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Dopamine, by activating dopamine D1-type receptors, and aden-
osine, by activating adenosine A;a receptors, stimulate phosphor-
ylation of DARPP-32 (dopamine- and cAMP-regulated phosphopro-
tein of M, 32,000) at Thr-34. In this study, we investigated the effect
of metabotropic glutamate (mGlu) receptors on DARPP-32 phos-
phorylation at Thr-34 in neostriatal slices. A broad-spectrum mGlu
receptor agonist, trans-ACPD, and a group | mGlu receptor agonist,
DHPG, stimulated DARPP-32 phosphorylation at Thr-34. Studies
with mGlu receptor antagonists revealed that the effects of trans-
ACPD and DHPG were mediated through activation of mGlu5
receptors. The action of mGlu5 receptors required activation of
adenosine A,a receptors by endogenous adenosine. Conversely,
the action of adenosine A4 receptors required activation of mGlu5
receptors by endogenous glutamate. Coactivation of mGlu5 and
adenosine A;a receptors by exogenous agonists synergistically
increased DARPP-32 phosphorylation. mGlu5 receptors did not
require activation of dopamine D1-type receptors by endogenous
dopamine, nor did dopamine D1-type receptors require activation
of mGlu5 receptors by endogenous glutamate. DHPG potentiated
the effect of forskolin, but not that of 8-bromo-cAMP, and stimu-
lated DARPP-32 phosphorylation in the presence of the phospho-
diesterase inhibitor IBMX, suggesting that mGlu5 receptors stim-
ulate the rate of cAMP formation coupled to adenosine Aza
receptors. The action of mGlu5 receptors was attenuated by
inhibitors of extracellular signal-regulated kinase, but not by
inhibitors of phospholipase C, p38, casein kinase 1, or Cdk5. The
results demonstrate that mGlu5 receptors potentiate adenosine
Aa/DARPP-32 signaling by stimulating the adenosine A, recep-
tor-mediated formation of cAMP in an extracellular signal-regu-
lated kinase-dependent manner.

opamine- and cAMP-regulated phosphoprotein of M,

32,000 (DARPP-32) is a signal transduction molecule that
is selectively enriched in medium-sized spiny neurons in neo-
striatum, and plays an obligatory role in dopaminergic signaling.
Mice lacking DARPP-32 exhibit profound deficits in their
molecular, electrophysiological, and behavioral responses to
dopamine, drugs of abuse and antipsychotic medication, dem-
onstrating the importance of DARPP-32 in most of the actions
of dopamine (1).

When DARPP-32 is phosphorylated by cAMP-dependent
protein kinase (PKA) on Thr-34, it is converted into a potent
inhibitor of protein phosphatase-1, and thereby controls the
phosphorylation state and activity of many downstream physi-
ological effectors, including various neurotransmitter receptors
and voltage-gated ion channels (for review, see ref. 2). Phos-
phorylation and dephosphorylation of DARPP-32 at Thr-34 are
regulated by dopamine, adenosine, glutamate, serotonin, and
other neurotransmitters. For example, dopamine, by activating
dopamine D1-type receptors (3), and adenosine, by activating
adenosine Aja receptors (4), stimulate the phosphorylation of
DARPP-32 at Thr-34.

Metabotropic glutamate (mGlu) receptors are subdivided into
three groups on the basis of agonist pharmacology, sequence
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homology, and G-protein effector coupling: group I (mGlul and
mGlu5 receptors), group II (mGlu2 and mGlu3 receptors), and
group III (mGlu4, mGlu6, mGlu7, and mGlu8 receptors; ref. 5).
Group I mGlu receptors are coupled to the phospholipase C
(PLC) pathway (6), the extracellular signal-regulated kinase
(ERK) pathway (7), and the p38 pathway (8); group II and III
mGlu receptors are negatively coupled to adenylyl cyclase (9).
Individual subtypes of mGlu receptors are assumed to mediate
distinct facilitatory (group I) or inhibitory (group II and III)
actions on neuronal transmission (10). Recently, mGlu receptors
were shown to be involved in cocaine self-administration (11)
and methamphetamine-induced neurotoxicity (12). However,
the molecular mechanisms underlying the actions of mGlu
receptors are not clearly understood. In this study, we investi-
gated the regulation of DARPP-32 phosphorylation at Thr-34 by
mGlu receptors by using neostriatal slices. The results obtained
indicate that the actions of mGlu5 receptors are linked to Aja
adenosine receptors by means of a mechanism involving the
ERK cascade.

