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Excitatory amino acid transmission has been proposed as
the principal synaptic mechanism for distribution of infor-
mation through corticocortical and thalamocortical path-
ways. The following study utilized a double labeling para-
digm, using antibodies that recognize non-NMDA ionotropic
glutamate receptor subunits and other neuronal markers, to
further define, quantitatively, the subclasses of neurons that
contain immunoreactivity for the AMPA /kainate and kainate
receptor subunits in the monkey prefrontal cortex. Double
labeling with an antibody that recognizes common epitopes
in AMPA /kainate subunits GluR2 and GIuR3 (GluR2/3) in
combination with an antibody that recognizes the kainate
receptor subunits GluR5, GluR6, and GluR7 (GIuR5/6/7) dem-
onstrated that immunoreactivity for these two receptor
classes was highly colocalized in a great majority of the
pyramidal neurons in this region but present in only a minority
of neurochemically identified subclasses of GABAergic in-
terneurons. Furthermore, GluR2/3 immunoreactivity had
principally a somatic distribution whereas GluR5/6/7 labeling
was predominately found in the perikarya and/or particular
dendritic domains. In contrast, intense GluR1 labeling was
observed in a small subpopulation of interneurons and low
GluR1 immunoreactivity was present in many other cortical
neurons. These results demonstrate that there is a high de-
gree of specificity in the distribution of AMPA /kainate and
kainate receptor-class proteins to subclasses of neurons
within the neocortex. A neuron’s combination of excitatory
amino acid receptor subunits may regulate its response to
excitatory inputs and further defines the role of identified
subclasses of neurons in the complex circuitry of the ce-
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rebral cortex and may also indicate the basis for the apparent
cellular selectivity of excitotoxic degenerative processes.

[Key words: excitatory amino acids, glutamate, AMPA,
kainate, receptors, neurofilaments, calcium-binding pro-
teins, microtubule-associated proteins, primate, neocortex,
colocalization studies]

The excitatory amino acids (EAAs) serve as the major excitatory
neurotransmitters in the CNS (Barnes and Henley, 1992; Mc-
Cormick, 1992). Given the multiplicity of receptor subtypes that
have been described for glutamate, a particular neuron’s re-
sponse to this excitatory neurotransmitter will be determined
by the presence and organization of diverse receptor subunit
proteins. Whereas, in earlier studies, particular glutamate ago-
nists and antagonists were utilized for autoradiographic binding
and pharmacological investigations, the recent identification of
families of genes coding for ionotropic and metabotropic glu-
tamate receptor (GluR) subunit proteins allows for the direct
analytical localization of such receptor subunits in particular
subsets of the postsynaptic neurons.

Multiple proteins appear to comprise the family of non-NMDA
ionotropic GluRs. Cloning and functional expression studies
have so far demonstrated that there are four subunits (GluRs
1-4 or A-D) that are optimally sensitive to AMPA but also
respond to kainate (Hollman et al., 1989; Keininen et al., 1989;
Boulter et al., 1990; Nakanishi et al., 1990; Sommer et al., 1990)
and five subunits (GluRs 5-7, KAl and KA2) that represent
kainate-binding proteins that may form functional receptors in
various combinations (Bettler et al., 1990, 1992; Egebjerj et al.,
1991; Werner et al., 1991; Sommer and Seeburg, 1992; Sommer
et al., 1992).

The development of antibodies to these proteins made it pos-
sible to localize these subunits to particular neurons. For ex-
ample, Petralia and Wenthold (1992) have utilized single la-
beling immunohistochemistry to investigate which subsets of
cells in the rat CNS contain GluRs 1-4. We recently demon-
strated that immunoreactivity with an antibody that recognizes
a common epitope in GluRs 5-7 is also present in specific sub-
sets of cortical neurons and has a high degree of regional and
laminar selectivity in the monkey neocortex (Huntley et al.,
1993). Such regional and laminar patterns not only may reveal
important patterns of distribution that can be linked to partic-
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Table 1. Primary antibodies

Code Type Dilution Immunoreactivity Source

4F5 M IgM 1:500 GIluR5/6/7 J. H. Morrison, S. W. Rogers,
and S. F. Heinemann

Ab25 R IgG 1:100 GluR2/3 R. J. Wenthold

Ab9 R IgG 1:100 GluR1 R. J. Wenthold

HM-2 M IgG 1:500 MAP2 Sigma Immunochemicals

SMI32 M IgG 1:5000 NF proteins Sternberger Monoclonals, Inc.

300 M IgG 1:2000 Calbindin M. R. Celio

7696 R IgG 1:3000 Calretinin M. R. Celio

235 M IgG 1:2000 Parvalbumin M. R. Celio

9064 R IgG 1:2000 Parvalbumin M. R. Celio

M, Mouse; R, rabbit.

ular circuits and functions but also may be relevant to apparent
selective vulnerability in neurodegenerative disorders that in-
volve EAA excitotoxic mechanisms. The present study utilized
antibodies that recognize either GluR1, a common epitope in
GluR2 and GluR3 (GluR2/3), or a common epitope in GluRS,
GluR6, and GluR7 (GluR5/6/7) in combination with neuronal
markers for specific subsets of cortical neurons, such as the
cytoskeletal proteins MAP2 and the neurofilament (NF) triplet
for pyramidal cells, and the calcium-binding proteins calbindin,
calretinin, and parvalbumin for subclasses of GABAergic in-
terneurons, to determine which neuronal subclasses in the mon-
key prefrontal cortex contain these receptor proteins. These data
make it possible to integrate the pattern of GluR subunit dis-
tribution into a more comprehensive profile of the neurochem-
ical phenotype of neocortical neurons in the primate brain.

