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The physiological meaning of the coexpression of adenosine A2A
receptors and group I metabotropic glutamate receptors in �-
aminobutyric acid (GABA)ergic striatal neurons is intriguing. Here
we provide in vitro and in vivo evidence for a synergism between
adenosine and glutamate based on subtype 5 metabotropic glu-
tamate (mGluR5) and adenosine A2A (A2AR) receptor�receptor
interactions. Colocalization of A2AR and mGluR5 at the membrane
level was demonstrated in nonpermeabilized human embryonic
kidney (HEK)-293 cells transiently cotransfected with both recep-
tors by confocal laser microscopy. Complexes containing A2AR and
mGluR5 were demonstrated by Western blotting of immunopre-
cipitates of either Flag-A2AR or hemagglutinin-mGluR5 in mem-
brane preparations from cotransfected HEK-293 cells and of native
A2AR and mGluR5 in rat striatal membrane preparations. In co-
transfected HEK-293 cells a synergistic effect on extracellular
signal-regulated kinase 1�2 phosphorylation and c-fos expression
was demonstrated upon A2AR�mGluR5 costimulation. No syner-
gistic effect was observed at the second messenger level (cAMP
accumulation and intracellular calcium mobilization). Accordingly,
a synergistic effect on c-fos expression in striatal sections and on
counteracting phencyclidine-induced motor activation was also
demonstrated after the central coadministration of A2AR and
mGluR5 agonists to rats with intact dopaminergic innervation. The
results suggest that a functional mGluR5�A2AR interaction is
required to overcome the well-known strong tonic inhibitory effect
of dopamine on striatal adenosine A2AR function.

Adenosine is a neuromodulator that plays a very important
role in basal ganglia function (1). Its actions are mediated

by specific G protein-coupled receptors, which are currently
classified in A1, A2A, A2B, and A3 subtypes (2). Compared with
the other adenosine receptor subtypes, A2A receptors (A2ARs)
are concentrated in the striatum (1, 3), where they are expressed
mostly by �-aminobutyric acid (GABA)ergic striatopallidal neu-
rons (4). The recent ultrastructural analysis performed by Het-
tinger et al. (5) has demonstrated that, in the rat, A2ARs are
localized mostly postsynaptically in the dendrites and dendritic
spines of striatal GABAergic neurons. A2AR immunoreactivity
was observed primarily at glutamatergic (asymmetric) synapses
(5). Therefore, it was suggested that A2AR plays a prominent
role in modulating glutamatergic input to striatal GABAergic
neurons (5).

Glutamate acts on both ionotropic and metabotropic G
protein-coupled receptors (mGluRs). Molecular and pharma-
cological characterization studies have currently divided the
mGluR family into three groups (I–III) (6). Group I mGluR
includes mGluR1 and mGluR5, with the latter being highly
expressed in the striatum, particularly in the striatal GABAergic
efferent neurons (7). In the striatopallidal complex in primates,
mGluR5 showed a localization very similar to that described for
A2AR in rats. Thus, mGluR5 immunoreactivity was commonly
found postsynaptically and perisynaptically to asymmetric syn-

apses (8). These studies provide a morphological basis for the
possible existence of functional interactions between striatal
A2AR and mGluR5. In fact, in recent in vivo microdialysis
experiments we found functional evidence for the possible
existence of synergistic A2AR�mGlluR5 interactions modulat-
ing the function of the GABAergic striatopallidal neurons
originating in the nucleus accumbens (9). In the present study we
provide evidence for the existence of A2AR�mGluR5 hetero-
meric complexes in membrane preparations from human em-
bryonic kidney (HEK)-293 cells transiently cotransfected with
both receptors and from rat striatum. Furthermore, the same
kind of functional A2AR�mGluR5 synergistic interaction (in-
duction of the immediate-early gene c-fos) could be demon-
strated both in cotransfected cells and the rat striatum. These
results suggest that A2AR�mGluR5 synergistic interactions can
have important implications for striatal neuronal function and
dysfunction.

