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Abstract : In order to define the membrane topology of
the GluRl glutamate receptor subunit, we have examined
the location of epitopes . Antibodies were produced
against peptides corresponding to putative extracellular
and intracellular segments of the rat brain GluRl gluta-
mate receptor subunit . Immunocytochemistry at the elec-
tron microscopic level in the dentate gyrus of the hippo-
campal formation showed that epitopes for the antiserum
to the N-terminal part of the subunit are located at the
extracellular face of the plasma membrane, whereas the
antigenic determinants for the antiserum to the C-terminal
part are found at the intracellular face of the postsynaptic
membrane . Furthermore, antibodies to the N-terminal
residues 253-267 reacted similarly with both intact and
permeabilized synaptosomes, whereas the binding of an-
tibodies to the C-terminal residues 877-889 increased
about 1 .6-fold following permeabilization . Our data sug-
gest that the N- and C-terminal regions are located on
the opposite side of the membrane and, therefore, the
GluRl subunit probably has an odd number of membrane
spanning segments . The antibody cross-reactivities in
different species and their effect on ligand binding activity
were also established . Key Words : a-Amino-3-hydroxy-
5-methyl-4-isoxazole propionate-Antipeptide antibod-
ies-Topology-Hippocampus-Dentategyrus-Immu-
nocytochemistry .
J. Neurochem. 63, 683-693 (1994) .

The vast majority of synapses in the central nervous
system use glutamate as a neurotransmitter to produce
rapid neuronal excitation (Monaghan et al ., 1989) . By
cDNA cloning, a number of different glutamate recep-
tor subunits have been identified (for reviews, see
Barnes and Henley, 1992 ; Gasic and Hollmann, 1992;
Nakanishi, 1992; Sommer and Seeburg, 1992;
Sprengel and Seeburg, 1993; Wisden and Seeburg,
1993) . Glutamate receptors have been classified into
two major categories : ionotropic receptors, which
function as ion channels, and metabotropic receptors,
which are coupled to second-messenger systems . The
ionotropic glutamate receptors have been named ac-
cording to their respective agonist, e.g ., the N-methyl-
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D-aspartate (NMDA), quisqualate, kainate (KA), and
2-amino-4-phosphobutyrate receptors (Monaghan et
al., 1989) . Quisqualate receptors are also activated by
the more selective agonist a-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionate (AMPA). The polypeptide
chains of the non-NMDA (AMPA- and KA-sensitive)
glutamate receptor subunits vary in length between 862
(G1uR2) and 962 (KA-2) amino acid residues, and have
sufficient amino acid homology (about 81-36% iden-
tity) to indicate that their tertiary folding may be
similar .

Hydropathy analysis of the deduced amino acid se-
quences of the rat brain ionotropic glutamate receptor
subunits has been used to suggest that they have an
extracellular N terminus, followed by three hydropho-
bic stretches (transmembrane domains TM 1-3), a hy-
drophilic cytosolic domain, and a further hydrophobic
region (TM4) preceding the putative extracellular C
terminus (Hollmann et al ., 1989, 1990) . As such theo-
retical approaches to protein structure can result in
several alternative models, this four-transmembrane
domain-containing model of the glutamate receptor
subunits must be considered hypothetical in the ab-
sence of supporting biochemical data .

Site-directed mutagenesis studies have defined func-
tionally important amino acid residues that control ion
flow through AMPA-receptor channels, in what now
seems genuinely to be a transmembrane domain termed
TM2 (K6hler et al ., 1993 ; Seeburg, 1993; Wisden and
Seeburg, 1993) . Furthermore, data showing that the
non-NMDA glutamate receptor subunits are phosphor-
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ylated in their predicted major intracellular loop be-
tween the putative third and fourth transmembrane do-
mains (TM3 and TM4) would seem to confirm the
intracellular location of this region (Moss et al ., 1993 ;
Raymond et al ., 1993 ; Wright et al ., 1993) . More re-
cently, Tingley et al . (1993) have suggested that the
C-terminal region of the NMDARI subunit is intracel-
lular, because it is accessible to protein kinase C
(PKC), a known intracellular enzyme . This latter ob-
servation is in agreement with our previous high-reso-
lution electron microscopic study on tissue sections
that suggested that the N and C termini of the GluRl
subunit are on opposite sides of the plasma membrane
(Molnâr et al ., 1993a) .

Antipeptide antibodies raised to synthetic sequences
of membrane proteins have been used to determine the
topology, functional domains, and cellular localization
of receptors . Sequence-specific antibodies can be used
directly in membrane orientation studies to determine
on which side of a membrane preparation a particular
antibody will bind (Wang et al ., 1989 ; Bahouth et al.,
1991 ; Schroder et a1 ., 1991 ; Traxler et al ., 1993) . High-
resolution electron microscopic methods can also be
used to determine whether particular epitopes are on
the extra- or intracellular face of the plasma membrane
(Somogyi et al ., 1989 ; Baude et al ., 1992, 1993 ; Mol-
nâr et al ., 1993a) .

In our present study, we have used antipeptide anti-
bodies to investigate the transmembrane topography
of the G1uR1 glutamate receptor subunit by combining
a detailed study at the light and electron microscopic
levels of the regional, cellular, and subcellular distribu-
tions of the GluRI subunit in rat hippocampus with in
vitro studies on synaptosomes . The results support the
idea that the C-terminal domain of the G1uR1 subunit
is located intracellularly, suggesting that the proposed
transmembrane topology model for glutamate recep-
tors may be incorrect. In addition, the cross-reactivity
of these antibodies with similar subunits from other
species was determined, and their effects on ligand
binding were tested . Some of these results have been
presented in preliminary form (Molnâr et al ., 1993b) .

