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Group I metabotropic glutamate receptors (mGluRs) are involved in long-term synaptic plasticity and neuroprotection in the striatum,
but the specific role(s) of mGluR1 and mGluR5 remain poorly understood. In this study, we used electron-microscopic immunocyto-
chemistry to compare the pattern of subsynaptic and subcellular distribution of mGluR1a and mGluR5 in relation to putative glutama-
tergic and dopaminergic inputs to the monkey striatum.

At the light-microscopic level, both group I mGluRs are expressed in the striatal neuropil. In addition, numerous perikarya of striatal
output neurons are immunostained for mGluR5, but much less frequently for mGluR1a. At the electron-microscopic level, immunore-
activity for both receptor subtypes is primarily expressed postsynaptically in dendrites and spines, although presynaptic mGluR1a
labeling of glutamatergic thalamostriatal boutons and, less frequently, dopaminergic and corticostriatal terminals is also seen. In con-
trast to mGluR1a, mGluR5 immunoreactivity is rarely encountered presynaptically. In postsynaptic elements, 40 –70% of immunoreac-
tivity for both receptor subtypes is expressed intracellularly, whereas 30 – 60% is apposed to the plasma membrane. More than 80% of the
labeling apposed to the plasma membrane is extrasynaptic. The remaining 20% is located at the edges of putative glutamatergic synapses
or in the active zone of symmetric synapses. In mGluR5-, but not mGluR1a-immunostained sections, �70% of dopaminergic symmetric
synapses are labeled perisynaptically.

These data emphasize the differential pattern of subsynaptic localization of the two group I mGluRs and provide various presynaptic
and postsynaptic sites whereby mGluR1 and mGluR5 could mediate different, but complementary, effects on glutamatergic and dopa-
minergic transmission in the primate striatum.
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Introduction
Glutamate, the major excitatory neurotransmitter in the CNS,
activates both ionotropic and metabotropic glutamate receptors
(mGluRs). Eight subtypes of mGluRs have been cloned (mGluR1
to -8) and subdivided into three groups on the basis of their
amino acid sequence homology, second messenger systems, and
pharmacology. Group I receptors (mGluR1 and -5) are linked to
the activation of phospholipase C and generally mediate postsyn-
aptic excitatory effects, whereas group II (mGluR2 and -3) and
group III (mGluR4, -6, -7, and -8) receptors are negatively cou-
pled to adenylyl cyclase and generally mediate presynaptic inhib-
itory influences on neurotransmitter release (Nakanishi, 1994;
Conn and Pin, 1997)

The basal ganglia are enriched in the three groups of mGluRs,
but current knowledge of their synaptic localization and func-
tions remains limited. In the striatum, group I mGluRs are pri-
marily expressed in projection neurons and subpopulations of

interneurons, whereas group II and III mGluRs are mostly local-
ized presynaptically on glutamatergic terminals (Testa et al.,
1994, 1995, 1998; Kinoshita et al., 1998; Bradley et al., 1999; Ko-
sinki et al., 1999; Tamaru et al., 2001; Corti et al., 2002). In addi-
tion to their preponderance in postsynaptic striatal neurons, ac-
tivation of group I mGluRs also mediates presynaptic effects on
GABA and dopamine release in the rat striatum (Verma and
Moghaddam, 1998; Bruton et al., 1999; Battaglia et al., 2001).
Furthermore, postsynaptic functional interactions between
group I mGluRs and dopamine receptors are necessary for the
induction of long-term depression (LTD) of corticostriatal syn-
apses (Gubellini et al., 2001; Sung et al., 2001), a phenomenon
that has also been seen in the rat prefrontal cortex (Otani et al.,
1999). If such is the case, one might expect postsynaptic group I
mGluRs and dopamine receptors to be related to each other in
striatal neurons.

Until recently, the two group I mGluR subtypes were thought
to mediate similar effects in the CNS. However, the use of highly
specific antagonists revealed significant functional differences
between mGluR1 and mGluR5 whenever they are coexpressed in
various basal ganglia nuclei and the hippocampus (Valenti et al.,
2002). For instance, activation of mGluR5, but not mGluR1, po-
tentiates NMDA responses in striatal projection neurons (Pisani
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et al., 2001), whereas activation of mGluR1, but not mGluR5,
presynaptically modulates GABAergic transmission and medi-
ates neuroprotective effects against NMDA toxicity (Battaglia et
al., 2001). Whether these diverse functions rely on a differential
pattern of subsynaptic targeting of the two group I mGluRs in
striatal neurons remains to be established. To further character-
ize this issue, we performed a detailed comparative electron-
microscopic analysis of the subcellular and subsynaptic localiza-
tion of mGluR1a and mGluR5 in the monkey striatum.

Preliminary data have been presented in abstract form (Pa-
quet and Smith, 2000).

Materials and Methods
Single group I mGluR immunostaining
Animals, perfusion, and preparation of tissue. A total of four adult rhesus
monkeys (Macaca mulatta) was used for this part of the study. Animals
were deeply anesthetized with an overdose of pentobarbital (100 mg/kg,
i.v.) and perfused transcardially with cold oxygenated Ringer’s solution
followed by a fixative containing 4% paraformaldehyde and 0.1– 0.5%
glutaraldehyde in phosphate buffer (PB) (0.1 M; pH 7.4). The perfusion
and killing procedures used in this study are in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and have been approved by the Institutional Animal Care and
Use Committee at Emory University. After perfusion, the brains were
removed from the skull, blocked in 10-mm-thick slabs, postfixed at 4°C
in 4% paraformaldehyde for 2– 6 hr, and cut into 60-�m-thick transverse
sections with a vibrating microtome. Sections were collected in cold PBS
(0.01 M; pH 7.4) and stored at 4°C until additional processing. All of the
sections processed for immunohistochemistry were put in a 1% sodium
borohydride solution for 20 min and washed in PBS before incubation
with antibodies.

