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Abstract-The cellular and subcellular localization of the GluRA, GluRB(C and GluRD subunits of the 
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) type glutamate receptor was determined in 
the rat hippocampus using polycional anti peptide antibodies in immunoperoxidase and immunogold 
procedures. For the localization of the GluRD subunit a new polycional antiserum was developed using 
the C-terminal sequence of the protein (residues 869-881), conjugated to carrier protein and adsorbed to 
colloidal gold for immunization. The purified antibodies immunoprecipitated about 25% of 3[H]AMPA 
binding activity from the hippocampus, cerebellum or whole brain, but very little from neocortex. These 
antibodies did not precipitate a significant amount of 3[H]kainate binding activity. The antibodies also 
recognize the GluRD subunit, but not the other AMPA receptor subunits, when expressed in transfected 
COS-7 cells and only when permeabilized with detergent, indicating an intracellular epitope. 

All subunits were enriched in the neuropil of the dendritic layers of the hippocampus and in the 
molecular layer of the dentate gyrus. The cellular distribution of the GluRD subunit was studied more 
extensively. The strata radiatum, oriens and the dentate molecular layer were more strongly immuno
reactive than the stratum lacunosum moleculare, the stratum lucidum and the hilus. However, in the 
stratum lucidum of the CA3 area and in the hilus the weakly reacting dendrites were surrounded by 
immunopositive rosettes, shown in subsequent electron microscopic studies to correspond to complex 
dendritic spines. In the stratum radiatum, the weakly reacting apical dendrites contrasted with the 
surrounding intensely stained neuropil. The cell bodies of pyramidal and granule cells were moderately 
reactive. Some non-principal cells and their dendrites in the pyramidal cell layer and in the alveus also 
reacted very strongly for the GluRD subunit. 

At the subcellular level, silver intensified immunogold particies for the GluRA, GluRB(C and GluRD 
subunits were present at type I synaptic membrane specializations on dendritic spines of pyramidal cells 
throughout all layers of the CAI and CA3 areas. The most densely labelled synapses tended to be on the 
largest spines and many smaller spines remained unlabelled. Immunoparticie density at type I synapses 
on dendritic shafts of some non-principal cells was consistently higher than at labelled synapses of 
dendritic spines of pyramidal cells. Synapses established between dendritic spines and mossy fibre 
terminals, were immunoreactive for all studied subunits in stratum lucidum of the CA3 area. The 
postembedding immunogold method revealed that the AMPA type receptors are concentrated within the 
main body of the anatomically defined type I (asymmetrical) synaptic junction. Often only a part of the 
membrane specialization showed clustered immunoparticles. There was a sharp decrease in immuno
reactive receptor density at the edge of the synaptic specialization. Immunolabelling was consistently 
demonstrated at extrasynaptic sites on dendrites, dendritic spines and somata. 

The results demonstrate that the GluRA, B(C and D sub units of the AMPA type glutamate receptor 
are present in many of the glutamatergic synapses formed by the entorhinal, CA3 pyramidal and mossy 
fibre terminals. Some interneurons have a higher density of AMPA type receptors in their asymmetrical 
afferent synapses than pyramidal cells. This may contribute to a lower activation threshold of interneurons 
as compared to principal cells by the same afferents in the hippocampal formation. 
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Glutamate produces fast excitation in the CNS 
through ligand-gated ion channels which are differen
tiated by binding with high-affinity either 0(-amino-3-
hydroxy-5-methyl-4-isoxazole propionate (AMPA) 
or kainate or N-methyl-D-aspartate (NMDA, for 
review see Refs 46, 102). The AMPA-activated chan
nels consist of several transmembrane subunits, 
which have been named GluRl_418.47 or GluRA
D. 57.109 Electrophysiological evidence from in vitro 
co-expression experiments of different subunits 
strongly suggest that native AMPA type receptors are 
hetero-oligomeric complexesY,45.57,82,102 There are in
dications that functional diversity of ionotropic 
AMP A type receptors in the CNS is generated 
by combining different subunits into heteromeric 
receptors. 27.43,45,63,70,124,126 However, the subunit com-
position, localization, and the relative density of 
glutamate receptors at the postsynaptic membrane of 
specific cell types, particularly in relation to the 
different glutamatergic afferents is still undefined, 

Glutamate is the major excitatory neurotransmitter 
in the hippocampal network (for review see Refs 64, 
87, 101), The glutamatergic inputs to pyramidal cells 
of the CA3 and CAl areas and to granule cells of the 
dentate gyrus are well characterized physiologically 
and are easily identifiable due to their segregated 
laminar distribution on the dendritic trees. 19,34,62,87,95 
Therefore, the hippocampus provides a good oppor
tunity to study glutamate receptor distribution in 
relation to specific synaptic inputs to a relatively 
homogeneous population of cells. Pyramidal and 
granule cells express mRNA for all four subunits of 
the AMPA type receptor,18,57,lOO,109 Non-principal cells 
have also been shown to express mRNAs for several 
subunits,lOO,109 but because they are heterogeneous the 
co-expression of particular sub units in specific sub
populations remains to be determined. Immunohisto
chemical studies showed that the GluRA and 
GluRB/C sub units are present in all layers of the 
hippocampus, mainly associated with layers that 
contain the dendritic arborization of principal 
cells. 14,68,75,76,90,98 These studies employed immunoper-
oxidase methods which reveal immunoreactive sites 
using a diffusible marker with high sensitivity but 
with limited spatial resolution. The diffusible reaction 
product was found both at synaptic and extrasynap
tic sites, confirming results from electrophysiological 
studies which demonstrated glutamate gated channels 
activated by synaptic inputs10.44,52,70,94,llS,125 or by ago
nist application to non-synpatic membrane. 27,54,63,1l4 
However, the precise distribution of the receptors, in 
relation to the presynaptic release sites and to the 
anatomically defined synaptic membrane specializ
ation, remains to be determined, 

Recently, using high-resolution immunoparticle 
markers we demonstrated that the 10( form of the 
metabotropic glutamate receptor is concentrated 
at the edge of postsynaptic densities of GABAI 
somatostatin-contallllllg interneurons in hippo
campus and of Purkinje cells in cerebellumH whereas 

thc AMPA type ionotropic glutamate receptor was 
found to be concentrated in the main body of the 
postsynaptic membrane specialization in synapses of 
Purkinje and granule cells.s4 Thus, the postsynaptic 
membrane seems to be parcelled according to the type 
of glutamate receptors. In order to determine the 
precise location of glutamate receptors on hippocam
pal cells we re-examined the distribution of the 
AMPA type receptor subunits in relation to specific 
afferents and postsynaptic cells. Immunoperoxidase 
and both pre- and postembedding immunogold 
methods have been compared for the electron-micro
scopic localization of receptors. The limitations of 
each technique have bcen critically evaluated, and it 
is shown that the three methods provide complemen
tary information and are best used in combination for 
defining the precise distribution of receptors. Prelimi
nary accounts of these results have been published in 
abstract form. 7,s3 

EXPERIMENTAL PROCEDURES 

Materials 

[lHjAMPA (46.1 Ci/mmol, DL-IX-[5-methyPHj-;) and 
(vinilidene-FH])-kainic acid (58.0 Cijmmol) were purchased 
from Du Pont-New England Nuclear, Boston, Massachu
setts, U.S.A.; AMPA was obtained from Tocris Neuramin. 
Bristol. U.K.; Triton X-lOO, protein A-sepharose CL 4B, 
porcine thyroglobulin, adjuvant peptide (N-acetylmuramyl
L-alanyl-D-isoglutamine), Freund's complete and incom
plete adjuvant, gold chloride, kainic acid, nitroblue 
tetrazolium, high molecular weight markers for electrophor
esis and phenylmethylsulfonyl fluoride were purchased from 
Sigma Chemical Co., Dorset, U.K.; Affi-Gel 15 came from 
Bio-Rad Laboratories, Richmond, CA, U.S.A.; lyophilized 
human y-globulin was supplied by Calbiochem, La Jolla, 
CA, U.S.A.; polyethylene glycol 6000 and 6-amino-n
hexonoic acid were from BDH Chemicals Ltd, Poole, U.K.; 
peroxidase-conjugated swine immunoglobulins to rabbit 
immunoglobulins and alkaline phosphatase conjugated 
affinity-purified immunoglobulins to rabbit immunoglobu
lins were from Dakopatts, Denmark. For solid-phase 
peptide synthesis, all reagents were purchased from N ov
abiochem, Nottingham, U.K.; 5-brom-4-chlor-3-indolyl
phosphate toluidine salt came from Boehringer Mannheim 
Gmbh, Germany. 

Antibodies 

The production, purification. characterization and im
munocytochemical application of anti-GluRA (253-267) 
antibodies (code GluRA-N-12) were described previously by 
Molnar et al. 75 ,76 and Baude et al. 6 These antibodies recog
nize an extracellular domain of the receptor. Affinity
purified antibodies recognize a single band in immunoblots 
of rat brain membranes of 105,000 mol. wt, and they 
precipitate AMP A binding. 75 In this study subunit specificity 
of GluRA-N-14 was tested on transfected COS-7 cells 
expressing one of the subunits of the AMPA receptor. As 
shown below only the GluRA subunit was recognized by 
these antibodies. 

Polyclonal antibodies to a C-terminal peptide (850 862) 
common to the GluRB and GluRC subunits were bought 
from Chemicon International Inc., US.A. The characteriz
ation of these antibodies (Ab25) showed that they immuno
precipitate [3HjAMPA binding activity of solubilized 
membrane samples and labelled a 108,000 mol. wt band in 
immunoblots from solubilized rat brain membranes. 120 They 
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also labelled a similar band from COS-7 cells transfected 
with either GluRB or GluRC cDNA.120 

A new polyclonal antiserum was raised against C-termi
nal residues (869-881) of the GluRD subunit of the AMPA 
type receptor. The preparation of the antigen, the immuniz
ation and the characterization of the antibodies from two 
rabbits (code Ab-GluRD-CTI3/7, Ab-GluRD-CTI3/8) are 
described below. 