Materials and Methods

Animals and tissue processing. Tissue from a total of 10 cynomolgus
monkeys (Macaca fascicularis) was utilized for this study. All procedures
relating to the care and treatment of animals conformed to institutional
and NIH guidelines. Animals were anesthetized with ketamine hydro-
chloride (25 mg/kg, i.p.) and sodium pentobarbital (20 mg/kg, i.v.).
Following opening of the chest cavity, 2.0 ml of 1% sodium nitrite was
injected into the left ventricle, the descending aorta was clamped, and
the animal was perfused transcardially through the left ventricle for 30—
60 sec with ice-cold 1% paraformaldehyde [in a phosphate (100 mm)-
buffered saline (75 mm) solution] followed by cold 4% buffered para-
formaldehyde for 8-10 min. The brains were removed and postfixed in
cold 4% buffered paraformaldehyde for a total of 6 hr from the beginning
of the perfusion. The tissue was then cleared of fixative and cryopro-
tected through a series of graded sucrose solutions (12%, 16%, and 18%).
Coronal blocks of the frontal cortex were sectioned (40 um) on a cryostat.

Antibody characterization. Tables 1 and 2 present the primary and
secondary antibodies used in this study, respectively. The antibodies to
GluRs 1 and 2/3 used were polyclonal sera raised against synthetic
peptides corresponding to the C-terminus domains of these proteins
and have been characterized previously (Wenthold et al., 1990, 1992;

Petralia and Wenthold, 1992). The antibody to the GluR5/6/7 is a
mouse monoclonal antibody of the IgM type raised against a fusion
protein corresponding to the N-terminal domain of GluR5. Further
characterization by radioimmunoassay and Western blots, as well as
immunohistochemistry on kidney 293 cells transfected with various
GluR subunits, has demonstrated that this antibody recognizes a com-
mon epitope in GluR5, GluR6, and GluR7 (Huntley et al., 1993).

Immunohistochemistry. For optimal immunolocalization of receptor
subunits, tissue sections were treated for 1 hr in a 10% dimethy! sulfoxide
solution followed by an additional freeze-thawing with liquid nitrogen
(see Huntley et al., 1993). All antibodies were diluted in a phosphate-
buffered saline solution containing 0.3 % Triton and 5% nonfat milk
powder. Single labeling preparations for antibodies to GluR 1, GluR2/3,
and GluR5/6/7 were processed using species-specific Vectastain ABC
immunoperoxidase kits (Vector Labs, Burlingame, CA). For immuno-
fluorescence studies, all possible appropriate double labeling combi-
nations of primary (i.e., mouse IgG with mouse IgM, mouse IgG with
rabbit IgG, mouse IgM with Rabbit IgG) and secondary antibodies were
used. Control preparations consisted of the omission of either primary
antibodies or secondary antibodies at appropriate stages. The secondary
antibodies used for these combinations were free of undue cross-reac-
tivity at the dilutions used. Preparations were viewed with a Zeiss Axio-
phot fluorescence photomicroscope equipped with filter blocks for the
selective visualization of fluorescein isothiocyanate and Texas red, re-
spectively. Photographs were taken using Kodak TMAX 400 black-
and-white film rated at 1000 ASA.

Quantitative analysis. Quantitative analyses were performed on dou-
ble-labeled sections of the dorsolateral prefrontal cortex, medial to the
principal sulcus (Brodmann area 9) using the fluorescence photomicro-
scope equipped with an MSP 65 computer-driven stage, a high-sensi-
tivity CCD camera, and a DECstation 3100 computer with morphom-
etry software developed in our laboratory in collaboration with the
Scripps Research Institute (La Jolla, CA). Images were captured, using
the 40 x Neofluar objective, in series encompassing entire traverses of
the cortical layers. The locations of cells containing overlapping and
nonoverlapping markers were mapped using this system. Five traverses
were analyzed from each double labeling combination involving glu-
tamate receptor markers for GluR2/3 and GluR5/6/7 in material from
four animals. Thus, for each of these analyses a total of 20 traverses
(approximately 1300-3300 cells, dependent on density of marker) were
quantified for each double labeling preparation.