Methods
Antibodies and cDNA Constructs for Experiments with HEK-293 Cells.
Primary antibodies used were: mouse anti-Flag antibody (Clone
M2, Sigma); mouse anti-hemagglutinin (HA) antibody (Clone
12CA5, Roche Diagnostics); goat anti-c-Fos antibody (sc-52,
Santa Cruz Biotechnology); rabbit anti-c-Fos antibody (sc-7202,
Santa Cruz Biotechnology); mouse anti-�-tubulin (Clone TUB
2.1, Sigma); rabbit affinity-purified anti-mGluR1� antibody
F2-Ab and rabbit affinity-purified anti-mGluR1 antibody F1-Ab
(10), both antibodies showing reactivity toward mGluR5 (data
not shown); rabbit anti-mGluR5 (AB5232, Chemicon); rabbit
affinity-purified anti-A2AR polyclonal antibody VC21-Ab (11);
rabbit anti-extracellular signal-regulated kinase (ERK) 1�2
(M-5670, Sigma); and mouse anti-phosphorylated ERK1�2
(M-8159, Sigma). Secondary antibodies used were: horseradish
peroxidase-conjugate swine anti-rabbit IgG and horseradish
peroxidase-conjugate swine anti-mouse IgG (Dako); f luorescein
(FITC)-conjugate affinity-purified donkey anti-mouse IgG,
Texas red-conjugate affinity-purified donkey anti-rabbit IgG,
Cy3-conjugate affinity-purified donkey anti-mouse IgG, Cy5-
conjugate affinity-purified donkey anti-rabbit IgG and Cy2-
conjugate affinity-purified donkey anti-goat IgG (Jackson Im-
munoResearch). The cDNAs encoding human A2AR and the
rat N-terminal HA-tagged mGluR5 (mGluR5a isoform) were
gifts from S. Rivkees (Yale Pediatrics, New Haven, CT) (12) and
J. P. Pin (Centre National de la Recherche Scientifique-Unité
Propre de Recherche 9023, Montpellier, France) (13), respec-
tively. The Flag epitope (DYKDDDDK) was introduced into the
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N terminal of the A2AR, between amino acids 6 and 7, by using
a PCR-based mutagenesis approach (10). The sequence of the
obtained Flagged A2AR cDNA was confirmed by DNA
sequencing.

Cell Cultures and Transfection. HEK-293 cells were grown as
described (10). For the transient expression of HA-mGluR5 and
Flag-A2AR or Flag-mGluR1�, cells were transfected with 10 �g
of cDNA encoding the human adenosine receptor and�or rat
mGluR (ratio 1:1; pcDNA containing LacZ reporter was used to
equilibrate the amount of total DNA) by calcium phosphate
precipitation (10). Cells at either 24 or 48 h after transfection
were grown in glutamate-free medium (ICN) in the absence of
both glutamine and glutamate for 3 h before their use.

Immunolabeling Experiments in Transfected HEK-293 Cells. HEK-293
cells were fixed in 4% paraformaldehyde for 15 min and washed
with PBS containing 20 mM glycine (buffer A) to quench the
aldehyde groups. Where indicated, cells were permeabilized
with buffer A containing 0.2% Triton X-100 for 5 min. Cells were
treated with PBS containing 1% BSA (buffer B). After 1 h at
room temperature, cells were labeled with the indicated primary
antibody for 1 h, washed, and stained with the indicated sec-
ondary antibody. Coverslips were rinsed for 30 min in buffer B
and mounted with Immuno Fluoro mounting medium (ICN).
Confocal microscope observations were made with a Leica
TCS-SP (Leica Lasertechnik, Heidelberg) confocal scan-
ning laser microscope adapted to an inverted Leitz DMIRBE
microscope.

Coimmunoprecipitation Experiments. Transfected HEK-293 cells
or rat striatal membranes were solubilized in ice-cold lysis buffer
[PBS, pH 7.4, containing 1% (vol�vol) Nonidet P-40] (Calbio-
chem) for 1 h on ice and centrifuged at 80,000 � g for 90 min.
The supernatant (1 mg protein�ml) was processed for immuno-
precipitation as described (10) with the mouse anti-Flag,
anti-HA antibodies (2 �g�ml) or VC21-Ab (2 �g�ml). Immune
complexes were dissociated in SDS-polyacrylamide gel sample
buffer by heating to 37°C for 1 h, and resolved by SDS�PAGE
in 7% gels (10, 14, 15). Proteins were transferred to poly(vinyli-
dene difluoride) membranes (Immobilon-P, Millipore) by using
a semidry transfer system and immunoblotted by using the
primary antibodies indicated and horseradish peroxidase-
conjugated swine anti-rabbit IgG as a secondary antibody. The
immunoreactive bands were developed with the enhanced
chemiluminiscence detection kit (Pierce SuperSignal), as de-
scribed (14, 15).