Solid-phase peptide synthesis and peptide-carrier conjugation 

Peptide RQSSGLAVIASDL, which corresponds to 
residues 869-881 of the GluRD glutamate receptor subunit 
was synthesized as described earlier75 using fluorenyl
mcthoxycarbonyl chemistry and either pentafluorophenoxy 
or 3A-dihydro-4-oxobenzotriazine-3-oxy-activated amino 
acids. The final yield of pure peptide was routinely between 
5 and 8 mg/O.l g resin. The purity of the final products was 
assessed by high-performance liquid chromatography and 
mass spectrometry amino acid analysis. 

Synthetic GluRD peptide (4 mg) and 10 mg of carrier 
protein (thyroglobulin for immunization or bovine serum 
albumin (BSA) for coating enzyme-linked immunosorbcllt 
assay (ELlSA) plates and for the preparation of immuno
affinity columns) were dissolved in 1.67 ml phosphate
buffered saline (PBS, pH 7.2) to which 0.33 ml of 5% 
glutaraldehyde was added slowly with constant agitation. 
The mixture was allowed to react overnight at 4°C. The 
reaction was terminated by addition of a molar excess of 
ammonium chloride (50 JlI of 200 mg/ml). The peptide
thyroglobulin conjugate was dialysed either against 1000 ml 
PBS (four changes overnight at 4°C), or against 0.1 M 
4-morpholinepropanesulfonic acid (PH 7.5) when the 
peptide- BSA conjugate was to be coupled to Affi-Gel 15. 

Generation of antisera 

Polyclonal antibodies against the GluRD subunit were 
produced by immunizing three-month-old New Zealand 
white rabbits (Charles River, U.K. Ltd) with colloidal 
gold-conjugated immunogens as described by Pow and 
Crook. 9] Monodisperse colloidal gold spheres (80-100 nm) 
were produced by reduction of gold chloride with sodinm 
citrate.9,32 

Gold-immunogen conjugate (0.5 mg of carrier protein 
and coupled peptide) was injected into the rear marginal ear 
vein. The initial i.v. injection was accompanied by sub
cutaneous (s.c.) injections of 0.5 mg of conjugate emulsified 
in Freund's complete adjuvant. A boosting i.v. injection of 
the gold-conjugate was administered three weeks later and 
was accompanied by a s.c. injection of 0.25 mg conjugate in 
Freund's incomplete adjuvant. Serum antibody titres were 
monitored seven days after the second and subsequent 
injections by ELlSA using the BSA-conjugated peptide 
bound to the micro titration plates. Boosts were repeated 
four additional times at five-weekly intervals. 

ImmunoatJinity purification of anti -peptide antibodies on 
antigen columns 

Peptide was coupled to BSA with glutaraldehyde as 
described above, and la mg conjugated peptide was im
mobilized on Affi-Ge115 (Bio-Rad), following the manufac
turer's instructions. After coupling and washing the agar gel 
beads with the covalently attached antigen,S ml of immunl! 
serum was added. After 12-16 h incubation at 4'C beads 
were transferred to a column, washed with 20 bed-volumes 
of 10 mM Tris-HCI (PH 7.5), and then with 20 bed volumes 
of 0.5 M NaCl, 10 mM Tris-HCI (PH 7.5) at room tempera
ture. Antibody was eluted by passing la x I ml of 100 mM 
glycine~HCI (PH 2.5) through the column. The eluate was 
collected in Eppendorf tubes containing 100 JlI of 1 M 
Tris-HCI (pH 8.0) and OD2HIl was determined. The antibody 
containing fractions were combined and dialysed against 
1000 ml PES (four changcs overnight at 4°C). The antibody 

solution was supplemented with 1% BSA and 0.02% 
sodium azide. 

Enzyme-linked immunosorbent assay 

Titres of antipeptide antisera were determined using an 
immunoperoxidase ELISA. Wells of microtitre plates (Fal
con 3912 assay plates, Becton Dickinson and Co. Oxnard, 
CA, U.S.A.) were coated with 1 J'g/well of BSA-conjugated 
peptide (dissolved in 50 JlI 13 mM Na2C03 , 35 mM 
NaHC03 buffer, pH 9.6) by incubation at 4°C overnight. 
Wells were then washed three times with PBS containing 
0.05% Tween 20. After any unoccupied sites of the wells 
were blocked with 1 % BSA in PBS (blocking buffer) for 1 h 
at room temperature, the wells were washed with PBS 
containing 0.05% Tween 20. Several dilutions of antiserum 
(10-Z_106) in blocking buffer (lOO [d) were added to the 
wells and then the plate was incubated for 2 h at room 
temperature. After washing, antibodies bound to the 
immobilized antigen were reacted with 100 J'I of I: 1000 
dilution of horseradish peroxidase-conjugated swine anti
rabbit JgG in blocking buffer for 2 h at room temperature. 
The resultant immune-complex was detccted by addition of 
100 JlI of substrate solution; 1 mg/ml O-phenylenediamine 
and 0.003% HP2 in 35 mM citric acid; and 125 mM 
Na2HP04 , (pH 4.0). Colour development was allowed to 
proceed for 10 min at room temperature and stopped by 
addition of 50 JlI of 4 M HzS04 • Absorbance at 492 nm 
was measured by a Labsystems Multiskan microlitre plate 
spectrophotometer, 

Cell culture and membrane preparation 

COS-7 cells were grown in Dulbecco's modified Eagle's 
medium containing fetal calf serum (10%) supplemented 
with 100 Jlg!ml penicillin and streptomycin and I mM 
sodium pyruvate. Cells were transfected with DNA for one 
of GluRA-D at 0.9-1.5 Jlg DNA/25 cm2 flask using DEAE
dextran as described by Seed and Aruffo. 103 The mammalian 
expression vectors containing the genes coding for the 
receptor GluRA-D used in this study were the gift of Dr 
Hannah Monyer (Center for Molecular Biology, University 
of Heidelbcrg, lm Neuenheimer Field 282, Heidelberg, 
Germany) and were prepared for transfection studies using 
the Wizard Maxiprep plasmid kit (Promega). Cells were 
harvested for membrane preparation or for immunofluor
escence 48 h after transfection. Cell membranes were pre
pared by shearing cells in hypotonic medium as previously 
described. ' 

Immunofiuorescence labelling of expressed AMP A recep"tor 
sub units 

Cells for immunofluorescence were cultured on No. 1 
glass coverslips (22 x 22 mm) which had been washed with 
I M HCI, followed by ethanol and flame sterilization. All 
subsequent procedures were performed on the coverslip 
grown monolayer cells. Following transfection (48 h) with 
DNA at 0.3--0.5 Jlg/coverslip culture the covers lips were 
washed twice with PBS (2 ml). The cells were fixed for 
15 min in 4% paraformaldehyde in PBS at room tempera
ture. Cells for permeabilization were then incubated in TBS 
(0.1 M NaCI, 50 mM Tris-HCI pH 7.2) containing 0.2% 
Triton X-lOO for 5 min at room temperature. All coverslips 
were washed twice with 2 ml TBS before incubation with 
TBS containing 1.0% BSA and 5% normal goat serum for 
15 min. The coverslips were transferred to a moist chamber 
and carefully overlaid with the antibody (lOO JlI). The 
antibodies were all affinity-purified and were used at a 
concentration of I Jl g/ml. The incubation was performed at 
room temperature for 2 h following which the covcrslips 
were washed three times for 5 min at room temperature 
using 2 ml TBS-BSA before being overlaid for I h with 
affinity-purified fiuorescein isothyocyanate labelled goat 
anti-rabbit IgG (Sigma) at a dilution of I: 50 in TBS-BSA. 
The coverslips were washed with TBS and mounted for 
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Iluorescence microscopy in 50% glycerol;PBS. The cover
slips were scaled with nail varnish and viewed using a Leitz 
Dialux 20 epifiuorescence microscope. Photography was 
performed using Kodak TMAX 400 film using a standard 
45-s exposure time. 

Preparation alld solabilization of rat hrain mcmhranes 

Membranes from whole brains or dissected cortical, 
hippocampal, cerebellar and spinal cord areas of adult 
Wistar rats (250-300 g) were prepared as described by Zukin 
et al.127 In addition, the resulting pellets were washed a 
further three times by rcsuspension and centrifugation in 
50 mM Tris-citrate (pH 7.4) at 4°C for 20 min at 54,000 g", 
and the resulting membrane pellet was stored in aliquots at 
- 70°C until usc. 

Solubilization was performed according to Hunter et al.49 

and Hampson et al40 Membranes were thawed and then 
washed twice by resuspension and centrifugation in 50 mM 
Tris-citrate buffer (PH 7.4). The membrane pellet was then 
resuspcnded in 0.5 M potassium phosphate (PH 7.0), con
taining 20% glycerol to give a final protein concentration of 
5 mg/m!. Under the conditions employed,7' 70 74% of the 
proteins became soluble. Protein concentrations were deter
mined according to Lowry et alY 

ImmunoprecipitmilJl1 of solubilized A.M PA binding subunits 

Immunoprecipitation of Glu RD receptor subunit was 
carried out using antibody bound to protein A-Sepharose. 
Briefly, 400,ul of antiserum was incubated with 400 Id of 
packed protcin-A beads for 3 h at re. After washing four 
times with 50 mM Tris-citrate (pH 7.4), 10% glycerol, 0.1 % 
Triton X-lOO, 0.1 mM phenylmethylsulfonyl fluoride, the 
antibody-protein i\-sepharose complex was incubated 
overnight with 2ml of Triton X-lOO solubilized membrane 
preparations from rat brain. Beads were removed by cen
trifugation (1000 gay for 2 min), and the supernatants were 
used for [lH]AMPA and [,H]kainate binding assay. 

