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Cellular, Subcellular, and Subsynaptic Distribution of AMPA-Type
Glutamate Receptor Subunits in the Neostriatum of the Rat
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Glutamate released in the basal ganglia is involved in the
expression of clinical symptoms of neurodegenerative diseases
like Parkinson’s or Huntington’s. Neostriatal neurons are the
targets of glutamatergic inputs derived from the cortex and the
thalamus acting via AMPA-type as well as other glutamate
receptors. To determine the location of subunits of the AMPA
subclass of glutamate receptors (GIuR) in the rat neostriatum,
we applied multiple immunocytochemical techniques using
anti-peptide antibodies against the GluR1, GluR2/3, and GluR4
subunits at both the light and electron microscopic levels. All
medium spiny efferent neurons, some of which were identified
as striatonigral neurons, displayed immunoreactivity for GluR1
and GluR2/3 subunits. Double immunofluorescence revealed
that at least 70-90% of parvalbumin-immunopositive GABAer-
gic interneurons were immunoreactive for each of GIuR1,
GluR2/3, or GluR4 subunits and that at least 40% of choline
acetyltransferase-immunopositive  cholinergic interneurons
were immunopositive for GIuR1 or GluR4 subunits. The majority
of nitric oxide synthase-immunopositive neurons had no de-
tectable immunoreactivity for any of the AMPA receptor sub-

units. Electron microscopic analysis confirmed the presence
of immunoreactivity for GIuR1 and GIuR2/3 in the perikarya of
spiny neurons and interneurons and GluR4 in perikarya of
interneurons only. GluR1 and GIuR2/3 subunits were detected
in dendrites and spines. A significant population of extrasyn-
aptic receptors was revealed by pre-embedding immunogold
labeling along the plasma membranes of perikarya, dendrites,
and spines. Receptors were concentrated in the postsynaptic
membrane specialization of asymmetrical synapses, as re-
vealed by the postembedding immunogold method. Quantita-
tive analysis demonstrated that immunoreactivity for the GluR1
and GIuR2/3 subunits is higher at the periphery than at the
middle of the postsynaptic membrane specialization.

Our results demonstrate that AMPA receptor subunits are
distributed widely and heterogeneously among striatal neurons
and are concentrated on the postsynaptic membrane of asym-
metrical synaptic specializations, although extrasynaptic re-
ceptors are also present.
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Glutamate is the major excitatory neurotransmitter in the CNS.
Its involvement in numerous physiological functions during devel-
opment and in the adult is now well established (Zorumski and
Thio, 1992). Moreover, dysfunctions of glutamatergic connections
are believed to be involved in the expression of the clinical
symptoms of neurodegenerative diseases like Parkinson’s or Hun-
tington’s (Bergman et al.,, 1990; Pollak et al., 1993). Indeed,
overactivity of glutamatergic neurons of the subthalamic nucleus
and changes in glutamatergic transmission in the striatum are
linked to motor disorders in Parkinson’s disease (Albin et al.,
1989; Bergman et al., 1990; Pollak et al., 1993; Blandini et al.,
1996). Furthermore, glutamate-induced excitotoxicity has been
proposed to be responsible for cell death in neurodegenerative
diseases (Young et al, 1988; DiFiglia, 1990; Albin and
Greenamyre, 1992).
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The actions of glutamate are mediated via two groups of
glutamate receptors (GluR), the ionotropic receptors and the
metabotropic receptors. Ionotropic glutamate receptors are
subdivided further, on the basis of selectivity for agonists, into
NMDA, AMPA, and kainate receptors (see Boulter et al,
1992; Hollmann and Heinemann, 1994; Nakanishi and Masu,
1994). Molecular cloning has demonstrated that these subtypes
are structurally distinct and that there are numerous subunits
for each subtype. The genes coding AMPA receptor subunits
(GluR1-4) have been cloned, and electrophysiological studies
on expressed receptors suggest that the functional diversity of
AMPA receptors is generated by the combination of different
subunits into hetero-oligomeric complexes (Boulter et al.,
1990, 1992; Keindnen et al.,, 1990; Nakanishi et al., 1990;
Sommer et al., 1990; Hollmann et al., 1991; Hume et al., 1991;
Gasic and Hollmann, 1992; Keller et al., 1992; Brose et al.,
1994; Hollmann and Heinemann, 1994; Huntley et al., 1994;
Puchalski et al., 1994; Wenthold et al., 1996).

The neostriatum, which is the major division of the basal
ganglia, receives extensive glutamatergic inputs derived from vir-
tually the whole cortical mantle and from the parafascicular/
centromedian complex of the thalamus (see Gerfen and Wilson,
1996). Electrophysiological and pharmacological analyses have
demonstrated that many of the effects of glutamate in the neo-
striatum are mediated via AMPA receptors (Galli et al., 1992;
Maione et al., 1995; Kita, 1996). Furthermore, in situ hybridiza-
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tion and immunohistochemical experiments have demonstrated
that AMPA receptor subunits are expressed abundantly through-
out the basal ganglia, including the neostriatum (Petralia and
Wenthold, 1992; Tallaksen-Greene et al., 1992; Martin et al.,
1993a,b; Sato et al., 1993; Tallaksen-Greene and Albin, 1994;
Bernard et al., 1996; Chen et al., 1996; Ghasemzadeh et al., 1996).
It is also clear that different populations of neurons in the neos-
triatum differentially express AMPA receptor subunits. However,
results of the immunocytochemical studies have provided conflict-
ing data on the AMPA receptor subunit composition of different
subpopulations of striatal neurons (Tallaksen-Greene et al., 1992;
Martin et al., 1993b; Tallaksen-Greene and Albin, 1994; Chen et
al.,, 1996). The first aim of the present study was therefore to
characterize, on neurochemical and morphological grounds at
both the light and electron microscopic levels, the classes of
striatal neurons expressing different subunits of the AMPA recep-
tor by using a variety of immunocytochemical approaches.

The effects of glutamate on postsynaptic structures depend not
only on the subtype of receptor and profile of subunits expressed
by the postsynaptic neuron but also on their spatial relationship to
the glutamate release sites. In this respect, it has been shown that
subtypes of glutamate receptors exhibit specific spatial relation-
ships to synaptic specializations and afferent synaptic terminals.
Tonotropic receptors are frequently located within the postsynap-
tic membrane specialization (Baude et al., 1995; Popratiloff et al.,
1996), whereas metabotropic receptors are located at a perisyn-
aptic position (Baude et al., 1993; Nusser et al., 1994; Lujan et al.,
1996), but both receptor types also occur at a lower density in the
extrasynaptic membrane. In the cortex and in the organ of Corti,
AMPA receptors have been reported to be concentrated at the
periphery of the postsynaptic membrane (Kharazia et al., 1996;
Matsubara et al., 1996). In the neostriatum, the precise subcellular
and subsynaptic location of AMPA receptors is unknown. The
second aim of this study was therefore to examine the subcellular
and subsynaptic distribution of AMPA subunits in the neostria-
tum and to determine their relationships to known glutamatergic
afferents.

