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lonotropic excitatory amino acid (EAA) receptors are divid- 
ed pharmacologically into three categories termed NMDA, 
AMPA/kainate, and high affinity kainate receptors. Each of 
these receptor subtypes is composed of a specific subset 
of subunits termed GluRl-4 (AMPA/kainate), GluR5-7, 
KAl-2 (high affinity kainate), and NMDARl, 2 A-D (NMDA). 
Although colocalization of NMDA and non-NMDA receptors 
has been previously demonstrated electrophysiologically 
in rat, comprehensive analyses of subunit specific colo- 
calization patterns have not been possible until the advent 
of appropriate antibodies. The present study investigates 
such immunocytochemical colocalization of several EAA 
receptor subunits within individual cells as well as den- 
dritic spines in the monkey hippocampus. Double-label im- 
munohistochemical experiments using antibodies which 
are specific for GluR2(4), GluR5-7, and NMDARl demon- 
strated that virtually all projection neurons in each subfield 
of the hippocampus contain subunits from the AMPA/kain- 
ate, kainate, and NMDA receptor families. In addition, con- 
focal microscopy has demonstrated that individual spines 
may contain subunits representative of multiple EAA re- 
ceptor families. 

Furthermore, detailed regional, cellular, and ultrastruc- 
tural distribution patterns of the EAA receptor subunits 
GluR2 and GluR4 in monkey hippocampus are presented 
based on the use of a monoclonal antibody (mAb), 3Al1, 
which was generated against the putative extracellular 
N-terminal domain of GluR2. Since this antibody recogniz- 
es only GluR2 in Western blots, and GluR2 as well as 
GluR4 in fixed transiently transfected cells, it has been des- 
ignated anti-GluRS(4). lmmunocytochemical labeling with 
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mAb 3All revealed pyramidal cell somata and dendrites in 
each field of the hippocampus, as well as granule cells and 
polymorphic hilar cells in the dentate gyrus. Small cells 
with the morphologic characteristics of astroglia were also 
immunolabeled for GluR2(4) within the alveus and fimbria. 
lmmunoreactivity at the ultrastructural level was localized 
to postsynaptic densities on dendritic spines and shafts 
and within the somatodendritic cytoplasm in all major hip- 
pocampal regions, as well as in a subset of dentate granule 
cell axons within the mossy fiber projection. 

[Key words: glutamate, AMPA, kainate, NMDA, CA3, pri- 
mate, cortex] 

Individual excitatory inputs to a given neuron are likely to differ 
in their postsynaptic complement of EAA receptor subunits. Fur- 
thermore, the precise EAA receptor subunit composition is likely 
to be a crucial determinant of the response properties of a given 
neuron or circuit. However, in addition to describing the cellular 
complement of EAA receptor subunits within a given cell type, 
it will be necessary to localize specific groups of EAA receptor 
subunits to specific sets of synapses at the ultrastructural level 
and eventually to relate these synaptic distribution patterns to 
identified afferents. Toward these ends, several immunocyto- 
chemical studies have recently been published on the localiza- 
tion of NMDA and non-NMDA EAA receptor subunit proteins 
in the mammalian CNS (Petralia and Wenthold, 1992; Good et 
al., 1993; Huntley et al., 1993, 1994; Martin et al., 1993; Vickers 
et al., 1993; Siegel et al., 1994). Studies of the hippocampus 
have demonstrated NMDA and non-NMDA receptor subunit im- 
munoreactivity at a subset of postsynaptic densities as well as 
within the somatodendritic cytoplasm (Petralia and Wenthold, 
1992; Good et al., 1993; Martin et al., 1993; Siegel et al., 1994). 
Additionally, immunoreactivity for NMDARl has been reported 
in dentate granule cell axons within the mossy fiber projection 
to CA3 (Siegel et al., 1994). Although the regional distribution 
of the AMPAikainate subunits GluR213 has been described in 
rat brain (Petralia and Wenthold, 1992; Martin et al., 1993), the 
present report focuses with greater detail on the cellular and 
ultrastructural patterns of GluR2(4) subunit immunoreactivity 
and examines patterns of colocalization for AMPA/kainate, kain- 
ate, and NMDA receptor subunits within select cell types and/ 
or laminae in the monkey hippocampus. While such colocali- 
zation patterns for the various EAA receptor classes have been 
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Table 1. Source, epitope recognized, amino acid sequence against which the antibody was raised, 
and characterization reference for each antibody used in the present study 

Antibody Source Amino acid sequence/epitope Reference 

3All J. H. Morrison, T GluR2 aa 170-430 Puchalski et al. 
monoclonal Moran, S. H. GluR2(4), putative N-terminal region (1994), present 

Heinemann, S. W. study 
Rogers 

54.1 N. Brose, S. H. NMDARl aa 660-811 Siegel et al. (1994) 
monoclonal Heinemann, R. Jahn, NMDARl, putative intracellular loop 

J. H. Morrison between transmembrane domains 3 
and 4 

4F5 J. H. Morrison, T. GluR 5 aa 233-5 18 Huntley et al. (1993) 
monoclonal Moran, S. H. GluR 5-7, putative N-terminal region 

Heinemann, S. W. 
Rogers 

demonstrated physiologically at select synapses in hippocampus 
(Bekkers and Stevens, 1989) and have been inferred from pre- 
vious single-label immunohistochemical, in situ hybridization 
and ligand binding studies, the present study provides the first 
direct anatomic double-label analyses for the existence of mul- 
tiple classes of EAA receptors within individual neurons and 
spines in monkey hippocampus. 