Primary antisera. Two commercially available affinity-purified rabbit
polyclonal antisera raised against the synthetic C-terminal peptides rep-
resenting different amino acid sequences of mGluR1a (PNVTYAS-
VILRDYKQSSSTL; Chemicon, Temecula, CA) and mGluR5a/b (KSSP-
KYDTLIIRDYTNSSSSL; Upstate Biotechnology, Lake Placid, NY) were
used in this study. In immunoblot analysis of rat brain microsomes or
rabbit brain extracts, both antibodies labeled a single band with an esti-
mated molecular weight of 140 kDa (Ferraguti et al., 1998; Testa et al.,
1998), which corresponds to that of mGluR1a and mGluR5 proteins
(Houamed et al., 1991; Abe et al., 1992; Minakami et al., 1993). The
specificity of both antibodies was further tested in our laboratory by
immunoblot analysis on proteins isolated from transfected cell lines and
specific rat and monkey brain regions (Marino et al., 2001) (M. Kuwa-
jima, R. A. Hall, and Y. Smith, unpublished data). In keeping with pre-
vious findings, both the mGluR1a and mGluR5 antibodies were found to
be highly specific for their corresponding antigens and did not show any
significant cross-reactivity between each other when tested on trans-
fected cells. The anti-mGluR1a antiserum specifically labeled a band at
�140 kDa in lanes containing proteins from cells expressing mGluR1a
but not from cells expressing mGluR5; the converse was seen with the
mGluR5 antiserum (Marino et al., 2001) (Kuwajima, Hall, and Smith,
unpublished data). Both antibodies labeled a band corresponding to the
approximate molecular weight of mGluR1a and mGluR5 in monkey
brain tissue. Furthermore, the use of mGluR5 antibodies on homoge-
nates of striatal tissue from mGluR5 knock-out mice did not reveal any
band labeling (Kuwajima, Hall, and Smith, unpublished data). Consis-
tent with previous studies performed using different highly specific
group I mGluRs antibodies (Romano et al., 1995; Petralia et al., 1997),
cerebellar homogenates did not display any significant labeling for
mGluR5, but expressed mGluR1a labeling. Preabsorption of antibodies
with their corresponding peptides (10 �g/ml homologous peptides for 1
hr at room temperature) abolished specific labeling. Together, these ob-
servations strongly indicate that both antisera used in the present study
are highly specific for their corresponding proteins in rat and monkey
brain tissue.

Single mGluR1a and mGluR5 immunoperoxidase labeling for light mi-
croscopy. The sections were preincubated for 1 hr in 10% normal horse

serum (NHS), 1% bovine serum albumin (BSA), and 0.3% Triton X-100
(TX) in PBS before being incubated overnight at room temperature (RT)
with primary antibodies (mGluR1a, 0.5 �g/ml; mGluR5, 1.0 �g/ml)
mixed in the antibody diluent (1% NHS, 1% BSA, and 0.3% TX in PBS).
After rinsing with PBS, the sections were incubated for 1.5 hr in a solution
of secondary antibodies (1:200; biotinylated goat anti-rabbit IgGs; Vec-
tor Laboratories, Burlingame, CA), rinsed in PBS, and incubated 1.5 hr in
the avidin– biotin peroxidase complex (ABC) (1:100; Vector Laborato-
ries). The sections were then washed in PBS and Tris buffer (0.05 M; pH
7.6) before being transferred to a solution containing 0.025% 3,3�-
diaminobenzidine tetrahydrochloride (DAB) (Sigma, St. Louis, MO),
0.01 M imidazole (Sigma), and 0.005% hydrogen peroxide for 10 min.
The sections were then washed in PBS, mounted on gelatin-coated slides,
and dehydrated, and a coverslip was applied with Permount.

Single preembedding immunoperoxidase and immunogold labeling for
mGluR1a and mGluR5 at the electron-microscopic level. All of the sections
prepared for electron microscopy were placed in a cryoprotectant solu-
tion (0.05 M PB, pH 7.4, containing 25% sucrose and 10% glycerol),
frozen at �80°C, thawed, and returned to a graded series of cryopro-
tectant and PBS. Sections processed for immunoperoxidase were incu-
bated the same way as for light microscopy, except that no TX was used in
the antibody diluent, and the incubation in the primary antibodies lasted
48 hr at 4°C.

Sections used for immunogold labeling were processed the same way
as those for electron-microscopic immunoperoxidase including the fol-
lowing modifications: (1) the antibody diluent was a PBS–BSA solution
(0.05% Tween 20, 0.005% BSA, and 0.001% gelatin in PBS), (2) the
secondary antibodies were goat anti-rabbit Fab� fragments conjugated to
1.4 nm gold particles (1:100; Nanogold; Nanoprobes, Stony Brook, NY),
and (3) after incubation in the secondary antibodies and washes in PBS–
BSA, sections were fixed for 10 min in 1% glutaraldehyde and rinsed with
PB, and the gold particles were silver intensified for 6 –12 min with the
HQ silver kit (Nanoprobes).

All of the sections for electron microscopy were then treated with 1%
osmium tetroxide in PB for 10 min (immunogold) or 20 min (immuno-
peroxidase), and dehydrated in a graded series of alcohol and propylene
oxide. Uranyl acetate (1%) was added to the 70% ethanol to enhance
contrast. Sections were embedded with epoxy resin (Durcupan, ACM;
Fluka, Buchs, Switzerland) for 12 hr, mounted on microscope slides, and
put in the oven at 60°C for 48 hr. Samples of striatum were cut out from
the slides, glued on the top of resin blocks with cyanoacrylate glue, and
cut in 60-nm-thick ultrathin sections with an ultramicrotome (Ultracut
T2; Leica, Nussloch, Germany). The ultrathin sections were collected on
single-slot copper grids, stained with lead citrate (Reynolds, 1963) for 5
min, and examined with a Zeiss (Thorwood, NY) EM-10C electron
microscope.

