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Subcellular and subsynaptic distribution of the NR1
subunit of the NMDA receptor in the neostriatum and
globus pallidus of the rat: co-localization at synapses with
the GIuR2/3 subunit of the AMPA receptor
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Abstract

Glutamatergic neurotransmission in the neostriatum and the globus pallidus is mediated through NMDA-type as
well as other glutamate receptors and is critical in the expression of basal ganglia function. In order to
characterize the cellular, subcellular and subsynaptic localization of NMDA receptors in the neostriatum and
globus pallidus, multiple immunocytochemical techniques were applied using antibodies that recognize the NR1
subunit of the NMDA receptor. In order to determine the spatial relationship between NMDA receptors and
AMPA receptors, double labelling was performed with the NR1 antibodies and an antibody that recognizes the
GIuR2 and 3 subunits of the AMPA receptor.

In the neostriatum all neurons with characteristics of spiny projection neurons, some interneurons and many
dendrites and spines were immunoreactive for NR1. In the globus pallidus most perikarya and many dendritic
processes were immunopositive. Immunogold methods revealed that most NR1 labelling is associated with
asymmetrical synapses and, like the labelling for GIuR2/3, is evenly spread across the synapse. Double
immunolabelling revealed that in neostriatum, over 80% of NR1-positive axospinous synapses are also positive
for GIuR2/3. In the globus pallidus most NR1-positive synapses are positive for GIuR2/3. In both regions many
synapses labelled only for GIuR2/3 were also detected.

These results, together with previous data, suggest that NMDA and AMPA receptor subunits are expressed by
the same neurons in the neostriatum and globus pallidus and that NMDA and AMPA receptors are, at least in
part, colocalized at individual asymmetrical synapses. The synaptic responses to glutamate in these regions are
thus likely be mediated by both AMPA and NMDA receptors at the level of individual synapses.

Introduction

Glutamate is the major neurotransmitter of cortical and thalamiche ionotropic receptors and the metabotropic receptors. lonotropic
afferents of the basal ganglia and of the intrinsic basal ganglia neurorreceptors are further subdivided, on the basis of selective agonists,
in the subthalamic nucleus (see reviews Smith & Bolam, 1990jnto a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)
Gerfen & Wilson, 1996; Smithetal, 1998). In addition to its receptorsN-methylp-aspartate (NMDA) receptors and kainate recep-
physiological role in neurotransmission, glutamate may also playors. The genes coding the four subunits (GluR1-4) of the AMPA
pathological roles in the cell death observed in neurodegenerativeeceptor have been cloned. These subunits combine in an hetero-
diseases like Huntington’s disease and Parkinson's disease (Bealigomeric complex to form a functional receptor, although each
etal, 1991; Albin & Greenamyre, 1992; Young, 1993). Indeed, subunit has been reported to be functional in the homomeric form in
overactivity of the glutamatergic projection from the subthalamictransfected cells (Boultet al,, 1990; Keinaenet al, 1990; Nakanishi
nucleus to the output nuclei of the basal ganglia, and possibly oét al, 1990; Sommeet al,, 1990; Hollmanret al,, 1991; Humeet al,,
the glutamatergic corticostriatal projection, are associated with thd991; Gasic & Hollmann, 1992; Kelleet al, 1992; Broseet al,
symptoms of Parkinson’s disease (Bergnedal, 1990; Lindefors &  1994; Hollmann & Heinemann, 1994; Huntleyal,, 1994; Puchalski
Ungerstedt, 1990; Pollaét al., 1993). etal, 1994; Wentholdet al, 1996). Five subunits of the NMDA
The actions of glutamate are mediated by two types of receptorgeceptor have been identified: NR1 and NR2A-NR2D and alternative
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splicing generates eight receptor isoforms (Nakanettal, 1992; min. The brain was quickly removed and sections from neostriatum
Durand etal, 1993; Hollmannetal, 1993). Functional NMDA were cut on a vibrating microtome at about i and collected in
receptors comprise both NR1 and NR2 subunits, although NRDhosphate-buffered saline (PBS, 0Mbhosphate, pH 7.4). In order
subunits may form a functional homomeric receptor channel wheto enhance the penetration of the immunoreagents in the pre-
expressedn vitro (Moriyoshi et al, 1991; Nakanishietal, 1992;  embedding procedures, the sections were equilibrated in a cryo-
Yamazakiet al., 1992; Sucheet al, 1996). protectant solution (PB 0.0%, pH 7.4, containing 25% sucrose and
Anatomical, physiological and pharmacological studies havel0% glycerol) and freeze-thawed by freezing in isopentane (BDH
demonstrated that AMPA and NMDA receptors are widely expresse€Chemicals, Letterworth, Leicestershire, UK) that had been cooled in
in the neostriatum and globus pallidus (Galiial., 1992; Soltiset al, liquid nitrogen and then in liquid nitrogen and thawing in PBS (von
1994; Maioneet al,, 1995; Chenet al,, 1996; Kita, 1996; Bernard Krosigk & Smith, 1991). The sections were then preincubated
etal, 1997; Gaz et al, 1997). Indeed, responses in the basal ganglian 4% normal goat serum (NGS) in PBS for 30 min at room
to stimulation of excitatory afferents or the administration glutamatetemperature.
receptor agonists, involve both AMPA and NMDA receptors. Stimula-
tion of AMPA receptors in striatal and pallidal neurons results in fastimmunohistochemistry

EPSPs, Whereas the stimulation of NMDA receptors is considered f’anunoreactivity for the NR1 subunit of the NMDA receptor was

a mechanism to modulate the fast component of the glutamatggetected using two antibodies: a monoclonal antibody raised in mouse

|n_(_juced excitatory postsynapt_lc potential (EPSP) (Settisl, 1994; [MNR1 (MAB363); Pharmingen, Becton and Dickenson, Oxford,