Materials and Methods 

Generation of mAb 3AII 
The monoclonal antibody 3All is a mouse y  type immunoglobulin 
(IgG) of the subclass IgG2a, which was generated according to proce- 
dures described previously (Huntley et al., 1993) against a fusion pro- 
tein encoding the putative extracellular N-terminal domain of GluR2 
(amino acids 170-430) (Table 1). 

Fusion protein production. The trpE bacterial overexpression system 
(Dieckmann and Tzagoloff, 1985) was used to obtain GluR2 antigen 
for antibody production as previously described (Rogers et al., 1991). 
Briefly, a BglII-Smal fragment of the GluR2 cDNA containing nucle- 
otides encoding amino acids 170430, (Boulter et al., 1990) was shuttle 
cloned into the BamHl-Hind2 sites of vector nUC18. This fragment 
was then removed using Smal and Hind3 for subcloning in& the 
pATH2 expression vector at the same restriction enzyme sites. Addi- 
tional proteins were prepared for use in radioimmunoassay (RIA) anal- 
ysis and immunocytochemical blocking experiments. Protein from 
GluRl (long construct), GluR3, and GluR5 were the same as previously 
described (Rogers et al., 1991). Antigen production, enrichment, and 
purification by SDS-PAGE fractionation was done as previously de- 
scribed (Rogers et al., 1991). 

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:lO by the slow addition of a solution consist- 
ing of 50 mM KC1 and 50 mu 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 mu NaCl in 10 mu sodium 
phosphate buffer (pH 7.2) at 40°C. The concentration of soluble proteins 
was then measured by the method of Lowry (Lowry et al., 1951). 

Monoclonal antibddy production. Monoclonal antibodies were pro- 
duced bv immunizing 6-S week old BALB/c mice with uolvacrvlamide 
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 RIA (see below) and the animal with the highest titer was 
selected for fusion. Ten million SP2/0 BALBlc mveloma cells were 
mixed with 100 X lo6 spleen cells and fused by the dropwise addition 
of PEG 4000 using a standard technique. Colonies were visible 12 d 
later and supernatants were removed and analyzed for the presence of 
specific antibodies by RIA. 

Characterization of mAb 3AI 1 

Radioimmunoassay. Radioimmunoassay was performed by coating 96 
well flexible plates (Falcon Microtest III) with 5 &g/ml of fusion pro- 
teins encoding GluRl, GluR2, GluR3, the B4 subunit of the nicotinic 
acetylcholine;eceptor (B4), or trpE alone as a control overnight at 4°C. 
The nlates were then blocked with 1% bovine serum albumin (BSA) in 
0.1 h phosphate-buffered saline (PBS) for 30 min at room temperature 
after which undiluted hybridoma supernatants (50 ~1) were added to 
triplicate wells. Following a 90 min incubation at room temperature, 50 
p,l (50,000 counts per minute) of ‘251-labeled goat anti-mouse IgG 
(heavy chain specific) was added to each well. After an additional 90 
min incubation at room temperature, plates were washed, cut up and 
placed in a gamma counter. 

Cell transfection and immunocytochemistry. Immunocytochemistry 
was performed on human embryonic kidney 293 (HEK-293) cells which 
were transiently transfected with either GluRl, GluR2, GluR3, or 
GluR4, respectively, to evaluate subunit specificity of mAb 3All. Full 
length cDNAs encoding the above subunits were subcloned into cyto- 
megalovirus driven expression vectors. DNA plasmids were isolated 
using the Qiagen system (Qiagen, Chatsville, CA). HEK-293 cells were 
then transfected with 8 pg of plasmid DNA per 100 mm dish at 70% 
confluence using the Lipofectamine liposomal method (Lipofectamine, 
GIBCO/Bethesda Research Labs, Gaithersburg, MD). At 24 hr, cells 
were titurated from dishes onto four well chamber slides (Nunc, Na- 
perville, IL) and grown for 24 hr in DMEM with 10% fetal calf serum 
in a humidified atmosphere containing 5% CO, at 37°C. Cells were 
fixed at 48 hr for 15-30 min at room-temperature by addition of 4% 
freshlv oreoared oaraformaldehvde (Electron Microscopy Sciences, Fort 
Wash&&on, PAj in 0.2 M cacodylate buffer. The fixa&e was removed 
and cells were blocked with 3% normal horse serum, (Vector Labora- 
tories, Burlingame, CA) and processed for immunocytochemistry by the 
avidin-biotin-peroxidase method using Vectastain ABC kit (Vector 
Laboratories, Burlingame, CA) followed by treatment with 0.05% dia- 
minobenzidine (DAB) with 0.003% hydrogen peroxide. 

Immunohistochemical blocking of mAb 3AI 1 with fusion proteins. 
Preadsorption of the anti-GluR2(4) monoclonal antibody 3All was per- 
formed with fusion proteins encoding the N-terminal portion of GluR2 
as well as GluRl, GluR3, and GluR5, the B4 subunit of the nicotinic 
acetylcholine receptor and trpE alone. Primary antibody was incubated 
overnight at 4°C with each of the fusion proteins listed above. Fusion 
protein encoding the homologous region of GluR4 was not available to 
be tested. Following centrifugation, supernatant was extracted and in- 
cubated with fresh fusion proteins for one hour. Preadsorbed primary 
antibody was then cleared by centrifugation and was used for immu- 
nohistochemistry as described below. 