MATERIALS AND METHODS

Materials
['H]AMPA (60.0 Ci/mmol) and [vinylidene-'H]KA (58 .0

Ci/mmol) were purchased from DuPont-New England Nu-
clear (Boston, MA, U.S.A .) . AMPA was obtained from
Tocris Neuramin (Bristol, U.K .) . Triton X-100, KA, and
high molecular weight markers for electrophoresis were pur-
chased from Sigma Chemical Company Ltd. (Dorset, U.K .) .
Lyophilized human y-globulin was supplied by Calbiochem
(La Jolla, CA, U.S.A .) . Polyethylene glycol 6000 (PEG) and
6-amino-n-hexanoic acid were from BDH Chemicals Ltd .
(Poole, U.K .) . Peroxidase-conjugated swine immunoglobu-
lins to rabbit immunoglobulins and alkaline phosphatase-
conjugated affinity-purified immunoglobulins to rabbit im-
munoglobulins came from Dako (Glastrup, Denmark) .
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Animal and human tissue sources
Tissue from a total of 32 Wistar rats (Charles River Ltd.,

Margate, Kent, U.K. ; 100-400 g), one ferret, and one adult
homing pigeon (University Farm, Wytham, U.K .) was uti-
lized for this study . All procedures relating to the care and
treatment of animals conformed to institutional and Home
Office guidelines . Bovine brain was obtained from Reading
Abattoir (Reading, U.K .) .
Human hippocampal tissue was obtained at autopsy (De-

partment of Neuropathology, Radcliffe Infirmary, Oxford,
U.K.) from a 56-year-old man who had died from mechanical
injuries caused by an accident . On neuropathological exami-
nation, the brain was normal without significant neuropatho-
logical finding .
From human hippocampus and rat, ferret, pigeon, and

bovine brains, crude synaptic membranes were prepared as
described previously (Molnâr et al ., 1993a) .

Preparation of antipeptide polyclonal antibodies
Antipeptide antibodies against residues 253-267, 757-

771, and 877-889 of the G1uR1 glutamate receptor subunit
were obtained as previously described (Molnâr et al ., 1993a) .
Peptides RTSDSRDHTRVDWKR, KLKNKWWYDKGE-
CGT, and SHSSGMPLGATGL (corresponding residues :
253-267, 757-771, and 877-889, respectively ; Hollmann
et al ., 1989) were synthesized as both multiple copies on a
branching lysyl matrix [multiple antigenic peptides (MÀPs)]
and conventional linear peptides using solid-phase synthesis .
Antibodies were raised by immunizing rabbits with the re-
spective MAPs . All rabbits immunized produced antibodies
recognizing the corresponding peptide as measured by an
enzyme-linked immunosorbent assay (ELISA), using the
peptides as the antigen . In this report, we used the bleed-out
sera of rabbit 012 and 017 immunized with MAPS 253-267
and 877-889, respectively .

Preparation of synaptosomes
Rats were killed by decapitation, and the brains of the

animals were rapidly removed. The brains were cleaned of
white matter and dropped into ice-cold 0.32 M sucrose, 10
mM Tris-citrate (pH 7.4) and chopped into small pieces with
scissors . Blood and other debris were washed from the brain
tissue by adding more medium and decanting the supernatant
from the top ofthe minced tissue several times . The chopped
tissue was then homogenized in 10 volumes of 0.32 M su-
crose, 10 mM Tris-citrate (pH 7.4) in a Potter-Elvehjem-
type glass-Teflon homogenizer by 15 up-and-down strokes
with a Teflon pestle (total clearance 0.15-0.25 mm) . This
homogenate was spun at 1,500 gav for 10 min at 2 °C. The
pellet was rehomogenized and spun in 10 volumes of 0.32
M sucrose, 10 mM Tris-citrate (pH 7.4) again to increase
the yield of the preparation . The supernatants from these
two spins were combined and centrifuged at 9,000 gav for
20 min at 2°C . The pellet was dispersed in 0.32 M sucrose,
10 mM Tris-citrate (pH 7.4) and layered over 0.8 M sucrose,
10 mM Tris-citrate (pH 7.4), followed by centrifugation at
9,000 ga� for 25 min at 2°C . Particles were resolved into
three fractions : (a) a thick white band at the 0.32-0.8 M
sucrose interface, (b) particles dispersed in 0.8 M sucrose
solution, and (c) pellet. The second fraction, which contained
mainly synaptosomes, was separated, and ice-cold deionized
water was added dropwise during constant stirring to dilute
the sucrose concentration to 0.32 M, followed by centrifuga-
tion at 20,000 ge� for 30 min at 2 °C . The resulting pellet was
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suspended in 50 mM Tris-HCI (pH 7.4), 0.9% NaCl [Tris-
buffered saline (TBS)] (Haj6s, 1975).

Protein concentrations were determined according to
Lowry et al . (1951) .

Immunoblot analysis of brain membranes
Membranes prepared from rat, ferret, bovine, and pigeon

brains and human hippocampus were subjected to sodium
dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis
(50 /cg of protein/lane, using 10% polyacrylamide gels) and
immunoblotting using affinity-purified antipeptide antibod-
ies G1uR1 253-267 and 877-889 (final concentration 5 pg/
ml ; incubated at 2°C for 14 h) . The bound antibodies were
detected by reaction with alkaline phosphatase-conjugated
anti-rabbit IgG (Dako, Glastrup, Denmark; 1:1,000 dilution ;
incubated at room temperature for 2 h) . The bound conju-
gated IgG was visualized by reaction with a solution con-
taining 20 ml of 0.1 MTris-HCI (pH 9.5), 0.1 M NaCl, 0.05
M MgC12 , 50 /d of 150 mg/ml nitroblue tetrazolium in 70%
NN-dimethylformamide, and 35 p1 of 50 mg/ml 5-bromo-
4-chloro-3-indolyl phosphate toluidine salt in N,N-dimethyl-
formamide.