Table 2. Secondary antibodies

Immunoreactivity Conjugate Raised in Used with

M IgG (H and L chains) FITC Horse SMI32, MAP2, Calb, Parv
M IgG (y-chain) FITC Horse SMI32, MAP2, Calb, Parv
M IgM (u-chain) Biotin Goat GluR5/6/7

M IgM (u-chain) Texas red Goat GIluR5/6/7

R IgG Biotin Goat GluR2/3, Calret, Parv

M, Mouse; R, rabbit; FITC, fluorescein isothiocyanate. All secondary antibodies were purchased from Vector Labora-
tories. Biotinylated antibodies were visualized with either streptavidin-Texas red (Amersham) or FITC-avidin D (Vector).
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Figure 1. Immunoperoxidase label-
ing for GluR 1 and GIuR 2/3 epitopes in
layers III (4, B) and V (C, D) of the
monkey prefrontal cortex. 4 shows an
example of GluR1 immunolabeling in
layer III, with a small group of cortical
neurons showing relatively intense la-
beling (arrows). Conversely, many neu-
rons in layer V (C) show GluRIl im-
munoreactivity. Neurons in layers III
(B) and V (D) of the prefrontal cortex
also contain neurons immunoreactive
for GluR2/3. Scale bar, 25 pm.

An estimate of the degree of overlap between the NF triplet, calbindin,
calretinin, and parvalbumin markers was established by examining the
extent of colocalization from representative samples (100 cells) of each
marker in a double-labeled section from each animal.

Results

Distribution of GIuR subunits

In monkey prefrontal cortex (area 9), intense GluR5/6/7 im-
munoreactivity was present in nerve cell bodies located in layers
11, 11, and V and in long apical dendrites extending from layer
V through layers IV and III and also in the shorter apical den-
drites of layer II and III neurons (see Huntley et al., 1993).
GIuR5/6/7 labeling in apical dendrites was often localized to
small punctate concentrations of immunoreactivity. Less in-
tense GluR5/6/7 labeling was also found in relatively smaller
cell bodies in all layers.

Immunoreactivity for GluR2/3 and GluR1 in area 9 of the
monkey neocortex was very similar to that previously dem-
onstrated in the rat neocortex (Petralia and Wenthold, 1992).
For example, in this monkey neocortical area, faint to moderate
GluR1 immunoreactivity was present in many cells in layers
IV-VI and moderate to intensely labeled small cells were sparse-
ly distributed in layers II and III (Fig. 14,C). These latter cells
often had many fine dendritic processes and lacked a distinct
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apical dendrite and therefore may correspond to nonpyramidal
cells. Faint immunoreactivity for GluR1 was also detected in
some cells that may correspond to glial cells in the deep cortical
layers and underlying white matter. Many cell bodies in layers
II, III, and V were intensely immunoreactive for GluR2/3,
whereas smaller cell bodies in all layers showed faint immu-
noreactivity (Fig. 1B,D). GluR2/3 immunoreactivity rarely ex-
tended past the most proximal regions of dendritic processes.

Colocalization of GluR subunits and neuronal markers

Table 2 summarizes the quantitative data on the immunohis-
tochemical colocalization of GluR subunits with each other and
other neuronal markers derived from immunofluorescence
preparations. Specific fluorescence for antibodies to neuronal
markers was ascertained by comparisons with control prepa-
rations. Lipofuscin autofluorescence could be distinguished from
antibody-specific fluorescence by its cellular location, mor-
phology, and fluorescent properties with multiple filter blocks.
Examples of the maps of cortical traverses showing colocali-
zation of immunoreactivity for these markers used to generate
the quantitative data are shown in Figure 2.

GIuR5/6/7, GIluR2/3, and GluR 1. Double labeling for GluR 5/
6/7 and GluR2/3 demonstrated that 69.9% (SD = 3.8) of the
GluR2/3-labeled cell bodies showed immunoreactivity for



GIluR5/6/7, whereas all GIuR 5/6/7-immunoreactive cell bodies
were also immunoreactive for GluR2/3 (Figs. 24, 3). Double
labeling also demonstrated that there were pyramidal-like neu-
rons that showed GluRS5/6/7 and GluR2/3 immunoreactivity
in neuronal perikarya but only GluR5/6/7 labeling in more
distal apical dendritic segments. Nerve cell bodies showing
GIluR2/3 immunoreactivity but not GluR5/6/7 labeling were
found throughout layers II-VI.

Due to the low intensity of fluorescent labeling for GluR1 in
double-labeled preparations, detailed quantitative analyses of
its colocalization with other neuronal markers were not con-
ducted. However, many of the GluR5/6/7-labeled cells in layers
IV-VI were also faintly immunoreactive for GluR 1, but not all
the GluR1 cells in these regions showed immunoreactivity for
GIuR5/6/7. In particular, glial-like celis labeled for GluR|1 lacked
immunoreactivity for GluR5/6/7. Approximately 20-25% of
the sparsely distributed cells in layers II and III that showed
relatively intense immunoreactivity for GluR 1 were also faintly
immunoreactive for GluR5/6/7. GluR5/6/7 immunoreactivity
was present only in the perikarya of these cell bodies and did
not extend into the dendritic processes labeled for GluR 1.