Materials and Methods

Preparation and Incubation of Neostriatal Slices. Neostriatal slices
were prepared from male C57BL/6 mice (6-8 weeks old), as
described (13). Each slice was placed in a polypropylene incu-
bation tube with 2 ml of fresh Krebs-HCO3™ buffer containing
adenosine deaminase (10 pg/ml). The slices were preincubated
at 30°C under constant oxygenation with 95% O,/5% CO, for
60 min. The buffer was replaced with fresh Krebs-HCO;3 ™~ buffer,
without or with adenosine deaminase as indicated, after 30 min
of preincubation. Slices were treated with drugs as specified in
each experiment. Drugs were obtained from the following
sources: SKF81297, SCH23390, CGS21680, 8-(3-chlorostyryl)
caffeine, forskolin, 3-isobutyl-1-methylxanthine (IBMX),
MKS801 from Sigma; ZM241385, (*)-1-aminocyclopentane-
trans-1,3-dicarboxylic acid (trans-ACPD), (RS)-3,5-dihydroxy-
phenylglycine (DHPG), LY341495, LY367385, 2-methyl-6-
(phenylethynyl)pyridine (MPEP), (2S,2'R,3'R)-2-(2",3'-
dicarboxycyclopropyl)glycine (DCG), L(+)-2-amino-4-
phosphonobutyric acid (L-AP4), and (RS)-a-cyclopropyl-4-
phosphonophenylglycine (CPPG), all from Tocris Cookson
(Bristol, U.K.); PD98059 from Alexis (San Diego); SB202190,
U0126, and U0124 from Calbiochem; U73122 from Calbiochem
and Tocris Cookson; adenosine deaminase from Boehringer-
Mannheim (Mannheim, Germany); butyrolactone from Biomol
(Plymouth Meeting, PA); tetrodotoxin from Wako Pure Chem-
ical (Osaka, Japan). After drug treatment, slices were trans-

Abbreviations: DARPP-32, dopamine- and cAMP-regulated phosphoprotein of M, 32,000;
PKA, cAMP-dependent protein kinase; mGlu, metabotropic glutamate; PLC, phospholipase
C; IBMX, 3-isobutyl-1-methylxanthine; trans-ACPD, (=*)-1-aminocyclopentane-trans-1,3-
dicarboxylic acid; DHPG, (RS)-3,5-dihydroxyphenylglycine; MPEP, 2-methyl-6-(phenylethy-
nyl)pyridine; ERK, extracellular signal-regulated kinase; CK1, casein kinase 1; Cdk5, cyclin-
dependent kinase 5.
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Fig. 1. Regulation of DARPP-32 phosphorylation at Thr-34 by a broad-
spectrum mGlu receptor agonist, trans-ACPD. Neostriatal slices were incu-
bated with trans-ACPD (100 uM) for the indicated times. (A) Phospho-Thr-34
DARPP-32 was detected at a molecular mass of ~32 kDa by using a monoclonal
antibody (mAb-23) against Thr-34-phosphorylated DARPP-32 (Upper); total
DARPP-32 was detected in the same membrane by using a monoclonal anti-
body (C24-5a) against DARPP-32 (Lower). (B) The amounts of phospho-
DARPP-32 were quantified by densitometry, and the data were normalized to
untreated slices. Data represent means + SEM for four to seven experiments.
*, P < 0.05, compared with control.

ferred to Eppendorf tubes, frozen on dry ice, and stored at
—80°C until assayed.

Immunoblotting. Frozen tissue samples were sonicated in boiling
1% SDS. Equal amounts of protein (100 ng) were processed by
using 12% polyacrylamide gels as described (13). Immunoblot-
ting was carried out by using a phosphorylation state-specific
monoclonal antibody raised against a DARPP-32 peptide con-
taining phospho-Thr-34, the site phosphorylated by PKA (mAb-
23; 1:750 dilution). A monoclonal antibody (C24-5a; 1:7,500
dilution) generated against DARPP-32, which is not phosphor-
ylation state-specific, was used to determine the total amount of
DARPP-32 in samples. None of the experimental manipulations
used in the present study altered the total amount of DARPP-32.
Antibody binding was detected by the enhanced chemilumines-
cence (ECL) immunoblotting detection system (Amersham
Pharmacia). Phospho-DARPP-32 bands were quantified by den-
sitometry with NIH IMAGE V.1.61 software. For each experiment,
values obtained for treated slices were calculated relative to the
value for the control slices. Normalized data from multiple
experiments were expressed as means = SEM, and statistical
analysis was carried out by using ANOVA and the Newman-—
Keuls test.