Intracellular Calcium and cAMP Measurements. For calcium deter-
mination, transiently transfected HEK-293 cells (106 cells per
ml) were loaded with 5 �M Fura-2�AM for 30 min at 37°C. Cells
were washed and subsequently incubated in Hanks’s balanced
salt solution (GIBCO) containing 0.2 units�ml adenosine deami-
nase. Calcium peak induction was achieved by the addition of the
group I mGluR agonist quisqualic acid (Tocris Neuramin,
Bristol, U.K.) and�or the selective A2AR agonist CGS 21680
(Sigma). Intracellular calcium was determined at 37°C in a
dual-wavelength Shimadzu RF-5000 spectrofluorophotometer
as described (10). The accumulation of cAMP was measured by
a cAMP[3H] assay system (Amersham Pharmacia) as described
in the manufacturer’s manual, with transfected HEK-293 cells
(2 � 106 cells�sample) in serum-free DMEM (GIBCO) prein-
cubated with 50 �M Ro 20–1724 (Calbiochem) for 10 min and
then stimulated with the indicated concentrations of agonists for
15 min.

ERK Assay. Transfected HEK-293 cells were serum-starved for
24 h before stimulation with CGS 21680 (200 nM) and�or

quisqualic acid (100 �M) for 5 min in the presence or absence
of the ERK 1�2 kinase inhibitor PD98059 (75 nM; Calbiochem).
After treatment, cells were washed with ice-cold PBS and
scraped into 1 ml of lysis buffer containing 1% Triton X-100,
50 mM Tris�HCl, pH 7.6, 45 mM B-glycerophosphate, 50 mM
NaF, 1 mM NaVO4, and protease inhibitors. Lysed cells
were centrifugated for 1 min at 14,000 rpm at 4°C and equal
protein concentrations were resolved on SDS-10% polyacryl-
amide gel, blotted onto inmobilon-P membrane, and incubated
with rabbit anti-ERK1�2 (1�40,000) or mouse anti-phospho-
ERK1�2 (1�10,000). Quantitative analysis of detected bands was
performed by densitometric scanning.

Nuclear c-Fos Protein Levels. Transiently transfected HEK-293
cells treated or not with CGS 21680 and quisqualic acid were
chilled down and washed with ice-cold PBS and once with
hypotonic buffer A (10 mM Hepes, pH 7.9�10 mM KCl�0.1 mM
EDTA�0.1 mM EGTA�1 mM DTT). Cells were allowed to swell
in 1 ml of buffer A for 20 min and 60 �l of a 10% solution of
Nonidet P-40 (Calbiochem) was added and then vortexed for
10 s. The crude extract was centrifuged for 5 min at 4,000 rpm
in a microfuge and the pellet (nuclei) was dissolved in SDS�
PAGE sample buffer. Nuclei and crude extracts were analyzed
by SDS�PAGE and immunoblotted by using rabbit anti-c-Fos
(1�500) and mouse anti-�-tubulin (1�500), respectively. The
intensities of the immunoreactive bands on x-ray film corre-
sponding to c-Fos protein were measured by densitometric
scanning. All values were normalized by using tubulin as a
control protein.

Phencyclidine (PCP)-Induced Motor Activity in Rats. Male Sprague–
Dawley rats weighing 300–350 g were used in all experiments.
The animals were stereotaxically implanted with stainless steel
guide cannulae (22 gauge, Pastic ONE) in the right ventricle
(ICV administration) under Equithesin (sodium pentobarbital,
National Institute on Drug Abuse Pharmacy) anesthesia (coor-
dinates with respect to bregma: A �0.8, L �1.3, V �4.5). Guide
cannulae were fixed with dental acrylic and stainless steel screws
to the skull surface. Stainless steel stylets were inserted into the
cannulae to prevent occlusion. A recovery period of 6–7 days was
allowed before testing. For ICV administration injection needles
(28 gauge) extending 0.5 mm below the guide were inserted into
the cannulae. CGS 21680 (3 �g), (RS)-chloro-5-hydroxyphenyl-
glycine (CHPG, Tocris; 9 �g), or saline were administered ICV
at a rate of 1 �l�min by means of a microdrive pump (final
injection volume, 10 �l). The doses of the A2AR and mGluR5
agonists were chosen according to published studies (16, 17).
The needle was then left in place for an additional 5 min. Ten
minutes after ICV administration, PCP (5 mg�kg i.p.) was
administered to habituated rats (30 min of habituation to the
actimeters) and motor counts were automatically recorded
(Automex II, Columbus Instruments, Columbus, OH) for 60
min. Correct cannula placement was ascertained immediately
after the animal’s death (overdose of Equithesin) by injecting ink
to the ventricular system.

