matter or in the underlying
white matter.

Regional staining pattern

Anterior cingulate cortex. Anterior cingulate cortex (area 24)
was densely immunoreactive and possessed immunolabeled so-
mata and fibers in all cell-dense layers (Fig. 34). Staining in
layer I was much lower overall. The overall staining pattern,
however, was characterized by two main features: the presence
of a concentrated band of immunoreactive cells corresponding
to layer II through the upper half of layer III, and the presence
of multiple, vertically oriented, thick, immunoreactive fibers
that spanned most of the width of the cortex from layer VI
through the upper half of layer III (Fig. 34). The majority of
the immunolabeled cells in superficial layers possessed somata
and proximal apical dendrites that were more intensely im-
munoreactive in comparison with more lightly stained cell so-
mata present in deeper layers (Fig. 34). In some cases, such
deeply situated cells could be seen giving rise to an apical den-
drite that became more intensely immunoreactive in compar-
ison with their parent cell soma. Such apical dendrites often
coalesced with other intensely stained fibers, forming bundles
of ascending dendrites (arrows, Fig. 34) that tended to dissipate
upon reaching the superficial band of cells in layer III. In other
cases, the parent cell somata of the ascending fibers were not
detectable. A more detailed tangential analysis of the distribu-
tion of the ascending dendrites was performed and is described
below.

Prefrontal cortex. In area 46, the overall density of immu-
noreactivity appeared less than that described for anterior cin-
gulate (compare Fig. 34,B). Stained somata were distributed
throughout layers I1, I11, and V, with more lightly stained somata
present in layer VI and occasionally in layers IV and I (Fig. 3B).
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Figure 3. Differential interference
contrast photomicrographs showing the
laminar distribution, density, and pat-
tern of GluR5/6/7 subunit immuno-
reactivity in anterior cingulate (4) and
area 46 (B). In both areas, bundles of
ascending fibers were present (straight
single arrows). In area 46, such bundles
appeared to originate primarily from
clusters of layer V cells (curved arrow,
B) and were limited to layers IV and
the deep half of III (double arrows, B).
Scale bar, 100 pgm.




Very few stained fibers were present in layer I. In most cases,
each stained soma gave rise to a stained segment of proximal
apical dendrite that could be followed for short distances, but
usually never into layer I (Fig. 3B). In layer V, larger, intensely
stained pyramidal cells were often grouped in clusters of three
to five (curved arrow, Fig. 3B), and were interspersed with more
lightly stained, evenly distributed cell somata. Arising from the
clustered layer V cells were discrete bundles of darkly stained
apical dendrites that ascended superficially through the lower
half of layer III (single straight arrows, Fig. 3B), at which point
the immunoreactivity decreased or appeared to cease altogether
(double arrows, Fig. 3B). Between the darkly stained dendritic
bundles and present in other layers were more lightly stained
segments of fibers, mostly oriented perpendicular to the pial
surface. In general, very few basilar dendritic processes were
stained (Fig. 3B).

The overall density of stained somata in dorsomedial pre-
frontal cortex (area 9) appeared qualitatively greater than that
in area 46 (compare Figs. 3B, 44, B). Inmunoreactive cells were
present in all layers, but were concentrated in a broad band
corresponding to layers II and III (Fig. 44). As in other areas,
each stained soma in superficial layers usually gave off a prom-
inent apical dendrite that could be followed for short distances
but the labeled portion usually never appeared to ascend into
layer I. In layer V, two to five larger, more intensely stained
pyramidal cells were clustered and gave rise to prominent bun-
dles of ascending dendrites that spanned layers I'V and the deeper
half of layer III (Fig. 4B). In layer VI, labeled cells and fibers
were lightly stained and evenly distributed.

Throughout ventrolateral and orbitofrontal cortex, the den-
sity, laminar distribution, and pattern of GluR5/6/7 subunit
immunoreactivity were similar to that already described for area
46 (data not shown).