Preparation of synaptosomal fractions for
electron microscopy

Synaptosomal fractions were diluted (10-fold) in fixative
containing 4% paraformaldehyde, 0.05% glutaraldehyde,
and -0.2% picric acid in 0.1 M sodium phosphate buffer
(pH 7 .4) and incubated for 1 h at room temperature (Somogyi
and Takagi, 1982) . The fixed synaptosomes were washed
several times by resuspension and centrifugation (at 15,000
ga� , for 5 min, at room temperature) in 0.1 M sodium phos-
phate buffer (pH 7.4), followed by resuspension in 1% os-
mium tetroxide, 0.1 M sodium phosphate buffer (pH 7.4),
and incubation for 1 h at room temperature . After several
washes with 0.1 M sodium phosphate buffer (pH 7.4), sam-
ples were centrifuged at 15,000 gav for 10 min, and then the
pellets were stained with 1% uranyl acetate in 70% ethanol
for 1 h. Dehydration and embedding (DurcupanACM, Fluka,
Buchs, Switzerland) were carried out using standard proce-
dures (Somogyi et al ., 1989).

ELISA
The accessibility of the antigenic determinants in intact

and disrupted synaptosomes was investigated using a quanti-
tative ELISA technique (Molnâr et al ., 1990). Peptides (20
ug/ml) were dissolved in coating buffer (13 mM sodium
carbonate, 35 mM sodium bicarbonate, pH 9.6) and 50 p,1/
well used to coat microtitre plates (Falcon 3912 assay plates,
Becton Dickinson and Co ., Oxnard, CA, U.S.A.) at 4°C for
12 h. The plates were washed three times for 3 min each
with 200 /1 of washing buffer containing 0.05% Tween 20
in phosphate-buffered saline (PBS ; pH 7.2) . Blocking of
nonspecific protein binding was done with 100-ul aliquots
of 1 % bovine serum albumin in PBS for 1 h at room tempera-
ture .
The reaction with different antibody-containing media

was performed for 1 h at 23°C. The plates were then washed
three times with 200 M1 of PBS containing 0.05% Tween 20
before incubation with 100 yl of anti-rabbit IgG conjugated
to horseradish peroxidase (1 :1,000 dilution in PBS) for 1 h.
After washing as before, the plates were developed by the
addition of 100 p1 of o-phenylenediamine (1 mg/ml) and
hydrogen peroxide (0.003%) substrate in 35 mM citric acid
and 125 mM Na2HP04 (pH 4.0) . After 15 min, the reac-
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tion was stopped with 50 I-l of 4 M H2SO4. The plates were
then read at 492 nm on a Titertek Multiskan microtitre
plate spectrophotometer (Flow Laboratories, Inc., McLean,
VA, U.S.A.) .

Radioligand binding
The membrane fraction from rat brain was prepared, and

AMPA and KA binding sites were solubilized with Triton
X-100 as previously described (Hunter et al ., 1990 ; Molnâr
et al ., 1993a) . Radioligand binding studies were carried out
by a centrifugation assay, using PEG precipitation. Ligand
binding assays were performed using either 0.2 mg (for [3H]-
AMPA) or 0.4 mg (for [3H]KA) of membranes or solubilized
membrane proteins . The reagents were incubated in 50 mM
Tris-citrate (pH 7.4) for 30 min at 2°C, using either 20 nM
[3H]AMPA in the presence of 100 mM KSCN or 10 nM
[3H]KA . Nonspecific binding was determined by adding 100
pM AMPA or KA to parallel incubations . Following incuba-
tion, 2 mg/ml human y-globulins and 15% (wt/vol) PEG
were added and the samples centrifuged at 10,000 gav in an
Eppendorf microfuge for 2 min. The supernatant was aspi-
rated and the pellet rinsed twice superficially using 0.4 ml
of ice-cold 15% PEG. The pellets were suspended in 0.5 ml
of 1% SDS, then transferred to scintillation vials, and
counted after the addition of 4 ml of Liquiscint (National
Diagnostics, Manville, NJ, U.S.A .) .

Immunocytochemistry
Fourteen male or female Wistar rats (Charles River Ltd. ;

100-400 g) were deeply anaesthetized with sodium pento-
barbital (150 mg/kg i.p .) and perfused for 1 min through the
aorta with a 0.9% NaCl solution, followed by 100-300 ml
of ice-cold fixative containing 4% paraformaldehyde, 0.025-
0.1 % glutaraldehyde, and -0.2% picric acid made up in 0.1
Mphosphate buffer, at pH 7 .2 (Somogyi and Takagi, 1982) .
Frontal sections of hippocampus were obtained either with
a Vibratome (70-100-pm thick) or with a cryostat (40-60-
,m thick) . Immunocytochemistry was carried out using the
avidin biotinylated horseradish peroxidase complex method
(ABC ; Vector Laboratories) as previously reported (Molnâr
et al ., 1993a) . Briefly, sections were incubated in 20% nor-
mal goat serum (Vector), and dissolved in TBS for 1 h at
room temperature, and then in primary antibody overnight
at 4°C. The final protein concentrations for both primary
antibodies were 0.5-1 Ng of protein/ml for antibody G1uRl
253-267 and 2-4 hg of protein/ml for antibody G1uRl 877-
889. The sections were then incubated for 2 h in biotinylated
goat anti-rabbit IgG diluted 1:50 (Vector) and then for 2 h
in ABC diluted 1:100, both dissolved in TBS . Peroxidase
activity was detected with 0.05% 3,3'-diaminobenzidine tet-
rahydrochloride and 0.01% hydrogen peroxide in 50 mM
Tris-HCl (pH 7.6) . For light microscopic studies (in particu-
lar, for cryostat sections), Triton X-100 (0.3%) was used in
all incubation and washing solutions, and the peroxidase
reaction end-product was enhanced by treatment with
-0.04% osmium tetroxide in phosphate buffer for 10 min.
For electron microscopic studies, sections were processed
routinely as described earlier (Molnâr et al ., 1993a) . Areas
of interest were cut out from sections flat-embedded between
slide and coverslip in epoxy resin and reembedded for ultra-
thin sectioning . No lead staining was used .