c-Fos Immunohistochemistry in Rat Brain Sections. Two hours after
the administration of drugs, rats were anesthetized with Equith-
esin (sodium pentobarbital, National Institute on Drug Abuse
Pharmacy) and perfused intracardially with 0.1 M PBS followed
by 4% paraformaldehyde in 0.1 M sodium phosphate monobasic
(pH � 7.4). Brains were postfixed in the same fixative for 2 h and
immersed in 20% sucrose�0.01 M sodium phosphate (pH � 7.4)
solution for 48 h at 4°C. The brains were frozen rapidly in dry ice
and stored at �80°C until sectioning. Thirty-micrometer sections
were cut on the cryostat, collected in PBS buffer, and incubated
in blocking buffer (PBS�0.3% Triton�3% BSA) for 60 min
before incubation in rabbit anti-c-Fos-antibody (1:1,000 dilution;
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sc-7202; Santa Cruz Biotechnology) in blocking buffer for 48 h
at 4°C. Sections were washed and incubated in 1:200 goat
anti-rabbit antibody (Vector Laboratories) for 1 h, then washed
and incubated for 1 h in ABC reagent (Vector Laboratories;
PK-4000), washed again, treated with 0.33 mg�ml 3,3�-
diaminobenzidine and 0.01% peroxide for 6 min, transferred to
PBS, and mounted onto chromalum gelatin-coated slides, air-
dried, dehydrated through graded ethanols, cleared in Citrasolv
(Fisher Scientific), and coverslipped with Permount (Sigma).
Bright-field images of the caudate putamen, nucleus accumbens,
and the cingulate cortex were digitally captured by using a
Photometrics Coolsnap charge-coupled device camera (Photo-
metrics, Tucson, AZ) attached to a Zeiss Axioskop two-light
microscope with a �5 objective. The images were digitized and
the number of c-Fos-immunoreactive nuclei were counted by
using IPLAB 3.5 software (Scanalytics, Billerica, MA).

Results
Complexes Containing A2AR and mGluR5 in Cotransfected HEK-293
Cells. By confocal microscopy analysis of nonpermeabilized
HEK-293 cells transiently transfected with the cDNAs for Flag-
A2AR and HA-mGluR5 some overlapping in the distribution of
the two proteins was found (Fig. 1A). This colocalization was
specific because it was not found in cells cotransfected with
HA-A2AR and Flag-mGluR1�, a related G protein-coupled
receptor (Fig. 1 A). The existence of A2AR�mGluR5 hetero-
meric complexes was subsequently assayed by coimmunopre-
cipitation experiments. From cotransfected HEK-293 cell ex-
tracts the mouse anti-Flag antibody against Flag-A2AR
coimmunoprecipitated a band of �120 kDa, which corresponds
to the HA-mGlu5 receptor (Fig. 1B, lane 5). This band did not
appear in immunoprecipitates from cells transfected with only
one cDNA (Fig. 1B, lanes 4 and 6) or when an irrelevant antibody
was used (data not shown). Similarly, in cotransfected cells the
analysis by SDS�PAGE and immunoblotting with anti-A2AR
antibodies of immunoprecipitates obtained with mouse anti-HA
showed a band of �45 kDa, which corresponds to the A2AR
(Fig. 1B, lane 11). As a control no immunoprecipitation of
HA-mGlu5 receptor was obtained from cells cotransfected with
HA-mGluR5 and Flag-mGluR1�, when Flag antibody was used
(Fig. 1C, lane 4). The physiological significance of coimmuno-
precipitation is strengthened by the fact that it also occurred with
native receptors from rat striatum. Immunoprecipitates ob-
tained with an antibody anti-A2AR coimmunoprecipitated a
�120-kDa band corresponding to mGluR5 (Fig. 1D, lane 6).

Synergism on Signaling in Cotransfected HEK-293 Cells. In HEK cells
transiently expressing Flag-A2AR plus HA-mGluR5 (receptor
densities were controlled by means of Western blotting) both
quisqualic acid (100 �M) and CGS 21680 (200 nM) mobilized
intracellular calcium (Fig. 2A). Preincubation with quisqualic
acid or CGS 21680 did not change the calcium peak obtained in
response to A2AR or mGluR5 activation, respectively (Fig. 2 A).
The cotransfected cells showed a nonsignificant increase in
cAMP accumulation when treated with quisqualic acid (100 �M)
(Fig. 2B) and a significant stimulation of adenylyl cyclase activity
when treated with CGS 21680 (200 nM) (Fig. 2B). The effect
induced by the A2AR agonist was not significantly modified by
concomitant treatment with quisqualic acid (Fig. 2B). Although
a lack of A2AR�mGluR5 synergism was observed at the second
messenger level, a synergism on mitogen-activated protein ki-
nase (MAPK) pathway was found. Treatment with quisqualic
acid (100 �M) produced a nonsignificant increase in ERK1�2
phosphorylation (Fig. 2C). On the other hand, CGS 21680 (200
nM) induced a significant ERK1�2 phosphorylation, which was
synergistically potentiated by concomitant mGluR5 activation
(Fig. 2C). The effect of quisqualic acid plus CGS 21680 was
completely reverted by PD98059, an inhibitor of the ERK1�2

kinase (Fig. 2C). Quisqualic acid or CGS 21680 failed to provide
any signal in nontransfected HEK-293 cells (data not shown).