Motor cortex. The primary motor cortex (area 4) possessed
immunoreactive somata and fibers in all layers, although stained
somata were concentrated in superficial layers (Fig. 4C) and
there were only very thin, sparse fibers in layer I. In addition,
a major feature was the presence of large, intensely stained cells
in layer V (Fig. 4D,E). Such large cells often were clustered into
groups of three to five (Fig. 4D; arrows, Fig. 4F), but could also
be found singly. Typically, each gave off an equally intensely
stained apical dendrite, which in some cases could be followed
for several hundred micrometers into overlying layers and often
coalesced with other ascending dendrites to form a bundle. These
fiber bundles were analyzed in tangential sections, which is de-
scribed below. Many smaller pyramidal cells—some lightly
stained and others more intensely stained —were found inter-
spersed between the large cell clusters and in other layers. Short
lengths of basilar dendrites were also occasionally observed (Figs.
24, 4D). In addition, segments of radially oriented, thick fibers
were also present in the middle layers, but could not be traced
back to parent cell somata. The staining pattern in the adjacent
premotor area (area 6) was largely similar to that described in
area 4 (data not shown).

FParietal cortex. There were no apparent differences in the
pattern of immunostaining across the four areas that comprise
SI; thus, they are described together. The overall density of
immunostaining in SI appeared qualitatively lower than in mo-
tor or prefrontal cortex (Fig. 54,B). Few immunoreactive cells
were present in layer I. Layers IT and III possessed lightly labeled,
evenly distributed cells (Fig. 54, B), many of which gave rise to
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a stained apical dendrite that could be followed to the border
of layers I/I1, but usually never into layer I. Occasional, more
intensely stained cells were present in the deeper half of layer
III (Fig. 5B). There were few stained cells in layer IV; those
present were mostly lightly stained (Fig. 54,B). The most dis-
tinguishing feature of receptor immunoreactivity in SI was the
presence in layer V of regularly spaced clusters of several, darkly
stained, large pyramidal cells (Fig. 54; arrows, Fig. 5B), many
of which gave off an intensely stained apical dendrite that co-
alesced with other dendrites forming a bundle that traversed
radially through layer IV and into the lower half of layer III
(Fig. 54). In layer VI, only very lightly stained cells were present
and no darkly stained fibers either singly or in bundles were
evident (Fig. 5B).

In areas 5 and 7, the basic laminar distribution of GluR5/6/
7 immunoreactivity was similar to that described for SI (Fig.
5C,D). However, the density and intensity of stained somata,
particularly in layers II and II1, appeared qualitatively greater
than in SI (Fig. 5C). In addition, the conspicuous cell clusters
described for layer V of SI were not as apparent in cortex of the
superior parietal lobule (Fig. 5D). Instead, intensely stained cells
were more evenly distributed.

Occipital cortex. Visual area V1 was the most lightly stained
area of all regions examined. The majority of labeled cells were
present in layers II and the superficial half of layer III (Fig. 64).
Scattered, lightly immunoreactive somata were present in layer
IVB, and occasional, more intensely labeled cell somata were
present in layer IVC. Layers V and VI possessed lightly labeled
cell somata, with an occasional, relatively large, more intensely
labeled cell at the layer V/VI border (arrow, Fig. 64). In contrast
to other areas described, the immunoreactivity was mostly con-
fined to the somatic region, and only occasionally was a small
segment of stained proximal apical dendrite observed. There
were no prominent bundles of stained apical dendrites present
in V1 (Fig. 6A4).

In V2, the overall density of immunoreactive somata was
greater than in V1 (compare Fig. 64,B; see also below). The
majority of stained cells formed two bands that corresponded
to layer II and to the lower half of layer III (Fig. 6 B). Such cells
were fairly evenly distributed, and usually displayed only short
segments of apical dendritic staining. Layers IV, V, and VI
possessed fewer stained cells; occasional, well-stained, large py-
ramidal cells in layer V were observed (arrows, Fig. 6B). Such
cells usually displayed prominent basilar dendritic staining and
limited apical dendritic staining. No prominent bundles of as-
cending apical dendrites were observed.

Quantitative analysis of areal density

The density of immunolabeled somata was compared across
three cortical areas: prefrontal cortex (area 9), visual association
cortex (V2), and primary visual cortex (V1). All immunolabeled
somata, ranging from intensely to lightly stained, were counted.
Data from each area were collected from five 400-um-wide tra-
verses per animal extending from pia mater to white matter (see
Materials and Methods). Within areas, there were no statistical
differences between the densities of immunolabeled somata
across animals; thus, data were pooled across animals. A com-
parison of the mean densities between each area revealed sta-
tistically significant differences (Fig. 7). Among the three areas
examined, the density of immunolabeled somata in area 9 was
greatest, that of V2 intermediate, and that of V1 the lowest.