Characterization of anti-GluRS-7 and NMDARl mAbs 

The mAb 4F5 is a b type immunoglobulin (IgM) which was raised 
against a fusion protein corresponding to the putative extracellular 
N-terminal domain of GluR5 and recognizes GluR5-7 (Table 1) (Hunt- 
ley et al., 1993). This antibody has been previously characterized bio- 
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chemically with immunoblots, and immunohistochemically in trans- 
fected cells, as well as primate neocortex and hippocampus (Good et 
al., 1993; Huntley et al., 1993; Vickers et al., 1993). The mAb 54.1 is 
an IgG which was generated according to standard procedures (Jahn et 
al.. 1985: Kohler and Milstein. 1975). using a fusion orotein encoding 
glutathione-S-transferase (GST) in frame wt;h NMDARl residues 6601 
8 11, representing the putative intracellular loop between transmembrane 
regions III and IV; residue numbers as in Moriyoshi et al. (Moriyoshi 
et al., 1991) and recognizes NMDARl (Siegel et al., 1994). This anti- 
body has been previously characterized biochemically with immuno- 
blots as well as immunohistochemically in transiently transfected cells 
and primate hippocampus and neocortex (Table 1) (Huntley et al., 1994; 
Siegel et al., 1994) 

Animuls 
The hippocampi from the brains of 18 macaque monkeys were exam- 
ined in this study including 3 monkeys at 3 months of age, 3 monkeys 
at 6 months of age, and 12 adult monkeys. All protocols were conducted 
within NIH guidelines for animal research and were approved by the 
Institutional Animal Care and Use Committee (IACUC). 

Tissue preparution 
Animals were deeply anesthetized with ketamine hydrochloride (15-25 
mg/kg i.m.) and pentobarbital sodium (IO-20 mg/kg iv.) and perfused 
transcardially with cold 1% paraformaldehyde in PBS for approximately 
1 min and then with cold 4% paraformaldehyde in PBS for an additional 
8-9 min. The brains were removed, cut into approximately 5 mm thick 
blocks and placed in cold 4% paraformaldehyde in PBS for 6 hr. Brains 
from six of the adult animals were prepared with fixation that included 
0.25-l % glutaraldehyde as well as 4% paraformaldehyde. Blocks were 
then placed directly into PBS and sectioned in a plane perpendicular to 
the superior temporal sulcus at 50-80 km using a vibratome (Ted Pella 
Inc., Irvine, CA). Tissue sections were then processed for either single 
or double labeling immunohistochemistry using the subunit specific 
EAA receptor antibodies described below. All figures are generated with 
tissue sections from adult monkey brains. Figures 3, 4, 6, and 7 were 
generated with tissue which was fixed with 4% paraformaldehyde, while 
Figures 5 and 8 contain tissue which was prepared with fixation that 
included 0.25-I % glutaraldehyde as well as 4% paraformaldehyde. 

Immunocytochemistry 
Tissue sections for single label immunocytochemistry were incubated 
with anti-GluR2(4) mAb 3All for 48 hr. followed bv the avidin-biotin- 
peroxidase method using Vectastain ABC kit (Vectdr Laboratories, Bur- 
lingame, CA), and treatment with 0.05% DAB with 0.003% hydrogen 
peroxide. Additional tissue sections which were labeled with the anti- 
GIuR2(4) mAb 3A11 were further processed for electron microscopy. 
Following DAB, these sections were treated with 0.5% osmium tetrox- 
ide in 7% sucrose, dehydrated, embedded in resin (Araldite, Electron 
Microscopy Services, Fort Washington, PA), and sectioned at 3 km on 
an ultramicrotome (Ultracut E, Reichert-Jung, Germany). These sections 
were then reembedded in resin and thin sectioned for electron micros- 
copy. 

Figure I. Radioimmunoassay results 
for the monoclonal antibody 3All. In- 
dividual wells were coated with 5 kg/ 
ml of fusion proteins encoding GluRl, 
GluR2, GluR3, p4, or trpE alone. Fol- 
lowing incubation with primary anti- 
body, wells were labeled with rz51-la- 
beled goat anti mouse IgG, washed, 
and counted in a gamma counter. Spe- 
cific binding of mAb 3All was only 
found to GluR2. Two additional mono- 
clonal antibodies were used as controls 
to demonstrate the presence of the ad- 
ditional fusion proteins. Monoclonal 
antibody 2D8 recognizes the EAA re- 
ceptor subunits GluRl-3, while mAb 
3D8 recognizes trpE. 

Double-label immunohistochemistry for GluR5-7 with GluR2(4) as 
well as GluR5-7 with NMDARI was performed by incubating tissue 
sections with mAbs 4F5 (anti-GluR5-7) and either 54.1 (anti- 
NMDARl) or 3A11 [anti-GluR2(4)] for 2u8 hr. Following three 
washes in PBS, sections were incubated for 2 hr in FITC-conjugated 
goat anti-mouse IgM p chain specific antisera (Vector Laboratories, 
Burlingame, CA) and biotinylated horse anti-mouse IgG y  chain specific 
antisera (Vector Laboratories, Burlingame, CA). Following three addi- 
tional washes in PBS, sections were incubated with Texas red-conju- 
gated avidin (Vector Laboratories, Burlingame, CA). As an immuno- 
histochemical control for this procedure, additional sections were 
incubated with mAbs 54.1 or 3All followed bv FITC-coniugated goat 
anti-mouse IgM p. chain specific antisera or mAb 4F5 *foilowed by 
biotinylated horse anti-mouse IgG y  chain specific antisera and Texas 
red-conjugated avidin. These experiments were designed to determine 
whether or not the secondary antibodies had sufficient specificity to 
differentiate the IgM and IgG primary antibodies, thus ruling out the 
visualization of the appropriate primary antibody by an inappropriate 
secondary antibody (see Fig. 3). As both mAbs 3Al I and 54.1 are IgG 
type antibodies, this combination could not be directly examined with 
these immunofluorescent procedures. 