Synergism on c-Fos Expression in Cotransfected HEK-293 Cells. The
expression of the immediate-early gene c-fos has been shown to
be strongly regulated by the MAPK (ERK1�2) pathway (see ref.
18). An overlap in the distribution of the two proteins was found
by confocal microscopy analysis of HEK-293 cells transiently
expressing Flag-A2AR and HA-mGluR5 (Fig. 3A; purple stain-
ing in all four panels). In nontreated cells a low expression of
c-Fos (green) in the nuclei was observed. In cells incubated with
either quisqualic acid (100 �M) or CGS 21680 (200 nM) a small
increase of c-Fos levels in the nuclei was observed. In cells
treated simultaneously with both agonists a large increase in the
expression of nuclear c-Fos was obtained (Fig. 3A). Quantitation
of c-Fos immunoreactivity was performed by nuclear extraction,
immunoblotting, and densitometric scanning of the immunore-
active band on the film. As observed in Fig. 3B, quisqualic acid
(100 �M) or CGS 21680 (200 nM) induced a small but significant
increase (2- and 3-fold with respect to untreated cells) of c-Fos
in the nuclei. The increase in the amount of c-Fos in cells treated
with quisqualic acid plus CGS 21680 was more pronounced,
about 10-fold higher than in nontreated cells. This increase was
not reproduced by forskolin and, more interesting, it was com-
pletely reverted by the ERK 1�2 kinase inhibitor PD98059,
corroborating that the synergism on c-Fos is mediated by MAPK
activation (Fig. 3B).

Synergism on Phencyclidine-Induced Motor Activity in Rats and on the
Rat Striatal Expression of c-fos. In previous studies we found that
the systemic administration of CGS 21680 counteracts the
motor-activating effects of psychostimulants, like amphetamine
and PCP (19). In the present work, to avoid peripheral side
effects, we studied the effect of the central administration of
CGS 21680 (3 �g�10 �l, ICV) and�or CHPG (9 �g�10 �l, ICV)
on the motor activity induced by a relatively high dose of PCP
(0.5 mg�kg, i.p.). PCP produced a significant increase (ANOVA
with Newman–Keuls post hoc test, P � 0.01) in motor activity
(3,441 � 386 counts per 60 min; n � 12) compared with the
control group (1,201 � 203 counts per 60 min; n � 8). Neither
CGS 21680 nor CHPG alone significantly influenced PCP-
induced increase in motor activity (2,630 � 473 and 3,135 � 389
counts per 60 min, respectively; n � 9 in both groups). However,
a very significant counteracting effect (ANOVA, P � 0.001) was
observed after their coadministration (1,788 � 272 counts per 60
min; n � 11). The same protocol of CGS 21680 and CHPG
administration that allowed the finding of a synergism in the
experiments on PCP-induced motor activity was applied to
investigate the existence of an A2A�mGluR5 synergism at the
level of striatal c-fos expression. Initial microscopic examination
showed some c-Fos immunoreactivity immediately adjacent to
the lateral ventricle ipsilateral to the implanted cannula in all
groups, probably as a nonspecific reaction. Therefore, quantifi-
cation of c-Fos-positive nuclei was performed in the contralat-
eral hemisphere (Fig. 4A). Neither CGS 21680 (3 �g�10 �l,
ICV), nor CHPG (9 �g�10 �l, ICV) produced any significant
increase in the number of c-Fos-positive nuclei in the cingulate
cortex, the caudate putamen, or the nucleus accumbens (Fig.
4C). However, coadministration of the A2AR and the mGluR5
agonists induced an increase in the number of c-Fos-positive
nuclei in the striatum, which was highly significant in the nucleus
accumbens (Fig. 4 B and C).