In control experiments for immunocytochemistry, the
omission of primary antiserum during the immunocytochem-
ical procedure resulted in the removal of all staining . There
was no reaction with the preimmune sera (1 :1,000 dilution)

J Neurochem., Vol. 63, No. 2, 1994
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FIG . 1 . Immunolabelling of GluRl subunit in brains of different
species by antipeptide antibodies raised against residues 253-
267 and 877-889 . Crude membrane samples prepared from rat
(R), ferret (F), bovine (B), pigeon (P), and human (H) brains were
immunolabelled with purified anti-GIuRl 253-267 and 877-889
antibodies . Fifty micrograms of membrane protein were applied
to each lane of 10% SDS-polyacrylamide gels . For immunoblot
analysis, 5 pg/ml affinity-purified antibody was used . The bound
antibody was visualized by alkaline phosphatase-conjugated
anti-rabbit IgG (1 :1,000 dilution) . The positions of the molecular
mass standards are indicated on the left .

that resembled the reaction obtained with the purified anti-
bodies. Preabsorption of the primary antisera with the corre-
sponding linear synthetic peptide (20 Ng of peptide/ml, 5 h
of incubation at room temperature) before application to the
sections resulted in the disappearance of specific labelling .
These experiments confirmed the specificity of the immuno-
cytochemical method (Molnâr et al ., 1993a) .

RESULTS

Characterization and cross-reactivity of
antibodies with related subunits in
different species
To study the rat GluR1 glutamate receptor protein

within the nervous system, polyclonal antipeptide anti-
serum was raised in rabbits against synthetic peptides,
corresponding to residues 253-267, 757-771, and
877-889 . The binding specificity of the antibodies was
determined on immunoblots . Antibodies to residues
253-267 and 877-889 recognized a major band corre-
sponding to the predicted molecular mass of the GluRl
subunit (105 kDa) in rat brain, and specifically immu-
noprecipitated solubilized [ 3H]AMPA binding sites . In
addition, the staining of the 105-kDa band was abol-
ished by inclusion of the appropriate peptide in the
incubation with the primary antibody (Molnâr et al .,
1993a) . Similar immunolabelling of western blots was
obtained with ferret, bovine, and human membranes
using antiserum raised against the C terminus (residues
877-889), suggesting a similar structure of this region
in different species (Fig . 1) . Antibody against N-termi-
nal residues (253-267) did not react with membrane
samples from other species under the same conditions .
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None of the antibodies recognized glutamate receptor
subunits in membranes prepared from pigeon brain
(Fig . 1) .

Immunocytochemical localization of GluRl
subunit in the rat hippocampus

The pattern of immunoreactivity was identical
whether sections were cut on a Vibratome, without
freezing, or on a cryostat . However, the cryostat sec-
tions, which were also treated with detergent, showed
stronger immunoreactivity presumably due to better
penetration of antibodies . Therefore, the light micro-
scopic distribution of immunoreactivity was demon-
strated on cryostat sections (Fig . 2A-C). Vibratome
sections showed better, fine structural detail ; therefore,
the subcellular distribution of immunoreactivity was
demonstrated from this material (Fig. 2D-G).
The distribution of the immunoreactivity for GluRl

in the hippocampus was very similar with both anti-
bodies (Fig . 2A and B) . Immunoreactivity obtained
with antibody to residues 877-889 was generally
weaker than that obtained with antibody GluRl 253-
267 . The CAI area and the molecular layer of the
dentate gyrus were more strongly immunoreactive than
the CA3 area and the subiculum (Fig . 2A and B) . The
neuropil of the hilus was very weakly labelled, but
contained several large neurones immunoreactive for
GluRl as previously reported (Molnâr et al ., 1993a) .
The dentate gyrus was chosen for a detailed study,

because it is known to receive several well defined and
segregated glutamatergic inputs, which are the subjects
of extensive pharmacological and physiological inves-
tigations (Errington et al ., 1987 ; Lambert and Jones,
1990 ; Staley and Mody, 1992) . The granule cell layer
was weakly labelled (Fig. 2C) . Immunoreactivity for
GluRl was very rarely observed to be associated with
the somatic membrane of the granule cells under elec-
tron microscopic examination . The molecular layer of
the dentate gyrus that corresponds to the dendritic field
of the granule cells was very strongly labelled for both
antibodies . The reaction intensity varied systematically
throughout the molecular layer . Three bands, with clear
boundaries, can be described, with the intensity of la-
belling increasing from the inner part to the outer part
of the molecular layer (Fig . 2C) . High-resolution elec-
tron microscopic examination of the molecular layer
revealed that numerous spines receiving type 1 syn-
apses from boutons were immunoreactive for GluRI
with both antibodies (Fig . 2D-G). Immunoreactivity
for G1uR1 was also observed at nonsynaptic mem-
branes along the main dendritic shafts of granule cells
(data not shown), as described for pyramidal cells in
the CAI area (Molnâr et al ., 1993a) .