Analysis 
Both DAB- and Texas red/FITC-labeled tissue sections were examined 
on an Axiophot microscope (Zeiss, Germany) for conventional bright- 
field and fluorescence light microscopic analyses. Double labeled fluo- 
rescence material was also analyzed on a confocal laser scanning mi- 
croscope model LSM-410 (Zeiss, Germany). An argon/krypton laser 
with excitation peaks at 488 nm (for FITC-labeled profiles) and 568 nm 
(for Texas red-labeled profiles) was used in conjunction with an FT- 
560 beam splitter and two separate detectors equipped with an LP-590 
and a BP-5 lo-525 filter, respectively. Ultrastructural analyses were per- 
formed on a Hitachi 7000 electron microscope (Hitachi, Japan). 

Results 
Speci’city of mAb 3AII immunoreactivity 
Radioimmunoassay. The mAb 3Al 1 was tested by RIA utilizing 
fusion proteins encoding homologous regions of GluRl-3, and 
two control peptides encoding the l34 subunit of the nicotinic 
ACh receptor or trpE, respectively (Fig. 1). This resulted in 
binding of mAb 3A11 to the GluR2-specific fusion protein, but 
not to fusion proteins encoding GluRl, GluR3, or the two con- 
trol peptides. Fusion protein encoding the homologous region of 
GluR4 was not available to be tested by either RIA or in im- 
munohistochemical blocking experiments. 

Immunocytochemistry on trunsiently trunsfected HEK-293 
cells. Immunocytochemistry using mAb 3All specifically la- 
beled paraformaldehyde-fixed GluR2 as well as GluR4-trans- 
fected HEK-293 cells, but did not label wild-type HEK-293 cells 
or those transfected with GluRl or GluR3 (Fig. 2). 
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Figure 2. Immunocytochemical labeling of HEK-293 cells which have 
been transiently transfected with GluRl (A, F), GluR2 (B, G), GluR3 
(C, H), or GluR4 (D, I) as well as wild-type cells (E, J). A-E are labeled 
with mAb 3All. F-J are labeled with mAb 2D8, which recognizes 
GluRl-3 in RIA, as a control. Note that mAb 3All labels cells trans- 
fected with GluR2 and GluR4, but not wild-type cells or those trans- 
fected with GluRl or GluR3, while mAb 2D8 labels cells transfected 
with GluRl-4, but not wild-type cells. Arrows indicate examples of 
immunolabeled cells. Scale bar, 100 urn. 

Figure 3. Control for cross-reactivity of secondary antibodies used in 
double-label immunocytochemistry. A and B, CA1 pyramidal cells la- 
beled with IgG type mAb 3All followed by biotinylated horse anti- 
mouse IgG g chain specific antisera and Texas red-conjugated avidin 
(A) or FITC-conjugated goat anti-mouse IgM l.t chain specific antisera 
(B). C and D, CA1 pyramidal cells labeled with IgM type mAb 4F5 
followed by FITC-conjugated goat anti-mouse IgM b chain specific 
antisera (C) or biotinylated horse anti-mouse IgG y  chain specific an- 
tisera and Texas red-conjugated avidin (D). Note that neither primary 
antibody was labeled by the inappropriate secondary antibody. Bright 
patches in B are due to lipofuscin autoflourescence. Scale bar, 50 pm. 

Immunocytochemical controls on tissue sections. The speci- 
ficity of mAb 3All was also verified in the present report im- 
munohistochemically through blocking experiments. Specific la- 
beling in monkey hippocampus was abolished following 
preadsorption with a fusion protein containing a N-terminal por- 
tion of GluR2, but was unaffected by incubation with fusion 
proteins encoding homologous portions of GluRl, GluR3, 
GluR5, the p4 subunit of the nicotinic ACh receptor or trpE 
alone. As an immunohistochemical control for specificity of the 
secondary antibodies in the double labeling procedures, sections 
were incubated with mAbs 54.1 or 3All followed by FITC- 
conjugated goat anti-mouse IgM p, chain specific antisera or 
mAb 4F5 followed by biotinylated horse anti-mouse IgG y chain 
specific antisera and Texas red-conjugated avidin. Neither of 
these conditions resulted in the visualization of the appropriate 
primary antibody by an inappropriate secondary antibody (Fig. 
3). 

Immunocytochemistry on monkey hippocampus 

Patterns of immunoreactivity for GluR5-7 and NMDARI. Al- 
though age did not result in differences in the overall patterns 
of immunoreactivity, all figures demonstrate examples from 
adult animals. The mAb 3All labeled neuronal elements within 
each of the major hippocampal fields (Fig. 4). Dentate gyrus 
granule cell somata and proximal dendrites within the granule 
cell layer, as well as dendrites throughout the molecular layer, 
including extremely fine distal dendritic processes which ter- 
minated at the hippocampal fissure were intensely labeled (Fig. 
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4C). The intensity of immunoreactivity in the inner and outer 
portions of the dentate molecular layer was equivalent. The peri- 
karya and dendrites of hilar neurons were intensely GluR2(4) 
immunoreactive [GluR2(4)-ir]. Cell somata in continuity with 
proximal dendrites were well labeled throughout their cyto- 
plasm, as were extremely fine, presumably distal dendritic pro- 
cesses within the neuropil. Both the somata and basal dendrites 
of CA3 pyramidal cells in the stratum pyramidale and stratum 
oriens displayed immunoreactivity for GluR2(4), as did the api- 
cal dendrites extending through the stratum lucidum, stratum 
radiatum, and stratum moleculare (Fig. 5F). Within the stratum 
lucidum of CA3, neuropil containing axons and terminals of the 
mossy fiber projection between bundles of pyramidal cell apical 
dendrites displayed a diffuse, faint pattern of immunoreactivity 
(Fig. 5F, asterisk). Such a pattern of immunoreactivity is com- 
parable to that seen with antibodies to other proteins which label 
the mossy fiber projection (Seress et al., 1991). In both CA1 
(Fig. 4A) and the subiculum, pyramidal cell somata, as well as 
large caliber apical and basal dendrites, were intensely 
GluR2(4)-ir. Strata radiatum and moleculare were characterized 
by increasingly fine caliber immunoreactive processes terminat- 
ing at the hippocampal fissure (Fig. 4A). Throughout Ammon’s 
horn, the neuropil of stratum pyramidale had a reticular appear- 
ance, presumably representing immunolabeling of extremely fine 
caliber distal dendritic processes. Nonpyramidal fusiform cells 
in stratum oriens were lightly labeled for GluR2(4) with im- 
munoreactivity visible in their somata and proximal dendrites. 
Small cells with the morphologic characteristics of fibrous as- 
trocytes in the alveus and fimbria were also labeled for GluR2(4) 
throughout Ammon’s horn and the subiculum (Fig. 4B). 