2972 Huntley et al. » Kainate Receptors in Monkey Neocortex

Figure 4. Differential interference
contrast photomicrographs through area
9 (A, B)and through area 4 (C—E) show-
ing laminar distribution, density, and
pattern of GluR5/6/7 immunoreactiv-
ity. Clusters of layer V cells were pres-
ent in area 4 (arrows, E), one of which
is shown at higher power in D. Scale
bars, 100 pm.

Tangential analysis of immunolabeled dendrites

Sections cut parallel to the pial surface from flattened blocks of
motor and anterior cingulate cortex were used to examine the
nature of the tangential distribution of immunolabeled dendrites
in layers II and V. No attempt was made to follow single den-
drites or groups of dendrites through successive layers by serially
reconstructing sections.

Many of the stained dendrites cut in cross section appeared

as intensely labeled dots of variable diameter (Fig. 8). Other cut
dendrites were more lightly labeled, and a fine meshwork of
lightly labeled, thin processes was observed that coursed in the
tangential plane of section. In layer II of cingulate cortex (Fig.
84), the darkly stained, cut dendrites appeared qualitatively to
be more diffusely distributed in comparison to the tangential
distribution of those in layer V, which appeared clustered into
groups of 3-12 (arrows, Fig. 8B), separated by larger regions in
which single, darkly stained dendrites and numerous, more lightly
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Figure 5. Differential interference contrast photomicrographs through area 3b (4, B) and through area 7 (C, D) showing laminar distribution,
density, and pattern of GluR5/6/7 immunoreactivity. In SI, clusters of pyramidal cells in layer V were present (arrows, B), one of which is shown

at higher power in 4. The density and intensity of immunoreactivity were greater in area 7, both in superficial layers (C) and in deeper layers (D),
in comparison with SI. Scale bars, 100 pm (bar in D is for 4, C, and D).

stained ones were present. The results of a cluster analysis of
the distribution of darkly stained dendrites in each of the two
layers (see Materials and Methods) confirmed the qualitative
observations. Dendrites in layer II were considered randomly
distributed (r = 1.09), while those in layer V were considered
clustered (r = 0.64). Each of the layer V clusters was separated
from the others by approximately 150 um.

The tangential distribution of dendrites in layers II and V of
motor cortex was similar to that described for cingulate cortex

(Fig. 8C,D). Dendrites were considered randomly distributed in
layer II (Fig. 8C; r = 1.08), and were clustered into groups of
3-12 in layer V (arrows, Fig. 8D; r = 0.59), each separated by
approximately 100 um.

Ultrastructural localization of GIuR5/6/7 subunit
immunoreactivity

Clumps of reaction product appeared diffusely distributed
throughout the cytoplasm of both cell somata and dendrites
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Figure 6. Differential interference contrast photomicrographs through areas 17 (4) and 18 (B). Staining was denser in area 18 than in area 17,
which had slightly higher background staining. Arrows (4, B) demarcate relatively larger, more intensely stained cells located at the layer V/VI

border in each area. Scale bar, 100 upm.

(Fig. 94), although many somata, dendritic shafts, and spines
were unlabeled (uns sp, Fig. 9B). In stained dendrites, reaction
product delineated the outer membranes of mitochondria and
often appeared associated with microtubules, in addition to the
diffuse dendritoplasmic distribution (ds, Fig. 94). No staining
of axons (ax, Fig. 94) or presynaptic axon terminals (pre, Fig.
9) was observed.

Intense immunocytochemical staining of postsynaptic den-
sities was frequently observed along the lengths of stained den-
drites (arrows, Fig. 9). The postsynaptic density labeling was
always associated with asymmetrical synapses and presynaptic
axon terminals filled with round vesicles (Fig. 9), and was fre-
quently observed on dendritic shafts (ds, Fig. 9.4) as well as on
dendritic spines. The immunocytochemical labeling at such
postsynaptic sites was significantly more intense than that of
neighboring nonsynaptic regions of the dendritoplasm. In ad-
dition, there were numerous unstained asymmetrical synapses
in any given field (asterisk, Fig. 9B). The synaptic clefts were
not stained (Fig. 9).