Receptor binding aSS{ll' 

[lH]AMPA and [lH]kainate binding was studied using 
a centrifugation assay. Solubilized rat brain membrane 
samples (100-200 pg of protein in a final volume of 
200-400 ,ul) were incubated with either 20 nM [lH]AMPi\ or 
10 nM [lH]kainate for 40 min at ODe. All experiments 
involving [lH]AMPA were performed with 100 mM potass
ium thiocyanate present during the incubation. To produce 
protein aggregation, 50-100,u1 of 8 mg/ml ;'-globulin and 
200-400,u1 of 30% polyethylene glycol (6000) dissolved in 
assay buffer were added to each sample at the end of the 
incubation period. Following centrifugation at 10,000 g for 
2 min the supernatants were aspirated and the pellets su
perficially rinsed with 0.4 ml of ice-cold 15% polyethylene 
glycol and dissolved in 0.5 ml I % sodium dodecyl sulphate. 
Radiolabelled content was assayed by liquid scintillation 
spectroscopy in 4 ml of Liquiscint (National Diagnostics, 
Manville, NJ. USA.). Results were expressed as specifically 
bound [lH]AMPA and ['H]kainate, which equals the differ
cnce between the total bound and nonspecifically bound 
ligand. Nonspecific binding was defined as the binding in the 
presence of 100,uM AMPA or kainate. All determinations 
were made in triplicate. 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis, 
I'lectrophoreti(' tram/i'}" of proteins and immlllwblot analysis 

Samples taken for electrophoresis were diluted with equal 
volume of 2% sodium dodecyl-sulphate, 50 mM Tris-HCI 
(pH 6.8), 10% 2-mercaptoethanol, 10% glycerol and 0.1 % 
Bromophenol Blue, and incubated for 5 min at 100°e. 
Electrophoresis, transfer of proteins and immunodetection 
of subunits was performed as dcscribed earlierJ5 ,J6 using 
membrane samples (50100,ug protein) and affinity-purified 
antibodies (2 7 Jlg/ml). The bound antibodies were 
visualized by the enzyme reaction of alkaline phosphatase 

conjugated anti-rabbit IgG diluted I: 1000 in blocking sol
ution. The substrate solution containcd 0.46 mM nitroblue 
tetrazolium, 0.2 mM 5-brom-4-chlor-3-indolyl-phosphate 
toluidine salt, 0.1 M Tris (pH 9.5), 0.1 M NaCI and 0.05 M 
MgCI2 • 

Preparation of animals and {issues for immunocytochemistry 

Lleven adult female Wistar rats (100-400 g: Charles 
River. U.K. Ltd) were deeply anaesthetized with sodium 
pentobarbital (220 mg/kg, i.p.) and perfused through the 
aorta with saline (l min) followed by ice-cold fixative 
(6-9 min) containing 4% paraformaldchyde, 0.025--{).1 % 
glutaraldehyde and approximately 0.2% picric acid, 110 made 
up in 0.1 M phosphate buffcr (PB, pH 7.2-7.4). Nine ani
mals were used for pre-embedding experiments. the two 
others were used for post embedding experiments. Blocks of 
tissue were frozen in liq uid nitrogen following cryoprotec
tion in sucrose, then thawed in PB. Vibratome sections were 
cut at 70 ,u m thickness. 

Pre-embedding immunoperoxidase reaction 

Floating sections were incubated, as reported,7S!!! first in 
normal scrum diluted in TBS, to reduce non-specific binding 
of antibodies to the tissue. They were then treated, either 
with aflinity-purified primary antibodies, or with control 
antibodies overnight at 4ue. Antibodies were used in the 
following concentrations: GluRA-N-12, 2.5 JIg protein/ml; 
Ab25 for GluRB/C, 4-1O,ug protein/ml; Ab-GluRD
CTl3/8, 3-7 ,ug protein/m!. After several washes in TBS the 
sections were incubated in biotinylated goat anti-rabbit IgG 
(diluted 1:50, Vector Lab.) in TBS for 2h, followed by 
incubation in avidin biotinylated horseradish peroxidase 
compkx (diluted I: lOO, Vector Lab.) for 2 h. Peroxidase 
cnzyme reaction was carried out with 3,3'-diaminobenzidinc 
tetrahydrochloride as chromogen and H20 2 as substrate. 
For light microscopy, 0.3% Triton X-lOO was added to the 
TBS throughout the experiment. 

Pre-embedding immunogold rations 

Sections for both immunogold and immunoperoxidase 
reactions were incubated together in the blocking and 
primary antibody solutions and then separated into glass 
vials. After washing the sections several times, they were 
incubated in TBS containing anti-rabbit IgG (diluted 
1: 100), coupled to 1.4-nm gold particles (Nanoprobes Inc., 
Stony Brook, U.S.A.) and dissolved in I % normal goat 
serum. Gold particles were silver enhanced for 10 20 min 
llsing the HQ Silver kit (Nanoprobes Inc.). Sections wcre 
then routinely processed for electron microscopic examin
ation as described previously. 

Postembedding immunogold reaction 

After perfusion, hlocks of hippocampus were extensively 
washed in PB and sectioned at 500,um thickness. The 
sections were processed for slam freezing, freeze substitution 
and Lowicryl embedding as previously described. Post
embedding immunocytochemistry was carried out on ultra
thin sections mounted on nickel grids. The grids were 
incubated for 30 min in blocking solution consisting of 5% 
fetal calf serum (Sigma), 0.8% bovine serum albumin 
(Sigma) and 0.1 % cold water fish skin gelatine (Sigma) 
dissolved in PBS. Sections were then transferred to primary 
antibodies diluted in blocking solution and incubated 
overnight at room temperature. Antibodies were used in 
the following concentrations: GluRA-N-12, 5 -50 pg 
protein/ml; Ab25 for GluRB/C, 25-30,ug proteirunl; Ab
GluRD-CTI3/8, 15-30,ug protein/m!. After washing, sec
tions were incubated for 90 min in goat anti-rabbit IgG 
coupled to 1.4-nm gold particles (diluted 1: 100) and made 
up in blocking solution. Sections were washed in PB for 
30 min, then put on 2% glutaraldehyde in PB for 5 min, 
washed in PB again and iinally, washed several times 
in llltra-pure water prior to silver enhancement (4 min) in 
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the dark with the HQ Silver kit. After several washes in 
ultra-pure water, sections were contrasted in saturated 
aqueous uranyl acetate and lead cilrate before air 
drying. 

Control incubations 

Selective labelling, resembling that obtained with the 
specific antibodies, could not be detected when the primary 
antibodies were either omitted or replaced by 5% normal 
rabbit scrum. Antibodies were preincubated for 2 h with the 
antigen used for immunization, 120 Ilg/ml for GluRD, 
20,ug/ml for GluRA subunit, at a final antibody concen
tration similar to that used for the reactions. This pretreat
ment completely abolished immunoreactivity in all methods 
described above. Using polyclonal antibodies to synapsin,SJ 
no plasma membrane labelling was observed with our 
methods. These immunohistochemical controls provide evi
dence that labelling observed on the plasma membrane is 
due to the anti-receptor antibodies. 

Since Ab-GluRD-CT 13/8 labelled a low-molecular
weight band in immunoblots we tried to eliminate this 
presumed cross-reactivity by incubating the purified anti
body (7,ug protein/ml) with fixative treated rat liver sec
tions. These were cut from the liver of an animal perfused 
for pre-embedding immunocytochemistry. The sections 
were extensively washed, treated for I h with TBS contain
ing 20 mM glycine and 20% normal goat serum, followed 
by incubation with the anti-receptor antibodies for 2 h at 
room temperature. The pretreatcd antibodies were then used 
for both immunoblotting and pre-embedding immunoreac
tions as described above. In pre-embedding immunoperoxi
dase and silver intensified immunogold reaction, the 
regional, laminar and subcellular pattern of immunoreactiv
ity was similar to that obtained with non-treated antibodies. 

RESULTS 

Characterization of anti-peptide antibodies 

Polyclonal antibodies were raised against synthetic 
peptides derived from unique amino acid sequences 
of the N-terminal portion of GluRA (residues 
253-267, codc Ab-GluRA-NI275 ) and the C-terminal 
portion of GluRD (residues 869-881, code Ab
GluRD-CT13) subunits. To reduce nonspecific label
ling, the antibodies were purified on an affinity 
column prepared with synthetic peptides. 

The specificity of the antibodies was tested by 
immunoblotting of COS-7 cells transfected with 
cDNAs for one of the GluRA, GluRB, GluRC or 
GluRD glutamate reeeptor subunits. Antibodies Ab
GluRA-N 12 and Ab-GluRD-CTI3/8 reacted only 
with the GluRA and GluRD subunits, respectively 
(Fig. I). To study the regional distribution of the 
GluRA and GluRD subunits in the CNS, membranes 
prepared from rat cerebral cortex, hippocampus and 
cerebellum were immunoblotted following sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis. 
Both antibodies stained a band of about 105,000 mol. 
wt in all brain regions. The value is slightly higher 
than those predicted from the deduced amino acid 
sequence which are 99,769 mol. wt for the GluRA 
and 101,034 mol. wt for the GluRD subunit.47,57 The 
difference may be due to post-translational glyeosyla
tion at the possible N -glycosylation sites of these 
subunits. Differences were seen in the intensity of 
immunostaining obtained from different brain areas; 

antibody Ab-GluRA-NI2 gave stronger reaction in 
membranes from hippocampus and cerebral cortex 
than antibody Ab-GluRD-CTI3j8 which gave the 
strongest reaction in the cerebellum (Fig. 1). This 
antibody also labelled more weakly a lower molecular 
weight band that does not seem to be related to the 
GluRD subunit, because it could also be detected in 
COS cells that were not transfected with cDNA for 
GluRD. A similar low molecular weight band is also 
detected59a by another antibody to the GluRD sub
unit. 120 Following preincubation of the antibody with 
fixative-treated rat liver sections, the labelling of this 
band was greatly reduced even under conditions 
which greatly increased the labelling of the band 
corresponding to the GluRD subunit in cerebellar 
membranes (Fig. I). Immunoreactivity with the anti
bodies was blocked by 10 p g/ml of the appropriate 
synthetic peptide (not shown). 