Patterns of immunoreactivity for GluR5-7 and NMDARI. The 
patterns of immunoreactivity for GluR5-7 (Good et al., 1993) 
and NMDARl (Siegel et al., 1994) within the monkey hippo- 
campal formation have been described previously and therefore 
will be described here only briefly. Dentate granule cells were 
labeled in their somatodendritic compartment for both GluR5-7 
(Figs. 6, 7) and NMDARl (Fig. 7) with a pattern similar to that 
described for GluR2(4). Hilar polymorphic cells were intensely 
immunoreactive with antibodies directed against both categories 
of subunits, as were pyramidal cells in all subdivisions of Am- 
mon’s horn and the subiculum. Similarly, nonpyramidal cells in 
the stratum oriens and neuroglial cells in the alveus and fimbria 
were also labeled for GluR5-7 as well as NMDARl. 

Colocalization of GluR2(4) and GluR5-7. Although subtle 
differences were evident between the patterns of immunoreac- 
tivity for mAbs 3All [anti-GluR2(4)] and 4F5 (anti-GluRS-7), 
double-label immunohistochemistry resulted in a pattern of col- 
ocalization throughout the hippocampus in which virtually all 
cells which were labeled with one mAb were also labeled with 
the other (Figs. 5, 7). Pyramidal cells in both CA1 (Fig. 5A,B) 
and the subiculum were immunoreactive for both antibodies in 
virtually every somatic and dendritic segment examined, as were 
polymorphic hilar neurons. Dentate granule cells displayed col- 
ocalization of GluR2(4) and GluR5-7 within their somata and 
throughout the entire extent of their dendrites (Fig. 5C,D). Sim- 

ilarly, CA3 pyramidal cell bodies as well as both apical and 
basal dendrites were labeled in virtually all cases with both an- 
tibodies (Fig. 5E,F). Additionally, mossy fibers within the neu- 
ropil of stratum lucidum were lightly labeled for GluR2(4) and 
to a lesser extent for GluR5-7 (asterisks, Fig. 5&F). 

Colocalization of GluRS-7 and NMDARI. Immunohistochem- 
istry utilizing mAbs directed against GluR5-7 (mAb 4F5) and 
NMDARl (mAb 54.1) resulted in a cellular pattern of colocal- 
ization which was similar to that seen for GluR5-7 and 
GluR2(4). Virtually all somatic and dendritic profiles within 
each of the subfields were labeled with both of these antibodies, 
resulting in immunoreactive patterns which were very similar on 
both conventional (Fig. 6) and confocal laser scanning (Fig. 7) 
images. Dentate granule cells displayed colocalization of these 
receptor subtypes within their somata and throughout their den- 
dritic arbor (Fig. 6A,B). Similarly, pyramidal cells in CA1 (Fig. 
6C,D), the subiculum and the hilus were double labeled for 
GluR5-7 and NMDARl in virtually every somatic and dendritic 
segment examined. CA3 pyramidal cell bodies and dendrites 
also displayed colocalization of GluR5-7 and NMDARl (Fig. 
6&F). Mossy fibers within the neuropil of stratum lucidum were 
labeled for NMDARl and to a lesser extent for GluR5-7 (as- 
terisks, Fig. 6E,F). As described above, the p- and y-chain spe- 
cific secondary antibodies used in these double-label immuno- 
histochemical procedures did not cross react with the 
inappropriate primary antibody (Fig. 3), suggesting that such a 
high degree of colocalization between each of the combinations 
tested reflects the highly overlapping distribution of AMPA, 
kainate, and NMDA receptor subunit immunoreactivity within 
the monkey hippocampus. Finally, analysis of double-labeled 
material examined with a confocal laser scanning microscope 
indicated that the high affinity kainate receptor subunits GluRS- 
7 could be colocalized within individual dendritic spines with 
both the AMPAikainate receptor subunits GluR2(4), as well as 
the NMDA receptor subunit NMDARl (Fig. 7). 