MATERIALS AND METHODS

Animals and tissue preparation. Wistar rats (200-250 gm; Charles River,
UK) were used in this study. Environmental conditions for housing of the
rats and all procedures that were performed on them were in accordance
with the Animals (Scientific Procedures) Act of 1986 and in accordance
with the policy on the use of animals in neuroscience research issued by
the Society for Neuroscience. They were deeply anesthetized with sodium
pentobarbitone (Sagatal, 60 mg/kg, intraperitoneally) and then perfused
transcardially with 50-100 ml of 0.9% NaCl, followed by 250 ml of fixative
[3% paraformaldehyde with 0.2% glutaraldehyde in 0.1 M phosphate
buffer (PB), pH 7.4] and then with 100 ml of 3% paraformaldehyde alone,
at a rate of ~15 ml/min. The brain was removed quickly, and sections
from neostriatum were cut on a vibrating microtome at ~70 um and
collected in PBS (0.01 M phosphate, pH 7.4). To enhance the penetration
of the immunoreagents, the sections were equilibrated in a cryoprotectant
solution (PB 0.05 M, pH 7.4, containing 25% sucrose and 10% glycerol)
and freeze-thawed by freezing in isopentane (BDH Chemicals, Poole,
UK) that was cooled in liquid nitrogen and then in liquid nitrogen and
thawing in PBS (von Krosigk and Smith, 1991). The sections were then
preincubated in 4% normal goat serum (NGS) in PBS for 30 min at room
temperature (RT).

Immunohistochemistry. Immunoreactivity for AMPA receptor subunits
was detected by using three polyclonal antibodies [GluR1 (AB1504),
GluR2/3 (AB1506), GluR4 (AB1508); Chemicon, Temecula, CA]. These
antibodies were raised in rabbit against synthetic peptides derived from
intracellular sequences of the subunits (Wenthold et al., 1992). They have
been characterized and widely used for immunohistochemical studies
(Tachibana et al., 1994; Bernard et al., 1996; Matsubara et al., 1996;
Popratiloff et al., 1996; Wenthold et al., 1996). Specificity of the antibod-
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ies has been described in detail (Wenthold et al., 1992). Anti-GluR1,
GluR2/3, and GluR4 antibodies recognize GluR1, GluR2 and GluR3
(GluR2/3), and GluR4 subunits of the AMPA receptor, respectively.

Pre-embedding immunoperoxidase method. The sections were incubated
in primary antibody solutions (GluR1 and GluR4, 2 pg/ml; GluR2/3, 1
pg/ml) diluted in PBS that was supplemented with 1% NGS for 15 hr at
RT with constant gentle shaking. Alternatively, sections were incubated
in a cocktail of GluR1, GluR2/3, and GluR4 antibodies at the dilutions
mentioned above. They were washed (3X PBS) and incubated in biotin-
ylated goat anti-rabbit IgG (1:100, Vector Laboratories, Peterborough,
UK) for 1.5 hr at RT. The sections were washed (3X PBS) and incubated
in an avidin-biotin—peroxidase complex (ABC; 1:100, Vector) for 1.5 hr
at RT. After washing [2X PBS and 1X Tris buffer (TB) 0.05 m, pH 7.6],
peroxidase was revealed by incubation in H,O, (0.0048%) in the presence
of 3,3'-diaminobenzidine (DAB; 0.05% in TB) (Sigma, UK). The reac-
tion was stopped by several washes in TB.

Pre-embedding immunogold method. The pre-embedding immunogold
method was performed as previously described (Baude et al., 1993; Yung
et al., 1995). Briefly, the sections were incubated in primary antibody
solutions as described above. After washing [2X PBS and 2X PBS
supplemented with 0.5% bovine serum albumin and 0.1% gelatin (PBS-
BSA)], they were incubated in goat anti-rabbit IgG conjugated to colloi-
dal gold (1.4 nm diameter, Nanogold, Nanoprobes, Stony Brook, NY)
(1:100 in PBS-BSA) for 2 hr at RT. The sections were washed (2X
PBS-BSA and 2X PBS) and post-fixed in 1% glutaraldehyde in PBS for
10 min. After washing (2X PBS and 2X sodium acetate buffer, 0.1 M, pH
7.0), the colloidal gold labeling was intensified by using a silver enhance-
ment kit (HQ silver, Nanoprobes) for 3—-5 min at RT in the dark. Finally,
the sections were washed in acetate buffer and then in PB.

Preparation  for electron microscopy. Immunoperoxidase- and
immunogold-treated sections were post-fixed in osmium tetroxide (1% in
PB 0.1 m, pH 7.4) for 25 min for the DAB-reacted sections or 10 min for
the immunogold-reacted sections at RT. After washing (3X PB), they
were dehydrated in an ascending series of dilutions of ethanol, which
included 1% uranyl acetate in 70% ethanol. Then they were treated with
propylene oxide (2 times for 10 min) and equilibrated in resin overnight
(Durcupan ACM, Fluka, Neu-Ulm, Germany), mounted on glass slides,
and cured at 60°C for 48 hr. The sections were examined first in the light
microscope. Areas of interest were cut from the slide and glued to blank
cylinders of resin. Serial thin sections were cut on a Reichert Ultracut E
and collected on pioloform-coated single-slot copper or gold grids. The
sections were stained with lead citrate and examined in a Philips CM10
electron microscope.

Postembedding immunogold method. After perfusion as described
above, 500-um-thick sections were embedded in Lowicryl, as described by
Baude et al. (1993). Immunohistochemistry was performed on ultrathin
sections of the neostriatum collected on pioloform-coated gold grids. The
sections were incubated on drops of PBS supplemented with 20% NGS
and 0.5% cold fish gelatin for 45 min at RT, and then incubated on drops
of primary antibody solutions (GluR1, GluR2/3, and GluR4: 5 ug/ml in
PBS with 5% NGS and 0.5% cold fish gelatin) for 15 hr at RT. After
several washes in PBS, the sections were incubated in goat anti-rabbit IgG
conjugated to colloidal gold (1.4 nm, 1:100; Nanoprobes). After washing
in PBS, the sections were post-fixed in 2% glutaraldehyde in PBS for 2
min. They were washed in water, and the labeling was silver-intensified
with a silver enhancement kit (HQ Silver, Nanoprobes) for 5 min. After
being washed in water, they were incubated in 1% uranyl acetate in water
for 25 min, again washed in water, lead-stained, and dried.