GluR subunits and cytoskeletal protein markers. Antibodies
to MAP2 were utilized to label both cell bodies and dendrites.
As previously demonstrated in monkey neocortex (Peters and
Sethares, 1991), large cells that were likely to correspond to
pyramidal cells were intensely labeled for MAP2 whereas small-
er cells were faintly immunoreactive. Double labeling for MAP2
with GluR2/3 or GluR5/6/7 indicated that these three neuronal
markers were likely to label the majority of neurons in the
monkey prefrontal cortex (Fig. 4). Furthermore, most, but not
all, apical dendrites intensely labeled for MAP2 were also im-
munoreactive for GluR5/6/7. Double labeling also demonstrat-
ed that GIuR5/6/7 labeling along apical dendrites could be dis-
continuous in that GluR5/6/7 immunoreactivity was unevenly
distributed along some apical dendrites that extended from layer
III to V. In addition, some of the MAP2-immunoreactive py-
ramidal cell-like perikarya in layers III and V that were not
labeled for GluR5/6/7 gave rise to apical dendrites that were
immunoreactive for GluR5/6/7. Double labeling for GluR2/3
and MAP2 further demonstrated that little GluR2/3 labeling is
present in dendrites.

SMI32, an antibody that recognizes nonphosphorylated iso-
forms of the two higher-molecular-weight NF triplet proteins
(Sternberger and Sternberger, 1983; Lee et al., 1988), has been
previously shown to label a subpopulation of pyramidal cells
in the monkey neocortex (Campbell and Morrison, 1989). Sim-
ilarly, in the monkey prefrontal cortex, this antibody intensely
labeled pyramidal cells in layers III and V. Other cells in layers
II and VI demonstrated faint to moderate labeling. Doubie la-
beling for GluR2/3 and SMI32 demonstrated that all SMI32-
labeled cell bodies were also GluR2/3 immunoreactive and con-
firmed that GluR2/3 labeling was minimal beyond the proximal
dendritic regions of SMI32-labeled neurons (Fig. 5, Table 3).

Doubile labeling for GluR5/6/7 and SMI32 (Figs. 2B, 6; Table
3) demonstrated that 31.3% (SD = 3.1) of GluR5/6/7-labeled
cell bodies were labeled for SMI32 and 86.3% (SD = 1.9) of
SM132-labeled cell bodies were immunoreactive for GluR5/6/
7. However, a further 3.9% (SD = 1.4) of SMI32-labeled neurons
showed GluR5/6/7 immunoreactivity in their proximal apical
dendrite and not in the SMI32-labeled cell body. Examination
of the colocalization of SMI32 and GluR5/6/7 labeling also
showed that some SMI32 neurons only had GluR5/6/7 labeling
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Figure2. Examples of maps of cortical traverses, derived from captured
digital images and custom morphometry software, demonstrating dou-
ble labeling for GluR2/3 with GIuR5/6/7 (4) and GluR5/6/7 with non-
phosphorylated NF protein (B). In 4, triangles show the location of cell
bodies double labeled for GluR2/3 and GluR 5/6/7, whereas circles dem-
onstrate the location of cell bodies showing labeling for GluR2/3 but
not GluR5/6/7. In B, triangles show NF-labeled cell bodies that contain
GluR5/6/7 labeling, vertical bars show NF-labeled neurons that lack
GluR5/6/7 labeling in the cell body but contain GluR labeling in the
proximal segment of the apical dendrite, circles show NF-labeled cell
bodies that lack GluR5/6/7 labeling in either their cell body or proximal
apical dendrite, and asterisks show GluR5/6/7-1abeled cell bodies that
lack labeling for NF proteins.

in more distal dendritic segments. GluR5/6/7 labeling can also
be found in branches extending from the apical dendrite and
that the GluR5/6/7 labeling is often more extensive in some
basal dendrites than other basal dendrites of the same pyramidal
neuron. GluR5/6/7-immunoreactive neurons that often had a
pyramidal cell-like morphology but lacked labeling with SM132
were particularly abundant in layer II and the superficial regions
of layer III. Other GluR5/6/7-immunoreactive cells without
SMI32 labeling were prevalent in layers IV and V1.

Many of the SMI32-labeled cells showed faint immunoreac-
tivity for GluR |1, particularly the neurons located in layers V
and VI. None of the relatively well-labeled GluR 1-immuno-
reactive cells in layers II and I1I showed immunoreactivity with
SMI32.

GluR subunits and calcium-binding protein markers. Double
labeling with the calcium-binding proteins parvalbumin, cal-
retinin, and calbindin demonstrated that each of these markers
labeled distinct subpopulations of neurons within the macaque
prefrontal cortex. Furthermore, a small proportion of both the
calretinin-immunoreactive cells located in layers V and VI and
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Figure 3. Double labeling for GluR5/6/7 (4) and GluR2/3 (B) in superficial layer III of the prefrontal neocortex. Most cell bodies show labeling
for the GluR5/6/7 and GluR2/3 (e.g., arrows) but some cell bodies are immunoreactive for GluR2/3 and not GluR5/6/7 (arrowheads). Note that
the GluR5/6/7 antibody labels nerve cell bodies and apical dendrites whereas the antibody to GluR2/3 labels cell bodies preferentially. Scale bar,
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Figure 4. Double labeling for MAP2 (4) and the GIuR5/6/7 (B) in layer III of the prefrontal neocortex. Many of the cell bodies and apical
dendrites well labeled for MAP2 are also immunoreactive for GluR5/6/7. Scale bar, 25 um.
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Figure 5. Double labeling for GluR2/3 (4) and nonphosphorylated NF protein (B) in layer III of the prefrontal cortex. Many, but not all, pyramidal
neurons labeled for the NF proteins are also immunoreactive for GluR2/3 (e.g., arrows). Scale bar, 25 um.