In the dentate hilus, electron microscopic analysis
showed that intense immunoreactivity associated with
the cisternae of the endoplasmic reticulum in the soma
of immunoreactive neurones, but no immunoreactivity
could be detected at the surface of their somatic mem-
brane . Interestingly, immunoreactivity was very rarely
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FIG . 2. Immunocytochemical localization of the GIuR1 subunit in the rat hippocampus using antibodies against residues 253-267 (left
column) or 877-889 (right column) . A and B: Two serial cryostat sections of rat dorsal hippocampus reacted with anti-GIuR1 253-267
(A) or anti-GIuR1 877-889 (B), showing similar distribution of immunoreactivity with a clear boundary in the degree of immunoreactivity
between the CA1 and CA3 areas, and the CA1 area and the subiculum (Sb) . DG, dentate gyrus. C: The dentate gyrus in a cryostat section
exhibits increasing intensity of immunoreaction from the hilus (H) through the granular layer (gl), and the internal (mli), medial (mlm), and
external (mle) parts of the molecular layer . D and E: Electron micrographs of GIuR1 immunoreactivity in the molecular layer of the dentate
gyrus as demonstrated with antibody against residues 253-267. Several spines, one of them (s) emanating from a large dendrite (D),
establish immunopositive type 1 synapses (e .g ., arrow; see also at high magnification in D1) with boutons (e .g ., b) . The reaction end-product
(rep) is concentrated at the extracellular face of the postsynaptic membrane (pom) demonstrating extracellular epitope(s) . Note that the
postsynaptic density (psd) is devoid of peroxidase reaction product . F and G : Electron micrographs of GIuR1 immunoreactivity in the
molecular layer of the dentate gyrus as demonstrated with antibody against residues 877-889 . Several spines (e.g ., s) making type 1
synapses with boutons (e .g ., b ; see also at high magnification in F1) are strongly immunoreactive (e .g ., arrow) . The reaction end-product
is located intracellularly at the postsynaptic membrane, on the postsynaptic density (psd), and not in the synaptic cleft (sc) between the
pre- (pem) and postsynaptic membranes (pom) . This demonstrates intracellular epitope(s) . All electron micrographs are taken from Vibratome-
cut material . Bars = 0 .5 mm (A and B) ; 50 pm (C) ; 0 .5 pm (D and F) ; 0.05 pm (D1 and F1) ; 0 .1 p.m (E and G) .
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seen in association with the endoplasmic reticulum in
granule cell somas, probably reflecting a lower rate of
synthesis and turnover of the receptor protein G1uR 1
in granule cells as compared with hilar cells . In the
hilar neuropil, immunoreactivity was observed along
the membrane of small and medium-sized dendritic
shafts at synaptic and extrasynaptic locations . Few im-
munopositive synapses were seen between spines and
axon terminals . Synaptic immunoreactivity was always
associated with type 1 (asymmetric) synapses . Immu-
noreactivity for GhiRl could not be detected at the
synapses between identifiable mossy fibre terminals
originating from granule cells and hilar elements .
However, examination of the CA3c area (closest to the
hilus) revealed that numerous spines, probably emanat-
ing from the CA3 pyramidal neurones, established im-
munoreactive synapses with mossy fibres as previously
reported in the stratum lucidum of the CA3 area
(Petralia and Wenthold, 1992) . Immunoreactivity for
G1uR1 was never found in axons, axon terminals, or
glia in the dentate gyrus and hilus .
The peroxidase end-product was localized differ-

ently after immunostaining with either antibody G1uRI
253-267 or 877-889 . The use of antibody against
residues 253-267 resulted in an immunoreaction lo-
cated at the extracellular face of the plasma membrane,
including the postsynaptic membrane of immunoreac-
tive spines (Fig . 2Dl and E) . In contrast, with the
antibody to residues 877-889, immunoreaction was
obtained at the intracellular face of the plasma mem-
brane, including postsynaptic densities of dendritic
spine (Fig . 2F1 and G) . Such a location suggests that
the antibody to residues 877-889 reveals epitope(s)
located at the intracellular face of the membrane .

Determination of the membrane topography of
residues 253-267 and 877-889 in synaptosomes
To investigate further the membrane orientation of

amino- and carboxy-terminal domains of the GluR1
subunit, intact synaptosomes were separated by centrif-
ugation using a sucrose gradient following the method
of Haj6s (1975) .
The purity and the structure of the synaptosome frac-

tion were judged using electron microscopy. Electron
micrographs of the synaptosomal preparations isolated
from rat brains showed mainly sealed membrane-delin-
eated presynaptic structures (synaptosomes) and two
different postsynaptic profiles . Some of the postsynap-
tic membranes were completely closed (Fig . 3, filled
arrows), whereas others were found to be open with
postsynaptic densities exposed to the incubation solu-
tion without an intervening membrane (Fig . 3, open
arrows) . Both types of synapses had an extensive post-
synaptic density, which would result in their in situ
classification as type 1 (Gray, 1959), or asymmetrical
synapses . In addition to the synaptosomes, the prepara-
tion contained some free mitochondria, myelin, and
undefined cellular fragments .
The transmembrane location of residues 253-267
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and 877-889, the binding of the antipeptide antibodies
to native or disrupted synaptosomes produced by hypo-
tonic lysis, was examined using a competitive ELISA
(Table 1) . The 253-267 antigenic site was fully acces-
sible for antibody reaction in the native structure, and
disruption of synaptosomes did not change the binding
of this antibody . Anti-G1uR1 877-889 antibody did
bind to native synaptosomes, but permeabilization of
vesicles by hypotonic medium increased its binding
significantly, suggesting that this epitope is not ex-
posed completely in intact synaptosomes . Some bind-
ing of this antibody to the unlysed preparation would
be expected, because a significant fraction of the post-
synaptic structures is broken during their isolation and
the postsynaptic density is thereby exposed to the incu-
bation medium .