Discussion
Evidence for the existence of G protein-coupled receptor ho-
momerization and heteromerization is growing continuously
(20). We recently reported the formation of functional hetero-
meric complexes between adenosine A1 receptors and dopamine
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D1 receptors (14), adenosine A1 and mGluR1� receptors (10),
and A2AR and dopamine D2 receptors (D2R) (15). In the
present study, results obtained from confocal laser microscopy

Fig. 1. Heteromerization of A2AR and mGluR5 in A2AR�mGluR5-
transfected HEK-293 cells. (A) Immunofluorescence localization of Flag-A2AR
and HA-mGluR5 in HEK-293 cells. Cells were immunostained with mouse
anti-Flag mAb (10 �g�ml), rabbit F2-Ab (5 �g�ml), or VC21 (5 �g�ml). The
bound primary antibodies were detected by using either fluorescein (green)-
conjugated donkey anti-mouse IgG antibody (1�100) or Texas red-conjugated
donkey anti-rabbit (1�100). Cells were analyzed by double immunofluores-
cence with confocal microscopy. Superimposition of images reveals A2AR�
mGluR5 colocalization in yellow (Merge). (Scale bar: 10 �m.) (B) Coimmuno-
precipitation of A2AR and mGluR5 in HEK-293 cells. Cells transiently
expressing Flag-A2AR alone (lanes 1 and 7), Flag-A2AR plus HA-mGluR5 (lanes
2 and 8), or HA-mGluR5 (lanes 3 and 9) were washed, solubilized, and pro-
cessed for immunoprecipitation by using anti-Flag mAb (2 �g�ml; lanes 4–6)
and anti-HA mAb (2 �g�ml; lanes 10–12). Solubilized membranes (Crude) and
immunoprecipitates (IP) were analyzed by SDS�PAGE and immunoblotted by
using rabbit F2-Ab (5 �g�ml) (similar results were obtained by using AB5232
or anti-HA antibodies, data not shown) or rabbit anti-A2AR antibody (VC21-
Ab; 10 �g�ml) and horseradish peroxidase-conjugated swine anti-rabbit IgG
as a secondary antibody. (C) Lack of coimmunoprecipitation of mGluR5 and
mGluR1� in HEK-293 cells. Cells transiently expressing Flag-A2AR (lane 1),
Flag-mGluR1� (lane 2), Flag-A2AR plus HA-mGluR5 (lane 3), Flag-mGluR1�

plus HA-mGluR5 (lane 4), and HA-mGluR5 alone (lane 5) were processed for
immunoprecipitation by using anti-Flag antibody (2 �g�ml). Solubilized mem-
branes (Crude) were analyzed by SDS�PAGE and immunoblotted by using
F1-Ab to detect HA-mGluR5 and Flag-mGlu1�, and VC21-Ab to detect Flag-
A2AR. Immunoprecipitates were immunoblotted by using F2-Ab to detect
HA-mGluR5. (D) Coimmunoprecipitation of A2AR and mGluR5 in rat striatum.
Rat striatum membranes were solubilized and processed for immunoprecipi-

tation by using anti-A2A antibody (VC21-Ab, 2 �g�ml) (lanes 5 and 6). Solu-
bilized membranes (Crude) from HEK transfected with Flag-A2AR (lane 1),
HA-mGluR5 (lane 3), and rat striatum (lanes 2 and 4) and immunoprecipitates
(IP) (lanes 5 and 6) were analyzed by SDS�PAGE and immunoblotted with
VC21-Ab or AB5232. In B and D the positions of A2AR and mGluR5 are
indicated by an arrow and arrow head, respectively.

Fig. 2. (A) Ca2� mobilization, (B) cAMP accumulation, and (C) ERK phos-
phorylation in A2AR�mGluR5 transiently cotransfected HEK-293 cells. (A) Cells
transiently expressing Flag-A2AR plus HA-mGluR5 were preincubated with 0.2
unit�ml adenosine deaminase for 30 min and loaded with FURA-2�AM, and
the intracellular Ca2� mobilization was determined after stimulation with
quisqualic acid (100 �M, Quis) or CGS21680 (200 nM, CGS). (B) Cells were
preincubated with 0.2 units�ml adenosine deaminase for 30 min and stimu-
lated during 15 min with 100 �M quisqualic acid (Quis) and�or 200 nM
CGS21680 (CGS) and the cAMP levels were determined. All values are normal-
ized by using the nontreated transfected cells. The results are expressed as
means � SEM (in percent of the values obtained in nontreated transfected
cells) of three independent experiments performed in duplicate. Raw data
from the different groups analyzed with repeated measures ANOVA followed
by Newman–Keuls post hoc comparisons. **, P � 0.01 vs. nontreated trans-
fected cells. (C) Serum-starved cells were preincubated with adenosine deami-
nase and stimulated with CGS 2160 (200 nM) and�or quisqualic acid (100 �M)
for 5 min in the presence or absence of PD98059 (75 nM). The phosphorylation
of ERK1�2 was determined by immunoblotting (see Methods). (Lower) Rep-
resentative ERK assay; (Upper) the intensities of the immunoreactive bands on
x-ray film corresponding to ERK1�2 and phospho ERK1�2 protein were mea-
sured by densitometric scanning. All values of phosphorylated ERK1�2 were
normalized by using ERK1�2 and expressed as means � SEM (in relative
densitometric scanning obtained in nontreated transfected cells) of three
independent experiments. ANOVA followed by Newman–Keuls post hoc com-
parisons. * and ***, P � 0.05 and P � 0.001, respectively, versus nontreated
transfected cells.
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experiments in nonpermeabilized cotransfected HEK-293 cells
showed that A2AR and mGluR5 can be colocalized in some
membrane domains. This colocalization is a prerequisite for the
formation of A2AR�mGluR5 heteromeric complexes at the
membrane level. The results obtained from coimmunoprecipi-
tation experiments from membrane preparations of cotrans-