the parvalbumin-labeled cells in layers III-V showed faint to
moderate immunoreactivity with SMI32 (Table 3).
Calretinin-labeled small cells with a bipolar or bitufted mor-
phology were predominately located in layer II but labeled cells
were also present in layers [II-V1. Double labeling for calretinin
and GluR5/6/7 demonstrated that less than 1% of calretinin-
labeled neurons showed faint immunoreactivity for GluR5/6/
7. Calbindin-labeled cells were also abundant in layer IT and in
scattered cells in layers I1I-VI and thus are likely to correspond
to double bouquet cells, as previously described (DeFelipe et

al., 1989a). Double labeling for calbindin with GluR5/6/7 or
GIluR2/3 demonstrated that 31.4% (SD = 7.8) and 28.1% (SD
=4.8) of calbindin-immunoreactive cells were labeled for GluR 5/
6/7 and GluR2/3, respectively (Table 3). Such double-labeled
cells often showed only faint immunoreactivity to the GluR
subunit antibodies and these corresponded to a very minor pro-
portion of the total number of neurons labeled for GluR5/6/7
and/or GluR2/3 (Table 3). Calbindin-immunoreactive neurons
containing GluR5/6/7 or GluR2/3 labeling did not have a dis-
crete, specific laminar distribution, but rather were distributed

Table 3. Colocalization of GluR subunits and neuronal markers in neuronal cell bodies of the

prefrontal cortex

GluR2/3 GluR5/6/7 SMI32 Parvalbumin Calbindin Calretinin
GluR 2/3 - 69.9 + 3.8 322+ 0.7 29+02 1.7+02 <|**
GluR 5/6/7 100 — 31.3 £ 3.1 50+1.6 24x14 <I
SMI32 100 863+ 1.9 - < 5% N.P. <2*
Parvalbumin 323+ 1.8 50.0 £ 11.0 8-10* - 0* 0*
Calbindin 28.1 £ 4.8 314 £ 7.8 N.P. 0* - 0*
Calretinin < | ** <1 <5%* 0* 0* 2

Data are means + SD. * Estimates based on samples of 400 cells for each marker (see Materials and Methods). **,
Extrapolated data. N.P., not possible to evaluate given present antibody combinations.
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Figure 6. Double labeling for GluR5/6/7 (4, C) and nonphosphorylated NF protein (B, D) in layer III of the prefrontal cortex. Arrows show
examples of cell bodies containing both GluR5/6/7 immunoreactivity and labeling for NF proteins. Arrowheads demonstrate examples of GluR5/
6/7-labeled cells with no labeling for NF proteins and, conversely, the curved arrow shows an NF protein-labeled cell body with no immunoreactivity
for GluR5/6/7. Open arrows show colocalization of GluR5/6/7 and NF protein immunoreactivity in apical dendrites. Scale bar, 25 pm.

throughout the same laminae that contained calbindin-immu-
noreactive neurons that lacked GluR2/3 or GluR5/6/7 labeling.

Parvalbumin immunoreactivity was present in small to large
neurons in layers II-VI, many of which would correspond to
chandelier and basket cells (DeFelipe et al., 1989b; Hendry et

al., 1989). The proportion of parvalbumin-labeled cells that
showed GluR5/6/7 or GluR2/3 immunoreactivity was 50.0%
(SD = 11.0) and 32.5% (SD = 1.8), respectively (Table 3). Ina
similar fashion to the calbindin-immunoreactive cells, most of
the parvalbumin cells that were immunoreactive with GluR




antibodies were only faintly immunoreactive for GluR2/3 or
GIluR5/6/7 in the cell body with little immunoreactivity in
emerging dendrites. A subpopulation of the large parvalbumin-
immunoreactive cells showed greater intensity of labeling for
GluR2/3 or GluR5/6/7, with GluR5/6/7 immunoreactivity ex-
tending into the primary, and often the secondary, dendrites of
these neurons.

Approximately 5-10% of the small cells intensely immuno-
reactive for GluR1 in layers II and III were immunoreactive
for either parvatbumin or calbindin. Many of the parvalbumin-
immunoreactive cells showed faint immunoreactivity for GluR 1.

Discussion

Selective distribution and colocalization of GIuR subunits

The present results demonstrate that GluR1, GluR2/3, and
GluR5/6/7 epitopes have a specific cellular distribution within
the prefrontal cortex. Furthermore, these GluR subunits show
different degrees of colocalization within particular neurons and
cellular compartments. Neuronal subpopulations within the
neocortex may therefore be delineated by their immunoreactiv-
ity for specific combinations of receptor subunits. In addition,
by analyzing the codistribution of GluR subunits with other
markers selective for cytoskeletal or calcium-binding proteins,
the GluR profile can be linked to other aspects of neurochemical
phenotype that display extensive neuronal selectivity.