Discussion

In the present study, the regional, laminar, and cellular distri-
bution of kainate receptor class subunit immunoreactivity was
examined in monkey neocortex at the light and electron micro-

scopic levels following the generation and subsequent charac-
terization of an mAb directed against a fusion protein corre-
sponding to an N-terminal portion of the glutamate receptor
subunit GluR 5, and which recognized subunits GluR5/6/7. The
widely variable regional and laminar staining patterns in neo-
cortex suggest that kainate receptors or receptor complexes as-
sembled in part or wholly from GIluR 5, -6, or -7 subunits may
play a selective role in mediating the excitatory synaptic trans-
mission associated with particular functional circuits. The in-
terpretation of the results, however, depends on the specificity
of the mAb used.

Specificity of mAb 4F5

Both Western blot analyses and immunocytochemistry of trans-
fected cells were used in the present study to evaluate the spec-
ificity of mAb 4F5. The observation that mAb 4F5 did not
recognize the fusion protein derived from the GluR6 construct
on Western blots could suggest that mAb 4F5 does not react
with GluR6 receptor subunits. However, this is unlikely since
mAb 4F5 immunoreactivity was observed in cells transfected
with GluR6 or GluR7 receptor subunits. Since the GluR6 con-
struct only partially overlapped that of GluRS35, it is therefore
likely that the epitope recognized by mAb 4F5 resides in the
region of the GluR5 construct (corresponding to amino acids



379-518), which was not present in the GluR6 construct. Col-
lectively, the results from the Western blot analyses and from
immunocytochemistry of transfected cells are consistent with
the interpretation that mAb 4FS5 is specific for GluRS, -6, and
-7 (the three identified members of the kainate receptor subunit
class), but not for GluR1, -2, or -3 (the AMPA/kainate receptor
subunit class), since the antibody failed to recognize these latter
subunits on Western blots or in cells transfected with one of the
three AMPA receptor subunits. In situ hybridization studies of
rat brain have demonstrated very low levels of GluRS in neo-
cortex (Bettler et al., 1990); thus, it is likely that the labeling
revealed by mAB 4F5 in monkey cortex is primarily reflecting
the presence of GluR6 and GluR7 subunits.

Localization of kainate receptor subunit immunoreactivity

Cellular specificity. Immunoreactivity resulting from antibody
4F5 appeared restricted to neurons with little or no evidence of
neuroglial cell labeling in neocortex. Previous studies suggest,
however, that some glial cells possess kainate-sensitive channels
(Usowicz et al., 1989; Pruss et al., 1991), and, in the cerebellum,
studies have suggested that kainate-binding protein expression
is restricted to Bergmann glial cells (Somogyi et al., 1990). It is
possible that either cortical glial cells do not possess kainate
receptors or they possess ones assembled from other subunits.
Alternatively, the levels of GluR5/6/7 subunits in cortical glial
cells or unlabeled neurons were too low, thereby preventing
detection by immunocytochemistry.

A large number of the neurons possessing GluR5/6/7 im-
munoreactivity in all areas of neocortex examined appeared to
be pyramidal cells, although there were many smaller, labeled
somata found throughout the cortical layers that may represent
GABAergic interneurons. However, the more detailed double-
labeling immunocytochemical studies of Vickers et al. (1993)
have confirmed that subsets of GABAergic interneurons, iden-
tified by parvalbumin or calbindin immunoreactivity, only form
a small minority of GluR5/6/7-immunoreactive somata. The
data suggest that different functional classes of neurons exhibit
a remarkable degree of cellular specificity in the complement of
glutamate receptor subunits present, which may directly con-
tribute to the establishment of functional properties as well as
underlie differential cellular vulnerability to disease or toxicity.

Subcellular localization. At the subcellular level, the immu-
noprecipitate was mostly restricted to the somatic and dendritic
cytoplasm. The intracellular accumulation of reaction product
may represent epitope sites associated with various stages of
synthesis, transport, assembly, and degradation of receptor sub-
units, a possibility similar to that which has been proposed
previously following the immunocytochemical localization of
GABA ,/benzodiazepine receptors (Richards et al., 1987; Som-
ogyi et al., 1989), a kainate-binding protein (Somogyi et al.,
1990), and other AMPA-selective glutamate receptor subunits
(Petralia and Wenthold, 1992).