Double labeling for tyrosine hydroxylase and group I mGluRs
A series of sections from the striatum in three monkeys were processed
for electron-microscopic double immunostaining to reveal tyrosine hy-
droxylase (TH) and group I mGluRs. For this double-labeling procedure,
sections were incubated overnight at RT with a mixture of mouse anti-
tyrosine hydroxylase (TH; 1:1000; Incstar, Stillwater, MN) and mGluR1a
or mGluR5 antibodies in 1% NHS–PBS–BSA. Then, they were incubated
for 1.5 hr in a mixture of biotinylated horse anti-mouse IgGs (1:200;
Vector Laboratories) and 1.4 nm gold particle-conjugated goat anti-
rabbit IgGs (1:100; Nanoprobes) in 1% NHS–PBS–BSA. The gold parti-
cles used to localize mGluR immunoreactivity were then silver intensi-
fied as described above. Afterward, sections were washed in PB and
incubated for 1.5 hr in a 1:100 ABC solution. This was followed by washes
in PB and Tris buffer before a 10 min incubation in DAB (see above) to
localize TH. After many washes in PB, sections were processed for elec-
tron microscopy as described above for single labeling.

As controls, the TH or mGluR antibodies were omitted in turn from
the incubation solution, whereas the rest of the procedure remained the
same. This resulted in a lack of labeling corresponding to the omitted
antibodies (i.e., the tissue was devoid of DAB staining in the absence of
TH antibodies, whereas omission of the mGluR1a or mGluR5 antibodies
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resulted in a complete lack of gold-particle labeling). Double-labeled
elements were not found in any of these control sections.

Tract-tracing studies combined with group I
mGluR immunostaining
Tracer injections and perfusion. Two adult squirrel monkeys (Saimiri sciu-
reus) were used for this part of the study. The animals were first tranquil-
ized with ketamine hydrochloride (10 mg/kg, i.m.), intubated, and anes-
thetized with isoflurane before being fixed in a stereotaxic frame. These
experiments were performed in strict accordance with the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committee at
Emory University. One monkey received bilateral iontophoretic injec-
tion of biotin– dextran–amine (BDA) (5% in distilled water; Molecular
Probes, Eugene, OR) in the primary motor cortex, whereas the other
animal was injected bilaterally in the centromedian (CM) thalamic nu-
cleus. To perform these injections, BDA was loaded in glass micropi-
pettes with a tip diameter of 20 –30 �m. Then, it was injected ionto-
phoretically with a 7 �A positive current for 20 min using a 7 sec on/off
cycle. The stereotaxic coordinates were chosen according to the atlas of
Emmers and Akert (1963). After 10 d survival, the animals were deeply
anesthetized with an overdose of sodium pentobarbital (100 mg/kg, i.v.)
and perfused transcardially with a cold Ringer’s solution followed by
fixative as described above. Sections from the same animals have been
used previously for the study of kainate receptor localization in the stri-
atum (Kieval et al., 2001). The thalamic injection sites were confined to
CM with slight contamination of the overlying mediodorsal nucleus and
the subparafascicular nucleus, whereas the cortical injections mostly in-
volved the leg and trunk areas of M1 (for details, see Kieval et al., 2001).

Histochemical localization of BDA combined with group I mGluRs im-
munostaining. After perfusion, the brains were taken from the skull, cut
in 60-�m-thick sections, put in cryoprotectant, and incubated overnight
in ABC followed by a 10 min incubation in DAB to reveal BDA. Then,
sections were processed to localize mGluR1a or mGluR5 using the

Figure 1. Immunoperoxidase labeling of group I mGluRs in the monkey striatum. A, B, Light
and electron micrographs of mGluR1a immunostaining are shown. A, A dense mGluR1a-

Figure 2. Histogram comparing the relative distribution of mGluR1a and mGluR5 immuno-
peroxidase labeling in different neuronal compartments and glia in the monkey striatum. Data
are expressed as the mean percentage (�SD) of labeling from three monkeys. Note the sub-
stantial difference in the relative abundance of mGluR1a- versus mGluR5-containing terminals.
Total number ( n) of labeled elements examined from three monkeys: mGluR1a, 367; mGluR5,
476. Dend., Dendrites; U., unmyelinated; Term., terminals. Error bars indicate SD.

4

immunoreactive neuropil composed of small punctate elements is depicted. B, Dark DAB reac-
tion product is observed in small dendrites (den), dendritic spines (Sp), unmyelinated axons
(ax), and axon terminals (t). Note the mGluR1a-positive axon terminal (t1) forming an asym-
metric axodendritic synapse (double arrows). The synaptic specialization of another labeled
bouton (t2) cannot be determined. C, D, Light and electron micrographs of mGluR5 immuno-
staining. C, Immunoreactive cell bodies (arrowheads) and proximal dendrites (small arrows) of
medium-sized projection neurons embedded into a dense meshwork of labeled processes. D,
mGluR5-immunoreactive spines (Sp), dendrites (den), and axons (ax) are depicted. Note the
dense mGluR5 immunoreactivity associated with microtubules (arrowheads). Scale bars: (in A)
A, C, 25 �m; (in B) B, D, 0.5 �m.
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preembedding immunogold procedure (see
above). This was followed by osmium postfix-
ation, embedding in resin, and ultrathin sec-
tioning for electron-microscopic observations.

Control experiments. As controls, sections
were incubated in solutions from which one of
the primary antisera or the ABC was omitted,
whereas the rest of the procedure remained the
same. Sections processed this way were com-
pletely devoid of gold particles when the mGluR
antibodies were omitted or lacked any DAB
staining after omission of ABC.

To control for nonspecific silver intensifica-
tion of the peroxidase deposit (Liposits et al.,
1984, 1986) generated by the ABC reaction, two
sections of postcommissural putamen that con-
tained dense anterograde labeling from CM
were processed according to the same protocol
as described above, except that the immuno-
gold localization of mGluR1a was performed
first, followed by the histochemical ABC reac-
tion to visualize BDA. The overall pattern of
single and double labeling generated by this ap-
proach was the same as that resulting from the
original protocol, which demonstrates the reli-
ability and high degree of specificity of this
method. Together with results collected from
the first series of control experiments, these ob-
servations demonstrate that colocalized DAB
and immunogold deposits in anterogradely la-
beled terminals is a clear indicator of genuine
presynaptic expression of group I mGluRs in
thalamic and cortical boutons.