Double immunofluorescence. Sections of the neostriatum were sub-
jected to a double-immunofluorescence procedure to identify the AMPA
receptor subunits expressed by different populations of striatal interneu-
rons. Three main populations of striatal interneurons were examined:
cholinergic neurons, identified using a mouse monoclonal antibody
against choline acetyltransferase (ChAT; Cozzari et al., 1990); GABAer-
gic interneurons, identified using a mouse monoclonal antibody against
parvalbumin (PV; SWant, Switzerland) (Cowan et al., 1990; Kita et al.,
1990); and the population of interneurons that express somatostatin,
neuropeptide Y, and nitric oxide synthase (NOS), identified using sheep
antibodies against NOS (Herbison et al., 1996). Briefly, after perfusion—
fixation as described above, 70-um-thick sections were cut and incubated
in 4% NGS or normal horse serum (NHS) for 30 min and then in a
mixture of antibodies against AMPA receptor subunits (2 pg/ml each)
and ChAT (0.5 pg/ml), PV (1:1000), or NOS (1:20,000) in PBS supple-
mented with 1% NGS or NHS for 15 hr at RT. Then the sections were
washed in PBS and incubated in a mixture of secondary antibodies [goat
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anti-rabbit (GAR) for GluR, goat anti-mouse (GAM) for ChAT, and PV
or donkey anti-sheep (DAS) for NOS], conjugated to different fluoro-
chromes. The fluorochromes used were fluorescein isothiocyanate
(FITC)-labeled GAM (Sigma) and tetramethylrhodamine isothiocyanate
(TRITC)-labeled GAM (Sigma) or DAS (Chemicon) to detect AMPA
receptor subunits and ChAT, PV, or NOS, respectively. Alternatively,
TRITC and FITC were used to detect AMPA receptor subunits and
ChAT, PV, or NOS, respectively. All of the secondary antibodies were
used at a dilution of 1:100. After washing, the sections were mounted in
Aquamont (BDH Chemicals) and examined by fluorescence microscopy
with filters selective for fluorescein or rhodamine.

Controls of specificity of the immunohistochemical labeling. The speci-
ficity of the labeling technique was proven by the absence of labeling for
the respective molecules when the primary antibody (single detection) or
when one or both primary antibodies (double detection) were omitted.

Retrograde labeling combined with immunohistochemical detection of
AMPA receptor subunits. To determine whether striatonigral neurons
express AMPA receptor subunits, we combined immunohistochemistry
for the receptor subunits with the retrograde transport of wheat germ
agglutinin—horseradish peroxidase complex (WGA-HRP). Two female
Wistar rats (200 gm; Charles River) were anesthetized with a mixture of
midazolem (Hypnovel, Roche Products, Hertfordshire, UK) and fentanyl
citrate and fluanisone (Hypnorm, Janssen Animal Health, Buckingham-
shire, UK) and placed in a stereotaxic frame. The WGA-HRP (40 nl of
5% solution in 0.9% saline; Sigma) was injected in the substantia nigra
(SN) using coordinates taken from the atlas of Paxinos and Watson
(1986). The coordinates were anteroposterior (from bregma), —5.3 mm;
lateral, +2 mm; dorsoventral, —7.9 mm (from the surface of brain). The
animals were perfused 24 hr after surgery as described above. Sections
(70 pwm thick) of neostriatum and substantia nigra were cut on a vibrating
microtome and were processed immediately to reveal the injected and
transported WGA-HRP using the TMB-molybdate technique (Olucha et
al., 1985). They were washed in TB (0.1 M, pH 6.2) and incubated in TMB
[1 mg in 0.25% ammonium molybdate tetrahydroborate and 0.003%
H,0,, in PB (0.1 m, pH 6.2)] for 40 min. The reaction was stopped by
several washes in PB, and the reaction product was stabilized with 0.1%
DAB and 0.01% CoCl, in PB at pH 7.4. Then the sections were washed
in PBS for 1 hr and processed for the detection of AMPA receptor
subunits by using the immunoperoxidase method, followed by prepara-
tion for electron microscopy as described above. The sections were
embedded in resin and mounted on glass slides. Blocks of neostriatum
were re-embedded, and semithin sections (2 wm) were cut and examined
in the light microscope.

Quantitative analysis. The proportions of interneurons, identified by
immunoreactivity for ChAT, PV, or NOS, displaying immunoreactivity
for the AMPA receptor subunits were determined on one or two sections
of neostriatum from at least four rats at the same level in the rostrocaudal
axis [~1 mm anterior of bregma according to Paxinos and Watson
(1986)]. All ChAT-, PV-, or NOS-immunoreactive neurons were identi-
fied in the fluorescence microscope by using the appropriate filter systems
to detect fluorescein or rhodamine; the proportion of these showing
AMPA receptor subunit immunofluorescence was established. Control
experiments did not show cross-recognition between the two
fluorochrome-labeled reagents.

Quantitative analysis of the subcellular distribution of GluR1 and
GluR2/3 immunoreactivity was performed at the electron microscope
level on immunoperoxidase sections of the neostriatum from three ani-
mals. To quantify the total AMPA receptor subunit immunoreactivity, we
also performed the same analysis on sections incubated with a cocktail of
antibodies to GluR1, GluR2/3, and GluR4. The analysis was performed
on series of adjacent micrographs at a final magnification of 13,500X. A
total of 97 micrographs, occupying an area of 3 X 107> mm? of sections
that were treated for the detection of GluR1 or GluR2/3. Thirty-one
micrographs (0.96 X 107° mm?) showing the total AMPA receptor
subunit immunoreactivity for GluR1 + GluR2/3 + GluR4 were analyzed
from three animals. The sections were all taken from the dorsolateral
neostriatum. All dendritic shafts and spines were identified on these
micrographs, and the proportion of those displaying immunoreactivity for
the receptor subunits was calculated.

To estimate the proportion of asymmetrical axospinous synapses im-
munopositive for GluR1 and GluR2/3 (immunogold technique), we an-
alyzed two continuous strips of tissue (319 um? each) in Lowicryl-
embedded sections at a magnification of 13,500X taken from two animals
(1 section per animal).