While the GluR2/3 and GluR5/6/7 antibodies are cross-re-
active for multiple subunits within the AMPA/kainate and kai-
nate receptor—class subunits, respectively, the present data give
an indication of which cells contain particular GluR subunits
and, to some degree, the cellular compartmentalization of the
detectable epitopes. Single and double labeling studies showed
that GluR5/6/7 and GluR2/3 epitopes were present predomi-
nately in neurons that correspond to pyramidal cells located in
layers II, II1, V, and VI. These two markers show a high degree
of colocalization in cell bodies with 100% of the GIuR5/6/7-
immunoreactive perikarya showing GIluR2/3 labeling and ap-
proximately 70% of the GluR2/3 perikarya showing GluR5/6/
7 labeling. In contrast, GluR5/6/7 labeling was also present in
apical dendrites and to some extent in basal dendrites, whereas
GluR2/3 labeling was present only in cell bodies and the prox-
imal segment of apical dendrites.

All of the pyramidal cells that contained the marker SMI132,
an antibody that labels nonphosphorylated forms of two sub-
units of the NF triplet, also showed labeling for GluR2/3. In
contrast, approximately 85% of the SMI32-labeled neurons
showed GluR5/6/7 immunoreactivity in their cell bodies. A
further 4% of SM132-labeled neurons lacked GluR 5/6/7 labeling
in their cell bodies but did contain immunoreactivity for these
subunits in the proximal segment of the apical dendrites. A
minor subpopulation of SMI32-labeled neurons contained
GluR5/6/7 immunoreactivity in more distal dendritic segments.
Coupled with the observation that GluR5/6/7 labeling can be
segmented along apical dendrites (present study; Huntley et al.,
1993), these results show that the GluR5/6/7 epitope has a
specific cellular localization within the particular neurons in
which it is contained. Furthermore, these observations indicate
that a greater proportion of the GluR2/3-labeled cells contained
the GluR5/6/7 subunit than indicated by the quantitative as-
sessment of overlap of these markers in the perikarya. In ad-
dition, both GluR2/3 and GluR5/6/7 subunits are clearly pres-
ent in a class of pyramidal neurons that is broader but inclusive
of the pyramidal cells labeled with SMI132.
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The presence of GIuR immunoreactivity in subsets of GA-
BAergic interneurons was established in double labeling exper-
iments utilizing the calcium-binding protein markers calretinin,
parvalbumin, and calbindin (DeFelipe et al., 1989a,b; Hendry
et al., 1989). In the monkey prefrontal cortex, antibodies to
calretinin, parvalbumin, and calbindin labeled separate sub-
populations of interneurons and further minor subclasses of
these neurons were labeled with the NF triplet antibody SMI32.
Virtually none of the interneurons containing calretinin were
either GluR2/3 or GluR5/6/7 immunoreactive, whereas ap-
proximately 30-50% of the parvalbumin- and calbindin-labeled
cells were immunoreactive for these receptor subunits. By ex-
trapolation from the high degree of colocalization of GluR5/6/
7 and GluR2/3 immunoreactivity in neuronal perikarya, the
great majority of the parvalbumin or calbindin cells that were
immunoreactive for these GluR subunits are likely to contain
both GluR2/3 and GluR5/6/7 labeling. However, GABAergic
interneurons are likely to account for a small proportion of the
neurons containing GluR2/3 or GluR5/6/7 immunoreactivity
in this cortical region.

GluR1 labeling also had a distinct distribution in the neo-
cortex with faint labeling in cells in the deeper layers and intense
immunoreactivity in a small number of cells in layers II and
IT1. Although quantification of the overlap of neuronal markers
and other GluR subunits in cells in the deeper layers was not
possible due to the low intensity of immunoreactivity with
GluR 1, the great majority of the SMI32- and GluR5/6/7-labeled
neurons in these layers also contained GluR 1 labeling. The small
cells in layers II and III that were intensely labeled for GluR |
are likely to correspond to interneurons and minor subpopu-
lations of these contained immunoreactivity for either parval-
bumin or calbindin and also GIuR5/6/7 and, by extrapolation,
GIluR2/3. GluR1 is also a possible candidate for a subunit com-
ponent of GluRs on glial cells (Zorumski and Thio, 1992).

Immunoreactivity for these GluR subunits appears to be pres-
ent in both the cytoplasm and postsynaptic densities in the
macaque and rat neocortex, as has been confirmed by immu-
noelectron microscopy (Petralia and Wenthold, 1992; Huntley
et al.,, 1993). These antibodies may therefore be recognizing
either a cytoplasmic pool of GluR subunits or degradative prod-
ucts, as well as subunits incorporated into the outer cell mem-
brane. GluR5/6/7 labeling was detected in fine punctate profiles
in apical dendrites that may represent some aggregated form of
these subunits, although their identity has not been ascertained
ultrastructurally as yet. Consistent with this finding, Jones and
Baughman (1991) have demonstrated, with focal application of
glutamate on cultured cortical neurons, that most GluRs are
organized into “hot spots” along dendrites, rather than being
diffusely distributed over the surface of the dendrite. While the
present results demonstrated a more extensive dendritic labeling
for GluR5/6/7 than GluR2/3, this pattern should be interpreted
with caution as it may reflect differences in epitope availability
or antibody avidity rather than differences in intracellular dis-
tribution.