Gotz etal, 1997). The possible cellular and subcellular sites OfUK] and a polyclonal antibody raised in rabbit [[NR1 (AB1516);

interaction between these two classes of receptors in the neostriatushemicon International Ltd. Harrow. UK]. The mNR1 antibody was

and globus pallidus are unknown. _ _ raised against a recombinant fusion protein containing the amino
We have recently demonstrated that all medium spiny neurons angiys 660-811 of the NR1 subunit, and thus recognizes all eight

most interneurons in the neostriatum express immunoreactivity angplice variants of NR1 (Sieget al, 1994). The rNR1 antibody was
possess mMRNAs for at least one subunit of the AMPA receptor angelective for splice variants NR1-la, NR1-1b, NR1-2a, NR1-2b

the NR1 subunit of the NMDA receptor (Lannesal, 1995; Bemard  pgyrgliaet al, 1994). The GIuR2/3 AMPA receptor subunits were
etal, 1996, 1997). Moreover, all neurons in the globus palliduSyetected using a polyclonal antibody raised in rabbit [GIUR2/3
express the NR1 subunit (mMRNAs and immunoreactivity) (Petraligag1506); Chemicon]. These antibodies were obtained against syn-
etal, 1994; Standaerét al, 1994) and a high proportion expresses yhetic peptides derived either from an intracellular loop between
AMPA receptor subunit mRNAs and immunoreactivity (Mardital,  ;iative transmembrane regions Il and IV of NR1 (mNR1: Siegel
1993; Satoetal, 1993; Bernarcetal, 1996; Paqueetal, 1997). gt 1994), or the C-terminus part of the NR1 subunit (rNRL:
These observations suggest that the two classes of ionotropic recept@gi gjia et al, 1994) or from intracellular sequences of the GIuR2
colocalize in the majority of neurons in the neostriatum and in atg,pnit (GIUR2/3: Wentholét al, 1992). The anti-GIuR2/3 antibody
least a subpopulation of neurons in the globus pallidus. We hav?ecognizes GIUR2 and GIUR3 subunits of the AMPA receptor. The

recently demonstrated that immunoreactivity for subunits of theyniihodies have been characterized and widely used for immunohisto-
AMPA receptor is mainly located in the postsynaptic membrane ofhamical studies [MNRL (Huntlegt al, 1994; Siegelet al, 1994:

asymmetric synapses in the neostriatum (Berreral, 1997). Litle 5y gt al, 1995); INR1 (Petralicet al, 1994; Farbetal, 1995;
is known about the NMDA receptors in this respect. We have aISQBracy & Pickel, 1995): GIuR2/3 (Tachibare al, 1994; Matsubara
shown that subunits of AMPA and NMDA receptors colocalize aty; 51 " 1996 Popratiloffet al, 1996; Wentholcet al, 1996; Bernard

individual synapses in the subthalamic nucleus and entopedunculag al, 1996, 1997)] and the specificity has been described in detalil
nucleus (Clarke & Bolam, 1998). The first objective of the present(Wentholdet al, 1992).

study was to determine the cellular, subcellular and subsynaptic

Iocallzatlgn of |mmunpreact|V|ty for the NR_l subunit of the NM_DA_ Pre-embedding immunoperoxidase method

receptor in the neostriatum and globus pallidus. The second objective i . )
was to examine the anatomical basis of the interaction betweehN® Sections were incubated for 15h at room temperature with
NMDA and AMPA receptors in the neostriatum and globus pallidusCOnstant gentle shaking in primary antibody solutions (mNR1, rNR1

by determining whether NMDA receptor and AMPA receptor subunits®’ GlUR2/3 at a concentration of Ou/mL, 1ug/mL and lpg/mL,
are colocalized at individual synapses. respectively) diluted in PBS that was supplemented with 1% NGS.

They were then washed (8 PBS) and incubated in biotinylated goat
antirabbit or goat antimouse IgGs (1:100, Vector, Peterborough, UK)
for 1.5h at RT. The sections were then washedx(BBS) and
incubated in an avidin—biotin—peroxidase complex (ABC), (1:100,
Animals and tissue preparation Vector) for 1.5 h at RT. After washing with X PBS and 1X Tris

Wistar rats (Charles River, Margate, Kent; 200250 g) were used iffuffer (TB) 0.05v, pH 7.6, the immunoreactive sites were revealed
this study. Environmental conditions for housing of the rats, and alP¥ incubation in BO, (0.0048%) in the presence of 3@iamino-
procedures that were performed on them, were in accordance with€nzidine (DAB; Sigma, Poole, Dorset, UK; 0.05% in TB). The
the Animals (Scientific Procedures) Act 1986 and in accordance witi€action was stopped by several washes in TB.

the European Communities Council Directive (80/609/EEC). They o

were deeply anaesthetized with sodium pentobarbitone (Sagatdr'€-€émbedding immunogold method

Rhtne Maieux, Tallaght, Dublin, Ireland; 60 mg/kg, i.p.) and then The pre-embedding immunogold method was carried out as previously
perfused transcardially with 50—-100 mL of 0.9% NaCl followed by described (Baudet al., 1993; Yunget al., 1995; Bernaret al., 1997).

250 mL of fixative consisting of 3% paraformaldehyde with 0.2% Briefly, the sections were incubated in primary antibody solutions as
glutaraldehyde in 0.1 phosphate buffer (PB, pH 7.4), and then with described above. After washing R PBS, 2X PBS supplemented
100 mL of 3% paraformaldehyde alone, at a rate of about 15 mLivith 0.5% bovine serum albumin and 0.1% gelatin (PBS-BSA)], they

Materials and methods
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were incubated in goat antirabbit or goat antimouse IgGs conjugatednd GAR IgG conjugated to 1.4 nm colloidal gold (GluR2/3) each at
to colloidal gold (1.4 nm diameter; Nanoprobes, Stony Brook, NY,a dilution of 1:100 (Nanoprobes). The sections were then postfixed
USA; 1:100 in PBS-BSA) for 2h at RT. The sections were thenin glutaraldehyde, silver intensified and contrasted with uranyl acetate
washed (2x PBS-BSA, 2x PBS) and postfixed in 1% glutaraldehyde and lead citrate as described above. In order to control for the
in PBS for 10 min. After washing (X PBS; 2X sodium acetate possibility that variability in the silver intensification procedure could
buffer, 0.1m, pH 7.0), the colloidal gold labelling was intensified give rise to false-positives in the double labelling, the diameter of
using a silver enhancement kit (HQ silver, Nanoprobes) for 3-5 mirthe silver intensified gold particles labelling synapses were measured
at RT in the dark. The sections were finally washed in acetate buffein the double-labelled sections and in sections labelled singly with

and then in PB. the 1.4 nm or the 10 nm gold particles and plotted as a frequency
distribution.
Preparation for electron microscopy 2 Pairs of adjacent sections collected on separate grids were treated