Analysis of material
Immunoperoxidase labeling for group I mGluRs. The immunoperoxidase
data were collected and quantified from a total of six blocks (three for
mGluR1a; three for mGluR5) of striatal tissue from three rhesus mon-
keys. Serial ultrathin sections taken from the surface of the blocks were
examined, and a series of 30 electron micrographs of randomly selected
immunoreactive elements were shot at 20,000�. A total surface of 659
�m 2 of striatal tissue was examined for each receptor subtype. The la-
beled elements were then categorized as spines, dendrites, unmyelinated
axons, axon terminals, or glia on the basis of ultrastructural features
described by Peters et al. (1991). The mean percentages of labeled ele-
ments were then calculated for each receptor subtype and expressed in a
bar histogram (see Fig. 2).

Immunogold labeling for group I mGluRs. The immunogold data were
gathered from a total of 27 blocks (14 for mGluR1a; 13 for mGluR5) of
striatal tissue from five monkeys (three rhesus monkeys and two squirrel
monkeys). Ultrathin sections from the surface of the blocks where the
labeling was optimal were examined under the electron microscope, and
randomly selected immunoreactive elements were photographed at low
(10,000�) and high (25,000 –31,500�) magnifications. Postsynaptic im-
munoreactive elements were categorized as spines, dendrites, and soma
on the basis of ultrastructural features (Peters et al., 1991). Initially,
quantitative measurements of gold-particle distribution in neuronal cell
bodies were pooled into two main categories on the basis of the ultra-
structural features of the nuclear membrane in labeled perikarya: neuro-
nal somata containing nuclei with a smooth membrane and scarce cyto-
plasm were considered to be medium-sized projection neurons, whereas
perikarya with a deeply invaginated nucleus and large cytoplasm were
categorized as interneurons (DiFiglia et al., 1980; Graveland and DiFiglia,
1985). However, because no difference in the relative abundance of in-
tracellular versus plasma membrane-apposed gold particles was found
between these two major striatal cell types, data gathered from both
neuronal populations were pooled for the final quantitative analysis pre-
sented in this study (see Fig. 3).

Gold particles were designated as plasma membrane apposed if they

were in direct contact with the plasma membrane. All of the other gold
particles were categorized as intracellular. On the basis of their localiza-
tion relative to synapses, plasma membrane-apposed gold particles were
further categorized as follows: (1) extrasynaptic, if they were in contact
with parts of the plasma membrane located �20 nm away from the edges
of symmetric or asymmetric postsynaptic specializations, or (2) synaptic,
if they were either in the main body or �20 nm away from the edges of
synaptic specializations. On the basis of localization and the types of
synapses with which it was associated, the synaptic labeling was pooled
into four major groups: (1) asymmetric synapse–perisynaptic, if the gold
particles were located �20 nm away from the edges of asymmetric
postsynaptic specializations, (2) asymmetric synapse–active zone, if gold
particles were located in the main body of asymmetric postsynaptic spe-
cializations, (3) symmetric synapse–perisynaptic, if gold particles were
located �20 nm away from the edges of symmetric postsynaptic special-
izations, and (4) symmetric synapse–active zone, if the gold particles
were located in the main body of symmetric postsynaptic specializations.
Spines, dendrites, soma, and axon terminals that were poorly preserved
or cut in a plane that was not suitable to distinguish the presynaptic and
postsynaptic membranes were not considered in this analysis.

TH–mGluR double labeling. Analysis of the relationships between TH-
containing terminals and group I mGluR labeling was performed as fol-
lows: ultrathin sections collected from double-immunostained striatal
tissue were scanned in the electron microscope for the presence of TH-
containing terminals located in the close vicinity of immunogold-
containing striatal elements. Such terminals were photographed, and the
relationships with presynaptic and postsynaptic gold particles were de-
termined. A TH-positive terminal containing more than three gold par-
ticles was considered double labeled. To ascertain the specificity of the
double labeling, putative double-labeled boutons were examined
through serial ultrathin sections. In cases in which the postsynaptic ele-
ments contacted by the TH-positive boutons displayed mGluR immu-
noreactivity, the localization of the gold labeling relative to the postsyn-
aptic specializations was determined and categorized as synaptic or
extrasynaptic on the basis of the criteria described above.

Figure 3. Intracellular and plasma membrane-apposed group I mGluR immunogold labeling in the monkey striatum. A,
Relative proportion of intracellular versus plasma membrane-apposed immunogold particles for group I mGluRs in different
neuronal compartments of striatal neurons. Mean values (�SD) from three animals ( n) were used. A two-factor ANOVA did not
reveal any significant difference between the distribution of mGluR1a and mGluR5 in the different neuronal compartments. The
numbers of gold particles (g) and neuronal elements (e) examined in three animals were as follows: mGluR1a spines, 665 (g) and
408 (e); mGluR5 spines, 891 (g) and 405 (e); mGluR1a dendrites, 1966 (g) and 744 (e); mGluR5 dendrites, 5526 (g) and 843 (e);
mGluR1a soma, 3579 (g) and 71 (e); and mGluR5 soma, 6111 (g) and 25 (e). Error bars indicate SD. B, Electron micrograph showing
examples of mGluR1a-containing dendrites (den) and spines (Sp). Some intracellular and plasma membrane-apposed gold
particles are indicated by small arrows and arrowheads, respectively. den, Dendrites; Sp, dendritic spines. Scale bar, 0.25 �m.
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BDA–mGluR double labeling. The analysis of this material was done
the same way as for the TH–mGluRs sections (i.e., the sections were
scanned for BDA-containing boutons in close vicinity of mGluR-
containing elements). Once such a terminal was found, it was examined
through serial sections for the presence of presynaptic or postsynaptic
group I mGluRs associated with it. The postsynaptic labeling was cate-
gorized as synaptic or extrasynaptic on the basis of the criteria described
above.