Effect of bound antibodies on the G1uR1 ligand
binding activity

The effect of the antibodies on the [3H]AMPA and
[ 3H]KA binding activities was studied using mem-
brane-bound and solubilized samples (Table 2) . After
preincubation (16 h at 4°C) with 5 jig/ml affinity-puri-
fied anti-G1uRl antibodies, [ 3H]AMPA and [ 3H]KA
binding activities were determined by centrifugation
assay using PEG precipitation . The binding of both
ligands remained essentially unchanged in the presence
of antibodies with either membrane-associated or solu-
bilized forms of the receptor, although a small inhibi-
tion of ligand binding was observed with both [ 3H]-
AMPA and [3H]KA. However, as earlier experiments
had shown that these antibodies specifically immuno-
precipitate AMPA binding sites and not KA binding
(Molnâr et al ., 1993a), this small effect, which was
not ligand-specific, is probably due to interference of
ligand binding by other components of the antibody-
containing medium .

DISCUSSION

Specificity of antibodies
Molecular cloning has revealed the primary struc-

ture of a number of glutamate receptor subunits . The
organization and topography of these proteins have
been predicted to have four hydrophobic membrane-
spanning domains . For membrane proteins displaying
multiple hydrophobic domains, the interpretation of
the hydropathy analysis becomes critical to the devel-
opment of a first-approximation model of the topogra-
phy of the molecule (Wisden and Seeburg, 1993) . Anti-
bodies directed against defined epitopes provide immu-
nological tools with which the topography of
membrane proteins can be probed by direct means
(Wang et al ., 1989 ; Molnâr et al ., 1990 ; Bahouth et
al ., 1991 ; Schroder et al ., 1991 ; Baude et al ., 1993 ;
Traxler et al ., 1993) . To study the topography of the
GIuRI glutamate receptor subunit, antibodies were
prepared against three synthetic peptides correspond-
ing to hydrophilic sequences . Two of the antipeptide
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FIG . 3. Electron micrographs of the synaptosomal fraction . The synaptosomal fraction was separated on sucrose gradient as described
by Hajôs (1975) . Filled arrows point to synaptosomes showing both pre- and postsynaptic elements after incubation in isotonic medium .
The majority of the presynaptic membranes were closed . The majority of the postsynaptic bags were also closed (filled arrows in A
and B), but some were found to be open (open arrows in A and B) . B is a higher magnification view of the framed area in A . Bars
= 0.5 pm (A) and 0 .2 pm (B) .

J. Neurochern., Vol. 63, No. 2, 1994



690

TABLE 1 . Determination of antibody binding to GluRl
subunit in native and osmotically disrupted synaptosomes

Medium

Isotonic

	

59.4 -~ 3 .1

	

100

	

37.2 ± 4.1

	

100
Hypotonic

	

60.4 ± 4.7

	

102.7 ± 4.9

	

73.7 ± 2.8

	

164.3 - 7 .4

Synaptosome fractions (Fig . 3) were preincubated with antibodies
(I pg/ml) for 16 h at 4°C, in a medium containing 50 mM Tris-
citrate (pH 7 .4), and 1 % bovine serum albumin, and 0.9% NaCl
(Isotonic) or without 0.9% NaCl (Hypotonic). In a parallel series of
control experiments, the antibodies were incubated under identical
conditions in the absence of synaptosomes . The unbound antibody
in the medium was determined by centrifuging the samples at 10,000
g;,, for 5 min and analysing the supernatant solutions by ELISA,
using synthetic peptides as fixed antigens in amounts of 1 pg/well .
Absorbante of the peroxidase reaction product was determined at
492 nm . The difference in absorbante between the control samples
and the samples obtained after preincubation with synaptosomes was
expressed as a percentage of the control absorbante to illustrate the
antibody binding to the synaptosome samples .

After separation from the supernatant, pellets (containing mem-
branes and the bound antibodies) were washed four times in either
isotonic or hypotonic medium and incubated with peroxidase-conju-
gated anti-rabbit antibodies (1 :5,000 dilution), followed by washing.
The optical density of the coloured peroxidase reaction product was
determined after centrifugation of the samples . The reaction obtained
in isotonic samples (100%) served as a reference for samples prein-
cubated in hypotonic medium . The values are the means ± SD from
three independent determinations .

antibodies (G1uRl 253-267 and 877-889) displayed
immunoreactivity for both the synthetic peptide anti-
gen and the G1uRl subunit . These antibodies recog-
nized a single protein (105 kDa) in immunoblots of
rat brain synaptosomal membranes . Antibodies raised
against residues 757-771 failed to detect the GluRI
subunit under the same conditions .