Immunofluorescence analysis of the location of anti
body binding sites 

COS-7 cells were transfected with cDNAs for 
either the GluRA or GluRD subunits and 48 h later 
the coverslip cultures were fixed. They were incubated 
with or without 0.2'Yo Triton X-lOO detergent used to 
permeabilize the cells before antibody reaction 
(Fig. 2). Immunolabelling with Ab-GluRA-NI2 
raised against the putative extracellular region 
(residues 253-267) of the GluRA subunit resulted in 
surface labelling of GluRA transfected COS-7 cells 
without permeabilization (Fig. 2D). In contrast, 
almost no labelling was seen on GluRD transfected 
non-permeabilized COS-7 cells with Ab-GluRD
CTl3/8 raised against the C-terminal cnd of the 
GluRD subunit (Fig. 2B). After permeabilization of 
cell membranes by detergent, both Ab-GluRA-NI2 
(Fig. 2C) and Ab-GluRD-CTl3/8 (Fig. 2A) anti
bodies labelled the plasma membrane and intra
cellular organelles, presumably the endoplasmic 
reticulum, revealing a high level of expression in some 
of the cells. These results suggest that the carboxy 
tcrminus of the GluRD subunit is intracellular. Many 
presumably non-transfected cells remained im
munonegative in the transfccted cultures. Further
more, no immunofluorescence signal was detected in 
permealized non-transfected control cultures, indicat
ing that the lower molecular weight protein, reacting 
weakly with the antibodies and present in im
munoblots of both transfected and non-transfected 
cultures, docs not contribute to the immunofluores
cence signal. 

Irnmunoprecipitation of the GluRD subunit 

The anti-peptide antibodies Ab-GluRD-CT13j7 
and Ab-GluRD-CTl3j8, attached to protein A
agarose, immunoprecipitated [3H]AMPA binding 
sites from membranes of whole rat brain, cerebral 
cortex, hippocampus and cerebellum which had 
been solubilized under conditions shown to yield 
soluble binding sites for both AMP A and kainate. 75 
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Fig. I. Immunoblotting of proteins from membranes of COS-7 cells. transfected with cDNAs for GluRA 
(lane A), GluRB (lane B), GluRC (lane C), GluRD (lane D) subunits of glutamate receptor, and from 
membranes of rat brain. (A) Ab-GluRA-NI2 (253-267) selectively labels a band that corresponds to the 
GluRA subunit of around 105,000 mol. wt. (B) Ab-GluRD-CTl3/8 (869- 881) selectively labels a similar 
band that corresponds to the GluRD subunit. This antibody also gives a variable reaction with a lower 
molecular weight band that is not related to GluRD. Lane N shows lack of labelling of non-transfected 
control cell membrane proteins. Crude membrane samples (50 ll g protein/lane, except lane CER *) 
prepared from cerebral cortex (CTX), hippocampus (HIP) and cerebellum (CER) were used. For lane 
CER*, IOOllg cerebellar protein was applied and Ab-GluRD-CTl3/8 (7 Ilg protein/ml) was incubated 
with fixative treated liver sections before applying it to the blot. The samples were subjected to 
electrophoresis on 9% sodium dodecyl sulphate-polyacrylamide gels and blotted on to polyvinylidene 
difluoride membrane. Affinity-purified primary antibodies were used at 2 Ilg protein/ml (except for lane 
CER *), and the bound antibodies were detected by reaction with alkaline phosphatase-conjugated 
anti-rabbit IgG. The blot in lane CER * was developed longer than the other lanes in the substrate solution. 

Positions of molecular mass standards (mol. wt x 10- 3) are indicated on the left. 
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Fig. 2. Immunofluorescence labelling of COS-7 cells transfected with cDNAs for either GluRD CA, B) or 
GluRA CC, D) glutamate receptor subunits two days before reacting with antibodies Ab-GluRD-CT13/8 
CA, B) or Ab-GluRA-NI2 CC, D), respectively. Immunofluorescence labelling of the GluRA subunit in 
fixed cells with the amino-terminal domain antibody Ab-GluRA-NI2 shows strong surface labelling (D), 
but no surface labelling is seen with the antibody raised against the C-terminal end of the GluRD subunit 
in cells expressing the GluRD subunit (B). After cells were permeabilized with detergent both antibodies 
labelled structures throughout the cytoplasm (A, C), revealing a high level of expression. Scale 

bars = 20!lm (A, B, D) and 10!lm (C). 

Antibodies raised in rabbits 7 and 8, immunoprecipi
tated 26 ± 9% and 25 ± 9% of the total AMPA 
binding activity of solubilized whole rat brain mem
branes respectively (Table 1). Ab-GluRD-CTl3/8 
removed similar proportions of the AMP A binding 
activity from samples of hippocampus (25 ± 5%) and 
cerebellum (26 ± 9%), but very little if any, from the 
cerebral cortex. The [3Hlkainate binding activity of 
brain samples was not changed by either antibody 
(Table 1). 

Terminology and identification of structures in brain 
sections 

Many of the conclusions drawn in this study 
depend on the correct identification of neuronal 
elements in different hippocampal layers, and so the 
criteria and limitations in the predictability of the 
origin of postsynaptic elements will be summarized 
briefly. The pyramidal, granule and hilar mossy cells 
of the hippocampus, collectively called principal cells, 
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Table I. Selective immunoprecipitation of [3H]AMP A binding activity with GluRD subunit-specific antibodies (Ab-
GluRD-CTl3) 

[lH]AMP A binding 
Source of % [lH]AMPA 

Epitope of Ab Immunized solubilized Control Not bound Yield binding immuno-
(residues) rabbit receptor (pmol/mg) (pmoljmg) (%) precipitated 

GluRD 7 Whole brain 1.26 ± 0.10 0.93 ± 0.10 74 ± 9 26 ± 9 
(869-881) 8 Whole brain 1.17 ± 0.06 0.88 ± 0.11 75 ± 9 25 ± 9 

8 Cortex 1.93 ± 0.13 1.80 ± 0.09 93 ± 6 7±6 
8 Hippocampus 2.16 ± 0.08 1.63 ± 0.09 75 ± 5 25 ± 5 
8 Cerebellum 0.89 ± 0.10 0.66 ± 0.05 74 ±9 26 ±9 

[3H]kainate binding 
Source of %[lH]AMPA 

Epitope of Ab Immunized solubilized Control Not bound Yield binding immuno-
(residucs) rabbit receptor (pmoljmg) (pmoljmg) (%) precipitated 

GluRD 7 Whole brain 133 ± 3.5 128 ± 3.1 96 ± 3 4±3 
(869-881) 8 Whole brain 104 ± 6.5 101 ± 8.8 97 ± 7 3 ± 7 

Immunoprecipitation of ligand binding activity was measured with [lH]AMPA (20 nM) in the presence of 100 mM 
potassium isothiocyanate, or with [lH]kainate (10 nM). Receptors were solubilized from membranes with 1 % Triton 
X-lOO and 0.2% digitonin. The solubilized samples were incubated overnight with protcin-A bound antibody beads and 
the percentage of ligand binding activity remaining in the supernatant (Yield %) was determined. The proportion of 
ligand binding specifically immunoprecipitated was calculated by subtracting the yield value from the total binding 
activity (100%). The immunoprecipitation removed a significant proportion of the total eH]AMPA binding activity, 
but there was no significant change in the [lH]kainate binding activity of the same samples. All determinations of binding 
were performed in triplicate and the values are the mean ± S.D. from three independent determinations. 

are all thought to use glutamate as neurotransmitter. 
Throughout this paper the term non -principal cell will 
be used to include all other cell types some of which 
may have hippocampofugal axons, although they are 
often called interneurons. The non-principal cells can 
be divided into many subclasses according to their 
synaptic connections, neurochemistry and the pos
ition of their cell bodies. In the present report no 
attempt was made to differentiate between the cell 
types. The dentate hilus, in addition to mossy cells, 
contains many non-principal cell bodies, and den
drites of different origins. The cell bodies of mossy 
cells are not easily distinguishable from pyramidal 
cells at the hilar end of the CA3c area. However, the 
two dendritic layers of the CA3c area, surrounding 
the cell bodies of pyramidal cells, can be distinguished 
from the hilus in immunostained material. It appears 
that the dendrites of mossy and CA3c pyramidal cells 
remain segregated and differ in their GABAA85 as well 
as glutamate75 receptor immunoreactivity. 

Light microscopic distribution of' iml11unoperoxidase 
labelling for subunits of'the AMP A receptor 

The distribution of immunolabelling from this 
series of animals is in agreement with previous data 

describing immunoreactivity for the GluRA subunit 
using the same antibodies. 75 Immunoreactivity for the 
GluRA subunit was more prominent in strata oriens 
and radiatum of the CAl area, in stratum lacunosum 
moleculare of CA 1 and CA3 areas and in the molecu
lar layer of the dentate gyrus, than in other layers 
of the CA3 area. with the stratum lucidum showing 
the weakest labelling.75•98 Immunolabelling for the 
GluRB/C subunits resembled the earlier results re
ported with the same antibody90 and using different 
antibodies,68 but some differences were apparent. In 
our preparations, immunoreactivity for the GluRB/C 
subunits was more uniformly distributed in the neu
ropil throughout the hippocampus, with the excep
tion of the hilus, than reported previously.68.9o The 
difference between CAl and CA3 regions seen for the 
GluRA subunit was not present for the GluRB/C 
subunits. The neuropil of the hilus was weakly 
labelled. Clear difference was seen in the immunore
activity of the different principal cell bodies and 
proximal dendrites, the labelling decreasing in the 
order as follows, CA3 pyramid = mossy cell> CAl 
pyramid> granule cell. Hilar mossy cells were ident
ified on the basis of their angular shape, density and 
location.l Immunoreactive non-principal cells were 

Fig. 3. Light micrographs of immunoreactivity for the GluRD subunit of the AMPA type glutamate 
rcceptor in the hippocampus. (A, BJ Immunoreactiyity is present in all layers, being most intense in 
stratum oriens (so) and radiatum (sr) of the CAI area and the molecular layer (ml) of the dentate gyrus. 
The hilus (h), the stratum lucidum (sI) and the stratum lacunosum moleculare (slm) are less reactive. The 
cell bodies of pyramidal and granule cells are moderately reactive. Some non-principal cells (arrows in 
B) and their dendrites (double arrow) in stratum pyramidale (sp) and in the alveus (alvJ react very strongly 
for this subunit. (C) At higher magnification of the stratum radiatum (CAI) the weakly reacting apical 
dendrites (arrows) are surrounded by punctate labelling in the neuropil. (D) In the stratum lucidum (sI) 
of the CA3 area, the weakly reacting dendrites and pyramidal cells (p) are surrounded by strongly reacting 
large rosettes (e.g., arrowheads). whereas the stratum radiatum (sr) shows small punctate immunostaining. 
(E) A large hilar neuron is surrounded by stained rosettes (arrowheads) at the origin of its main dendrites. 

c, capillaries; gel. granule cell layer. Scale bars = 200 flm (A), 50 flm (B), 10 flm (C-E). 
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recognizable in all layers of the CAl and CA3 areas, 
but they were less strongly labelled relative to princi
pal cells than for the GluRA subunit. 