Kainate receptor-mediated fast synaptic transmission has been
attributed primarily to postsynaptically localized receptors (for
review, see Tsumoto, 1990). However, presynaptic kainate re-
ceptors have been described for certain populations of fibers,
including primary afferent C-fibers (Agrawal and Evans, 1986;
Evans et al., 1987), hippocampal mossy fibers (Represa et al.,
1987), and fibers in the cerebellum (Ferkany et al., 1982). Al-
though the precise subunit composition of such presynaptic re-
ceptors is unknown, GluRS subunits have been suggested to
represent a major component of the presynaptic kainate recep-
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Figure 7. Densities of stained somata from three areas (see Materials
and Methods for details). Numbers above each column indicate mean
densities and SEM. Asterisks indicate that the density of each area was
statistically different from the others (ANOVA, p < 0.001).

tors present on primary afferent C-fibers (Bettler et al., 1990;
Huettner, 1990; Sommer et al., 1992). In the present study, no
immunoreactivity was found localized to either axons or pre-
synaptic axon terminals, suggesting that in neocortex, GluR5/
6/7 subunits are present exclusively on postsynaptic cells. Al-
ternatively, presynaptic kainate receptors composed of other
subunits may exist in neocortex. However, deafferentation stud-
ies in rats suggest that kainate binding sites in striatum are also
located postsynaptically (Greenamyre and Young, 1989a);
therefore, presynaptic kainate receptors in general may be re-
stricted to certain regions or certain cell populations.

The localization of GluR5/6/7 subunit immunoreactivity to
postsynaptic densities was expected, considering the synaptic
specificity of excitatory connectivity (reviewed in White, 1989),
and is consistent with data from other studies suggesting that
functional kainate receptors are synaptically located. Cell frac-
tionation studies, for example, have shown that 3H-kainate
binding sites are enriched in synaptic membranes (Foster et al.,
1981), and physiological studies have suggested that non-NMDA
receptors are concentrated at synapses in cultured neurons from
cerebral cortex (Jones and Baughman, 1991) and hippocampus
(Bekkers and Stevens, 1989). Moreover, electron microscopic,
immunocytochemical studies have shown that immunoreactiv-
ity for a kainic acid-binding protein labels postsynaptic densities
in frog optic tectum (Dechesne et al., 1990), and similar studies
in rats have shown immunoreactivity for the AMPA-selective
glutamate receptor subunits GluR1, -2/3, and -4 localized in
part to postsynaptic densities in cortex and hippocampus (Black-
stone et al., 1992; Petralia and Wenthold, 1992). However, not
all postsynaptic densities associated with asymmetrical synapses
were immunolabeled with mAb 4F5. This could indicate that
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Figure 8. Bright-field photomicrographs of tangential sections taken through anterior cingulate (4, B) and area 4 (C, D). In each area, intensely
stained dendrites cut in cross section appear more evenly distributed in layer II (4, C) in comparison with layer V, in which clusters of intensely
stained dendrites were present (arrows, B, D). See Results for additional details. Scale bar, 100 um.

functional kainate receptors composed of GluR5/6/7 subunits
are selectively distributed at the cellular and synaptic levels.
Nevertheless, the ultrastructural and light microscopic data sug-
gest that there is an extensive cytoplasmic pool of kainate re-
ceptor class subunits in the soma and dendrites. Such a large,
local reservoir of receptor subunits might allow for dynamic
shifts in the synaptic distribution of kainate receptor class sub-
units without the necessity for increased synthesis or transport
over large distances. Local shifts in subunit distribution could
lead to changes in the composition of multiple receptor subunit
assemblies, functional properties, or relative strengths of subsets
of glutamatergic inputs to particular pyramidal neurons.