fected HEK-293 cells or rat striatum strongly suggest that A2AR
and mGluR5 can also form heteromeric complexes. It remains to
be resolved whether A2AR and mGluR5 are physically associated
by means of direct protein–protein interactions (heterodimers) or
they are linked by additional cytosolic proteins, such as Homer
proteins and the Shank family of scaffold proteins, which have been
recently shown to be involved in the coupling between mGluR5 and
N-methyl-D-aspartate receptors (21).

The existence of A2AR�mGluR5 heteromers provides the
possibility for close cross-talk between A2AR and mGluR5,
which would synchronize A2AR and mGluR5 activation to
produce synergistic effects at the cellular level. The most studied
signal transduction pathways used by A2AR and mGluR5 de-
pend on the activation of adenylyl cyclase (by means of Gs�Golf
coupling) and phospholipase C (by means of Gq proteins),
respectively (1, 6). As described for other cell lines (22), in
A2A�mGluR5-cotransfected cells, the A2AR agonist CGS
21680 produced a significant increase in intracellular cAMP
accumulation, which was not modified by the stimulation of
mGluR5 with quisqualate. As expected, stimulation of mGluR5
induced an increase in intracellular Ca2� concentration ([Ca2�]i)
in A2AR�mGluR5 cotransfected cells. In addition, the A2AR
agonist CGS 21680 produced a significant increase in [Ca2�]i,
which agrees with recent studies in rat striatal slices that suggest
that A2AR also uses phospholipase C�inositol triphosphate
signaling (23). However, no synergistic A2AR�mGluR5 inter-
action was observed at the level of [Ca2�]i.

The lack of synergistic interaction between A2AR�mGluR5
at the second messenger level (cAMP and Ca2�) contrasted
with the strong synergism found at the MAPK pathway level
and at the level of the expression of the immediate-early gene
c-fos. This synergism could be caused by cross-talk between
independent signaling pathways converging at the level of
MAPK cascade (24). Furthermore, other levels of interaction
upstream to MAPK could be the nonreceptor tyrosine kinase
src or other enzymes recently demonstrated to be activated by
G protein-coupled receptors through G protein-independent
signaling (25).

The results obtained after the administration of a selective
mGluR5 agonist plus a selective A2AR agonist in rats suggest
that a synergistic A2AR�mGluR5 interaction similar to that
observed in cotransfected cells also occurs in the striatum. The
preferential effect in the ventral striatum (nucleus accumbens)
compared with the dorsal striatum (caudate putamen) agrees
with studies showing a more powerful effect of CGS 21680 in the
ventral striatum (see ref. 19). Furthermore, these results also
agree with results obtained in recent microdialysis experiments