Immunoperoxidase- and immunogold-treated sections were postfixd@" the single detection of the NR1 or the GIuR2/3 subunits, secondary
in osmium tetroxide (1% in PB 04, pH 7.4) for 25 min for the antibodies coupled to 1.4 nm gold immunopatrticles and silver intensi-
DAB-reacted sections or 10 min for the immunogold-reacted sectioni€d as described above.

at RT. After washing (3 PB), they were dehydrated in an ascending

series of dilutions of ethanol. Uranyl acetate (1%) was included incontrols of specificity of the immunolabelling

the 70% ethanol. They were then treated with propylene oxid

(2 x 10 min) and equilibrated in resin overnight (Durcupan ACM,el'he specificity of the pre-embedding and postembedding labelling

Fluka, Gillingham, Dorset, UK), mounted on glass slides and Curec§echniques was demonstrated by the absence of immunolabelling for
' ' ' ' the respective antigens when the primary antibody (single detection)

at 60 °C for 48 h. The sections were first examined in the light h both bri iibodi double detecti
microscope. Areas of interest were sometimes photographed and wefe When one or both primary antibodies (double detection) were

cut out from the slide and glued to blank cylinders of resin. Serialom'ttEd'

ultrathin sections were cut on a Reichert Ultracut E and collected on

pioloform-coated single slot, copper or gold grids. The sections wer@uantitative analysis
stained with lead citrate and examined in a Philips CM10 electro

. r]n order to estimate the proportion of asymmetrical axospinous
microscope.

synapses immunopositive for mNR1 or rNR1 (immunogold tech-
nique), we analysed two continuous strips of tissue (@19 each)
in Lowicryl-embedded sections at a magnificationaf3 500, taken
After perfusion as described above, 50@-thick slices of neostriatum  from two animals (one section per animal). A synapse was considered
and globus pallidus were cut on a vibrating microtome and wergmmunopositive when it was associated with two or more immuno-
embedded in Lowicryl resin using the freeze substitution methOdparticles (Baudeet al, 1995; Popratiloffet al, 1996); all positive
as described by Baudetal. (1993) and Nusseetal. (1995a).  synapses in the strip were evaluated in the analysis.
Immunohistochemistry was carried out on ultrathin sections of the |n order to quantify the proportion of NRZ1-immunopositive
neostriatum collected on pioloform-coated single slot gold grids. Th%xospinous and axodendritic synapses that are also positive for
sections were incubated on drops of Tris-buffered saline (TBS)5|yR2/3 in the neostriatum, we analysed pairs of adjacent sections
supplemented with 20% NGS for 45 min at RT, and then incubategrom two animals processed for the detection of NR1 or GIuR2/3 using
for 15 h at RT on drops of primary antibody solutions (mMNR1, INRL, mNR1 or rNR1 and GIluR2/3 antibodies. The NR1-immunopositive
GluR2/3 at a concentration of 6pg/mL, 2.5ug/mL and 5ug/mL, synapses (MNR1n = 49; NR1, n = 67) were identified and the
respectively, in TBS including 5% NGS). After several washes ingame synapses were found on the adjacent GluR2/3-labelled section.
TBS, the sections were incubated in goat antimouse 1gG (GAM; forrpe percentage of NR1-immunopositive synapses that were also
mNR1 incubated sections) or goat antirabbit IgG (GAR, for INR1jmmunopositive for GIuR/3 was calculated. Quantification in the
and GluR2/3 incubated sections) conjugated to colloidal gold (1.4 NMgoyple immunolabelled sections (MNR1 and GIuR2/3 antibodies) was
1:100, Nanoprobes). They were then washed in PBS and postfixggkrformed by systematically scanning the sections and categorizing
in 2% glutaraldehyde in TBS for 2 min. They were washed at leasgach |abelled synapse (two or more immunoparticles) as GIuR2/3-
three times in water and the labelling was silver-intensified using Fositive, NR1-positive or double labelled.
silver enhancement kit (HQ Silver, Nanoprobes) for 5min. After  quantitative analysis of the distribution of immunogold particles
washing in water, they were incubated in 1% uranyl acetate in watefor the NR1 subunit and the GIuR2/3 subunit along the synaptic
for 25 min, washed in water, dried and stained with lead citrate.  embrane specialization of axospinous synapses was performed on
electron micrographs of Lowicryl-embedded neostriatum. A total of
Double detection of the NR1 and GIuR2/3 subunits using the 335 NR1 subunit-positive (1189 gold particles) and 314 GIuR2/3
postembedding procedure subunit-positive synapses (2080 gold particles) were analysed. The
Two methods were used to determine whether the NR1 subunit cnalysis was performed on synapses in the double immunolabelled
the NMDA receptor and the GIuR2/3 subunit of the AMPA receptor adjacent sections. In systematic scans of the NR1-immunolabelled
are colocalized at synapses in the neostriatum and globus pallidus.sections positive synapses were identified and photographed and then
1 Double immunolabelling was carried out on the same ultrathinthe same synapses were identified in the GluR2/3-immunolabelled
section using a mixture of anti-NR1 (mNR1) and anti-GluR2/3 sections; these synapses together with any other positive synapses in
antibodies. The sections were incubated on a drop of TBS suppldghe same micrographs were included in the analysis. The distance of
mented with 20% NGS, then on drops of a cocktail of primary each immunoparticle from the nearest edge of the synapse was
antibody solutions [MNR1 (6.dg/mL) + GIuR2/3 (5ug/mL)] in measured and normalized, to take into account different sizes of
TBS with 5% NGS. After washing in TBS, the sections were incubatedsynapses. The data were expressed as the proportion of immuno-
in a cocktail of GAM IgG conjugated to 10 nm colloidal gold (mMNR1) particles in five bins along the half width of the synapse.

Post-embedding immunogold method
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Results In both regions, the immunoperoxidase product was seen as clumps
in the cytoplasm (Fig. 2A). In both regions, in the pre-embedding
immunogold-labelled sections, immunoparticles were mainly associ-
Localization of the NR1 subunit of the NMDA receptor and the  ated with the cytoplasmic face of endoplasmic reticulum, the cyto-
GluR2/3 subunit of the AMPA receptor in the neostriatum and plasmic side of the nuclear membrane, and, albeit to a lesser extent,
globus pallidus the Golgi apparatus (see Fig. 2E for neostriatum).