The distribution of immunolabelling for the 
GluRD subunit with our antibodies differed substan
tially from that reported earlier ,68.90 and so it is 
described in more detail (Fig. 3). The difference in the 
pattern obtained with Ab-GluRD-CTl3/8 is unlikely 
to be due to crossreactivity with a lower molecular 
weight protein, responsible for the labelling of an 
additional weak band in immunoblots, since the 
immunoreactivity pattern in the hippocampus did not 
change following the pretreatment of the antibodies 
that lead to the virtual elimination of this band 
(Fig. lB). Immunoreactivity was present in all layers, 
being most intense in stratum oriens and radiatum of 
the CAl area and in the molecular layer of the 
dentate gyrus (Fig. 3A, B). At higher magnification, 
the weakly reacting apical dendrites were surrounded 
by punctate labelling in the neuropil of the stratum 
radiatum of the hippocampus (Fig. 3C). The hilus, 
the stratum lucidum of the CA3 area and the stratum 
lacunosum moleculare of both the CAl and CA3 
areas were less strongly labelled. The cell bodies of 
pyramidal and granule cells were only moderately 
reactive; the hilar mossy cells were more strongly 
labelled. Mossy cells were also surrounded by 
strongly stained rosettes probably corresponding to 
complex dendritic spines or excrescences (Fig. 3E). 
Some non-principal cells and their dendrites in the 
pyramidal cell layer and in the alveus reacted very 
strongly for this subunit (Fig. 3B). In stratum lu
cidum of the CA3 area, the weakly reacting dendrites 
and pyramidal cells were surrounded by strongly 
reacting large rosettes corresponding to complex den
dritic spines, whereas in the stratum radiatum small 
punctate immunostaining was observed (Fig. 3D). 

High-resolution immunogold labelling 

Membrane topology of immunolabelling. For the 
N-terminal antibody to the GluRA subunit, im
munoparticles were located along the external face of 
the extrasynaptic plasma membrane when detected 
with the pre-embedding method (Figs 5A, 8A). Only 
very rarely and only in tissue that was disrupted by 
the freeze-thaw procedure could particles be found in 
the synaptic cleft (Fig. 8A). In contrast, immunopar
ticles were located along the cytoplasmic side of the 
synaptic plasma membrane when antibodies to the 
C-terminal part of the GluRD subunit were used 
(Figs 4A-C, 8B, C). These results demonstrate the 
extracellular location of the N-terminal and the intra
cellular location of the C-terminal parts of subunits 
of the AMPA type receptor subunits.75,90 

Synapse types, Synaptic junctions in the CNS were 
classified on the basis of the electron-microscopic 
appearance and extent of the postsynaptic density. 
Type 1 (often called asymmetrical) synapses have 
extensive postsynaptic densities, and type 2 
(often called symmetrical) have small postsynaptic 

densities,35 Electron-microscopic studies demon
strated that in the hippocampus, entorhinal, pyrami
dal and granule cell axon terminals, which produce 
monosynaptic fast excitatory postsynaptic potentials 
in postsynaptic cells, make type 1 synapses.3,16,80 

Most, but not all, synaptic boutons which make type 
I synapses are rich in glutamate19,62 which is con
sidered to be the transmitter at these synapses. In the 
present study synaptic labelling was only seen at type 
1 synapses, 

Synapses were considered immunopositive if the 
junctional membrane specialization was contacted by 
more than one immunoparticle. Along with synapses 
labelled by multiple particles, many additional 
synapses were labelled only by one particle in ma
terial that showed negligible background labelling, 
thus the above criterion leads to an underestimate of 
immunolabelled synapses, Nevertheless, restricting 
the immunolabelled population for synapses labelled 
by two or more particles does not change the pattern 
of immunolabelling described here. Interestingly, in 
the same area that contained strongly immunoposi
tive synaptic junctions (Fig. 5C-D) most synapses 
were unlabelled and some showed labelling only by 
one particle. In the pre-embedding condition one 
could argue that the antibodies did not penetrate to 
the immunonegative synaptic junctions (Fig. 5A), but 
this explanation cannot apply to the post-embedding 
condition. The most parsimonious explanation of 
the great range of labelling intensity of type 1 
synapses for AMPA type glutamate receptors is that 
the synapses express widely differing levels of the 
receptor. 

Synapses on dendritic spines in the CA 1 and CA 3 
areas. Most glutamatergic terminals make synaptic 
junctions with dendritic spines, and most of the spines 
originate from principal cells, however, non-principal 
cells may also have sparsely or densely spiny den
drites. 37,39,41,112 Although spines of non-principal cells 
contribute only a small fraction of the total spine 
population and these spines are more irregular in 
shape than principal cell spines, they cannot be 
differentiated from pyramidal cell spines without 
identification of the parent dendrite. Therefore, the 
origin of any single spine in electron micrographs is 
uncertain and the conclusions described below about 
principal cell spine labelling are derived from obser
vations of the whole population. 

Using the pre-embedding method, immunolabelling 
was generally associated with spines receiving type 1 
synapses in strata radiatum, oriens and lacunosum 
moleculare (Figs 4A-C, 5A). The subcellular distri
bution of immunoparticles under pre-embedding 
condition was different for the GluRD subunit from 
that for the GluRA subunit and GluRB/C subunits. 
For the GluRD subunit, particles were present both 
at the cytoplasmic side of postsynaptic densities 
(Fig, 4A-C) and less frequently along the extrasynap
tic spine membrane. Based on the criterion of more 
than one particle per synapse, up to 5% of spines had 
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labelled postsynaptic densities. For the GluRA 
(Fig. SA) and GluRB/C (nol shown), subunits 
particles were only present at the extrasynaptic 

membrane, often located just at the edge of the 
postsynaptic densities (Fig. SA). Immunoreactivity 
could also be seen al the extrasynaptic membrane of 

NSC 69/4--C 

Fig. 4. Electron micrographs of immunoreactivity for the GluRD subunil of the AMPA receptor. (A-C) 
Pre-embedding silver intensified immunogold reaction in stratum radiatum of the CA 1 area. Immunopar
ticles are located al the cytoplasmic side of postsynaptic densities of some type 1 synapses (arrows) made 
by axon terminals (at) with dendritic spines (s). Other synapses are immunonegative (double arrows). 
(D. E) Postembedding silver intensified immunogold reaction in stratum radialUm of the CA \ area (D) 
and stratum oriens of the CA3 area (E). Immunoparticles (arrows) are present on the postsynaptic 
densities of type \ synapses. A type \ synapse on a dendritic shaft (d) in E is immunonegative (double 

arrow). Scale bars = 0.2 pm (A-C). 0.\ pm (D. E). 
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dendritic spines and shafts, but in no obvious re
lationship to synapses (Fig. 5A). Somc presynaptic 
labelling, associated with the cytoplasmic face of 
nerve terminals making type I synapses, was also 
present for the GluRD (not illustrated), but not for 
the other subunits. 

U sing the poslemhedding method, immunolabelling 
was mainly localizcd to the postsynaptic densities for 
the GluRBjC and D subunits (Figs 4D, E, 5B-E, 
7B, SC), and to the postsynaptic density as well as the 
synaptic cleft for the GluRA subunit (Fig. 6A, B). 
Immunoparticles do not seem to have a preferential 
distribution at the postsynaptic membrane specializ
ation, since they could be found at any position along 
the junction. However, they usually do not occupy 
the whole length of the membrane specialization, 
even at high labelling density (Figs 4D, SC, D, E). 
Based on the criterion of more than one particle pcr 
synapse, less than I % of spines were immunopositive 
in the best reacting material, but synapses on den
dritic shafts were more frequently labelled. Anti
bodies to the GluRBjC subunits were the most 
effective at labelling synapses. Immunoparticles were 
rarely seen at extrasynaptic membranes and not at all 
within the spine away from thc plasma membrane. 

Synapses on dendritic shafts. Pyramidal cells receive 
type 2 synapses on their dendritic shafts and these 
were immunonegative for all subunits. Many types of 
non-principal cell receive a high density of both types 
1 and 2 synapses on their dendritic shafts; therefore, 
in electron micrographs dendrites with many type I 
synaptic junctions should be considered as originat
ing from non-principal cells. The type of non-princi
pal cell (e.g., axo-axonic cell, bistratified cell, etc.) 
cannot be determined from electron micrographs at 
present, as only the visualization of their axonal 
arbors allows subtype identification 20 

The postembeddillg method revealed many strongly 
immunopositive axo-dendritic synapses I'or the 
GluRB/C (Fig. 5B, 7) sub units and less strongly 
labelled ones for the GluRA (Fig. 6B) and GluRD 
(not shown) subunits. The most frequent synaptic 
labelling was obtained with antibodies to the GluRB/ 
C subunits. However, immunonegative axodendritic 
type I synapses were also observed on the same 
dendrites (Fig. 7A). Some axo-dendritic synapses 
were consistently more strongly labelled than the 
axo-spinous synapses (see, C.g .. Fig. 7) in the same 

area of the section, probably due to a higher density 
of AMPA receptor in synapses of interneurons. 