Functional implications for GIuR subunit diversity

Functional expression studies in Xenopus oocytes and mam-
malian cell lines have demonstrated that diverse agonist re-
sponse properties are elicited when AMPA/kainate- or kainate-
class GluR subunits form homomeric or heteromeric receptor
complexes (Hollman et al., 1989; Bettler et al., 1990, 1992;
Boulter et al., 1990; Keinéinen et al., 1990; Nakanishi et al.,
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1990; Sommer et al., 1990, 1992; Egebjerg et al., 1991; Herb
etal., 1992; Sommer and Seeburg, 1992). In addition, sequence
variants of these subunits exist that may impart different channel
properties. For instance, adjacent exons encode two alternative
versions (“flip” and “fiop”) of the GluR1-GluR4 amino acid
sequences in the region preceding the fourth transmembrane
domain, and these variants impart different responses to AMPA
and glutamate (Sommer et al., 1990; Sommer and Seeburg,
1992). In addition, N- and C-terminal domain sequence variants
of the kainate-class GluRs exist, which may also be regulated
by alternative splicing (Bettler et al., 1990; Sommer et al., 1992).
Further alternate forms of GluRs 2, 5, and 6 and 7 have also
been identified, with the replacement of a glutamine residue
with arginine in the second transmembrane domain, probably
as a result of specific RNA editing (Hume et al., 1991; Sommer
etal., 1991; Verdoorn et al., 1991; Sommer and Seeburg, 1992).
This latter single amino acid alteration has been shown to result
in changes in GluR2 channel properties, including decreased
calcium permeability (Hume et al., 1991; Verdoorn et al., 1991;
Sommer et al., 1992). Notably, the GluR2 subunit, in either its
edited or unedited forms, functionally dominates channel char-
acteristics when coexpressed with other kainate/ AMPA subunits
(Hollmann et al., 1991; Hume et al., 1991; Verdoorn et al.,
1991; Sommer and Seeburg, 1992; Sommer et al., 1992).

These studies indicate that channels with unique properties
may be constructed from heterogeneous GluR subunit proteins.
A neuron’s content and combination of these different GluRs
in their various isoforms are therefore likely to mediate its cell-
type-specific response to EAA-containing afferents and poten-
tially confer a high degree of diversity and specificity on the
postsynaptic component of glutamatergic circuits. Different
neuronal subpopulations have been shown to have receptors
that respond exclusively to either kainate or AMPA or to both
AMPA and kainate (Robinson and Deadwyler, 1981; West-
brook and Lothman, 1983; Agrawal and Evans, 1986; Barnard
and Henley, 1990; Huettner, 1990; Patneau and Mayer, 1991;
Barnes and Henley, 1992), which presumably reflects the syn-
aptic organization of the GIuR subunits that they express. Such
complements of receptor subunits may underlie the rapidly de-
sensitizing, low-calcium-permeable responses generally identi-
fied with AMPA receptors and the stowly desensitizing, calcium-
permeable responses of identified kainate responses (Patneau
and Mayer, 1991). Furthermore, physiologically identified kai-
nate-responding channels in different neurons vary in their cal-
cium permeability (Iino et al., 1990).

While our data do not allow for definitive statements as to
which subunit combinations are present at the synapse, they do
suggest that certain AMPA/kainate and kainate subunit com-
binations are possible for specific neuronal subpopulations with-
in given neural circuits. In particular, the great majority of py-
ramidal neurons in the macaque prefrontal cortex contain
immunoreactivity for AMPA/kainate (GluR1, GluR2/3) and
kainate (GluR5/6/7) receptor—class subunits. Physiological
studies in rat and guinea pig neocortex have indicated that non-
NMDA receptors underlie the fast monosynaptic component of
the EPSP in neocortical pyramidal neurons that arises from
stimulation of thalamic or corticocortical pathways, whereas
both non-NMDA and NMDA receptors may be involved in the
slower, possibly polysynaptic, component of the EPSP (Jones
and Baughman, 1988; Sutor and Hablitz, 1989; Hablitz and
Sutor, 1990; Hirsch and Crepel, 1990; Higashi et al., 1991;
McCormick, 1992; Zorumski and Thio, 1992). Furthermore,

non-NMDA antagonists reduce the subsequent IPSP observed
on these neurons, supporting the proposition that some GA-
BAergic interneurons may also contain the non-NMDA iono-
tropic GluRs.

The extent to which these phenotypic differences between
neurons in the macaque prefrontal cortex regulate their response
to EAA-containing afferents from the thalamus and other cor-
tical areas remains to be established. Of interest are the com-
paratively few neurons that contain GluR5/6/7 immunoreac-
tivity in the primary and secondary visual neocortical areas
(Huntley et al., 1993). In contrast, a larger proportion of neurons
in the prefrontal areas contain non-NMDA GluR subunits, which
is likely to reflect the importance of this area as a polymodal
association area receiving EAA-containing projections from
multiple cortical areas (Goldman-Rakic, 1988). The distribu-
tion of GluR2/3 and GluR1 immunoreactivity in monkey pre-
frontal cortex was very similar to that observed in the rat neo-
cortex (Petralia and Wenthold, 1992), indicating that the role
of these AMPA/kainate-class GluRs in receptor formation and
EAA-containing pathways may be conserved within function-
ally distinct subgroups of cortical neurons in rat and primate.