Ultrastructural localization of GluR2(4). Immunoreactivity 
for GluR2(4) at the ultrastructural level was localized to asym- 
metric postsynaptic densities, as well as diffusely within soma- 
todendritic cytoplasm (Fig. 8). Postsynaptic densities were con- 
sidered to be specifically labeled when the postsynaptic 
specialization had a thickened, dark appearance and the under- 
lying dendritic cytoplasm contained flocculent opaque material, 
corresponding to DAB-peroxidase deposits. GluR2(4)-ir post- 
synaptic densities in the dentate molecular layer were present on 
profiles consistent with both dendritic spines (Fig. 8C) and 
shafts. Similarly, such labeled postsynaptic densities were found 
on both spines and shafts within strata radiatum and moleculare 
of both CA1 (Fig. 8AJ) and CA3. Within the stratum lucidum 
of CA3, labeled postsynaptic densities were seen on specialized 
dendritic spines called thorny excrescences embedded within 
mossy fiber terminals, as well as asymmetric synapses on den- 
dritic shafts (Fig. 8F). Unlabeled asymmetric postsynaptic den- 
sities on spines and shafts were apparent throughout all regions 
of the hippocampus in close proximity to labeled profiles. For 
example, multiple thorny excrescences within a single mossy 

Figure 5. Pairs of photomicrographs showing double-label immunohistochemistry for FITC-labeled GluR5-7 (A, C, E) and Texas red-labeled 
GluR2(4) (B, D, F) in adult monkey hippocampus. Virtually all cells which label with either antibody also colocalized the other. A and B, CA1 
pyramidal cells; C and D, dentate granule cells; E and F, CA3 pyramidal cells. Notice the presence of immunoreactivity for GluR5-7 (E) as well 
as GluR2(4) (F) between dendritic shafts in stratum lucidurn. Arrows, Examples of double labeled cells; asterisks, examples of diffuse neuropil 
labeling within the zone of mossy fiber axon termination in stratum lucidum. Scale bars: A, B, E, and F, 100 pm; C and D, 50 pm. 
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Figure 7. Pairs of pseudo-colored confocal images of dout 
C) and Texas red-labeled GluR2(4) (B) or NMDARl (D). 6 
double-labeled spines (arrows). 

t 

Figure 6. Pairs of photomicrographs showing double-label immunohistochemistry for FITC-labeled GluR5-7 (A, C, E) and Texas red-labeled 
NMDARl (B, D, F) in adult monkey hippocampus. Virtually all cells which label with either antibody also colocalized the other. A and B, Dentate 
granule cells; C and D, CA1 pyramidal cells; E and F, CA3 stratum lucidum. As in Figure 5, notice the presence of immunoreactivity for GluRS- 
7 (E) as well as NMDARl (F) between dendritic shafts in stratum lucidum. This faint immunoreactivity within the neuropil of stratum lucidum is 
more easily appreciated when visualized for NMDARl using the DAB-peroxidase technique; see Siegel et al., 1994. Arrows, Examples of double 
labeled cells; asterisks, examples of diffuse neuropil labeling within the zone of mossy fiber axon termination in stratum lucidurn. Scale bars, 
SO urn. 
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Figure 8. Ultrastructural localization of GluR2(4) immunoreactivity in the adult monkey hippocampus. A and B, Examples of GluR2(4)-ir post- 
synaptic densities in CA1 on a labeled dendritic shaft (A) and spine (B). C and D, Within the dentate molecular layer, immunolabeled postsynaptic 
densities were present on both labeled dendritic shafts (C) and spines (D). E and F, Immunoreactivity within the stratum lucidum of CA3 was 
found in both axonal (E) and dendritic (F) profiles. Mossy fiber terminals in CA3 often contained examples of immunolabeled and unlabeled thorny 
excrescences. a, axon; Id, labeled dendrite; Is, labeled spine; mt, mossy fiber terminal; t, terminal; te, thorny excrescence. Arrows, Labeled post- 
synaptic density; arrowheads, labeled mossy fiber axons; asterisk, unlabeled dendritic profile. Scale bar: A, B, D, and E, 1.0 km; C, 1.5 km. 
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fiber terminal often consisted of both labeled and unlabeled pro- 
files (Fig. 8F). Myelinated axonal profiles were generally not 
immunoreactive throughout all regions of the hippocampus. 
However, a small subset of mossy fiber axons within the stratum 
lucidum were GluR2(4)-ir (Fig. 8E). Immunoreactivity within 
such unmyelinated axonal profiles was seen as labeled puncta in 
the axonal cytoplasm and often more intensely along membranes 
(Fig. 8E). 

Discussion 
The present study describes patterns of cellular colocalization 
between subunits of the AMPAlkainate, kainate, and NMDA 
receptor families, as well as regional, cellular, and ultrastructural 
immunocytochemical patterns for the ionotropic GluR subunits 
GluR2(4) in the monkey hippocampus. 

Specijcity of mAb 3AI 1 
The mAb 3All has been shown to be specific for solely GluR2 
in biochemical preparations including both RIA (present report) 
and western blots (Puchalski et al., 1994) (corroborated by Sie- 
gel et al., unpublished observation), while it interacts with both 
GluR2 and GluR4 in immunohistochemical labeling (present re- 
port) and immunoprecipitations (Puchalski et al., 1994) of tran- 
siently transfected HEK 293 cells. Sequence comparisons be- 
tween the N-terminal region of GluR2 (against which the mAb 
was generated), and homologous regions of GluRl, GluR3, and 
GluR4, indicate that there is no obvious sequence of amino acid 
residues that would account for an epitope which is shared by 
GluR2 and GluR4, but is lacking in GluRl and GluR3. It is 
therefore possible that mAb 3All recognizes a linear sequence 
in GluR2, while its interaction with GluR4 requires a specific 
secondary or tertiary conformation. Thus, mAb 3All is likely 
to label both subunits GluR2 and GluR4 in fixed monkey brain 
tissue sections and only GluR2 in denaturing biochemical prep- 
arations. 