Quantitative analysis of the distribution of immunogold particles for
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GluR1 and GIluR2/3 along the postsynaptic membrane specialization was
performed on 120 electron micrographs of Lowicryl-embedded neostria-
tum. In all, 144 synapses and 598 gold particles from two animals were
analyzed. Continuous strips of tissue in Lowicryl-embedded sections were
analyzed at a magnification of 39,000X, examining synapses in which the
synaptic specialization was clear. A synapse was considered as immu-
nopositive when it was associated with two or more immunoparticles
(Baude et al., 1995; Popratiloff et al., 1996); all positive synapses in the
strip were evaluated in the analysis. The distance of each immunoparticle
from the center of each synapse was measured and normalized, to take
into account different sizes of synapses, by dividing the value by one-half
the width of the synapse. The data were expressed as the proportion of
immunoparticles in five bins along the half cross section of the synapse.

RESULTS

Light microscopic observations

Immunohistochemical detection of AMPA receptors in

the neostriatum

The neostriatum displayed immunoreactivity for GluR1, GluR2/3,
and GluR4, which was evident at low magnification (Fig. 14,C,E).
The staining was homogeneous and without obvious differences
between neostriatum and the nucleus accumbens and along the
rostrocaudal and dorsoventral axes. Neuropil labeling was de-
tected with antibodies to the GluR1 and GluR2/3 subunits, but
not for the GluR4 subunit. At high magnification, in vibratome
sections (70 wm) (Fig. 1B,D) or in semithin sections (2 um) (Fig.
2A,B), numerous cell bodies and dendrites that displayed immu-
noreactivity for GluR1 and GluR2/3 were visible. In contrast, only
a few scattered neurons and dendrites displayed immunoreactivity
for GluR4 (Figs. 1F, 2C). Most of the cell bodies that were
immunopositive for GluR1 and GluR?2/3, but not for GluR4, were
medium-sized with an unindented nucleus surrounded by a thin
rim of cytoplasm (Figs. 1B,D, 24,B). These neurons thus had
characteristics of medium spiny neurons. In addition to the mod-
erate labeling of medium-sized neurons, strong GluR1 immuno-
reactivity was detected in occasional neurons throughout the
neostriatum (Figs. 1B, 2A4). These neurons were either medium-
or large-sized and had an indented nucleus and thus were char-
acterized as aspiny interneurons. Some medium-sized, but no
large-sized, neurons that possessed an indented nucleus also were
immunolabeled for GluR2/3 (Fig. 2B). All neurons that displayed
immunoreactivity for GluR4, which included both medium- and
large-sized, possessed an indented nucleus (Figs. 1F, 2C). The
pre-embedding immunogold labeling produced a similar pattern
of staining to that produced by the peroxidase method, albeit at a
lower intensity. No glial cell labeling was observed in the
neostriatum.

Phenotypes of striatal neurons expressing AMPA
receptor subunits

Identification of the AMPA receptor subunits expressed by
striatonigral neurons

Striatonigral neurons were identified by the retrograde transport
of WGA-HRP from the pars reticulata of the substantia nigra.
Immunolabeling of the same sections to reveal AMPA receptor
subunits demonstrated that all WGA-HRP-positive neurons were
also positive for GluR1 or GluR2/3 (Fig. 24,B). In contrast, the
retrogradely labeled neurons were not immunopositive for GluR4
(Fig. 2C).

Identification of AMPA receptors subunits expressed by

striatal interneurons

Striatal cholinergic, GABAergic, and NOS/NPY/SOM-containing
interneurons were identified by using antibodies directed against
ChAT, PV, and NOS, respectively (Fig. 3). Double detection of
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Figure 1. Immunohistochemical detection of GluR1 (4, B), GluR2/3 (C, D), and GluR4 (E, F) in the striatopallidal complex by the peroxidase method
at the light microscopic level. The neostriatum (ns) and globus pallidus (gp) display immunoreactivity for GluR1, GluR2/3, and GluR4 subunits of the
AMPA receptor. A dense dendritic staining of the neuropil is present in the neostriatum for GluR1 (4) and GluR2/3 (C), but not for GluR4 (E). Strongly
labeled cells are identified throughout the neostriatum with GluR1 and GluR4 (some indicated by arrows), but not with GluR2/3 antibodies.
Immunoreactivity for GluR1 (B) and GluR2/3 (D) is present in perikarya (asterisks) and dendrites (arrows) of striatal neurons that have characteristic
features of spiny neurons. Some aspiny neurons with indented nuclei display strong immunoreactivity for GluR1 (B) and GluR4 (F) (curved arrows). cx,
Cortex. Scale bars: 4, C, E, 0.5 mm; B, D, F, 10 um.
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GluR1 + WGA-HRP
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Figure 2.

GIuR2/3 + WGA-HRP
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GluR4 + WGA-HRP
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Identification of AMPA receptor subunits expressed by striatonigral neurons. Combination of the immunohistochemical detection of AMPA

receptor subunits with the retrograde transport of WGA-HRP from the SN. Immunoreactivity for the receptor subunits was revealed by the
immunoperoxidase method with DAB as the chromogen, and the transported WGA-HRP was revealed by using TMB-molybdate as the chromogen.
Retrogradely labeled neurons containing granules of the peroxidase reaction product (some indicated by small arrows) also display immunoreactivity for
GluR1 (4, asterisks) and GluR2/3 (B, asterisks), but not GluR4 (C, stars). Note the neurons (curved arrows in each micrograph) that possess characteristics

of interneurons. Scale bars, 10 um.

AMPA receptor subunits and ChAT, PV, and NOS was per-
formed by double fluorescence with secondary antibodies conju-
gated to FITC or TRITC. In all, 508 ChAT-positive neurons, 1016
PV-positive neurons, and 507 NOS-positive neurones were exam-
ined from four rats.

The majority of PV-positive neurons that we identified (89, 69,
and 86%) were immunopositive for GluR1, GluR2/3, and GluR4,
respectively (Fig. 3). In all, 41 and 40% of ChAT-positive neurons
that were identified were also positive for GluR1 and GluR4,
respectively (Fig. 3). In contrast, none of the ChAT-positive
neurons displayed GluR2/3 immunoreactivity. Only few (5 and
3%) NOS-immunopositive neurons were labeled for GluR1 and
GluR2/3, respectively. The NOS-immunopositive neurons were
negative for GluR4. The control experiments revealed that the
primary antibodies were recognized only by the appropriate sec-
ondary antibodies.

Electron microscopic observations

The subcellular localization of AMPA receptor subunits was per-
formed by pre-embedding immunoperoxidase and pre- and
postembedding immunogold methods. The electron microscopic
analysis confirmed the light microscopic observations that GluR1
and GluR2/3 are expressed by medium spiny neurons and inter-
neurons and that GluR4 is expressed only by interneurons.