Functional implications of GIuR5/6/7 subunit distribution

A striking feature of the present results was the marked vari-
ability in density and distribution of GluR5/6/7 subunit im-
munoreactivity across layers and areas of monkey neocortex,
which can be summarized as follows: (1) most areas examined
possessed numerous stained somata and dendritic processes in
layers I, 111, and V; layers I, IV, and VI invariably possessed
the fewest and/or least intensely stained elements; (2) the pres-
ence of bundles of stained dendrites emanating from deeper
layers and ascending through more superficial layers, and group-
ings of intensely stained somata in layer V, were consistent
features in many areas; and (3) higher-order association areas
(prefrontal, cingulate, and unimodal sensory association areas
such as V2 and somatic sensory area 5) appeared more densely

stained than primary sensory areas V1 and SI, which was con-
firmed quantitatively for some areas. Although the precise role
of kainate receptors in conveying cortical excitatory synaptic
activity remains to be determined, previous pharmacological
and physiological approaches attempting to define such a role
have been hampered by a lack of antagonists selective cnough
to discriminate between kainate- and other non-NMDA recep-
tor-mediated responses (Watkins et al., 1991) and by a potential
multiplicity of sites to which *H-kainate may bind (Sommer
and Seeburg, 1992; see also below). The data described here,
however, provide anatomical evidence in primates that GluR5/
6/7 subunits exhibit a regional, laminar, and cellular specificity
that not only supports an important role for kainate receptors
in neocortical function, but also contributes to the evolving idea
that functional diversity in the ubiquitous excitatory amino acid-
utilizing axonal systems in neocortex may be achieved in part
by the differential association of particular glutamate receptor
subunits with specific cortical circuits.

Laminar organization of kainate receptors: relationship to pat-
terns of connectivity. The principal sources of excitatory amino
acid-based synaptic activity in the cerebral cortex arise from
axons and local axon collaterals of pyramidal neurons and axons
of extrinsic thalamic relay neurons (McCormick, 1992). Each
of these sets of fibers terminates in layer-specific patterns that
show some correlation with the laminar pattern of receptor
subunit immunostaining observed.

Layers II and III were among the most densely stained layers
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Figure 9. Electron photomicrographs of sections taken through area 9 showing some of the features of the ultrastructural distribution of GluR5/
6/7 immunoreactivity. 4, Immunoprecipitation was diffusely distributed throughout the cytoplasm of dendritic shafts (ds). No axons (ax) or
presynaptic axon terminals were labeled (pre, A, B). Arrows indicate an intensely stained postsynaptic density associated with an asymmetrical
synapse. B) Higher-power photomicrograph showing synaptic labeling. Intensely stained postsynaptic density (arrow) associated with an unlabeled
presynaptic terminal (pre) filled with round synaptic vesicles (sv). Asterisk indicates an unlabeled asymmetrical synapse onto a small, unstained

dendritic spine (uns sp). Scale bars: 4, 0.47 um; B, 0.26 pm.

in each of the areas examined. These are the primary, though
not exclusive, layers that furnish and receive the major corti-
cocortical and callosal projections (Innocenti, 1986; Jones, 1986).
In addition, many cortical areas possess intrinsic, horizontally
oriented axon collaterals whose main terminal ramifications are
in layers II/I1I and V (e.g., Huntley and Jones, 1991; Gilbert,
1992). Physiological studies support the role of non-NMDA
receptors in the generation of postsynaptic potentials following
the stimulation of intracortical pathways (Jones and Baughman,
1988; Shirokawa et al., 1989; Thomson, 1990; Kawaguchi, 1992),
although the relative contributions of the AMPA and kainate
receptor subtypes are not known. The dense GluR5/6/7 subunit
immunostaining in the superficial layers and in layer V suggests
that in monkey cortex, kainate receptors may mediate a large
share of the activity conveyed by corticocortical and callosal
axons and by local pyramidal cell axon collaterals.

The correspondence between receptor subunit staining and
thalamocortical projections is less clear. There was little staining
in the layers of V1 that receive the majority of geniculocortical
axon terminations, which correspond to layers I, IVA, IVC, and
VI (Hubel and Wiesel, 1972). By contrast, in regions such as
motor cortex and areas 1, 2, 5, and 7, the main thalamic ter-
minations are found predominately in layer III (Jones and Bur-
ton, 1976; Jones et al., 1979), which was rich in receptor subunit