Mossy fibre synapses. These synapscs are concen
trated on the proximal dendrites of CA3 pyramidal 
cells, where the presynaptic terminals can be recog
nised on the basis of their size and the high density 
of synaptic vesicles (Fig. 8). Here, in contrast to other 
parts ofthc dendritic tree, a homogeneous population 
of synapses can be analysed for the different receptor 
subunits. Light-microscopic analysis of immunoper
oxidase labelling for the GluRD suhunit revealed 
large rosettes in the termination zone of the mossy 
fibres (Fig. 3D, E). Electron microscopy of the same 
peroxidase immunoreacted material showed that the 
labelling was mainly postsynaptic and largely re
stricted to the complex dendritic spines of pyramidal 
cells (not shown). The postsynaptic labelling was 
also confirmed by the pre-embedding immunogold 
method (Fig. 8A C). which also showed non-synaptic 
labelling along the dendritic shafts. lnterneurons also 
receive synapses from mossy fibres and some of these 
were heavily labelled for the GluRD subunit along 
the cytoplasmic side of the postsynaptic density 
(Fig. 8C). The GluRA subunit could only be demon
strated by the pre-embedding method (Fig. 8A), 
rarely in the synaptic junctions and more frequcntly 
at the extrasynaptic spine and dendritic memhranes. 
A possible reason for this is the lower amount of 
GluRA slIbunit at mossy fibre synapses, which could 
not be detected by the postembedding method due to 
its lower sensitivity. Immunoparticles were dis
tributed along the external face (Fig. 8A) of the 
plasma membrane. The GluRBjC subunits could 
only be localized in the mossy fibre synapses with the 
postembedding method and immunoparticles showed 
a concentration in the synaptic membrane specializ
ation, with a sharp decrease in labelling at the edge 
of the junctions (Fig. SD, E). 

DISCUSSION 

The immunocytochemical results demonstrate that 
the AMP A type glutamate receptor is concentrated in 
synaptic junctions that have extensive postsynaptic 
membrane specialization and have been classified 
anatomically as lype 1 or asymmetrical synapses. J5 

This conclusion was reached on the basis of the 
enrichment of immunoparticles on the synaptic 

Fig. 5. Electron micrographs of AMPA receptor immunoreactivity in the CAI area. (A) Immunoreactivity 
for the GluRA subunit, pre-embedding silver intensified immunogold reaction. Two spines (s), one of them 
connected to a pyramidal cell dendritic shaft (d), receive type 1 synapses from axon terminals (at). 
Immunoparticies are located at the periphery of postsynaptic densities (arrows) and at extrasynaptic sites 
on the dendritic shaft and dendritic spines (open arrows). The location of immunoparticles mainly at the 
external face of membranes indicates the extracellular position of the epitope(s). (B-E) Immunoreactivity 
for the GluRB/C subunits, postembedding silver intensified im11l1111ogold reactions. Immunopartic1es are 
present on the postsynaptic densities (arrows) of type I synapses established by aXOll terminals (e.g., at). 
The postsynaptic elements are a dendritic shaft (d in B) in stratum Ol'iens, and spines (s) in stratum 
radiatum. Note that the immunolabelled synapses on spines are amongst the largest ones and nearby 

smaller synapses (double arrows) are immunonegative. Scale bars = 0.2 )1m. 
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membrane specialization in the brain, as demon
strated by the postembedding immunogold method, 
which has been Cound to be the only reliable method 
to demonstrate synaptic receptors unequivomlly with 
most antibodies. Since this is the first study to apply 
the postembedding method to the hippocampus it is 
important to compare the merits of the different 
techniques when making comparisons with other 
studies. 

Pre -embedding casus postcmbedding methods for the 
localization of synaptic receptors 

Previous electron-microscopic immunoperoxidase 
localization of AMP A receptors, using antibodies to 
the C-terminal part of the polypeptides, showed that 
postsynaptic densities were covered by peroxidase 
reaction endproduct and this has been generally 
interpreted as demonstrating synaptic reeeptor 
immunoreaetivity6.31.68.75,76.90.107.116 The illustrations in 

these studies also show an identical precipitate on 
intracellular organelles such as mitochondria and on 
non-synaptic plasma membrane. The latter has been 
shown to contain non-synaptic receptors by the pre
sent immunogold method as well as by recording 
glutamate receptor-mediated membrane currents by 
patch recording.27.54.114 We could reproduce pre
viously published immunoperoxidase labelling of 
postsynaptic densities in the hippocampus,68.9o either 
with antibodies used by those authorsJ190 or with 
other antibodies 6 .75 ,76 However, we found it imposs
ible to establish whether the peroxidase reaction 
precipitate on the postsynaptic specialization was 
formed there, or diffused to the postsynaptic density 
from non-synaptic sites. Evidence for the latter event 
was obtained from the immunoloealization of a 
metabotropic glutamate receptor, which is absent 
from the main hody of postsynaptic specialization 
when revealed by particulate immunomarkers.8•84 

Ncvertheless, whcn shown by the peroxidase tech
nique, the postsynaptic densities were covered by 
precipitatc in a pattern69 indistinguishable from that 
obtained for the A\.1PA receptor subunits. Further
more. in our immunoperoxidase localization of gluta
mate receptors, using antibodies to intracellular 
epitopes, the reaction end product was also found on 
synaptic speeializations that were formed by pre
sumed GABAergic terminals on dendritic shafts 
and spines as long as the postsynaptic element was 
immunoposltIve. It is noteworthy that no 
immunonegative synapse has been demonstrated on 
immunopositive postsynaptic structures in previous 

peroxidase labelling studies. L nless one assumes that 
glutamate receptors arc equally concentrated in all 
synaptic junctions, the most parsimonious expla
nation of the labelling of all synapses is that the 
reaction product can cover any synaptic junction 
within a postsynaptic element. It can be concluded 
that the postsynaptic specialization can concentrate 
the peroxidase reaction product wherever it is 
formed. Therefore, a high density of peroxidase 
reaction product on the postsynaptic density is con
sistent with, but does not necessarily represent, the 
visualization of synaptic receptors. 

We have tried previously an alternative strategy for 
the synaptic localization of glutamate receptors using 
antibodies to predicted extracellular epitopes, hoping 
that the narrow extracellular space will restrict the 
peroxidase reaction product to sites of high densities 
of receptor. The results for both glutamate6.75,76 and 
GABA receptorsJ6.lOS.111,113 showed a relatively uni
form deposition of reaction product in the synaptic 
cleft as well as along the extrasynaptic plasma mem
brane. Although the reaction signal in the synaptie 
cleft was taken as evidence for the presence of the 
receptor in the junction, in retrospect, the possibility 
that all the reaction product was formed extrasynap
tically and that some of it then diffused into the 
synaptic cleft cannot be excluded. Indeed when a 
non-diffusible immunosignal, namely silver inten
sified immunogold, is used for the localization of 
extracellular receptor epitopes, the same antibodies 
that give an immunoperoxidase signal in the synaptic 
cleft, do not show an immunoparticle signal in synap
tic junctions.s5•86 Thus either the primary antibody, or 
the I .4-nm gold particle-coupled secondary antibody 
are unable to enter the synaptic cleft. The effect DC 
detergent treatment is as yet unclear. 

Immunofluorescence detection of glutamate recep
tors produced spectacular results on cultured neur
ons 12.28,29 showing that under such conditions there is 
clustering of the immunosignal on dendritic spines for 
AMPA type receptors. Both dendrites and somata 
showed clustered distribution of NMDA receptors 
detected with a fluorescent derivative oC conantokin
G toxin. l' Clustering of reccptors, however, can occur 
in the absence of synaptic input23 and the resolution 
of the fluorescent signal does not allow the differen
tiation of pre- and postsynaptic membranes or for us 
to decide how much of the signal originates 
from outside the synaptic membrane specialization, 
Nevertheless immunofluorescent methods appear to 
provide a more discrete signal than immul1operoxi
dase labelling. 

Fig. 6. Electron micrographs of AMPA receptor immunoreactivity for the GluRA subunit in the CA3 
area, as detected with the postembedding method. (A) Two groups ofimmunoparticles (arrows) label the 
postsynaptic membrane at a type 1 synapse established between a spine (s) and an axon terminal (at) in 
stratum oriens. CB) ImmunoparticJes (arrows) are located in the synaptic cleft at the external face of the 
postsynaptic membrane at a type I synapse established between a dendrite (d) and an axon terminal in 
stratum lucidum. The pale line next to the particles is the lipid bilayer of the postsynaptic membrane. Scale 

bars = 0.1 pm. 
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The postembedding immunogold method is re
liable to localize receptors at synaptic sites with 
high resolution and to reveal relative quantitative 
differences in receptor density along the plasma mem
brane.84,86 This method has demonstrated the enrich
ment of AMPA receptors in anatomically defined 
type I synaptic junctions, The preservation of tissue 
and immunoreactivity can be uneven within the 
slam-frozen blocks used for postembedding labelling, 
resulting in variable proportion of immunopositive 
asymmetrical synapses. In addition to a genuine 
absence of receptors, the lack of immunoreactivity in 
some asymmetrical synapses could be due to either 
the inaccessibility of receptors in tangentially cut 
synapses which do not reach the surface of the 
section, or to receptor levels below the detectability 
of our method. Therefore, only the positive immuno
labelling results could be conclusively interpreted. In 
the postembedding method, the sectioned membrane 
is uniformly exposed to the reagents in contrast to 
the pre-embedding methods which often produce a 
decreasing gradient of reactivity as a function of 
depth in the thick section. In addition, the rarity of 
immunogold labelling of the glutamatergic synaptic 
junctions, using the pre-embedding method and anti
bodies recognizing extracellular epitopes, strongly 
suggests that antibodies may not have access to the 
synaptic cleft due to its composition. 

Both the pre-embedding immunoperoxidase and 
immunogold methods are reliable for the visualiza
tion of extrasynaptic receptors, which are less fre
quently detected with the postembedding method, 
due to its lower sensitivity. Thus, the three methods 
provide complementary information and are best 
used in combination in order to define the precise 
distribution of receptors. 