The distance between extrasynaptic gold-particle labeling for mGluR5
and the edges of putative glutamatergic synapses established by thalam-
ostriatal and corticostriatal boutons was determined by scanning nega-
tives of electron micrographs with a digital scanner (Powerlook II;
UMAX, Fremont, CA) and then measuring the shortest distance between
the center of the gold particles and the closest edge of the postsynaptic
density of asymmetric synapses using the Neurolucida setup and Morph
software (MicroBrightField, Colchester, VT).

Statistical analyses. All of the statistical analyses were performed using
two-factor ANOVA with a Newman–Keuls post hoc analysis.

Results
Light-microscopic observations
At the light-microscopic level, the mGluR1a antibody resulted in
moderate striatal neuropil labeling that, at high magnification,
was found to be mostly composed of numerous small punctate
elements and beaded axon-like fibers (Fig. 1A). A small number
of large, putative, striatal interneurons were also seen at various
levels throughout the striatum (data not illustrated). In the
mGluR5-immunostained tissue, the neuropil staining was in-
tense and comprised large granular structures and dendritic pro-
cesses coming off mGluR5-immunoreactive perikarya of puta-
tive projection neurons (Fig. 1C). Overall, the distribution of
labeling with the two antisera was quite homogeneous through-
out the striatum. No obvious patch–matrix pattern of distribu-
tion was observed in the mGluR5-immunostained tissue, but
areas of lower mGluR1a labeling reminiscent of patches were
seen in the caudate nucleus.

Electron-microscopic observations

Immunoperoxidase labeling
At the electron-microscopic level, the overall pattern of labeling
for the two group I mGluRs was similar, but the intensity of
labeling was stronger for mGluR5 than mGluR1a (Fig. 1B,D).
The immunoperoxidase reaction product was mostly found in
postsynaptic elements including spines, dendrites, and perikarya
of various sizes with smooth or indented nuclear membranes
(Fig. 1B,D). In dendrites, dense immunoreactivity for both
group I mGluR subtypes was associated with microtubules (Fig.
1D), whereas in spines, the labeling was significantly less intense
and rather diffuse (Fig. 1B,D). Although the peroxidase deposit
occasionally aggregated along the plasma membrane, clear sub-
synaptic localization of labeling could not be determined in this
material (Fig. 1B,D). A significant number of small unmyelinated
axons were labeled with either of the antibodies, whereas immu-
noreactive axon terminals were seen almost exclusively in the
mGluR1a-immunostained tissue (Fig. 1B).

To compare the pattern of distribution of mGluR1a and
mGluR5 immunoreactivity, we quantified the relative propor-
tion of labeled presynaptic and postsynaptic neuronal elements
and glial processes for either receptor subtype in sections of post-
commissural putamen from three monkeys (Fig. 2). This analysis
revealed a substantial difference in the proportion of mGluR1a-
and mGluR5-immunoreactive axon terminals (11 vs 1%, respec-
tively), but the pattern of labeling in dendrites, spines, unmyeli-
nated axons, and glia was relatively similar for both receptor

subtypes (Fig. 2). Most mGluR1a-immunoreactive boutons
formed asymmetric synapses and displayed the ultrastructural
features of putative glutamatergic terminals (see Figs. 1B, 8A),
although a small proportion of labeled terminals that contained
large pleomorphic vesicles and rarely formed clear synaptic con-
tacts were also encountered. The exact source(s) of these immu-
noreactive boutons was further characterized using double-
labeling procedures (see below).

Immunogold labeling
Synaptic versus extrasynaptic postsynaptic labeling. Because the
immunoperoxidase deposit is rather diffuse and does not offer
enough spatial resolution to study fine synaptic localization of
receptor proteins, we used the preembedding immunogold ap-
proach to characterize the subsynaptic localization of mGluR1a
and mGluR5 in relation to specific synaptic inputs on striatal
neurons. Overall, the pattern of distribution of immunogold la-
beling for mGluR1a and mGluR5 was consistent with the immu-

Figure 4. Extrasynaptic and synaptic plasma membrane-apposed group I mGluR immuno-
gold labeling in the monkey striatum. A, Relative proportion of extrasynaptic versus synaptic
plasma membrane-apposed gold particles for group I mGluRs in different compartments of
striatal neurons. Mean values (�SD) from three animals ( n) were used. The distribution of
gold-particle labeling for either receptor subtype in spines was significantly different ( p �
0.05; ANOVA with post hoc Newman–Keul) from that in dendrites and soma. The total numbers
of gold particles (g) and neuronal elements (e) examined in three animals were as follows:
mGluR1a spines, 419 (g) and 263 (e); mGluR5 spines, 465 (g) and 287 (e); mGluR1a dendrites,
892 (g) and 634 (e); mGluR5 dendrites, 1593 (g) and 843 (e); mGluR1a soma, 342 (g) and 70 (e);
and mGluR5 soma, 1042 (g) and 25 (e). Error bars indicate SD. B, Distance between extrasyn-
aptic plasma membrane-apposed gold-particle labeling for mGluR5 and the closest edge of
asymmetric postsynaptic specializations. Serial sections of asymmetric synapses established by
anterogradely labeled boutons from the cortex and thalamus were used in this analysis. The
total number of gold particles and synapses examined is indicated in parentheses. The axospi-
nous synapses are established by cortical terminals, whereas axodendritic synapses involve
thalamostriatal boutons. Note that the majority of gold particles are located �0.5 �m away
from either population of putative glutamatergic synapses.
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noperoxidase observations (i.e., both
group I mGluRs were primarily expressed
in striatal postsynaptic elements such as
soma, dendrites, and spines). In spite of a
higher density of gold labeling for
mGluR5, the subcellular and subsynaptic
distribution of the two group I mGluR
subtypes in spines, dendrites, and neuro-
nal cell bodies was relatively similar (Figs.
3-5). In somata of both projection neurons
(n � 23 for mGluR1a; n � 25 for mGluR5)
and interneurons (n � 10 for mGluR1a;
n � 4 for mGluR5) or in dendrites, 60 –
80% of gold labeling for either receptor
subtype was associated with intracellular
organelles (endoplasmic reticulum, Golgi
apparatus, endosome-like vesicles) and
microtubules, whereas in spines, 50 – 60%
of gold particles were apposed to the
plasma membrane (Fig. 3A), and the intra-
cellular particles were often attached to the
spine apparatus (Fig. 3B).