The immunoperoxidase reaction product was associated with
the membranes of subcellular organelles (Figs. 4, 6B, 74) and also
diffusely filled the labeled profiles. The most frequently labeled
structures for GluR1 and GluR2/3 were dendrites and spines
(Figs. 4, 6B), although some perikarya and occasional axons were
also labeled (data not shown). Of 612 dendrites of medium spiny
neurons or interneurons and 405 spines receiving synapses in
immunoperoxidase-labeled sections, 70 and 74% of dendrites and
58 and 50% of spines were immunopositive for GluR1 and
GlIuR2/3, respectively. In contrast, only few dendrites were immu-
nolabeled for GluR4 (Fig. 74), and labeling was not detected in
spines. When a cocktail of GluR1, GluR2/3, and GluR4 antibod-

ies was used, 72% of dendrites and 62% of spines were clearly
immunopositive. The values obtained from the three animals were
very similar (mean of percentages of labeled profiles from the 3
animals = SEM); dendrites: 70 = 4 (GluR1), 74 * 3 (GluR2/3),
72 + 2 (GluR1 + GluR2/3 + GluR4); spines: 58 * 3 (GluR1),
50 = 1 (GluR2/3), 62 = 6 (GluR1 + GluR2/3 + GluR4). How-
ever, those figures are likely to be underestimates, because the
proportion of immunolabeled profiles obtained with this method
depends on the penetration of the reagents into the tissue and the
depth in relation to the surface of the tissue that the sections were
taken. False negatives are thus likely to be encountered. All the
immunolabeled spines were contacted by boutons forming asym-
metrical synapses (Figs. 4B, 6B).

In the pre-embedding immunogold-labeled sections, the same
subcellular structures were labeled as in the immunoperoxidase-
reacted sections. Immunoparticles for GluR1 and GIluR2/3 were
detected in numerous dendrites and spines (Figs. SB-D, 6C-E),
whereas those for GluR4 were seen only in some dendrites (Fig. 7D).
In dendrites and spines, most of the immunoparticles were present
on the cytoplasmic face of the plasma membrane for each of the
AMPA receptor subunit antibodies (Figs. 5B-D, 6C-E, 7D).

Immunolabeling for AMPA receptor subunits was also detected in
perikarya (Fig. 54, 64, 7B,C). Two types of cell bodies immunola-
beled for GluR1 were identified. Neurons of the first type were
weakly stained neurons and had characteristics of medium spiny
neurons, i.e., with an unindented nucleus and a thin rim of cytoplasm
that was sparse in organelles. The second type of cell body immuno-
reactive for GluR1 was strongly labeled and had hallmarks of aspiny
interneurons, i.e., possessed an indented nucleus, a large volume of
cytoplasm (Fig. 54), and occasional intranuclear inclusions. Immu-
nolabeling for GluR2/3 was detected in medium spiny neurons and in
some interneurons (Fig. 64). GluR4 labeling was seen only in inter-
neurons (Fig. 7B,C). For each antibody and each cell type, aggrega-
tions of peroxidase reaction product were seen in the cytoplasm often
associated with the endoplasmic reticulum and on the cytoplasmic
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F

Identification of AMPA receptor subunits expressed by GABAergic interneurons using a double-immunofluorescence method. GABAergic

interneurons were identified by using antibodies against parvalbumin (P}’). PV-immunoreactive neurons (B, D, F) also display immunoreactivity for

GluR1 (A4), GluR2/3 (C), and GluR4 (E). Scale bars, 10 um.

Table 1. Proportions of GABAergic (PV-immunopositive), cholinergic (ChAT-immunopositive), and NOS-immunopositive interneurons displaying

immunolabeling for each of the antibodies to AMPA receptor subunits.

AMPA receptor subunits

Type of

interneuron GluR1 GluR2/3 GluR4
PV-immunoreactive neurons 89 = 7 (n = 376) 69 =3 (n = 321) 86 = 4 (n = 319)
ChAT-immunoreactive neurons 41 =5 (n = 168) 0(n=174) 40 = 4 (n = 156)
NOS-immunoreactive neurons 5*1(n=187) 3+x1(@m=167) 0 (n = 153)

These data are based on the double-immunofluorescence experiments for the detection of PV, ChAT, or NOS and AMPA receptor subunits. The values are means = SEM
of the proportion of double-labeled neurons. The numbers in parentheses indicate the total number of neurons in one or two sections of the neostriatum from four rats. PV,

Parvalbumin; ChAT; choline acetyltransferase; NOS, nitric oxide synthase.

side of the nuclear membrane (Fig. 7B for GluR4). In the pre-
embedding immunogold-labeled sections, immunogold particles
were abundant and associated with the cytoplasmic face of the
endoplasmic reticulum membrane and nuclear membrane (Figs. 54,
64, 7C). Immunoparticles were also located on the cytoplasmic side
of the plasma membrane (Figs. 54, 64, 7C).

Localization of AMPA receptor subunit
immunoreactivity in relation to synaptic junctions

The use of pre- and postembedding immunogold methods al-
lowed the precise localization of the sites of AMPA receptor
subunit immunoreactivity, particularly in relation to the glutamate
release sites.

Pre-embedding immunogold method

For each of the antibodies used, the majority of immunoparticles
was associated with the internal surface of the plasma membrane
(Figs. 5, 6A4,C-E, 7C,D), both at sites away from synaptic junctions
and at synaptic sites. Many immunoparticles were associated with
asymmetrical synaptic contacts (Figs. 5B-D, 6C-E, 7D). In den-
dritic spines that displayed immunoreactivity for GluR1 (Figs.
5B,D) and GluR2/3 (Figs. 6C-E), the immunoparticles were ob-
served most commonly at the edges of the asymmetric membrane
specialization of the spines, which receive synapses from terminals
containing round vesicles, and also on the membrane at extrasyn-
aptic sites (e.g., Fig. 6C). However, immunoparticles occasionally
were located on the postsynaptic membrane density within the
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Figure 4. Subcellular localization of GluR1 in the neostriatum using the immunoperoxidase method. 4, B, Reaction product is detected in dendrites (d)
and in spines (s). The immunoreactive structures often are associated with axonal boutons (b) forming synapses (arrowheads), some of which are clearly

asymmetrical. Scale bars, 0.5 pwm.

synaptic specialization (Figs. 5B, 6 E). Immunolabeling for GluR1
(Fig. 5C,D) and GluR4 (Fig. 7D) AMPA receptor subunits was
associated with the membrane of postsynaptic dendrites receiving
asymmetrical synaptic contacts. The immunoparticles were lo-
cated mainly at the edge of the membrane specialization and on
the extrasynaptic membrane, but only occasionally within the
synaptic specialization.