immunoreactivity. In other regions, such as prefrontal cortex
and area 3, the terminations of thalamocortical axons coincide
in part with deep layer III (Jones et al., 1979; Giguere and
Goldman-Rakic, 1988), which in both areas was rich in receptor
subunit-stained somata and apical dendrites, and in part with
layer IV, in which few stained cell somata were present but in
which many labeled dendrites were present. These data suggest
that the role of GIuR5/6/7 subunits in thalamocortical infor-
mation processing may be regionally specific, and limited to a
discrete subpopulation of thalamorecipient cells.
Morphological studies indicate that many layer III neurons
possess basilar dendrites that descend into layer IV, and an
apical dendrite that reaches layer I (Feldman, 1984), making
such cells likely targets for receiving corticocortical and thalamic
connections in both granular and supragranular layers (Sloper
and Powell, 1979; Hendry and Jones, 1983). In our material,
however, most basilar dendrites of immunoreactive layer ITI
cells were not extensively stained and their ascending apical
dendrites, which appeared well stained in layers II and III, could
not be followed into layer I. In addition, in some areas the
stained dendritic bundles furnished by infragranular pyramidal
cells coincided precisely with layer IV and the deeper half of
layer III, but could not be followed more superficially. One
explanation for such a staining pattern may be that single cells
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in monkey cortex parcellate GluR5/6/7 subunits to coincide
selectively with the terminations of functionally distinct com-
ponents of corticocortical and thalamocortical projections that
are found in different layers, since studies have shown that the
activities of functionally distinct inputs impinging onto single
cells within an avian forebrain song nucleus are mediated by
different glutamate receptor subtypes (Mooney and Konishi,
1991). Corticocortical inputs to layer I of sensory cortex, for
example, are thought to comprise part of the so-called ““feed-
back™ projections and may differ functionally from ““feedfor-
ward” corticocortical projections that in general target middle
layers (Rockland and Pandya, 1979; Felleman and Van Essen,
1991). Likewise, in SI of monkeys, thalamocortical relay cells
whose axons terminate in layer I are calbindin immunopositive
and are likely to receive predominately spinothalamic termi-
nations while those whose axons target middle layers are mostly
parvalbumin immunopositive and receive primarily lemniscal
or principal trigeminal inputs (Rausell and Jones, 1991; Rausell
et al., 1992). It could also be possible that distal dendrites were
incompletely stained, since these tend to be of the smallest cal-
iber and therefore may possess too low a concentration of an-
tigen to be detected. In deeper layers, however, very small-
caliber immunoreactive dendrites were frequently observed.
Thus, although incomplete staining does not seem as likely an
explanation, further analysis with more sensitive techniques will
be required to determine this.

The laminar pattern of GIuR5/6/7 immunostaining differs
somewhat from the laminar pattern of *H-kainic acid binding
sites previously reported. Autoradiographic studies in the cortex
of rats, monkeys, and humans indicate that such binding sites
are present throughout the cortical layers, although the greatest
concentrations are found primarily in layers I and V/VI (Mon-
aghan and Cotman, 1982; Unnerstall and Wamsley, 1983;
Greenamyre et al., 1985; Cross et al., 1987; Jansen et al., 1989;
Albin et al., 1991). The discrepancy may reflect a potentially
larger selection of receptor sites to which *H-kainate may be
binding, since other kainate-binding proteins such as KA2, as
well as the AMPA-selective receptor subunits GluR 1-GluR4,
can also bind kainate and have a widespread distribution in rat
neocortex (Bettler et al., 1990, 1992; Boulter et al., 1990; Kein-
anen et al., 1990; Sommer et al., 1990; Pellegrini-Giampietro
et al., 1991; Herb et al., 1992; Petralia and Wenthold, 1992;
Sun et al., 1992).

Columnar organization of kainate receptors: dendritic bundles.
Dendritic bundles in many areas of cortex have been described
previously in histological studies of cortical cellular organization
(von Bonin and Mehler, 1971; Fleischhauer et al., 1972; Peters
and Walsh, 1972). It is not known, however, whether every
dendrite contributing to a bundle was stained, or whether only
a subpopulation of dendrites within a larger bundle was stained.
Furthermore, not all areas in monkey cortex that possess den-
dritic bundles contained ones identified by receptor subunit
immunostaining. For example, no stained bundles were ob-
served in area 17 of the kind described by immunostaining for
MAP2 (Peters and Sethares, 1991a,b).