More than 80% of plasma membrane-
apposed gold labeling for mGluR1a and
mGluR5 was found extrasynaptically (Fig.
4A). Most of the remaining particles were
either perisynaptic to asymmetric axospi-
nous postsynaptic specializations (Fig.
5A,B) or in the main body of axodendritic
symmetric synapses (Fig. 5A,C). On both
dendrites and spines, the largest density of
plasma membrane-apposed gold-particle
labeling for mGluR5 was found in the
proximity (�0.5 �m) of asymmetric syn-
apses (Fig. 4B).

Perisynaptic labeling of corticostriatal
and thalamostriatal synapses. To charac-
terize the origin(s) of presynaptic afferents associated with
postsynaptic group I mGluRs, we combined the anterograde
transport of BDA from the primary motor cortex and CM [for
details on the localization of injection sites, see Kieval et al.
(2001), their Fig. 8] with the preembedding immunogold local-
ization of mGluR1a and mGluR5 (Fig. 6). After such injections,
the pattern of immunogold labeling in relation to asymmetric
synapses established by anterogradely labeled boutons was ana-
lyzed through serial sections. Overall, mGluR1a and mGluR5
displayed a similar pattern of distribution in relation to cortico-
striatal (n � 37) and thalamostriatal (n � 42) boutons. Approx-
imately 25% of asymmetric synapses established by either type of
putative glutamatergic terminals were labeled perisynaptically
for mGluR1a (corticostriatal, 23.7%; thalamostriatal, 26.8%) or
mGluR5 (corticostriatal, 24%; thalamostriatal, 23.9%). In some
cases, the perisynaptic labeling could be seen through three to
seven serial sections (Fig. 6). None of these synapses showed la-
beling in the main body of their active zones.

Perisynaptic labeling of dopaminergic synapses. As described
above, a significant amount of postsynaptic labeling for mGluR1a
and mGluR5 was also found in the main body or at the edges of
symmetric postsynaptic specializations (Figs. 5A,C, 7A). One of
the main sources of terminals forming symmetric synapses in the
monkey striatum is dopaminergic nigrostriatal axons (Smith et
al., 1994). This, combined with the evidence of functional inter-
actions between dopamine receptors and group I mGluRs in the

striatum (Calabresi et al., 1996, 2000), led us to test whether
mGluR1a or mGluR5 immunogold labeling displayed any partic-
ular postsynaptic association with the synapses established by
TH-containing boutons in the striatum. Among the 53 TH-
positive boutons that formed symmetric synapses on mGluR5-
containing dendrites, 71% showed perisynaptic mGluR5 labeling
(Fig. 7B,C). In contrast, none of the 322 TH-immunoreactive
boutons in contact with mGluR1a-positive dendrites displayed
perisynaptic labeling. Immunoreactivity for mGluR1a and
mGluR5 was never seen in the main body of dopaminergic syn-
apses (n � 375).

Presynaptic labeling in glutamatergic and dopaminergic termi-
nals. As mentioned above, a small proportion of immunoperox-
idase labeling for mGluR1a was found presynaptically in sub-
populations of terminals forming asymmetric synapses (Figs. 1B,
2, 8A). To test whether these boutons had a cortical or thalamic
origin, we used striatal sections from animals injected with BDA
in the primary motor cortex or CM (for location of injection sites,
see Kieval et al., 2001) and determined whether the anterogradely
labeled terminals in the postcommissural putamen displayed
group I mGluR immunoreactivity. A total 177 anterogradely la-
beled boutons from CM and 96 from cortex were tested for co-
expression of mGluR1a (122 from CM; 47 from cortex) or
mGluR5 (55 from CM; 49 from cortex). Although the expression
of group I mGluRs in all of the cortical boutons was tested in
striatal sections processed to localize BDA first, 12 of the 122 CM

Figure 5. Distribution of synaptic (perisynaptic vs active-zone) plasma membrane-apposed group I mGluR immunogold la-
beling in dendrites and spines of striatal neurons. A, Relative distribution of gold particles in relation to asymmetric (putative
glutamatergic) and symmetric (putative GABAergic) synapses. Numbers of gold particles (g) and elements (e) examined were as
follows: mGluR1a spines, 97 (g) and 81 (e); mGluR5 spines, 85 (g) and 71(e); mGluR1a dendrites, 40 (g) and 32 (e); and mGluR5
dendrites, 101 (g) and 62 (e). B, An example of perisynaptic gold-particle labeling for mGluR1a (arrow) at an axospinous asym-
metric synapse (arrowheads). C, An example of gold-particle labeling for mGluR5 (arrows) apposed to the active zone of an
axodendritic symmetric synapse (arrowheads). Sp, Spines; den, dendrites; t, axon terminals. Scale bar: (in B) B, C, 0.25 �m.
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boutons tested for the expression of mGluR1a were collected
from striatal sections processed first for the immunogold local-
ization of mGluR1a. Because no significant difference in the de-
gree of single versus double labeling was found in these sections
compared with others, data collected from both sets of sections
were pooled.

As expected, on the basis of the immunoperoxidase data, very
few cortical or thalamic boutons expressed mGluR5 immunore-
activity in double-immunostained sections (Fig. 8D). However,
�40% of the thalamic boutons examined displayed mGluR1a
immunolabeling (43 of 110 boutons processed for BDA first; 4 of
12 boutons processed for mGluR1a first), whereas only 13% did
so for mGluR5 (Fig. 8B–D). In contrast, �10% of corticostriatal
terminals displayed immunoreactivity for either of the receptor
subtypes (Fig. 8C,D).