The crude membrane fraction was prepared from rat brain and solubilized by the addition of 1% Triton X-100 detergent as described by
Hunter et al . (1990) . Membrane-bound and solubilized samples were incubated for 16 h at 4°C in the presence of anti-GluRl antibodies (5
p,g/ml) . Affinity-purified antibodies were dialysed against 50 mM Tris-citrate (pH 7 .4) before application . Specific J'H]AMPA and ['HjKA-
binding activities were determined by centrifugation assay using PEG precipitation . The binding assays were performed in triplicate, and the
values are the means !- SD from three independent determinations .
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In the present study, we have shown that affinity-
purified rabbit polyclonal antibodies raised against an
N-terminal epitope (residues 253-267) of the rat brain
GluRI glutamate receptor subunit did not cross-react
with analogous subunits in ferret, bovine, pigeon, and
human brain . In contrast, antibody to the C-terminal
part of the G1uR l subunit (residues 877-889) reacted
freely with membranes from ferret, bovine, and human
brains, reflecting the level of sequence identity that
exists between these subtypes . The sequence of the
analogous human subunit is identical in the C terminus
(SHSSGMPLGATGL), but somewhat different in the
N-terminal region in the human GluRl subunit (KNS-
OAROHTRVOWK) compared with the corresponding
rat sequence (RTSDSROHTRVOWK), which could
explain the differences in antibody reaction (Hollmann
et al ., 1989 ; Puckett et al ., 1991) . The amino acid
sequences of homologous receptor subunits in other
examined species are not available yet, but based on
the observed antibody cross-reactions, similar proteins
are present in different species, with the C-terminal
part of the molecules being highly conserved between
species compared with the N-terminal regions of the
proteins .

Immunoblotting of different dissected human brain
regions with similar antibodies against the C-terminal
parts of the G1uRl-4 and mG1uRl glutamate receptors
yielded results similar to those described here (Black-
stone et al ., 1992a) .

The G1uR1 subunit in the dentate gyrus
The molecular layer of the dentate gyrus that corre-

sponds to the dendritic field of the granule cells was
strongly immunoreactive for G1uR1, as previously de-
scribed (Blackstone et al ., 1992b ; Martin et al ., 1992,
1993 ; Petralia and Wenthold, 1992; MoInâr et al .,
1993a), The pattern of staining correlates well with
autoradiographic studies that described a high density
of ["H]AMPA binding sites in the dentate gyrus (Mon-
aghan et al ., 1984 ; Olsen et al ., 1987) . Indeed the gran-

TABLE 2 . Effect of anti-GluRl 253-267 and 877-889 on the [3H]AMPA and [3H]KA
binding activity ofmembrane-bound and solubilized GluRl subunit

Antibody Receptor

['H]AMPA

pmol/mg

binding activity

of control

['H]KA

fmol/mg

binding activity

% of control

Control Membrane-bound 0 .57 ± 0.02 100 67 .2 ± 2.8 100
GluRl 253-267 0.49 ± 0.04 86±8 59.7±3.3 89±4
GIuR 1877-889 0.50 ± 0.01 87±2 62.0±1 .9 92±3

Control Solubilized 1 .13 ± 0.07 100 1 t1 .3±6.2 100
GluRl 253-267 1 .03 ± 0.14 91±14 88.6±1 .8 80- 2
GluRl 877-889 1 .30 !- 0 .15 114- 12 105.6±8.9 95±8

Anti-GluR1 253-267 Anti-GluRt 877-889

Relative Relative
amount of amount of

% of bound % of bound
antibody antibody antibody antibody
removed (%) removed (%)
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ule cells have been shown to highly express mRNAs
coding for G1uRl, G1uR2, and G1uR3 and, to a lesser
extent, the mRNA coding for G1uR4 (Keinänen et al .,
1990 ; Sommer et al ., 1990) . In the present study, we
have demonstrated that the GIuRI subunit is present
all along the dendritic surface of the granule cell mem-
brane and is concentrated at the membrane of the den-
dritic spines . Granule cells receive at least three major
excitatory inputs . In the inner third of the molecular
layer, the commissural and association pathways termi-
nate ; in the medial part and the outer third of the molec-
ular layer for the medial and lateral entorhinal cortex,
afferents provide glutamatergic terminals . These three
pathways establish asymmetrical synapses mainly on
the dendritic spines of the granule cells . Axon termi-
nals involved in asymmetrical synapses throughout the
molecular layer have been found to contain a high
concentration of glutamate, which consequently is
thought to be used as neurotransmitter at these syn-
apses (Bramham et al ., 1990) . Moreover, lesion of the
perforant pathway induces a dramatic decrease of im-
munoreactivity for glutamate in the outer two-thirds
of the molecular layer (Grandes and Streit, 1991) . In
addition, all electrophysiological experiments have
demonstrated that synaptic responses to perforant path
stimuli are mediated through AMPA and NMDA re-
ceptors (Lambert and Jones, 1990 ; Keller et al ., 1991 ;
Staley and Mody, 1992) . In the present study, we have
demonstrated that GluRl immunoreactivity is associ-
ated with type 1 synapses on dendritic spines through-
out the different parts of the molecular layer . These
results strongly suggest that the three major excitatory
inputs to the granule cells are mediated, at least par-
tially, through AMPA receptors, including the G1uR1
subunit . The increasing intensity of G1uR1 immunore-
activity from the inner third to the outer third of the
molecular layer may reflect the differing degrees of
expression of the protein G1uR1, depending on the
origins of the excitatory glutamatergic inputs . The den-
tate hilus contains a large variety of cell types, proba-
bly all of which receive glutamatergic synapses from
granule cell terminals (for review, see Leranth et al .,
1992), which are not immunopositive for G1uR1, in
contrast to the mossy synapses in the CA3 region
(Petralia and Wenthold, 1992; present results) . How-
ever, some small axospinous synapses in the hilus are
immunopositive for G1uR1, which may reflect the abil-
ity of hilar cells to concentrate different receptors at
different synapses . Glutamatergic input to hilar spines
may originate from the collaterals of mossy cells
(Buckmaster et al ., 1992) or from a recurrent projection
from pyramidal cells of the CA3 area .