Comparison with ligand binding and in situ hybridization data 
Ligand binding studies have shown that AMPA binding in rats 
is high in CA1 and dentate gyrus relative to CA3 (Insel et al., 
1990). While AMPA binding reflects the composition and dis- 
tribution of native heteromeric channels rather than individual 
subunits, the immunohistochemical distribution of GluR2(4) in 
the present study is consistent with the reported binding data. 
Studies using in situ hybridization histochemistry in rat hippo- 
campus have shown GluRl-3 RNAs are highly expressed in 
hippocampus relative to other cortical structures (Pellegrini- 
Giampietro et al., 1991), while GluR4 RNA levels are relatively 
low (Keinanen et al., 1990). Similarly, Western blot and im- 
munohistochemical analyses of various regions of rat and mon- 
key brain suggest that GluR4 is found only at extremely low 
levels in the hippocampus relative to cerebellum and striatum 
(Martin et al., 1993, 1993). Taken together, these studies suggest 
that the pattern of immunoreactivity seen with the mAb 3All 
in the monkey hippocampus reflect primarily the distribution of 
GluR2 rather than GluR4. However, preliminary data generated 
in monkey using a commercially available polyclonal anti- 
GluR4 antibody (Chemicon, Temecula, CA) have resulted in la- 
beling suggesting that the GluR4 subunit contributes to the pat- 
tern observed with mAb 3All. 

Colocalization of EAA receptor subunits 
The present data indicate that virtually all of the GluRS-7-ir 
neurons in the monkey hippocampus are also immunoreactive 

for both GluR2(4) and NMDARl. Similarly, a high degree of 
colocalization between GluRl-3, GluR5-7, and NMDARl in 
monkey neocortex has been previously reported (Vickers et al., 
1993; Huntley et al., 1994). These studies are consistent with 
physiological studies which have shown that individual neurons 
exhibit response properties typical of both NMDA and non- 
NMDA receptors within the hippocampus (MacDermott and 
Dale, 1987; Bekkers and Stevens, 1989). 

Recent reports indicate that receptor subunits of the AMPA! 
kainate, kainate, and NMDA receptor classes only combine to 
form functional channels with members of their own class 
(Brose et al., 1994; Puchalski et al., 1994). Therefore, the high 
degree of colocalization for GluR2(4) and GluR5-7, as well as 
GluR5-7 and NMDARl described within the present study is 
likely to reflect the presence of distinct AMPA/kainate, kainate, 
and NMDA receptors in virtually all hippocampal projection 
neurons. Additionally, confocal laser scanning microscopy has 
shown the colocalization of immunoreactivity for high affinity 
kainate receptor subunits with AMPA/kainate, as well as NMDA 
receptor subunits within individual spines (present study). Since 
it is generally believed that the majority of dendritic spines re- 
ceive a single excitatory input (Peters and Jones, 1984; Peters 
et al., 1991), it is likely that various classes of EAA receptors 
can coexist at single synapses. This is consistent with physio- 
logic observations that NMDA and non-NMDA receptors are 
present at individual excitatory synapses in rat hippocampus 
(Bekkers and Stevens, 1989). 

Conversely, several recent ultrastructural studies have inter- 
preted the presence of cytoplasmic immunoreactivity for various 
EAA receptor subunits and classes as representing cytoplasmic 
pools of receptors (Petralia and Wenthold, 1992; Huntley et al., 
1993; Martin et al., 1993; Huntley et al., 1994; Siegel et al., 
1994). Manipulating the insertion of receptor subtypes from such 
pools within single dendritic spines would allow a neuron a great 
capacity for dynamic regulation of receptor composition and 
properties within a local environment. However, double-label 
immunogold electron microscopic studies will ultimately be nec- 
essary to determine the precise synaptic distribution of the dif- 
ferent EAA receptor classes. 

Ultrastructural localization of GluR2(4) 

While light microscopic analyses indicate that all three classes 
of receptor subunits are colocalized at regional and cellular lev- 
els, ultrastructural data indicate that their subcellular distribution 
is not equivalent (Fig. 9). For example, GluR2(4) (present re- 
port) and GluR5-7 (Good et al., 1993) are localized to postsyn- 
aptic densities on thorny excrescences within the stratum luci- 
dum of CA3, while NMDARl has been shown to be virtually 
absent from such dendritic specializations (Siegel et al., 1994). 
Conversely, all three receptor subtypes have been shown to be 
localized to postsynaptic densities on distal dendritic segments 
within the strata radiatum and moleculare (Good et al., 1993; 
Siegel et al., 1994) (present study). Such a subcellular distribu- 
tion of NMDA and non-NMDA receptor subunits on CA3 py- 
ramidal cells is consistent with previously demonstrated physi- 
ological data indicating that the excitatory mossy fiber input to 
CA3 is almost exclusively mediated by non-NMDA receptors, 
while the associational/commissural input to the stratum radia- 
turn is mediated by both NMDA and non-NMDA receptors 
(Cotman et al., 1986; Zalutsky and Nicoll, 1990; Katsuki et al., 
1991) (Fig. 9). 