From a functional standpoint, the aggregations of receptor
subunit-stained dendrites into discrete bundles may correspond
in part to targets of the discrete, focused aggregations of corti-
cocortical, callosal, and thalamocortical axon terminations that
form the basis for clusters of cells with common input/output
properties (reviewed in Jones, 1981). It has been suggested pre-
viously that dendritic bundles that emanate from clusters of

layer V pyramidal cells form the core of a set of larger pyramidal
cell modules that represent anatomically defined, functional units
in monkey visual cortex (Peters and Sethares, 1991b). The ob-
servations from the present study raise the possibility that in
some areas, similar modules may exist in which aggregates of
layer V cells share, in part, a common excitatory amino acid-
receptor profile, which may in turn underlie the similarity in
functional properties among groups of cells comprising func-
tional columns defined on physiological grounds (Mountcastle,
1957; Hubel and Wiesel, 1963).

Regional organization of kainate receptors: implications for
kainate receptor-mediated toxicity. The present results indicate
that GluR5/6/7 subunit immunoreactivity appears to be more
dense in higher-order association areas of the frontal and parietal
lobes in comparison to the primary sensory areas SI and V1.
These qualitative observations were confirmed quantitatively
by comparing the densities of stained somata in areas 9, V1,
and V2 (see Fig. 7). The data raise the possibility that the func-
tions of higher-order association areas may be particularly vul-
nerable to kainate receptor—mediated toxicity. For example, pa-
tients suffering from ingestion of domoic acid—a potent
glutamate analog that binds to GluRS with an affinity greater
than that of kainate (Sommer et al., 1992)—can display diffi-
culties in visuospatial memory tasks involving delayed recall
(Teitelbaum et al., 1990), a function attributed in part to areas
of the prefrontal cortex (Goldman-Rakic, 1987). Moreover, neu-
ropathological examination of the brains from such patients
(Teitelbaum et al., 1990) reveals marked cell death in a variety
of brain regions, including parts of the prefrontal cortex and in
the thalamic mediodorsal nucleus, which projects heavily to
prefrontal cortex (Giguere and Goldman-Rakic, 1988).

The dense GluR 5/6/7 subunit immunoreactivity in prefrontal
and other association areas may also indicate an involvement
of such subunits in other diseases thought to affect higher cortical
function, such as schizophrenia and Alzheimer’s disease (AD).
Dysfunctions in glutamatergic transmission, for example, have
been reported in the brains of schizophrenics (Deakin et al.,
1989), which may involve kainate receptors, since increases in
the number of *H-kainic acid binding sites have been described
in the prefrontal cortices of schizophrenic patients (Nishikawa
et al., 1983). In addition, the pyramidal cells within layers III
and V of association cortex that are likely to provide cortico-
cortical interconnections have been identified as particularly
vulnerable in AD (Pearson et al., 1985; Lewis et al., 1987; re-
viewed in Morrison et al., 1990). The morphological, laminar,
and regional characteristics of the GluR5/6/7-immunoreactive
neurons described correlate with those of the vulnerable neurons
in AD, raising the possibility that, in humans, a kainate re-
ceptor—-mediated excitotoxic mechanism might preferentially af-
fect the same population of pyramidal cells that have been im-
plicated in AD and other dementing illnesses. Kainate and AMPA
receptor activation can stimulate Ca?* influx (Murphy and Mil-
ler, 1989; Iino et al., 1990; Hollmann et al., 1991; Gasic and
Heinemann, 1992; Muller et al., 1992), which in turn may un-
derlie chronic neuroexcitotoxicity and degeneration (Coyle et
al., 1981; Koh et al., 1990). Despite a long-standing implication
of glutamate receptor-mediated excitotoxicity in ischemia (Choi,
1988) and in certain neurodegenerative diseases (Greenamyre
and Young, 1989b), it has been extremely difficult to incorporate
a given neuron’s glutamate receptor profile into a more com-
prehensive profile of the characteristics that might be causaily
linked to the vulnerability of a neuron or class of neurons in a



given disease. The production of glutamate receptor subunit or
subunit class-specific antisera has now made it possible to begin
the process of developing comprehensive glutamate receptor
profiles of identified neurons that can be linked to morphology,
connectivity, function, and vulnerability as well as lead to an
understanding of excitatory circuits that more accurately reflects
their functional complexity and heterogeneity.
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