The neostriatum and the globus pallidus displayed immunoreactivit - . .
with the mNR1, rNRL and GIuR2/3 antibodies. The immuno_lﬁocahzatlon of the GIuR2/3 subunit of the AMPA receptor in the

. o . . . e%Iobus pallidus

peroxidase staining was homogeneous without obvious differenc ] ) ) ) )
between the neostriatum and the nucleus accumbens and along tifthe immunoperoxidase and immunogold-treated sections, labelling
rostrocaudal and dorsoventral axes of the neostriatum and glob 8" GlUR2/3 was detected in perikarya and dendrites in the globus
pallidus. In the neostriatum, the neuropil labelling was stronger foP2llidus (not shown). As for the NR1 antibody, immunoparticles in
mNR1 and GIuR2/3 than for rNRL. In both regions numerouspe”karya were found in association with the endoplasmic reticulum,
immunolabelled perikarya and dendrites were detected with each (5Ped C)r/]toplaslm_lc side of the nuclear mer_r(;brane and_ cell mdembrane
the antibodies (Fig. 1A—F). In the neostriatum, most of the perikaryef"‘n the GO g ap_paratus. Immunoperoxidase reaction pro uct was
that were immunopositive for mNR1, rNR1 and GIuR2/3 were detected in dendrites that had many axonal boutons associated with

medium-sized with an unindented nucleus surrounded by a thin rirﬁhem forming primarily symmetrical synapses.
of cytoplasm (Fig. 1A,C,E). These characteristics are typical off cqjization of the NR1 subunit of the NMDA receptor in relation
medium-spiny neurons and indeed, almost all neurons with thesg, synaptic junctions
characteristics displayed immunoreactivity for mNR1, rNR1 and Lo . .
o In pre-embedding immunogold-labelled sections of the neostriatum
GIuR2/3. Immunoreactivity for mNR1 and rNR1 was also detected . . . ; o
and globus pallidus, immunoparticles were detected in association

in some large-sized and medium-sized neurons with characteristics. . - . )
With axospinous and axodendritic asymmetrical synapses with both

of aspiny interneurons in the neostriatum. Consistent with previou S - . .
findings, GluR2/3 immunolabelling in neostriatum was also detecte(;he antibodies (Fig. 2C). The immunogold labelling was generally
gs, g ound at the edges of the postsynaptic specialization, and only rarely

Tgsgmf Thedlulmt;smed,”_t()jut r!ot Iarge,t|nt§rnefuron§R(ferrﬁgzll., dWithin the body of the postsynaptic membrane. Immunopatrticles were
). In the globus pallidus immunostaining for r M andsometimes seen at sites on the internal membrane of spines and

GIuR2/3 was detected in perl_karya a_nd dendntes_ Of. most large-size endrites that were apparently not associated with synaptic specializa-
neurons in the globus pallidus (Fig. 1A—F). Similar patterns Of(tjons (not shown)

labelling were detgcteq by the.pre-embeqding immunogold.methp The postembedding immunogold method with both antibodies,
for each of the antibodies and in both regions although the intensity, aaied that most of the immunoparticles labelling NR1-immuno-

of '?‘be_'””g was lower. No labelling was seen i_n glial cells in either reactive sites were associated with asymmetrical synapses. In the
region in sections labelled by the peroxidase or immunogold methOd‘Tﬁeostriatum, axospinous and axodendritic synapses displayed

immunolabelling for NR1 (Fig. 4A—C; 5A-D). In the globus pallidus

Light microscopic observations

Electron microscopic observations immunolabelled axodendritic synapses were observed (Fig. 6A-E)
Localization of the NR1 subunit of the NMDA receptor in the some of which possessed clear subjunctional dense bodies (Fig. 6B).
neostriatum and globus pallidus Most of the immunolabelling was found within the body of the synaptic

T . . specializations (Fig. 4A-C; 5A-D; 6A-E), only little immunolabelling
The sub_celll_JIar dlstrlbuthn of N.Rl was determined using the P'vas seen at extrasynaptic sites. The immunoparticles were distributed
embedding immunoperoxidase, immunogold and the postembeddi

"irly evenly along the synaptic specialization (Figs 4-6). The quantit-
immunogold procedures. y y along ynapuc sp (Fig ) q

. . . ative analysis in the neostriatum revealed that the density of immuno-
In immunoperoxidase-labelled sections, the most commonly

articles labelling NR1 subunits (with either antibody) was relativel
labelled profiles were spines and dendritic shafts in the neostria’[urﬁven over the gentral 80% of (the half width of tyh)e synapse bzt

(Fig. 2B,D), and dendritic shafts in the globus pallidus (Fig. 3A,B). yocreased in density in the outer 20% of the half width (Fig. 7). Very
The peroxidase reaction product often filled these profiles (Fig. 2B.D}o\ particles fell outside of the synaptic specialization. The exact
but also occurred as clumps (Fig. 3). In both regions most Ofiycation of immunoparticles at the edge of the synapse, however, is
the immunoreactive dendrites and all immunoreactive spines WETBifficult to judge because of steric distortion between the image of
postsynaptic to boutons forming asymmetrical synapses (Fig. 2B,0Oe membrane specialization formed from the whole thickness of the

3 A,B). Some axons, but no boutons, were immunopositive with thésection and the most superficial layer of the section available for
NR1 antibodies in the neostriatum. the antibody.

The analysis of the pre-embedding immunogold-labelled sections | the neostriatum, 229%1(= 60) and 32%1f = 83) of asymmetric
confirmed the presence of immunoreactivity for mNR1 and rNR1 ingxospinous synapses were immunolabelled (two or more immuno-
dendrites and spines in the neostriatum (Fig. 2C) and in dendrites ifarticles) with mNR1 and rNR1 antibodies, respectively. These values
the globus pallidus. Immunoparticles were mainly associated withyre |ikely to be underestimates because (i) synapses with one
the internal surface of the plasma membrane at synaptic (Fig. 2Ginmunoparticle (7% for mNR1; 6% for rNR1) may, in fact, represent
and extrasynaptic sites (not illustrated). positive synapses, and (ii) it cannot be excluded that some immuno-

Immunolabelling for mNR1 and rNR1 by both of the pre-embeddingnegative synapses do in fact contain receptors in a neighbouring
techniques was also detected in numerous perikarya that possessegegtion but was not available in the tested sections.

smooth unindented nucleus and a thin rim of cytoplasm (Fig. 2A).