Postembedding immunogold method

Incubation of sections from Lowicryl-embedded tissue by the
postembedding immunogold method revealed the presence of
GluR1 and GluR2/3 immunoreactive structures. The GluR4 sub-
unit was not detected with this method, presumably because of the
low density of GluR4-immunoreactive structures or, possibly,
because of changes in the epitope during embedding. The major-
ity of immunoparticles was located along the membrane of the
postsynaptic specialization of asymmetrical synapses (Figs. 8, 9).
Immunoparticles for GluR1 and GluR2/3 were present at syn-
apses in both spines and dendrites (Figs. 8, 9). Labeling for GluR1
and GluR2/3 was not distributed evenly along the postsynaptic
membrane specialization, and clusters of two or three immuno-
particles, usually aligned along the membrane, were often seen
(Figs. 8,9). In all, 42% (n = 69) and 53% (n = 130) of asymmetric
axospinous synapses were immunolabeled for the GluR1 and
GluR2/3 subunits, respectively; the criterion for immunolabeling
was the presence of two or more particles. However, these values
are likely to be underestimated because the so-called immunon-

egative synapses include those labeled by one particle (8% for
GluR1 and 19% for GluR2/3), which could, in fact, represent the
genuine presence of AMPA receptor subunits. We did not include
these in the labeled population because of the stochastic nature of
immunogold labeling. The distribution of immunoparticles along
the postsynaptic membrane in two animals was analyzed at ax-
ospinous synapses for GluR1 (r = 30 synapses, 97 immunometal
particles) and GluR2/3 (n = 88 synapses, 410 immunometal
particles) (Fig. 10). The immunoparticles were not distributed
homogeneously. At axospinous synapses, they were rarely located
in the middle 20% of the postsynaptic membrane (Fig. 10),
representing only 4 and 3% of immunoparticles for GluR1 and
GluR2/3, respectively. In contrast, they were more abundant at
the periphery of the synapse: 47% (GluR1) and 46% (GluR2/3) of
immunoparticles were located in the external 40% of the synapse.
Also, 15% (GluR1) and 16% (GluR2/3) of immunoparticles ap-
parently fell outside of the postsynaptic specialization, within a
distance of 56 and 52 nm, respectively, equivalent to 20% of the
width of synapse (Fig. 10), but this could be attributable to a steric
distortion between the image of the membrane specialization
formed from the whole thickness of the section and the most
superficial layer available for the antibody.

DISCUSSION

The results of the present study demonstrate the cellular and
subcellular location of AMPA receptor subunits in the neo-
striatum and their distribution at high resolution in relation to
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Figure 5. Subcellular localization of GluR1 in the neostriatum using pre-embedding immunogold method with silver intensification. A, Immunopositive
cell body with an indented nucleus (n) and large volume of cytoplasm, characteristic of striatal interneurons. The immunoparticles are associated with
the cytoplasmic surface of the membrane of the endoplasmic reticulum (er) and, albeit to lesser extent, the Golgi apparatus ( g). Immunoparticles also
are located on the external side of the nuclear membrane (curved arrows) and on the internal side of the plasma membrane (arrowheads). B-D,
Immunolabeled dendrites () and spines (s). The immunoparticles are associated mainly with the internal surface of the plasma membrane. In C and D,
immunopositive dendrites are surrounded by numerous boutons (b), many of which make asymmetrical synaptic contacts with them, which is a
characteristic of interneurons. Immunoparticles are associated with the extrasynaptic plasma membrane and several of the synapses (arrowheads),
including axospinous synapses (s) (B, D). The immunoparticles often are localized at the edge of the synaptic specialization, although sometimes (in the

spine in B and the top labeled synapse in C) the immunoparticles appear over the postsynaptic membrane specialization. Scale bars: 4, 1 um; B, 0.2 pm;
C, D, 0.5 pm.
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Figure 6. Subcellular localization of GIuR2/3 in the neostriatum using pre-embedding immunoperoxidase (B) and immunogold (4, C-E) methods. A4,
Part of an immunoreactive cell body in the neostriatum reacted by the immunogold method. The neuron possesses an indented nucleus (n) and large
stacks of endoplasmic reticulum (er), identifying it as an interneuron. Immunoparticles are mainly in association with the cytoplasmic face of endoplasmic
reticulum membrane, the cytoplasmic side of nuclear membrane (curved arrows), and on the internal surface of the plasma membrane (arrowheads). B,
Immunoreactive dendrites (d ) and spines (s) revealed by the immunoperoxidase method. Many of the immunoreactive spines are postsynaptic to boutons
(b), forming asymmetrical synapses. C—E, Immunoreactive dendrites and spines reacted by the immunogold method. The immunoparticles are located
mainly on the internal surface of the plasma membrane of spines and dendrites. Spines receive synapses from boutons forming asymmetrical synapses
(arrowheads), and several of them have immunoparticles associated either with the body or the edges of the postsynaptic membrane specialization. Scale
bars: A, B, D, 0.5 pm; C, E, 0.2 pm.
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Figure 7. Subcellular localization of GluR4 immunoreactivity in the neostriatum using the pre-embedding immunoperoxidase (4, B) and immunogold
(C, D) methods. GluR4 immunolabeling is detected in cell bodies (B, C) and dendrites (4, D). The immunoreactive cells have an indented nucleus (B)
and a large volume of cytoplasm and often contain intranuclear inclusions (i), features that are characteristics of striatal interneurons. B, Aggregates of
immunoperoxidase reaction product are seen in the cytoplasm (curved arrows) and in association with the nuclear membrane (open arrow). C,
Immunoparticles are associated with the cytoplasmic face of membranes of the endoplasmic reticulum and the Golgi apparatus ( g) and with the external
side of nuclear membrane (small arrowheads). Dendrites that are immunolabeled for GluR4 are surrounded by boutons (b), many of which form

asymmetrical synapses (4, D). D, Immunoparticles are associated with the edge of the postsynaptic density of the asymmetrical synapses (arrowheads).
Scale bars: 4, 0.5 um; B, C, 1 um; D, 0.2 pm.
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Figure 8. Subcellular localization of GluR1 immunoreactivity in the neostriatum revealed by the postembedding immunogold method with silver
intensification. Dendrites (d) (4, B) and a spine (s) (4) are immunolabeled and receive asymmetrical synapses from boutons (b). The small
immunoparticles are located mainly on the postsynaptic membrane both within the body of the synaptic specialization (arrowheads) and at its periphery
(arrows). The two large particles (open arrowheads) are not attributable to immunolabeling but are a result of the silver intensification process. Scale bars,

0.2 pm.