In sections immunostained for mGluR1a, a second popula-
tion of immunoreactive terminals contained large pleomorphic
vesicles and rarely formed clear synaptic contacts when examined
in single ultrathin sections. These ultrastructural features are
reminiscent of either dopaminergic, GABAergic, or cholinergic
terminals (Smith and Bolam, 1990; Smith et al., 1994). To further
characterize the source of these boutons, we double immuno-
stained striatal sections for TH and mGluR1a or mGluR5 (Fig. 9).
This experiment revealed that 13% of the 522 TH-positive termi-
nals examined displayed mGluR1a immunoreactivity, which in-
dicates that at least a small proportion of these mGluR1a-
containing terminals arise from dopaminergic axonal projections
(Fig. 9). As expected, on the basis of single immunoperoxidase
data, double-labeled boutons were not found in sections immu-
nostained for TH and mGluR5, which demonstrates the high
degree of specificity of the double-labeling procedure used in the
present study and further confirms that mGluR1a, but not
mGluR5, is expressed presynaptically in striatal dopaminergic
boutons (Fig. 9).

Discussion
Although both group I mGluRs have long
been characterized in striatal neurons,
very little is known about their respective
functions and subsynaptic localization
(Calabresi et al., 1996, 2000). Interestingly,
recent data gathered from various basal
ganglia nuclei, including the striatum, in-
dicate that mGluR1 and mGluR5 mediate
different functions whenever they are co-
expressed in the same brain region (Val-
enti et al., 2002). However, the exact
mechanisms that underlie these differen-
tial effects remain poorly understood and
highly speculative because of the limited
knowledge on the subsynaptic localization
of group I mGluRs in the basal ganglia.
Our study provides a solid anatomical
framework for a better understanding of
group I mGluR functions in the primate
striatum. The main findings are the fol-
lowing. First, the two group I mGluR sub-
types display a similar pattern of subcellu-
lar and subsynaptic localization in
postsynaptic elements. A large proportion
of both mGluR1a and mGluR5 immuno-
reactivity is expressed intracellularly,
whereas a substantial component of the
plasma membrane-apposed labeling for

both receptor subtypes is located either extrasynaptically or at the
edges of asymmetric postsynaptic specializations of cortical or
thalamic afferents. Second, the two group I mGluRs are also as-
sociated postsynaptically with nonglutamatergic synapses; both
mGluR1a and mGluR5 immunoreactivity is expressed in the
main body of symmetric axodendritic synapses, whereas
mGluR5, but not mGluR1a, is located perisynaptically at the
edges of symmetric dopaminergic synapses. Third, presynaptic
mGluR1a is expressed in putative glutamatergic terminals, but
preferentially in thalamostriatal over corticostriatal afferents. A
subset of dopaminergic terminals also displays mGluR1a, but not
mGluR5, immunoreactivity.

Our findings demonstrate that the two group I mGluRs are
primarily located extrasynaptically along the plasma membrane
of striatal neurons, a pattern of distribution consistent with that
described for group I mGluRs in other basal ganglia nuclei (Han-
son and Smith, 1999; Smith et al., 2000, 2001; Hubert et al., 2001).
In fact, most G-protein-coupled receptors are located extrasyn-
aptically throughout the CNS (Yung et al., 1995; Gracy et al.,
1997; Rodriguez et al., 1999; Smith et al., 2000, 2001). This raises
important questions about the mechanisms of activation and
functions of these receptors in normal and pathological condi-
tions. Regarding activation of mGluRs, various possibilities have
been raised ranging from extrasynaptic spillover of glutamate to
glia–neuron communication. Both glial and neuronal glutamate
transporters appear to be critical in controlling the activation of
presynaptic and postsynaptic mGluRs in various brain regions
(Brasnjo and Otis, 2001; Oliet et al., 2001; Reichelt and Knopfel,
2002; Rusakov and Lehre, 2002). Although glutamate transporter
functions have not been studied in great detail in the striatum,
both the glial and neuronal transporters are abundantly ex-
pressed in this region (Charara et al., 2003), indicating that,
indeed, they may control the rate of extrasynaptic diffusion of

Figure 6. Serial ultrathin sections through perisynaptic mGluR5 immunoreactivity (arrows) at an asymmetric axospinous
synapse (arrowheads) established by an anterogradely labeled cortical bouton. Note the high degree of specificity of the perisyn-
aptic immunogold labeling in these sections. Sp, Dendritic spines. Scale bar: (in A), A–D, 0.25 �m.
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glutamate necessary to activate mGluRs. Interestingly, the
expression of glial glutamate transporters in the striatum is in-
creased in Huntington’s disease or after bilateral cortical lesions,
but not affected by thalamic lesion (Lievens et al., 2000). How-

ever, glutamate reuptake decreases after cortical lesions but in-
creases after thalamic lesions (Nieoullon et al., 1985; Lievens et
al., 2000). Moreover, levodopa therapy in rodent models of Par-
kinson’s disease results in a selective increase of GLT1 (glutamate
transporter 1) expression in the striatum (Lievens et al., 2001).
Assuming that activation of mGluRs in the striatum relies on
proper functioning of glutamate transporters, one may speculate
that mGluR-mediated effects may be directly or indirectly altered
by manipulation and/or lesion of glutamatergic or dopaminergic
striatal afferents. Experiments are currently in progress in our
laboratory to elucidate the potential role of glutamate transport-
ers in controlling activation of group I mGluRs in basal ganglia
nuclei under normal and pathological conditions.

An interesting observation made in the present study is that of
the presynaptic and postsynaptic localization of the two group I
mGluRs at dopaminergic synapses. The fact that mGluR1 is lo-
cated presynaptically, whereas mGluR5 is postsynaptic to dopa-
minergic synapses, emphasizes the specificity and potential dif-
ferences in functional interactions between the two group I
mGluRs and dopaminergic terminals. Although there is good
evidence for the cooperation of mGluRs and dopamine to induce
LTD of corticostriatal synapses in the rat striatum, the precise
presynaptic and postsynaptic mechanisms and exact subtypes of
mGluRs involved remain unclear (Calabresi et al., 2000). Our
findings indicate that mGluR1 is located to subserve presynaptic
modulatory effects on dopamine release, which is consistent with
microdialysis findings showing that local application of group I
mGluR agonists facilitates dopamine release in the rat striatum
(Verma and Moghaddam, 1998; Bruton et al., 1999). Although
group I mGluRs are commonly seen as postsynaptic receptors,
they also mediate presynaptic autoreceptor or heteroreceptor in-
hibitory functions in various basal ganglia nuclei (Awad-Greko
and Conn, 2001; Marino et al., 2001; Wittmann et al., 2001). The
use of specific group I mGluR antagonist is essential to further
characterize the potential functions of presynaptic mGluR1 in
striatal dopaminergic terminals.