Immunocytochemical localization of receptors in com
parison with other methods 

The presence of the AMP A type receptors in 
hippocampal principal and non-principal cells was 
expected from the expression of mRNA for these 
subunits by these cells. 18,57,lOO,109 The regional distri
bution of [3H]AMPA binding77,121 also showed dense 
labelling of the dendritic layers in the hippocampus. 
This appears similar to our light microscopic im
munohistochemical results75,76 and is in agreement 
with some previous studies which revealed strong 
homogeneous immunostaining of the dendritic 
layers. 14,68.98 However, other studies48.9o showed the 

preferential stallllllg of pyramidal cell bodies and 
main dendrites, which contrasts with the expected 
concentration of receptor at synaptic sites in the 
dendritic layers. 

Membrane topology of A MP A type receptor subunits 

Since the cloning of the first glutamate receptor 
subunit,47 several models have been suggested for 
the membrane organization of the subunit pro
teinY,46,97.l15,117,119 Using antibodies to residues 
253-267 or 877-889 of the GluRA subunit in an 
immunoperoxidase procedure, we first reported that 
the reaction deposit was on the extracellular (residues 
253-267)6,75,76 face of the plasma membrane, and 
confirmed the result of Petralia and Wenthold90 that 
an antibody to residues 877-889 produced intracellu
lar labelling along the plasma membrane.6,75,76 
We suggested the revision of the model based on 
hydropathy plots which predicted both the C- and N
terminal ends of the polypeptide to be extracellular. 
On the basis of the different location of immunocyto
chemical signals and recent biochemical studies,13,97 it 
is generally accepted that the C-terminal end is indeed 
cytoplasmic, although the overall membrane confor
mation is open to several interpretations. Concerning 
the labelling in the hippocampus, using the pre
embedding immunogold method which is the most 
suitable immunocytochemical method to predict the 
membrane topology of epitopes, we have now 
confirmed the immunoperoxidase results and have 
demonstrated that the epitope(s) representing 
residues 253-267 in the GluRA subunit are indeed 
extracellular, whereas epitopes in the C-terminal 
850-862 (GluRB/C) and 869-881 (GluRD) residues 
are at the cytoplasmic side of the plasma membrane. 
Interestingly, the GluRD subunit could be revealed at 
the cytoplasmic side of the postsynaptic density by 
the pre-embedding method, whereas the GluRB/C 
sub units could not. The GluRD subunit has a longer 
C-terminal intracellular segment after the last 
transmembrane domain than the GluRB and GluRC 
sub units and our results suggest that it is in the 
cytoplasm further from the membrane than the C
terminal parts of the other two subunits. 

AMP A type receptor subunits are concentrated at 
type 1 synapses in the hippocampus 

The presence of high concentrations of AMP A 
type glutamate receptors in the main body of 
anatomically defined type 1 postsynaptic membrane 

Fig. 7. Electron micrographs showing immunoreactivity for the GluRBjC sub units of the AMPA receptor 
in stratum lucidum (A, B) and stratum oriens (C) of the CA3 area. (A) Two dendrites (d) with 
characteristics of interneurons receive several immunoreactive type I synapses (thick arrows) from large 
boutons. (B) Immunoparticles are distributed all along the synaptic membrane (thin arrows) on the 
postsynaptic density. Note the presence of Taxi's bodies (e.g., arrowhead) at most of the synapses of both 
dendrites. (C) Synapses (arrows) are consistently labelled on this interneuron dendrite (d). The synapse 
at the right upper corner is cut tangentionally. Since particles are on only one surface of the section, some 
of them falsely appear over the presynaptic terminal. At cross-section of the synapses they are centred 

close to the postsynaptic membrane. Scale bars = 0.2 !lm. 
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Fig. 8. Electron micrographs of AMPA receptor immunoreactivity at synapses made by mossy fibre terminals (mft) in 
stratum lucidum of the CA3 area. (A-C) Pre-embedding. (D. E) postembedding silver intensified immunogold reactions. 
(A) Immunoreactivity for the GluRA subunit. showing two spines (s) receiving type I synapses. Immunopartic1es are present 
along the extracellular face of the spine membrane at synaptic (arrows) and extrasynaptic sites (open triangles). (B) 
Immunoreactivity for the GluRD subunit. showing a spine (s) and immunolabelling of the synaptic specialization (arrows). 
(C) Immunolabelling for the GluRD subunit along the synaptic specialization of a dendritic shaft (arrows) probably 
originating from an interneuron. (D) Heavily immunolabelled mossy 6bre synapse with a spine (s). (E) Immunoreactivity 
for the GluRB/C subunits. showing spines establishing immunoreactive type I synapses with a mossy fibre terminal lying 
along the apical dendrite (d) of a pyramidal cell. Immunopartic1es (arrows) are distributed along the postsynaptic densities 
at the internal face of the synaptic membrane. The immunolabelled synapse to the right is cut tangentially. Scale 

bars = 0.2 f.I m. 
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specializations facing the transmitter release site is in 
line with the fast onset and rise time of non-NMDA 
receptor generated synaptic currents.4.l.S2h~ Furthcr
more, AMPA type glutamate receptors have rela
tively low affinity for L-glutamate on hippocampal 
cells. ss suggesting that they are close to the synaptic 
junction where glutamate reaches millimolar concen
tration. 24 Clustering of AMPA receptors has been 
demonstrated in the anatomically defined synaptic 
junctions in the cerebellar cortexS4 and spinal cord,92 
for glycine receptors in the spinal cord lo4 and for 
GABA~ receptors in the cerebellums6 and hippo
campuss , Although in the hippocampus extrasynap
tic A M P A receptors are clearly present on hoth 
dendritic shafts and spines. their concentration seems 
to be much lower since they are rarely seen with the 
postembedding method. The latter technique reveals 
a sharp decrease of receptor density at the edge of the 
membrane specialization which demonstrates that at 
a given level of glutamate only a well defined number 
of reeeptors can be activated. Even if glutamate 
diffuses out of the cleft. a much lower density of 
reeeptor will be reached, prohahly contributing littlc 
to the synaptic current. 

Usually not the whole cut length of the postsyn
aptic membrane specialization of dendritic spines was 
occupied by immunoparticles even when they were 
clustered at high density on a part of the synapse. 
This may indicate that patches of different densities 
of glutamate-gated AMPA type channels exist within 
a synaptic specialization, or that AMP A type chan
nels may be totally ahsent from some parts of the 
membrane specialization. These regions may he occu
pied by other typcs of glutamate receptors. The 
preferential location of the AMPA type receptor at 
postsynaptic densities provides a site where Ca2 '_ 

calmodulin-dependent protein kinase IT (CaMKTI) 
and/or other protein kinases can modulate glutamate 
receptor activity.15.5s.71.96 Postsynaptic densities con
tain a high concentration of CaMKII 123 and all 
subunits of the AMPA type receptor contain consen
sus phosphorylation sites for CaMKIT and protcin 
kinase c. 57 The phosphorylation state of receptors at 
extrasynaptic sites where the necessary enzymes may 
be absent could therefore be different from synaptie 
receptors. 

How the AMPA type receptors arc targeted to 
specitlc synapses in the plasma membrane is not 
known. It is generally thought that plasma membrane 
receptors are carricd to the surface by transport 
vcsicles from the Golgi apparatus, but whether these 
vesicles target synaptic or extrasynaptic sites is not 
known. The possibility has been raised that packets 
of receptor may be inserted into the synaptic 
mem brane upon potentiation of glutamatergic 
synapsesS~616Ia,125 We did not observe any significant 
numher of intracellular immunoparticles for A\1PA 
receptors inside dendritic spines; therefore, if present, 
any intracellular pool of receptors near synapses is 
much lower then the synaptic pool. However, the 

presence of extrasynaptic receptors outside the synap
tic membrane specialization provides a readily re
cruitable pool of receptors. The lateral mobility of 
AMPA type glutamate receptors has not been esti
mated, but for NMDA receptors it was calculated, on 
the basis of their observed mobility, that a highly 
mobile pool could diffuse across a spine head in about 
2 S.12 

The hypothesis that AMPA type receptors may be 
inserted at synapses which had no such receptors 
prior to long term potentiation predicts that some 
synapses lack AMPA receptors.'Y,61.6Ia.125 The absence 
of a protein cannot he proven by immunocytochem
istry, but the results with the postembedding im
munogold method, demonstrating synapses labellcd 
by multiple particles amongst synapses having no 
label at all, predict that there must be great variation 
in AMPA type glutamate receptor density on differ
ent dendritic spines. Interestingly, often the largest. 
perforated synapses were the most strongly immuno
labelled and these may be particularly effective in 
synaptic transmission. 

Subunits of' the AMP A type receptor at distinct 
Sl'IWPS(,S olpyramidal c('lls 

Many synapses on dendritic spines wcre immuno
reactive for the GluRA. GluRB/C and GluRD sub
units. Tt is reasonable to assume that most of these 
dendritic spines belong to pyramidal cells. The results 
demonstrate that these suhunits of the AMPA type 
glutamate reccptor are present in many of the gluta
matergic synapses formed by the entorhinal, CA3 
pyramidal and mossy fibre terminals. 

The spines in strata radiatum and oriens receive 
synapses mainly from axon tcrminals arising from 
ipsi- and contralateral pyramidal cells of the CA3 
area. 2.60•64,74.95 Quantitative immunogold localization 
revealed that these terminals are enriched in gluta
mate l ') which is considered to be a neurotransmitter 
at these synapses. The presence of immunoreactivity 
for subunits of the A\1PA receptor at synapses on 
dendritic spines in the CA I area is in agreement with 
the results of physiological studics demonstrating 
that Schaffer collateral, commissural and intra-areal, 
associational synaptic transmission is mcdiated par
tially through non-NMDA receptors 2 \26. 10A4.94.118 
Furthermore, currents evoked hy hricf application of 
glutamate to pyramidal cells had fast rise time and 
rapid desensitisation27 and were blocked by CNQX 
(6-cyano-7-nitroquinoxaline-2,3-dione). an antagon
ist or non-NMDA receptors. When dendritic 
membrane patches were tested, kainate-preferring 
receptors did not contribute to glutamate evoked 
responses which could be mimicked hy responses to 
AMPA. 114 Therefore, AMPA receptors are likely to 
be the main non-NMDA receptors mediating re
sponses to glutamate. 