There are several issues which influence the interpretation of 
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Figure 9. Schematic representation of 
CA3 pyramidal cells with ultrastructur- 
al localization of EAA receptor sub- 
units, laminar organization of afferent 
fibers (Frotscher et al., 1988), and 
forms of LTP exhibited (modified from 
Siegel et al., 1994). References regard- 
ing ultrastructural data of the EAA re- 
ceptor subunits are; GluR2(4) (present 
study), NMDARl (Siegel et al., 1994), 
and GluR5-7 (Good et al., 1993). It re- 
mains unclear whether or not mossy fi- 
bers are immunoreactive for GluR5-7. 
See Cotman et al., 1986; Zalutsky and 
Nicoll, 1990; Katsuki et al., 1991, re- 
garding forms of LTP demonstrated in 
CA3 and physiologic evidence for pre- 
synaptic NMDA receptors in stratum 
lucidum. A/C, associational/commissu- 
ral fibers; MF, mossy fibers; SL, stra- 
tum lucidum; SM, stratum moleculare; 
SO, stratum oriens; SP, stratum pyr- 
amidale; SR, stratum radiatum. 
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EAA receptor subunit immunoreactivity, and may contribute to 
apparent discrepancies between light and electron microscopic 
observations for a single antibody, as well as variations in la- 
beling between different antibodies. For example, while 
NMDARl subunits are visualized at the light level within prox- 
imal apical dendrites of CA3 pyramidal cells in the stratum lu- 
cidum, previous reports have demonstrated that these subunits 
are not inserted into postsynaptic specializations within the char- 
acteristic complex dendritic spines termed thorny excrescences 
which arise from these dendrites (Siegel et al., 1994). Such in- 
tradendritic labeling has been attributed to the presence of both 
cytoplasmic pools of receptors and intracellular transport of re- 
ceptors to their eventual destination in the distal dendritic spines 
(Huntley et al., 1993, 1993, 1994; Siegel et al., 1994). Addi- 
tionally, 5-10% of the axons within the mossy fiber projection 
display ultrastructural immunoreactivity for NMDARl (Siegel 
et al., 1994) and/or GluR2(4) (present study). This relatively 
small proportion of immunolabeled axons at the ultrastructural 
level results in a pattern of immunoreactivity at the light micro- 
scopic level in which the mossy fiber projection appears unla- 
beled or faintly labeled, as in Figures 5 and 6. While it remains 
unclear as to whether or not mossy fiber axons are immuno- 
reactive for GluR5-7 (Good et al., 1993), the relatively small 
proportion of axons which are immunoreactive for each of the 
other groups of subunits discussed above may contribute to in- 
terobserver differences in interpretation and a resulting difficulty 
in determining the degree to which all three classes are present 
in a small subset of mossy fiber axons. Finally, it has been pre- 
viously reported that NMDARl-ir postsynaptic densities in hip- 
pocampus appear to be localized primarily to dendritic spines 
(Siegel et al., 1994). However, GluR2(4) (present report) and 
GluR5-7 (Good et al., 1993) are localized to postsynaptic den- 
sities on both dendritic spines and shafts. While interpretation 
of the observed labeling on dendritic shaft postsynaptic densities 
is complicated by the possibility that immunoreactive DAB 
product may spread beyond locations of specific antibody bind- 
ing, differences between the immunoreactive patterns exhibited 
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by antibodies directed against NMDARl (Siegel et al., 1994) 
and GluR2(4) (present report) suggest that this immunocyto- 
chemical method can reveal the apparent ultrastructural segre- 
gation of GluR subtypes. 

Differential vulnerability of hippocampal neurons 

Neurons within each subdivision of the hippocampus exhibit 
characteristic patterns of differential vulnerability to a host of 
deleterious processes. For example, portions of the hippocampal 
formation are major loci of damage in ischemia, kainate toxicity 
and epileptic seizure. Cellular pathology in ischemic injury is 
particularly severe in the CA1 region, and can be dramatically 
decreased by specific NMDA antagonists (Rothman and Olney, 
1987). Conversely, CA3 cells are among the most vulnerable to 
seizure-induced cellular pathologic changes (Choi, 1988) and 
kainate mediated damage (Nadler et al., 1981), but are relatively 
resistant to damage resulting from ischemic insult. Although 
such patterns may be influenced by the types of EAA receptors 
which mediate excitatory neurotransmission within specific in- 
trinsic and extrinsic hippocampal circuits, the ubiquitous cellular 
patterns demonstrated within the present study for members of 
the AMPA/kainate, kainate, and NMDA receptor families sug- 
gest that the mere presence of a particular EAA receptor subunit 
or subtype within a particular neuronal class is insufficient to 
explain patterns of differential vulnerability. 

Summary and conclusions 

There are several implications of these data regarding glutama- 
tergic transmission in the primate hippocampus. First, the 
AMPA/kainate subunits (GluR1-4) are well represented 
throughout the hippocampus and are likely to participate in all 
major hippocampal excitatory circuits. Double labeling studies 
demonstrate that kainate and NMDA receptors are also well rep- 
resented throughout the hippocampus on a cellular level. Sec- 
ond, AMPAikainate, kainate and NMDA receptors are broadly 
colocalized in hippocampal neurons, and at least in the case of 
CA 1, are colocalized at individual spines. Third, these data taken 
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together with previous studies demonstrate a segregation of 
GluRs in CA3 such that mossy fiber synapses are subserved in 
part by AMPA/kainate and kainate receptors (Good et al., 1993) 
(present study) but not NMDA receptors (Siegel et al., 1994) 
while associational commissural inputs to the distal portion of 
CA3 pyramidal cell dendrites are subserved by all three families 
of GluRs. Thus, colocalization within a neuron can not neces- 
sarily be extended to the synaptic level. It is likely that such a 
relationship between identifiable circuits and a particular GluR 
profile is present in other hippocampal and neocortical circuits 
as well, but will be more difficult to observe in regions with less 
dramatic segregation of afferents. As complex, convergent, ex- 
citatory circuits are visualized in combination with subunit spe- 
cific antibodies, it will be possible to link precise circuit ele- 
ments to identified GluR subunits, and define more precisely the 
postsynaptic signature of excitatory circuits. 
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