Another way through which dopamine and glutamate may
interact is via activation of postsynaptic mGluR5 located perisyn-
aptically to dopaminergic synapses. One possibility is that
mGluR5 and dopamine receptors cooperate to induce striatal
LTD by convergence on common signaling pathways to regulate
intracellular calcium levels. Such a mechanism was recently pro-
posed for the induction of LTD in the cerebral cortex (Otani et al.,
1999). Another possibility would be that mGluR5 and dopamine
receptors functionally interact via direct protein–protein interac-
tions, a phenomenon that has been characterized for other
G-protein-coupled receptors in the CNS including dopamine
and adenosine receptors with group I mGluRs (Ciruela et al.,
2001; Popoli et al., 2001; Ferre et al., 2002). The fact that mGluR5
and dopamine receptors display a similar pattern of subsynaptic
distribution relative to dopaminergic synapses (Yung et al., 1995)
supports the possibility of functional interactions between these
receptors. As discussed above, the source and mechanisms of
activation of mGluR5 at nonglutamatergic synapses is likely to be
very complex and relies on extrasynaptic diffusion of glutamate.
However, it is worth noting that midbrain dopaminergic neurons
express vesicular glutamate transporter mRNA (Fremeau et al.,
2002) and possibly release glutamate in the striatum (Sulzer et al.,
1998; Rayport, 2001). Therefore, the hypothesis that dopamine
and glutamate may be coreleased at individual synapses in the
striatum should be kept in mind while considering the potential
source(s) of activation of presynaptic and postsynaptic group I
mGluRs at dopaminergic synapses. Although the exact functional

Figure 7. Postsynaptic mGluR5 immunoreactivity at dopaminergic synapses in the monkey
striatum. A, Two perisynaptic gold particles (arrows) are associated with an en passant axoso-
matic symmetric synapse (arrowheads) established by an axonal process that displays the ul-
trastructural features of a dopaminergic nigrostriatal terminal. B, C, Examples of perisynaptic
labeling for mGluR5 (arrows) at dopaminergic synapses. In B, the TH-positive axonal process
(TH	) forms an en passant-type synaptic contact (arrowhead) with a dendrite (den), whereas
in C, the TH-positive axon terminal (TH	) is in contact with a spine neck (Sp). Scale bars: A, 0.25
�m; (in B), B, C, 0.25 �m.
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significance of these anatomical observations remains to be de-
termined, they provide additional evidence for complex receptor
cross-talks and molecular cooperativity underlying synaptic
plasticity.

Our data provide convincing evidence for presynaptic expres-
sion of mGluR1a in thalamostriatal boutons from CM and, al-
though much less frequently encountered, in corticostriatal affer-
ents. However, mGluR5 was rarely seen in either population of
putative glutamatergic afferents. These observations suggest that
group I mGluRs may mediate both presynaptic and postsynaptic
functions at glutamatergic synapses in the monkey striatum. Pre-
synaptic effects of group I mGluRs on excitatory neurotransmis-
sion have been shown in other basal ganglia nuclei including the
subthalamic nucleus and substantia nigra pars reticulata, two

brain regions in which mGluR1a is found
in unmyelinated axons and putative gluta-
matergic axon terminals (Awad et al.,
2000; Wittmann et al., 2001). Activation of
group I mGluRs also modulates presynap-
tic GABA release in the hippocampus, al-
though recent evidence suggests that these
effects may, in fact, be mediated by the
retrograde signaling from endocannabi-
noid released by postsynaptic neurons
(Varma et al., 2001). In the striatum,
mGluR1, but not mGluR5, was found to
modulate GABA release presynaptically
(Battaglia et al., 2001), a rather surprising
finding in consideration of our data show-
ing that most of the mGluR1-immunore-
active terminals in the monkey striatum
are either immunoreactive for TH or dis-
play the ultrastructural features of puta-
tive glutamatergic boutons. However,
we cannot rule out the possibility that
some of the mGluR1a-immunoreactive
terminals seen in the present study are
GABAergic. For technical reasons inher-
ent to the different fixation conditions

necessary for optimal detection of group I mGluRs and GABA,
we could not use postembedding immunogold labeling for
GABA on this tissue. Together, these findings indicate that
mGluR1 likely mediates presynaptic modulatory functions on
GABA, glutamate, and dopamine release in the striatum. How-
ever, the exact physiological or pathological conditions under
which these receptors may be activated remain to be established.

Data presented in this and previous studies show that a large
proportion of group I mGluR labeling is located intracellularly in
various neuronal populations of the basal ganglia (Hubert et al.,
2001). In neurons of the substantia nigra pars reticulata, the two
group I mGluRs display a strikingly different pattern of subcellu-
lar localization: mGluR1a labeling is apposed to the plasma
membrane, whereas �80% of mGluR5 immunoreactivity is in-
tracellular (Hubert et al., 2001). We could not detect any signifi-
cant difference in the proportion of plasma membrane-apposed
versus intracellular labeling for mGluR1a and mGluR5 in the
monkey striatum, suggesting that the regulation, trafficking, and
possibly turnover of the two group I mGluRs subtypes differ from
one brain region to another.

In conclusion, the findings of the present study provide vari-
ous sites whereby activation of group I mGluRs could modulate
synaptic transmission in the monkey striatum. The differential
distribution of mGluR1a and mGluR5 at dopaminergic synapses
opens up the possibility for complex protein–protein interac-
tions that could play important roles in the induction and main-
tenance of long-term synaptic plasticity. Finally, the presynaptic
and postsynaptic expression of group I mGluRs at thalamostria-
tal and corticostriatal synapses provides additional evidence for
tight mGluR-mediated modulatory control of glutamatergic
transmission in the primate striatum.
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