Our results demonstrate that the GluRA. 
GluRB/C and GluRD subunits arc present at 
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synapses of pyramidal cells in the maturc hippo
campus. Howcvcr, even the post embedding im
munogold method that has a resolution of about 
20 nm is inadequate to test whether the different 
subunits are in the same channel. Co-expression of 
AMPA receptor subunits in vitro 21 .45.57,82 and im
munoprecipitation of native receptors 120 strongly 
suggest that native receptors are hetero-oligomeres. 
Moreover. clusters immunoreactive for the GluRA 
subunit have been shown to co-localize with clusters 
immunorcactive for the GluRBjC subunits on cul
tured rat hippocampal neurons. 28 

One antibody used by us recognizes both the 
GluRB and the GluRC subunits on immunoblots: 12o 
therefore. immunoreactivity observed here on post
synaptic densities could represent eithcr or both 
subunits. The absence of the cdited version of the 
GluRB subunit109 from expressed receptors results in 
highly Ca2+ permeable AMPA-gated channels and a 
non-linear I-Vre1ationship.21.45 Activation of AMPA 
type non-synaptic receptors by glutamate in hippo
campal principal cells is characterized by a linear I-V 
relationship and low Cah permeability.27.54.63.7o.114 
thus the edited version of the GluRB subunit prob
ably contributes to native receptors. Although the 
properties of synaptic receptors may be different, it 
is likely that a major part of the immunolabelling 
of type I synapses of pyramidal cells with the 
antiserum to the GluRBjC subunits involved the B 
subuni1. 

Responses of pyramidal cells to mossy fibre 
activation are mainly mediated by non-NMDA gluta
mate receptors52 and the presence of immunoreactiv
ity for the GluRA, BjC and D subunits in the 
synaptic specializations established by mossy fibres 
with spines in stratum lucidum supports pharmaco
logical evidence that AMPA receptors are involved in 
synaptie transmission. Previous immunoperoxidase 
studies also suggcsted the presence of AMP A recep
tors in the complex spines of stratum lucidum 7s .yO 

The fast componcnt of the synaptic response has the 
characteristics of edited GluRB-containing AMPA
gated channels. This again correlates well with our 
findings, strongly suggesting that the GluRB subllnit 
is concentrated at the postsynaptic densities opposite 
to glutamatergic mossy fibre terminals. 19,62 Spiny 
interneurons in the CA3 area also receive synaptic 
contacts from mossy fibres;37,112 therefore, some im
munoreactive synapses observed in CA3stratum 
lucidum may belong to interneurons. However, the 
spines of interneurons in stratum lucidum are thin 
and mostly lack distinct enlarged heads in contrast to 
the spines of pyramidal cells that we illustrated and 
described above. 

All1 P A type receplors are concentrated at synapses 01 
hippocampal illtcnll'urons 

Our results demonstrate that typc I synapses of 
some hippocampal interneurons contain the GluRA, 

B/C and D subunits of the AMPA type glutamate 
n;ceptor similarly to pyramidal cells, but that not all 
these subunits may be expressed by all cells. Excit
atory synaptic responses of many interneurons ex
hibit both :--.iMDA and non-NMDA components in 
the hippocampus63.70,99 and the visual cortex.43 How
ever, not all interneurons may have the same excit
atory amino acid receptor composition at their 
excitatory synapses and exclusively non-NMDA re
sponses have been reported in some eells."9 Inter
neurons are also heterogeneous in their non-NMDA 
glutamate receptor-mediated responses. In the neo
natal CA3 region, some stratum radiatum inter
neurons exhibited mainly linear I-V relationship in 
response to kainate (type I), others (type Il) showed 
strong inward rectification both to applied kainate 
and of their miniature excitatory postsynaptic 
currents (mEPSCs)70 Interneurons (type Il) with 
inwardly rectifying J V relationship, high Ca2+ per
meability of their non-NMDA receptors and express
ing only the GluRA and D subunits of the AMPA 
type glutamate receptor have also been found in 
hippocampal cultures. 17.51 The interneurons with high 
GluRBjC subunit immunoreactivity in synapses 
demonstrated here are unlikely to be the type II 
variety, and clearly a more complete definition of 
interneurons expressing particular AMPA receptor 
subunit combinations is required according to their 
synaptic connections or neurochemical markers. In 
the neocortex. some GABAergic interneurons also 
have low levels of mRNA for the GluRB sub unit 
accompanied by highly Ca2+ -permeable AMPA rc
ceptors, but little inward rectification. 53 

Synaptic responses of pyramidal and non
pyramidal cells differ in the rise-time, decay-rate and 
desensitization of the AMPA receptor-mediated C0111-

ponent,4J.63,7072 but similarities have also been 
suggested.99 The kinetics of excitatory postsynaptic 
currents (EPSCs) are faster in interneurons than in 
principal cells in the visual cortcx.43 thc hilllS63,63a and 
the CA3 area 70 Single-channel conductance is higher 
in aspiny interneurons (27 pS) than in pyramidal cells 
(9 pS) in the visual cortex'"] A similar conclusion 
was reached for aspiny vs the spiny mossy cells in 
the dentate hilus 63 A higher concentration of tbe 
GluRBjC subunit(s) of the AMPA type receptor in 
synapses of interneurons, demonstrated by the im
munogold method, suggests that a higher number of 
AMPA-gated channels are present at synapses of 
some interneurons in the CAl and CA3 areas. This, 
in combination with a higher channel conductance, 
would increase the efficacy of the feed-forward acti
vation of interneurons prior to pyramidal cells by the 
same afferent inputY Indeed. intcrneurons can be 
brought to firing threshold by an action potential 
from a single pyramidal cell.J2 although each pyrami
dal cell makes few, often only onc, synaptic junctions 
with an interneuron,20.38 and therefore may require 
a large synaptic current at these excitatory 
synapses. 
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Relationship of AMPA -type receptors to other gluta
mate receptors 

Hippocampal neurons express mRNAs for at least 
three subunits of the NMDA receptor78,79 in addition 
to AMPA type receptors. Synaptically released gluta
mate activates NMDA, AMPA type and metabo
tropic glutamate receptors and interactions amongst 
their effects are likely to oCCUr.4.11 The two ionotropic 
receptor sub types have not been demonstrated in the 
same postsynaptic membrane specialization, but it is 
generally assumed that they occur together, although 
there are indications that they may also be segregated 
to some extent. 56,59 It is not known whether in the 
adult hippocampus all three classes of receptor are 
present at all synapses receiving glutamatergic inner
vation and even if they do occur together, whether 
their ratio is similar across the synapses of a single 
neuron. In cultures of cortical cells, where neuronal 
processes are at low density and there is little if any 
glial coverage, NMDA- and non-NMDA-receptor
mediated responses to glutamate were largest near to 
synaptic vesicle containing varicosities,55 suggesting 
that both receptors occurred at the same synapses. 
More direct evidence for the synaptic co-localization 
of the two ionotropic receptor classes in cultured cells 
comes from the presence of both NMDA and non
NMDA components in mEPSCs,IO,70 although mEP
SCs having only one component were also recorded. 
Previous immunoperoxidase localization of NMDA 
receptors reported labelling of postsynaptic densities 
together with homogeneous labelling of the cyto
plasm,50,89,91 but the extrasynaptic origin of the label
ling of postsynaptic densities was not excluded. Thus, 
it remains to be determined at high resolution 
whether NMDA receptors are also concentrated in 
the anatomically defined synaptic specialization and 
whether they are intermingled with AMPA type 
glutamate receptors. 

Subunits of glutamate receptors binding the ago
nist kainate with high affinity, GluR6, KA-! and 
KA-2 are also highly expressed in the CA! and CA3 
areas. l22 The presence of kainate-preferring glutamate 
receptors with characteristics of expressed recep
tors,42,102 remains to be fully demonstrated at 
synapses in the CNS. However, it remains possible 
that subunits of the kainate and AMP A-preferring 
receptors are present at the same synapses in the 
hippocampal formation. 

The clustering of ion channel gating amino 
acid receptors in the postsynaptic membrane 

specialization has been revealed for the AMPA type 
glutamate receptors in synapses of the cerebellar 
cortex84 and spinal cord92 and for the GABAA recep
tors in the cerebellum86 and hippocampus.85 On the 
other hand, the G protein-coupled metabotropic glu
tamate receptors are concentrated in a perisynaptic 
annulus outside the postsynaptic density both in 
hippocampus8,66 and cerebellum.8•84 Consequently, it 
appears that the synaptic membrane is subdivided 
according to the type of glutamate receptor and this 
has been demonstrated directly in the cerebellum at 
the level of the single synapse.84 In the hippocampus, 
some principal cells express the mGluRlt3 and/or c 
and all principal cells express the mGluR5 sub types 
of metabotropic glutamate receptors which were 
found to be postsynaptic and highly concentrated 
in dendritic spines particularly in a perisynaptic 
annulus around the synaptic membrane specializ
ation. 66 It has been suggested8,84 that such a peripheral 
location of mGluRs contributes to their activation 
only at high-frequency presynaptic activity when 
more glutamate is released.5,3J,73 It will be interesting 
to see whether the same synapses shown here to 
contain high density of AMPA type receptors are the 
ones surrounded by a high density of mGluRs. 
Whether the subdivision of membrane territories 
applies also to the other postsynaptic ionotropic 
receptors that may be co-located in the same synapses 
remains to be determined by direct co-labelling 
experiments. 84 Nevertheless, the segregation of 
postsynaptic glutamate receptors may not be unex
pected since a strict subdivision of the presynaptic 
terminal has been discovered by different classes of 
metabotropic glutamate receptors in the hippo
campus. 105,106 
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