Immunolabelling was also detected in perikarya of neurons thatocalization of GluR2/3 subunit of the AMPA receptor in relation
possessed an indented nucleus and a large volume of cytoplasi®, Synaptic junctions

features that are characteristics of neostriatal interneurons (Fig. 2EJhe location of immunoparticles for GIuR2/3 in relation to synapses
In the globus pallidus, immunolabelling was also detected in perikaryawas similar to that previously described in the neostriatum (Bernard
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Fic. 1. Immunohistochemical detection of the NR1 subunits of the NMDA receptor and the GluR2/3 subunits of the AMPA receptor in the neostriatum (NS;
A,C,E) and globus pallidus (GP; B,D,F) revealed by the peroxidase method at the light microscopic level. The NR1 subunit was detected using two antibodie
one raised in mouse (MNR1) the other in rabbit (rNR1). With both antibodies the majority of striatal (A,C,E) and pallidal (B,D,F) perikarya display
immunoreactivity. Dense dendritic immunolabelling for mMNR1 and GIuR2/3 is present in the neostriatum, whereas the dendritic staining for rNR1 is weakel
(arrows). The majority of striatal neurons that display immunoreactivity for the NR1 and GIuR2/3 subunits have the characteristic features of medium spin
neurons. Dendritic labelling for both the NR1 and GIuR2/3 subunits of glutamate receptors is also present in the globus pallidus (arrows). Scale bara: A-F, 10
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Fic. 2. Subcellular localization of NR1 in the neostriatum. NR1 was detected using the mNR1 (A,D) and rNR1 (B,C,E) antibodies by pre-embedding
immunoperoxidase (A,B,D) and immunogold (C,E) methods. (A) and (E) Electron micrographs of NR1-immunoreactive perikarya revealed using the peroxidas
(A) or pre-embedding immunogold (E) methods. The immunoreactive perikaryon in A has the characteristics of medium spiny neuron, i.e. an unindente
nucleus (n) and a relatively small volume of cytoplasm. The immunoperoxidase reaction product occurs as aggregates within the cytoplasm (curved arrow). T
labelled perikaryon in E possesses an indented nucleus (n) and a large volume of cytoplasm, and is thus identified as an aspiny interneuron. The immunoparti
are associated with the cytoplasmic surface of the endoplasmic reticulum (er) and the external surface of the nuclear membrane (arrowheads). (B-D) Elect
micrographs of NR1-immunoreactive spines (s) and an immunoreactive dendrite (d) revealed using the peroxidase (B and D) or pre-embedding immunogc
(C) methods. Many of the immunoreactive dendrites and spines are postsynaptic to boutons (b) forming asymmetrical synapses. In (C), the immunoparticl
are associated with the edge of the postsynaptic membrane specialization. Scale bans1;8 and C, 0.54m; D and E, 0.2um.
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Fic. 3. Subcellular localization of NR1 immunoreactivity in the globus pallidus using the immunoperoxidase method. NR1 immunoreactivity was detected with
the mNR1 (A) or the rNR1 (B) antibodies. The immunoreaction product is mainly present in dendrites (d) that have many axonal boutons associated with thel
(some indicated by b). Several of the boutons form synaptic contacts (arrowheads) with the dendrites. The upper synapse in (A) is asymmetric as indicated
the presence of subjunctional dense bodies. However, due the presence of the immunoperoxidase reaction product, it is often difficult to determine whether tt
form symmetrical or asymmetrical synapses. Scale bars: A and Bin@.5

etal, 1997). Briefly, immunoparticles were detected at axospinousmmunogold particles labelling synapses in the double-labelled sec-
(Fig. 4A',B’; 5A-D) and axodendritic (Fig. 4¢ synapses in the tions revealed a distinct bimodal distribution with peaks in the 10—
neostriatum. The distribution of immunolabelling across the synaps&5 nm and 40-45 nm bins (Fig. 8). The diameters of the immuno-
was very similar to that of the NR1 immunolabelling, i.e. it was particles in the single-labelled sections revealed distinct distributions
relatively even over the central 80% of the half width of the synapsehat coincided with the two peaks in the double-labelled sections.
but decreased in density in the outer 20% of the half width (Fig. 7).The two distributions had only a small degree of overlap indicating
In the globus pallidus most of the immunolabelling was detectedthe validity of the method. In the serial sections analysis, the same
at axodendritic, asymmetrical synapses (Fig. 6C—E) very littlesynapses were identified in the adjacent immunolabelled sections.
immunolabelling was detected at extrasynaptic sites. The presynaptigsing both techniques, three subpopulations of labelled synapses
boutons were fairly large and contained one or more mitochondriawere detected in neostriatum and globus pallidus: synapses immuno-
The postsynaptic specialization was often associated with subjungositive for only NR1, synapses immunopositive for only GIuR2/3

tional dense bodies (Fig. 6D,E). and synapses immunopositive for both NR1 and GluR2/3. Quantitative
analysis was performed in the neostriatum on the basis of the

Double immunolabelling for the NR1 subunit of the NMDA observations of the labelling for NR1 and GIuR2/3 on adjacent

receptor and the GIuR2/3 subunit of the AMPA receptor sections and on the double-labelled single sections. In the adjacent

The relative localization of the NR1 and GIuR2/3 subunits at synapsesection analysis all NR1-positive synapses in the neostriatum were
was analysed by the postembedding immunogold technique usinigentified on one section of the pair, the same synapses were then
two approaches: (i) double detection of NR1 and GluR2/3 subunitsdentified on the adjacent section to determine whether it was GIuR2/
on the same ultrathin sections of the neostriatum (Fig. 5) and globus-positive. Of 49 mNR1-and 67 rNR1-immunopositive axospinous
pallidus (Fig. 6); (ii) double labelling for NR1 and GIuR2/3 on serial synapses, 43 (88%) and 50 (75%) were also positive for GIuR2/3.
ultrathin sections of neostriatum (Fig. 4). On double-labelled section©f six mMNR1 and five rNR1 immunopositive axodendritic synapses,
(Figs 5 and 6), the labelling for NR1 and GIluR2/3 was distinguishablgwo of each were also positive for GIuR2/3. In the double-labelled
by the different size of silver-intensified immunogold particles coupledsections, a total of 100 NR1-positive axospinous synapses were
to the secondary antibodies. The diameters of the silver intensifiedlentified, 82% of which were also GluR2/3-immunopositive.
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Fic. 4. Co-localization of the NR1 subunit of the NMDA receptor and the GIuR2/3 subunit of the AMPA receptor at synapses in the neostriatum. Immunoreactive
sites were revealed by the postembedding immunogold method on serial ultrathin sections. The sections in micrographs (A), (B) and (C) were immunolabell
to reveal NR1 and the serial sections in'YAB') and (C) were immunolabelled to reveal GluR2/3. The immunopatrticles for NR1 (A, B, C) and GIuR2/3 (A