Implications for EAA-induced neurotoxicity and
neurodegenerative diseases

EAA neurotoxicity has been proposed to have a role in neuronal
degeneration following ischemia, physical trauma, and seizure
activity as well as in major human neurodegenerative diseases
such as amyotrophic lateral sclerosis and Huntington’s, Parkin-
son’s, and Alzheimer’s diseases (Choi, 1988, 1990; Greenamyre
and Young, 1989; Choiand Rothman, 1990; Olney, 1990; Meld-
rum and Garthwaite, 1991). A common pathway underlying
these phenomena may be elevated activity of specific GluRs
leading to alterations in neuronal function and activation fol-
lowed by degeneration that can be attributed, to some degree,
to intracellular, calcium-activated, proteolytic pathways. A key
feature is that selective subpopulations of neurons are affected,
suggesting that a neuron’s susceptibility to excitotoxicity is part-
ly determined by the properties of the GluRs it expresses.

In Alzheimer’s disease, it has been demonstrated that the
subsets of cortical neurons that degenerate in response to the
disease process are pyramidal neurons preferentially localized
to particular layers of association cortex (Wilcock et al., 1982;
Pearson et al., 19835; Braak and Braak, 1986; Lewis et al., 1987;
Esiri et al., 1990; Hof et al., 1990). Furthermore, the subpop-
ulation of neurons that contain the NF triplet proteins in the
cortex have been shown to be particularly vulnerable to degen-
eration through formation of the hallmark neurofibriliary tangle
in Alzheimer’s disease (Morrison et al., 1987; Hof et al., 1990;
Vickers et al., 1992), but that the degeneration of the NF triplet—
containing neurons may not be sufficient to account completely
for the total loss of cells (Hof et al., 1990). As a site of major
corticocortical interconnections, the association areas are likely
to receive an abundance of EAA-containing inputs. Glutamate
toxicity linked to calcium-activated processes in neurons has
been linked with both degeneration and cytoskeletal alterations
similar to those underlying neurofibrillary tangle formation (De
Boni and McLachlan, 1985; Sautiére et al., 1991; Mattson et
al., 1992). The selective distribution of particular GluRs that
may mediate damage (e.g., subunit compositions that allow en-
try of calcium) may therefore explain why certain neurons in
Alzheimer’s disease are affected. Neurons that contain both a
particular GluR complement and the NF triplet may therefore



be rendered vulnerable to neurofibrillary tangle formation,
whereas the neurons that contain the same subset of GluRs but
not the NF triplet may degenerate without forming neurofi-
brillary tangles. Interactions between the GluR subunit and cy-
toskeletal profiles of neurons may also, in part, underlie the
vulnerability of neurons to form the filamentous hallmarks char-
acteristic of amyotrophic lateral sclerosis and Parkinson’s dis-
case. For example, experimental models have demonstrated that
glutamate toxicity in rat spinal cord leads to NF accumulations
in motor neurons that resemble what is observed in amyotrophic
lateral sclerosis (Hugon and Vallat, 1990). In addition, it is
possible that the potential vulnerability conferred by the pres-
ence of calcium-gating GIluR subunits such as GluR6 within
GABAergic interneurons is attenuated by the presence of a high
levels of calcium-binding proteins in these interneurons relative
to pyramidal cells.

Therefore, a neuron’s complement of GluR subunits may
render it more or less vulnerable to EAA-induced excitotoxicity,
which supports the proposal that the intrinsic properties of par-
ticular subsets of neurons may determine how neurons respond
to disease or other pathological processes (Vogt and Vogt, 1951;
Morrison et al., 1990). The present results demonstrate that
cortical projection neurons in the primate prefrontal cortex have
a broad complement of non-NMDA GluR subunits that may
contribute toward a sensitivity of these neurons to glutamate-
induced damage. However, it is likely that a neuron’s phenotypic
composition of GluR subunits in combination with other neu-
rochemicals, such as cytoskeletal and calcium-binding proteins,
may further define how these neurons respond to pathological
processes such as EAA neurotoxicity.

Conclusions

An expanding number of distinct GluR subunits appear to be
involved in mediating EAA transmission in the nervous system.
Further diversity in receptor subunits arises from alternatively
spliced and RNA-edited subunit forms and the fact that different
combinations of GluR subunits produce receptors with different
response characteristics. The present multiple labeling results
indicate that non-NMDA GluR subunits have a complex dis-
tribution within the primate neocortex with a principal local-
ization to projection neurons and subpopulations of intrinsic
neurons. The identification of the GluR complement of specific
subpopulations of neurons provides insight into the role of these
neurons within EAA-mediated pathways and may also reveal
crucial neurochemical characteristics that render subsets of neu-
rons particularly vulnerable in a given neurodegenerative dis-
order.
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