Fig. 3. c-Fos expression in A2AR�mGluR5-transfected HEK-293 cells. (A)
Immunofluorescence localization of A2AR, mGluR5, and c-Fos protein. Cells
were preincubated with 0.2 units�ml adenosine deaminase for 30 min and
treated 1 h with vehicle, quisqualic acid (100 �M) (Quis), CGS21680 (200 nM)
(CGS), and both agonists. Cells were washed, fixed, permeabilized, and pro-
cessed for immunostaining with mouse anti-HA mAb (10 �g�ml), rabbit F2-Ab
(5 �g�ml), and goat anti-c-Fos (1�50). The bound primary antibodies were
detected by using Cy3-conjugated donkey anti-mouse (1�200), Cy5-
conjugated donkey anti-rabbit (1�200), and Cy2-conjugated donkey anti-goat
(1�200) IgG antibodies. Cells were analyzed by triple immunofluorescence
with a confocal microscope. Images show mGluR5 in blue, A2AR in red, c-Fos
protein in green, and A2AR�mGluR5 colocalization in purple. (Scale bar: 10
�m.) (B) c-Fos protein levels in the nuclei of HEK-293 cells. Cells were treated
with vehicle, quisqualic acid (100 �M) (Quis), CGS21680 (200 nM) (CGS), or
forskolin (1 �M) in the presence or absence of PD98059 (75 nM). After 1 h
nuclear fractionation was performed. The nuclear fraction (Nuclei) and crude
extract (Total Extract) were analyzed by SDS�PAGE and immunoblotted by
using rabbit anti-c-Fos (1�500) and mouse anti-�-tubulin (1�500), respectively.
(C) The intensities of the immunoreactive bands on x-ray film corresponding
to c-Fos protein were measured by densitometric scanning. All values are
normalized by using tubulin as a control protein. The results are presented as
means � SEM (in % of the relative densitometric scanning values obtained in
nontreated transfected cells) of three independent experiments. ANOVA
followed by Newman–Keuls post hoc comparisons. ***, P � 0.001 vs. non-
treated transfected cells and vs. cells treated with quisqualate or CGS 21680.

* and **, P � 0.05 and P � 0.01, respectively, vs. nontreated transfected cells.

Fig. 4. Rat striatal expression of c-fos. (A) Scheme of the rat brain sections showing the level of cannula implantation for ICV administration of CGS 21680 and
CHPG and the level of the brain areas analyzed for c-Fos immunohistochemistry (cingulate cortex, caudate putamen, and nucleus accumbens). (B) (Left)
Photomicrograph of the nucleus accumbens of a rat treated with CGS 2160 (3 �g, ICV) plus CHPG (9 �g, ICV); the encircled area corresponds to the area analyzed
for quantification of c-Fos nuclei. (Right) Magnification of the rectangular area shown Left, showing c-Fos-positive nuclei (black dots). (C) Quantification of c-Fos
immunoreactivity from the cingulate cortex (CgC) (triangular area in A), the caudate putamen (CPu) (rectangular area in A), and the nucleus accumbens (NAc)
(elliptic area in A) of rats treated as indicated above. The results are expressed as means � SEM (n � 5–6 per group) of the total number of c-Fos-positive nuclei.
ANOVA followed by Newman–Keuls post hoc comparisons were used for statistical comparisons. ***, P � 0.001 vs. control group.
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on the ventral GABAergic striatopallidal neurons (9). Striatal
A2AR seems to be involved in the increased striatal c-fos
expression induced by the systemic administration of antipsy-
chotics and D2R antagonists (26, 27). This effect occurs in the
GABAergic striopallidal neurons, which are tonically inhibited
by dopamine acting on D2R (28). It is well known that D2R
stimulation strongly counteracts the effects induced by A2AR
stimulation, which includes induction of c-fos expression (1, 22).
In fact, A2AR-mediated striatal c-fos expression has only been
shown to be clearly induced when interrupting D2R signaling
(27, 29). The results presented here show that the c-fos induction
by A2AR activation is very poor but markedly increases when
mGluR5 is also activated, which strongly suggest that concom-
itant stimulation of A2AR and mGluR5 receptors is one of the
mechanisms by which A2AR stimulation can overcome the tonic
inhibitory effect of dopamine and induce striatal c-fos expres-
sion. We favor the idea that this mechanism can take place under
conditions of intense glutamatergic neurotransmission, which is
known to induce adenosine release, most probably, because of
the neuronal metabolic demand imposed by the increased
excitatory input (see ref. 30). The results obtained from the
experiments with PCP agree with this hypothesis and suggest

that costimulation of A2AR and mGluR5 can even counteract
the effects induced by a strong stimulation of dopaminergic
neurotransmission. The motor hyperactivity induced by PCP
depends on postsynaptic D2R, and a high degree of D2R
blockade is required to significantly counteract the stimulatory
action of high doses of PCP (31).

Given the key role of the MAPK cascade and immediate-early
genes in the coupling of early neuronal responses to long-term
adaptive changes (18, 24, 32), the present results suggest that
A2AR�mGluR5 interactions are involved in striatal neuronal
plasticity. More specifically, this mechanism may underlie the
recently described dopamine-independent increased c-fos ex-
pression in the striopallidal neurons associated with sensitization
to psychostimulants (33). In fact, both striatal A2AR and
mGluR5 have recently been shown to be involved in certain
forms of striatal plasticity, including corticostriatal long-term
potentiation and long-term depression (34, 35).
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