B’, C') are mainly located within the body of the synaptic specialization. Synapses (arrows) between axonal boutons (b) and dendritic spines (s) (A, B) an
between a bouton and dendritic shaft (d) (C) that are positive for the NR1 subunit are also positive for the GIuR2/3 subBhitGA. Note in (C), an
axospinous synapse (arrowhead) that is positive for INR1 but negative for GIuR2/3. Scale bars: A @ridud; B and B, C and C, 0.2um.
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Fic. 5. Co-localization of the NR1 subunit of the NMDA receptor and the GIuR2/3 subunit of the AMPA receptor at synapses in the neostriatum. Immunoreactive
sites were revealed by a double postembedding immunogold method with silver intensification on the same sections. The NR1 subunit was detected using
mNR1 antibody. The secondary antibodies used were coupled either to 10 nm (mNRZ; large immunoparticles) or 1.4 nm (GluR2/3; small immunoparticles) gol
particles. Synapses between axonal boutons (b) and dendritic spines (s) are labelled for NR1 (A,C: arrowheads), for GIluR2/3 (A-D: small arrows) or are doubl
labelled for both NR1 and GIuR2/3 (A,B,D; double arrows). Scale barsuf.5

Discussion NR1 is associated with the internal surface of the plasma membrane
and that the highest density of immunoparticles is located at asym-
The results of the present study define the cellular and subcellulahetrical axospinous and axodendritic synapses, although extrasynaptic
localization of the NR1 subunit of the NMDA receptor in both the |abelling is also present. It is not possible to localize the labelling to the
neostriatum and the globus pallidus and demonstrate the colocalizatigdte- or postsynaptic membrane with the postembedding immunogold
of NMDA and AMPA receptor subunits at individual asymmetric method because of steric distortion between the image of the
synapses in both regions. This range of findings, from the cellular tenembrane specialization formed from the whole thickness of the
the subsynaptic level, was made possible by the application ofection and the most superficial layer of the section available for the
multiple immunohistochemical techniques at both the light and theantibody (Baudeetal, 1993). However, the results of the pre-
electron microscopic levels. The immunogold methods revealed thambedding labelling studies lead to the conclusion that the labelling
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Fic. 6. Subcellular localization of the NR1 subunit of the NMDA receptor (A,B) in the globus pallidus and the colocalization with the GluR2/3 subunit of
the AMPA receptor at individual synapses. Immunoreactive sites were revealed by a double postembedding immunogold method with silver intensification o
the same sections (B-E). (A,B) Single immunolabelling for NR1 using the mNR1 antibody. Two dendrites (d) are postsynaptic to boutons (b) that form
asymmetrical synapses (arrowheads). Immunolabelling for NR1 is located within the body of the specialization. In (B) the synapse is associated with subjunction
dense bodies. (C-E) Double immunolabelling for NR1 (large immunoparticles) and GluR2/3 (small immunoparticles) on the same section. Three dendrites (
are postsynaptic to boutons (b) that form asymmetrical synapses (arrows). The synapses in (C) and (D) and the lower synapse in (E) display immunolabelli
for both NR1 and GIuR2/3 (C-E; double arrows). Note that the synaptic bouton in (C) possesses two active zones that both display immunolabelling for bot
NR1 and GluR2/3 (double arrows). In contrast, the upper of the two synaptic boutons in E, also possesses two active zones, both of which display immunolabelli
for only GIuR2/3 (small arrows). Scale bars: A,B, @u®; C—E, 0.5um.
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Fic. 7. Distribution of immunoparticles for NR1 and GluR2/3 subunits along 5 10 15 20 25 30 35 40 45 50 55 60
the postsynaptic membrane specialization of axospinous synapses labelled by
the postembedding immunogold method. The NR1 subunit was labelled using
two antibodies. A similar distribution of immunolabelling at axospinous o ) ) ) o
synapses occurred for both of the NR1 antibodies and this was similar to thgle._& Frequenqy distribution oft_he dlam_eters c_)f silver intensified |rr_1munogo|d
distribution of immunolabelling for GIuR2/3 subunits (rNR1, 194 synapses,Particles labelling synapses in sections immunolabelled with 1.4 nm
754 immunoparticles; mNR1, 141 synapses, 435 immunoparticles: Glur2/gmmunogold particlesr(= 186), 10-nm immunogold particles ¢ 128) or

314 synapses, 2080 immunoparticles). The mean length of Synapti&:llouble—labelled with t_)othr(= 1365). N_Ieasurements were ma_lde on projected
specialization was 374.@ 18.7 nm (mean+ SEM) for all NR1 positive Images of electron micrograph negatives at final magnifications#0 800
synapses and 387419.2nm for GluR2/3-positive synapses. The ©F X 240 600. The dlstrlbL_Jtlon of_ pgrtlcle_s in the_double—labelleq sections is
immunoparticles are essentially evenly distributed across the synaptifimodal, the peaks of which, coincide with the sizes observed in the single-
membrane with a slight reduction at the periphery. Very few immunoparticlel@elled sections. Only a small degree of overlap exists between the two
were observed outside of the synaptic specialization. Only synapses labellistributions from the single-labelled sections.

by two or more particles are included in the analysis (mean number of

particles per synapse NR1: 3.5; GIuR2/3: 6.6).

Diameter of immunometal particles (nm)

Cellular and subcellular distribution of the NR1 subunit of the
NMDA receptor in neostriatum and globus pallidus

The present findings relating to the cellular distribution of NR1

immunolabelling are in agreement with previous anatomical studies
is associated with the postsynaptic membrane. The double posthowing the presence of the NMDA receptor subunit and its mRNA
embedding immunogold labelling revealed that in the neostriatun?ssoc?ate_d With projectio_n neurons and interneurons in the neostriatum
and globus pallidus a high proportion of synapses that are immundnd binding sites on striatonigral neurons (Tallakasen-Greeag,
positive for NR1 are also immunopositive for GIuR2/3 subunits of 1992 Petraliaet al, 1994; Landwehrmeyeetal, 1995; Standaert

the AMPA receptor, although synapses positive for only one of theet_al" 1994, 1996; Lannestal, 1995; thsemzadedet al, 1996;_
receptors were also present. Ariano et al, 1997). At the level of the perikaryon, both antibodies