Figure 9. Subcellular localization of GluR2/3 in the neostriatum using the postembedding immunogold method with silver intensification. Electron
micrographs show spines (s) immunolabeled for GluR2/3. At low (4) and high (B, C) magnification, immunolabeled spines are seen in synaptic contact
with boutons (b) forming asymmetrical synapses (arrowheads). Some postsynaptic profiles (asterisks) could be spines or small dendritic shafts.
Immunoparticles occasionally form clusters and seem to be distributed throughout the postsynaptic membrane (arrowheads in A and B) or are located
at the periphery of the postsynaptic specialization (arrows in C). Scale bars: A4, 0.5 um; B, C, 0.2 um.

the afferent synaptic terminals. Our observations reveal a het-
erogeneous distribution of AMPA receptor subunits among
different neuronal populations in the neostriatum. The sub-
units GluR1 and GluR2/3 are expressed by medium spiny
efferent neurons and by interneurons, whereas GluR4 is ex-
pressed only by interneurons. Immunoreactivity for the recep-
tor subunits on the plasma membrane is commonly, but not
exclusively, associated with membranes postsynaptic to axon
terminals forming asymmetrical synaptic specializations. Quan-
titative analysis revealed that GluR1 and GluR2/3 subunits are
distributed unevenly along the postsynaptic membrane special-
ization, being more concentrated at the periphery than at the
center of synaptic junctions.

Phenotypes of striatal neurons expressing
AMPA receptors

The first aim of the present study was an attempt to clarify the
profile of AMPA receptor subunits expressed by different popu-
lations of striatal neurons. In confirmation of previous observa-
tions (Albin and Greenamyre, 1992; Petralia and Wenthold, 1992;
Tallaksen-Greene et al., 1992; Martin et al., 1993b; Tallaksen-
Greene and Albin, 1994; Chen et al., 1996), our analyses revealed
that AMPA receptor subunits are expressed widely within the
neostriatum by both projection neurons and interneurons. The
majority of neurons expressing GluR1 and GluR?2/3 subunits had
morphological features typical of medium spiny efferent neurons
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GluR1 and GluR2/3 at axospinous synapses
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Figure 10. Distribution of immunoparticles for GluRI and GIuR2/3 sub-
units along the postsynaptic membrane specialization of axospinous syn-
apses labeled by the postembedding immunogold method. A similar
distribution of GluR1 and GIuR2/3 subunits occurred at axospinous syn-
apses [GIluRI, n = 30 synapses (mean length = SEM, 279 = 9 nm), 97
immunoparticles; GIuR2/3, n = 88 synapses (mean length + SEM, 257 *
19 nm), 410 immunoparticles]. Immunoparticles are concentrated at the
periphery of the postsynaptic membrane specialization. Only synapses
labeled by two or more particles are included in the analysis.

(see Smith and Bolam, 1990), and at least some were character-
ized as projecting to the substantia nigra. The electron micro-
scopic analyses confirmed that spiny neurons express immunore-
activity for AMPA receptor subunits and, indeed, revealed that at
least 50% of dendritic spines are immunopositive. The data re-
lating to GluR1 are consistent with those of Martin et al. (1993b),
but not with those of Tallaksen-Greene and Albin (1994) and
Chen et al. (1996), who failed to detect GluR1 immunoreactivity
in medium spiny neurons. The reason for this discrepancy is
unclear at present; however, it is unlikely to be attributable to
differences in antibody preparations, because conflicting observa-
tions have been made with antibodies from the same sources.
Furthermore, our data showing GluR1 immunoreactivity in spiny
neuron perikarya, in spines, and at axospinous synaptic special-
izations are consistent with in situ hybridization and PCR exper-
iments that have demonstrated mRNA for GluR1 in medium-
sized neurons in the rat and human neostriatum (Sommer et al.,
1990; Sato et al., 1993; Bernard et al., 1996; Ghasemzadeh et al.,
1996).

In agreement with previous observations (Martin et al., 1993b;
Tallaksen-Greene and Albin, 1994; Chen et al., 1996), our findings
demonstrate immunoreactivity for GluR1, GluR2/3, and GluR4 in
neurons with morphological and neurochemical features of stria-
tal interneurons. Thus, cholinergic neurons, identified on the basis
of ChAT immunoreactivity, expressed the GluR1 and GluR4
subunits, and all three subunits were detected in GABAergic
interneurons identified on the basis of parvalbumin immunoreac-
tivity (see Cowan et al., 1990; Kita et al., 1990). The majority of
the other major class of striatal interneuron, identified on the
basis of immunoreactivity for NOS, had undetectable levels of the
receptor subunits in the soma, despite the fact that at least a
proportion of these neurons express mRNA for each of the
subunits (Catania et al., 1995). Possibly, there is a low turnover of
receptor in the plasma membrane and, consequently, little protein
in the somatic endoplasmic reticulum of these cells.
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The expression of subunits of the AMPA receptor by different
populations of striatal neuron is consistent with data from elec-
trophysiological studies (Wilson, 1993; Kita, 1996) indicating that
at least one component of the excitatory drive to striatal spiny
neurons is mediated by AMPA receptors. Furthermore, AMPA
receptor stimulation has been shown to regulate the release of
GABA from efferent neurons, and possibly interneurons, in the
neostriatum (Galli et al., 1992; Bianchi et al., 1994).

Subcellular localization of AMPA receptor subunits

The use of multiple immunocytochemical techniques at both the
light and electron microscopic levels allowed us to localize pre-
cisely sites of AMPA receptor subunit immunoreactivity. In
perikarya the labeling was associated mainly with endoplasmic
reticulum, including the nuclear envelope and Golgi apparatus.
This distribution is consistent with that found for N-terminal-
directed antibodies to the AMPA receptors (Molnar et al., 1993).
The labeling of the nuclear membrane is unlikely to be an artifact,
because it has been detected consistently with the three antibodies
to the AMPA receptor subunit. These receptors are probably in
the process of synthesis before being targeted to the plasma
membrane and are thus unlikely to be functional. At the level of
individual dendrites and spines, the immunogold analyses re-
vealed that most of the immunoreactive sites are present on the
plasma membrane and, in agreement with the known topology of
the receptor subunits, are on the internal surface of the mem-
brane (Boulter et al., 1990; Sommer et al., 1990; Wenthold et al.,
1992; Molnar et al., 1993; Hollmann and Heinemann, 1994;
Mcllhinney and Molnar, 1996). The pre-embedding immunogold
analysis also revealed, in addition to extensive extrasynaptic la-
beling, that a proportion of immunoparticles was associated with
sites on the plasma membrane receiving afferent synaptic boutons
that formed asymmetrical membrane specializations. With this
approach the majority of the immunoparticles associated with
synapses was found at the edges of the synaptic specializations and
not within the synaptic specialization itself. In contrast, in the
sections incubated by the postembedding immunogold method to
reveal GluR1 and GluR2/3 immunoreactive sites, the majority of
immunogold particles was localized on the postsynaptic mem-
brane specialization within the active zone, as seen at other
synapses (Baude et al., 1993, 1995; Nusser et al., 1994; Kharazia et
al., 1996; Matsubara et al., 1996; Popratiloff et al., 1996). Because
the postembedding method is less sensitive than pre-embedding
methods, these results demonstrate that GluR1 and GluR2/3
immunoreactive sites are at a higher density within the synaptic
specializations than at other sites. The discrepancy between pre-
embedding and postembedding immunogold labeling has been
observed previously and has been suggested to result from the
restricted access of antibodies and/or gold-conjugated antibodies
into the active zone in fixed tissue prepared by conventional
means (Baude et al., 1995; Nusser et al., 1995).