Membrane topology of the glutamate
receptor subunits
The transmembrane conformation of the glutamate

receptor is a matter of controversy (Hollmann et al .,
1989, 1990; Nakanishi, 1992; O'Hara et al ., 1993 ; See-
burg, 1993; Tingley et al ., 1993 ; Wisden and Seeburg,
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1993) . The N and C termini have been predicted to be
on the extracellular side of the membrane, according
to one model for the transmembrane topology of the
GluRI subunit (Hollmann et al., 1989 ; Gasic and Holl-
mann, 1992) . This model was based on simple hydrop-
athy plots of the amino-acid sequence of the cloned
GluR1 subunit and by analogy with the proposed trans-
membrane topology of subunits for other ligand-gated
ion channels, such as the nicotinic acetylcholine recep-
tor and the GABAA receptor . Very little independent
evidence is available to support this model (Wisden
and Seeburg, 1993) . Key amino-acid residues control-
ling ion flow through AMPA-receptor channels have
been identified by mutagenesis experiments in the pu-
tative second transmembrane domain (TM2) . These
data would support the view that this is a genuine
transmembrane segment . Recent data have also shown
that the non-NMDA glutamate receptor subunit GluR6
is phosphorylated by cyclic AMP-dependent protein
kinase on Ser", which is contained in the predicted
major intracellular loop between the putative third and
fourth transmembrane domains, confirming the intra-
cellular location of this region (Raymond et al ., 1993) .
The presence ofconsensus phosphorylation sites in this
intracellular loop of GluR 1-4 for calcium/calmodulin-
dependent protein kinase 11 and PKC has also been
established (Boulter et al ., 1990 ; Keinänen et al ., 1990 ;
McGlade-McCulloh et al ., 1993 ; Wright et al ., 1993) .
Tingley et al . (1993) have suggested that the C-termi-
nal region of the NMDARI subunit is intracellular,
because it is accessible to PKC and it seems unlikely
that PKC phosphorylation occurs on an extracellular
domain of the protein . An intracellular location of the
NMDAR2 subunit carboxy terminus has also been pro-
posed (Seeburg, 1993) .

Several immunocytochemical studies have demon-
strated that site-directed antibodies are useful tools to
determine the location of epitopes on transmembrane
receptor proteins, such as the subunits of the GABAA
receptor (Somogyi et al ., 1989 ; Ewert et al ., 1990 ;
Baude et al ., 1992), the nicotinic acetylcholine receptor
(Sargent and Pang, 1989), the glycine receptor (Triller
et al ., 1985 ; Schroder et al ., 1991), the muscarinic
acetylcholine receptor (Mrzljak et al ., 1993), and the
metabotropic glutamate receptor (Baude et al ., 1993) .
Our immunocytochemical results in the CAI region
(Molndr et al ., 1993x) demonstrated that epitopes de-
tected with antibodies against an amino-terminal pep-
tide of G1uRl are located at the extracellular face of
synaptic and extrasynaptic neuronal membranes . These
results confirm the extracellular location of the N-ter-
minal part of the GIuRI subunit of the AMPA receptor,
as suggested by all the proposed models drawn from
molecular biology (Hollmann et al ., 1989, 1990 ; See-
burg, 1993) . Conversely, using an antibody directed
to the C-terminal part of GluR1, we have obtained
intracellular labelling, demonstrating the intracellular
location of the epitope(s) (Molnâr et al ., 1993x ; present
results) and, consequently, of the C-terminal part of
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the G1uR1 subunit. Similar intracellular labelling was
also observed by other groups using antibodies directed
to the carboxy terminus of G1uR1 (Martin et al ., 1992,
1993 ; Craig et al ., 1993) or GIuR2/3 and GluR4 sub-
units (Petralia and Wenthold, 1992).
The antibody against residues 253-267 reacted

freely with the GIuRl subunit in both native and dis-
rupted membranes, confirming the extracellular loca-
tion of the N-terminal domain . In contrast, antibody
binding to the epitope contained in the region 877-
889 increased about 1 .6-fold after permeabilization of
vesicles by hypotonic medium . These data suggest that
a significant portion of the epitopes is hidden in native
synaptosomes, which is in agreement with our electron
microscopic findings of a significant proportion of
closed postsynaptic membranes in isotonic medium
during the incubation with antibodies . In other studies
of the postsynaptic membrane sac in similar prepara-
tions (Verheul et al ., 1993), it was estimated that about
24% of the vesicles are closed . Further experimental
data for an intracellular C terminus come from immu-
nolabelling performed on cultured hippocampal neu-
rons with a similar antiserum that labels only perme-
abilized cells, supporting our findings (Craig et al .,
1993).
The intracellular immunoreactivity obtained with

antibody to the C-terminal peptide (residues 877-889)
suggests an intracellular position of this part of the
protein. One possible explanation to reconcile these
results is that the C-terminal domain crosses the mem-
brane via a fifth transmembrane region or, alterna-
tively, the fourth transmembrane domain may not cross
the membrane, leaving the C terminus on the intracel-
lular side of the membrane . In the study of Unwin
(1993a,b) on the nicotinic receptor by cryoelectron mi-
croscopy, which used helical diffraction methods on
tubular crystals of postsynaptic membranes, the sec-
ondary structure of this membrane protein was re-
solved . In this study, only one membrane-spanning a-
helix (presumed to be TM2) was found per subunit.
The other three membrane-spanning regions of each
subunit were found to be 0-pleated sheets, which con-
trasts with current ideas that transmembrane segments
are likely to be a-helices.
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