The present results thus provide an anatomical basis for a role &esulted in immunolabelling mainly associated with the endoplasmic

. . o . reticulum but also with the internal side of the plasma membrane,
NMDA receptors in the regulation of the activity of neurons in the . .
neostriatum and the globus pallidus. Indeed, physiological Studiethe external side of the nuclear membrane and the Golgi apparatus.
. ’ This pattern of localization is similar to that described for subunits

have demonstrated the involvement of NMDA receptors in excitatoryof the AMPA receptor in the neostriatum (Bern I, 1997). This
synaptlc.transmlsswn n the neostriatum gnd in the globus pa”_'du?abelling probably reflects newly synthesized receptors and thus are
(see for instance Calabrestial, 1992a; Soltist al., 1994; Calabresi

L ) unlikely to be functional.
etal, 1996; Kita, 1996; Gtz etal, 1997). Moreover, glutamate, The most frequently labelled structures in the neostriatum were

through NMDA-dependent mechanisms, has been shown to mediafg,yrites and spines. Dendritic labelling was stronger with the mNR1
neurotransmitter release in the neostriatum (Scatton & Lehmanfuan with the rNR1 which may be due to the differences in the
1982; Lannes & Micheletti, 1993 Galét al, 1994; Kendricket al,, spliced variants detected by the two antibodies. Thus, the mNR1
1996). Receptors of the NMDA type have also been shown to bentihody recognizes all isoforms, whereas the rNR1 antibody recog-
involved in the regulation of neuropeptide and receptor gene expresiizes only four of the eight variants (Petratifal, 1994). If indeed
sion in the neostriatum (Lannes & Micheletti, 1993; Angeloal,  this is the case, these findings may reflect a differential addressing
1995; Beckstead, 1995; Laprade & Soghomonian, 1995) and immedpf the NR1 isoforms to the different subcellular compartments as has
ate-early gene expression following activation of the cortex (Listebeen demonstrated vitro (Ehlerset al,, 1995).

etal, 1995; Berrettaetal, 1997). Furthermore, NMDA receptors ~ Dendritic spines and shafts are the main synaptic targets of
mediate long-term potentiation but not long-term depression okxcitatory cortical and thalamic afferents and other excitatory inputs
corticostriatal transmission (Calabregial, 1992a;b, 1996). to the neostriatum (Kemp & Powell, 1970; Hattost al, 1978;
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Frotscheret al, 1981; Somogyietal, 1981; Kita & Kitai, 1987;  Comparison of the distribution of NR1 and GIluR2/3

Dubeet al, 1988; Smith & Bolam, 1990; Xet al, 1991; Lapper & A key issue relating to the neurobiology of receptors is whether the

Bolam, 1992; Lappeet al, 1992; Sadikotet al, 1992; Bennett & : . : o
' ' ’ ' AR . . selective placement of receptors in relation to specific synapses occurs
Bolam, 1994). The demonstration that most immunolabelling is P P P ynap

inted with th " alizati p i > ~and the mechanisms that underlie trafficking (Nusseal, 1994,
associated wi e synaptic specializations of asymmetric axospinoUgyge. | 1997: Nussest al, 1995b: Ottersen & Landsend, 1997:

and axodendritic synapses suggests that excitatory transmission gf, .. e \wenthold, 1997; Somogyit al, 1998). It is well established
cortical and thalamic synapses in the neostriatum is mediated, at least

) . o . In° the basal ganglia that excitatory responses are mediated by
in part, by NMDA receptors. This conclusion is thus in support both AMPA and NMDA receptors (for references see above). Co-
of data derived from functional studies of the corticostriatal and |

Plamosiatal pthiays (KIpati & Pilipson, 1965 KIDSTC Cxpyce ot v soss mons enston eorensod o
et al, 1986; Baldiet al., 1995; Jolkkonert al., 1995; Calabrest al., y

1996; Consolcet al, 1996; Kita, 1996). from adult rat striata (Ghasemzadehal, 1996). Furthermore, the

The findings relating to the cellular location of both the NR1 findings of the present study, that the NR1 subunit is present in

subunit and the GIuR2/3 subunits in the globus pallidus are alsc\>/Irtually _aII spiny neurons in the neostriatum, _taken together with
our previous data and that of others demonstrating that these neurons

consistent with previous observations using immunocytochemical or .
P 9 y Iso express AMPA receptor subunits, leads us to conclude that

in situ hybridization techniques (see references above and Petralia g'so S . )
Wenthold, 1992: Martinet al, 1993; Satoetal, 1993). Thus the excitatory responses of individual spiny neurons are mediated by

majority of neurons and many dendritic processes were labelled. Thl%Oth NMDA and AMPA receptors. Our findings indicate that this is

immunogold labelling revealed, as in other regions of the basa.lso. the case for neurons in the globus pallidus. However, these
ganglia (Bernarct al, 1997; Clarke & Bolam, 1998), that the highest "dings and  physiological analyses, do not tell us whether the
density of immunolabelling for the subunits of both of the NMDA response at an .|nd|V|duaI synapse is mediated b.y both types_ of
and AMPA receptors are localized at asymmetric synapses. Mogfceptors. To this end we performed the doublg-lmmunolabelllng
terminals that form asymmetric synaptic specializations in the globu§tUdy which demohstrated that the NR1 SUbumt.Of th? NMDA
pallidus, are derived from the subthalamic nucleus (see review Smithecept_or and subunits of th? AMPA receptor colocallzc_e at individual
etal, 1998). Our findings suggest therefore, that glutamatergi¢*OSPINOUS and axodendritic synapses in the neostriatum and axo-

transmission at subthalamopallidal synapses is also mediated by bo‘i’t‘?ndritic Synapses in the _gIObUS pallidus. These_ findings are similar
NMDA and AMPA receptors. to those found in other regions of the basal ganglia (Clarke & Bolam,

In the pre-embedding immunogold labelling and occasionallylggg) and in other regions of the brain (Kharagtal., 1996). These

in the postembedding labelling, immunoparticles were detected aﬁmatomical data thus indicate that electrophysiological responses of

extrasynaptic sites located both on the plasma membrane and gxcitatory inputs to neostriatal spiny neurons involving AMPA and

intracellular sites in both the neostriatum and the globus pallidusNMDA receptors occurs at the same synapses (Cherabati, 1988;