Ionotropic and metabotropic glutamate receptors are differen-
tially distributed on postsynaptic structures in relation to the
synaptic specializations (Baude et al., 1993; Nusser et al., 1994;
Kharazia et al., 1996; Lujan et al., 1996; Matsubara et al., 1996;
Popratiloff et al., 1996), and it has been suggested that differential
distribution of AMPA receptors may occur within the synapse and
so may play a role in the development of long-term potentiation
(Edwards, 1995). High resolution immunogold analyses have re-
vealed an even distribution of AMPA receptor subunits in syn-
apses of the cerebellum (Nusser et al., 1994), whereas an uneven
distribution has been reported in the rat cortex (Kharazia et al.,
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1996) or organ of Corti (Matsubara et al., 1996). Our analysis of
the distribution of immunoparticles for GluR1 and GluR2/3 sub-
units along the postsynaptic specialization suggests that in the
neostriatum these receptor subunits are distributed unevenly.
First, clusters of immunoparticles were observed at different sites
within the active zones. Second, the quantitative analysis revealed
that the density of immunoparticles for both the GIluR1 and
GluR2/3 subunits is higher at the periphery of the postsynaptic
membrane than at its center, an observation that is consistent with
reports in other tissues (Kharazia et al., 1996; Matsubara et al.,
1996). It remains to be established whether GluR4, which was not
detected by the postembedding technique, also is differentially
distributed. We cannot as yet exclude the possibility that, even
under postembedding conditions, there is uneven access of immu-
noreagents to different regions of the synaptic specialization,
although the fact that an uneven distribution of AMPA receptor
subunits has been observed in different synapses (Kharazia et al.,
1996; Matsubara et al., 1996) suggests that this may represent the
true distribution.

Our results allow us to suggest the combinations of AMPA
receptor subunits that are present at particular synapses. The
quantitative analyses revealed that ~50% of all spines display
immunoreactivity for GluR1 and GluR2/3, and when both
subunits were revealed together, 62% of spines were labeled,
indicating that GluR1 and GluR2/3 may be at least partially
colocalized. For technical reasons these are likely to be under-
estimates of the true distribution and degree of colocalization.
Furthermore, the similarity in the uneven distribution of the
two subunits in the postsynaptic membrane suggests that they
are combined in the same AMPA receptor. At axodendritic
synapses, our results suggest that, with GluR1 and/or GluR2/3,
GluR4 may combine to form a functional receptor. The differ-
ential subunit combination of the AMPA channels provides a
means for the fine tuning of the postsynaptic response with
respect to kinetics, desensitization, and Ca®* permeability
(Keinédnen et al., 1990; Hollmann et al., 1991; Hume et al.,
1991; Gasic and Hollmann, 1992; Keller et al., 1992).

Immunolabeling for GluR1, GluR2/3, and GluR4 at nonsynap-
tic sites in dendrites and spines was also found. The extrasynaptic
localization of AMPA receptor subunits has also been shown in
hippocampus (Baude et al., 1995) and for other types of receptors
in different systems, e.g., dopamine receptor subtypes in the basal
ganglia (Yung et al., 1995; Caillé et al, 1996). The role of
extrasynaptic receptors is unclear at present. They may represent
receptor subunits in the process of being transported to the
synaptic site or they may provide a recruitable pool of receptors;
however, as pointed out above, the density at extrasynaptic sites is
likely to be much lower than at synaptic sites.

Localization of AMPA receptor subunits in relation to
afferent synapses

One of the main objectives of the present study was to localize
the AMPA receptor subunits in relation to the known gluta-
matergic afferents of the neostriatum; our findings of a differ-
ential distribution of the receptor immunoreactivity suggest
that there is a selective association of different subunits at
different synapses. The major glutamatergic afferents to the
neostriatum arise from the cortex and centromedian/parafas-
cicular complex of the thalamus (Gerfen and Wilson, 1996).
The majority of terminals derived from the cortex make asym-
metrical synaptic contact with the heads of dendritic spines of
medium spiny neurons (Somogyi et al., 1981; Smith and Bolam,
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1990), and indeed the majority of terminals in contact with the
spines is likely to be derived from the cortex. The detection of
immunoreactivity for GluR1 and GIluR2/3 at asymmetrical ax-
ospinous synapses therefore shows that AMPA receptors, in-
cluding these subunits, mediate, at least in part, the excitatory
response to cortical activation, a suggestion that is in line with
electrophysiological findings (Wilson, 1993). Cortical terminals
also make asymmetrical synaptic contact with the dendritic
shafts of GABAergic interneurons (Lapper et al., 1992; Ben-
nett and Bolam, 1994), and, similarly, the majority of terminals
derived from centromedian/parafascicular complex of the thal-
amus make asymmetrical synaptic contacts with dendritic shafts
of both medium spiny neurons and cholinergic neurons (Dubé
et al., 1988; Xu et al., 1991; Lapper and Bolam, 1992; Sadikot
et al., 1992). Our observations thus suggest that only GluR1
and GluR2/3 subunit-containing receptors are in a position to
mediate excitatory thalamic inputs to dendritic shafts in spiny
neurons, because GluR4 was present only in interneurons.
They, also suggest that GluR1, GluR2/3, and GluR4 subunits
mediate excitatory inputs from the cortex or thalamus to den-
dritic shafts of interneurons. Tracing experiments are in
progress to determine directly the relationships between tha-
lamic and cortical inputs and the AMPA receptor subunits in
the postsynaptic specialization.
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