The intracellular labelling was usually associated with saccules ofekkers & Stevens, 1989; Calabresial, 1990; Jiang & North,
endoplasmic reticulum (see also Gracy & Pickel, 1996, 1997; Gracy-991: Kita, 1996). Furthermore, it is likely that the LTD that occurs
etal, 1997) and thus presumably in the process of synthesis. The{pllowm_g tetanic stimulation Qf the C(_)rtlc_ostrlatal pathway, which is
detection at extrasynaptic sites on the plasma membrane is consistdWDA-independent but requires activation of AMPA receptors and
with data obtained in pre-embedding studies of the ventral aspect df¢ LTP that occurs following relief of the magnesium block of
the neostriatum, the nucleus accumbens (Gracy & Pickel, 1996, 199ﬂMDA receptors, may well occur at the same corticostriatal synapses
Gracyet al, 1997). The role of these receptors is still unclear; they(Calabresiet al, 1996).
may represent a pool of non-functional, stored receptor. However, N addition to those NR1-positive synapses that also displayed
the possibility cannot be excluded that they are functional and mediatgmunolabelling with the GluR2/3 antibody, we found that a propor-
non-synaptic transmission as has been suggested for the NMDHON in both the neostriatum and globus pallidus that did not.
receptors in the cerebellum (Clagkal, 1997). It has been suggested There are several possible interpretations of this observation. One
that the use of postembedding immunogold methods on sectiorigterpretation is that the failure to detect immunolabelling for GIuR2/
prepared by freeze-substitution more accurately reflects the trud iS because the level of the antigen is below the sensitivity of
distribution of the receptors as there is restricted access of thée postembedding technique applied to freeze-substituted tissue.
antibodies into the active zone in tissue prepared by conventiondternatively, if the synapses truly do not possess the GIuR2 or 3
means (Baudet al, 1995; Nusseet al, 1995a; Bernarét al, 1997).  subunits of the AMPA receptor it raises interesting issues concerning
Because most of the receptor immunometal labelling occurred dhe subunit composition of the AMPA receptor and glutamatergic
synapses, we conclude that glutamatergic transmission mediated Bygnsmission. Itis unlikely that the GIuR2/3-negative synapses possess
NMDA receptors in the neostriatum and globus pallidus is likely to AMPA receptors composed of GIuR1 and/or GIuR4 subunits since
occur principally at synaptic specializations. () GluR4 is not expressed by spiny neurons, and (i) GIuR1 is
We very rarely detected immunoreactivity for NR1 in axons andprobably colocalized with GIuR2/3 (Bernaretal, 1997). This
or axon terminals in the neostriatum or globus pallidus which impliessuggests that glutamate transmission via ionotropic receptors at some
that presynaptic NMDA receptors are absent or that the density is fa8ynapses in the neostriatum and globus pallidus occurs through
lower than at other sites. This finding does not favour a directNMDA receptors independent of AMPA receptors. Presumably the
presynaptic modulation of neurotransmitter release by glutamatgiembrane depolarization required before NMDA receptors can par-
through NMDA receptors in the neostriatum and the globus pallidusticipate in a glutamate response at these synapses is a function of the
Interactions between glutamatergic and dopaminergic systems in thaction of glutamate at kainate or metabotropic receptors, the activity
neostriatum have been extensively described; glutamate is reported other excitatory afferents and/or intrinsic membrane properties
to stimulate the release of dopamine through NMDA receptorqTestaet al, 1994; Landwehrmeyest al, 1995; Bischoffet al., 1997;
(for review see (Lannes & Micheletti, 1993) however, the exactStandaertetal, 1994, 1996; Bernarcktal, 1996, 1997). Even if
mechanisms remain to be resolved. neurotransmission at most excitatory synapses is thought to involve
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both AMPA and NMDA receptors, electrophysiological evidenceis likely to mediated by similar mechanisms. The exact receptor
suggest that activation of NMDA receptors alone can lead to LTP irprofile of glutamate receptor subtypes and their subunit composition
the neostriatum (Calabrest al, 1996) and hippocampus (Bashir at characterized excitatory synapses remains to be established.
etal, 1991). Synapses with only NMDA receptors may be silent at
resting potentials, but they may acquire AMPA responses in case 0
stimulation, as it has been demonstrated in hippocampus during LT cknowledgements

(Isaacet al, 1995; Liaoet al, 1995; Voroninet al, 1996; Kiyosue  The authors thank Christophe Mulle, Nick Clarke, Rafael Lujan, Zoltan Nusser
etal, 1997). The conversion from a silent to a functional Synapseand Peter Somogyi for helpful discussions throughout the period of this work

. . and their comments on the manuscript. Thanks to Tracey Chatha and Jason
could thus be explained by the appearance of AMPA receptors in thﬁanley for comments on the manuscript and to Caroline Francis, Paul Jays,

synaptic specialization. Frank Kennedy, Liz Norman and David Roberts for technical assistance. The
A further observation of the present findings was a population ofwork was funded by the Medical Research Council, UK V.B. was supported

synapses that were immunolabelled with the GIuR2/3 antibody buy @ postdoctoral fellowship from the Sotdede Secours des Amis des
were negative for NR1. As indicated above this finding may simplyscIences (France).

relate to the sensitivity of the technique and indeed, this is more

likely in this case as the immunolabelling for the AMPA subunits Abbreviations

was much more robust than for the NMDA receptor subunit. At this I .
avidin-biotin-peroxidase complex

stage however, we cannoF m_ake_ firm cc_mclusions; it may be_ the casgypa a-amino-3-hydroxy-5-methyl-4-isoxazole propionate
that glutamatergic transmission is mediated at some axospinous am$A bovine serum albumin

axodendritic synapses in the neostriatum and globus pallidus, onlpAB 3,3"-diaminobenzidine _

through non-NMDA glutamate receptors. Indeed functional synapse§”SP excitatory postsynaptic potential

goat antimouse

without NMDA receptors have been proposed to occur in Purkinj goat antirabbit
cells (Davieset al, 1986; Dupontet al,, 1987; Honoteet al,, 1988).  NGS normal goat serum
An additional possibility that can account for synapses labelled foNMDA N-methyl-p-aspartate
only the NMDA subunit antibodies relates to the diversity of the PB phosphate buffer _
isoforms of the NR1 subunits composing the NMDA receptor. It is *BS ?r?s?iﬂ?faetre buffered saline
possible that there are subpopulations of AMPA receptor-positivergg Tris buffered saline
synapses that possess different isoforms of the NR1 subunit that are
not recognized by the antibodies used in the present study.
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