Results

Activation of mGlu5 Receptors Stimulates the Phosphorylation of
DARPP-32 at Thr-34. The effect of a broad-spectrum mGlu recep-
tor agonist, trans-ACPD, on DARPP-32 Thr-34 phosphorylation
was examined in neostriatal slices by using a phosphorylation
state-specific antibody. Phosphorylation of DARPP-32 at Thr-34
was detectable under basal conditions (the stoichiometry of
phosphorylation has been estimated to be 0.5-1.0% under basal
conditions; ref. 3). Treatment of neostriatal slices with trans-
ACPD (100 uM) increased the level of phospho-Thr-34
DARPP-32 by fourfold within 2 min of incubation (Fig. 1).
DARPP-32 Thr-34 phosphorylation was maximal at 2-5 min of
incubation, and the level of phospho-Thr-34 DARPP-32 subse-
quently decreased. The total level of DARPP-32 was unchanged
by treatment with trans-ACPD.

The effects of mGlu receptor agonists, selective for each
group, on DARPP-32 Thr-34 phosphorylation were examined
(Fig. 24). Treatment of slices with a group I mGlu receptor
agonist, DHPG (100 uM), for 5 min caused an increase in the
level of phospho-Thr-34 DARPP-32 comparable to that seen
with trans-ACPD. Treatment with a group II mGlu receptor
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Fig. 2. Regulation of DARPP-32 phosphorylation at Thr-34 by group | mGlu
receptors. (A) Neostriatal slices were incubated for 5 min with the following
mGlu receptor agonists: trans-ACPD (100 uM); a group | agonist, DHPG (100
uM); a group Il agonist, DCG (10 uM); a group Il agonist, L-AP4 (50 uM). (Band
C) Neostriatal slices were incubated with DHPG (100 uM) for the indicated
times (B), or the indicated concentrations of DHPG for 5 min (C). (D) Neostriatal
slices were incubated for a total of 15 min in the absence or presence of the
following mGlu receptor antagonists: a combination of group | mGlu receptor
antagonists, an mGlu1 antagonist LY367385 (100 M) plus an mGlu5 antag-
onist MPEP (10 uM); LY341495 (1 uM), a group Il mGlu receptor antagonist at
the concentration used; CPPG (100 uM), a group Ill mGlu receptor antagonist;
and LY341495 (100 M), a nonselective mGlu receptor antagonist at the
concentration used. LY367385 plus MPEP, LY341495, or CPPG were added at
0 min and trans-ACPD (100 uM) was added at 10 min of incubation. *, P < 0.05;
*%, P <0.01, compared with control; t1, P < 0.01, compared with trans-ACPD
alone. (n = 4-9.)

agonist, DCG (10 uM), or a group III mGlu receptor agonist,
L-AP4 (50 uM), did not affect the level of phospho-Thr-34
DARPP-32. Treatment of slices with DHPG (100 wM) increased
the level of phospho-Thr-34 DARPP-32 with a time course
similar to that with trans-ACPD (Figs. 1 and 2B). DHPG
stimulated DARPP-32 Thr-34 phosphorylation maximally at a
concentration of 100 uM, with a half-maximal effect at ~5 uM
(Fig. 20).

To identify the particular group of mGlu receptors involved in
the regulation of DARPP-32 Thr-34 phosphorylation, slices
were treated with trans-ACPD (100 uM) in the presence of
selective antagonists for each group (Fig. 2D). Treatment of
slices with a combination of group I antagonists, an mGlul
antagonist LY367385 (100 uM) plus an mGlu5 antagonist
MPEP (10 uM), did not affect the basal level of phospho-Thr-34
DARPP-32, but did abolish the stimulatory effect of trans-
ACPD on DARPP-32 Thr-34 phosphorylation. Treatment with
LY341495 at 1 uM, a selective group II mGlu receptor antag-
onist at this low concentration (ICsy 0.014—0.030 uM in vitro; ref.
5), or CPPG (100 uM), a group III mGlu receptor antagonist,
did not affect either the basal level or trans-ACPD-stimulated
level of phospho-Thr-34 DARPP-32. The effect of trans-ACPD
on DARPP-32 Thr-34 phosphorylation was abolished by treat-
ment with LY341495 at 100 uM, a nonselective antagonist of all
groups of mGlu receptors at this high concentration (ICsp 6.8-22
uM in vitro; ref. 5). These results with mGlu receptor agonists
and antagonists indicate that activation of group I mGlu recep-
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Fig. 3. Regulation of DARPP-32 phosphorylation at Thr-34 by mGlu5 recep-
tors. Neostriatal slices were incubated for a total of 12 min in the absence or
presence of the mGlu1 antagonist, LY367385 (100 uM), or the mGlu5 antag-
onist, MPEP (10 uM). LY367385 or MPEP was added at 0 min, and DHPG (100
uM) was added at 10 min of incubation. An immunoblot for detection of
phospho-Thr-34 DARPP-32 is shown in A, and the data quantitated are shown
in B. **, P < 0.01, compared with control; tt, P < 0.01, compared with DHPG
alone. (n = 4-13))

tors, but not that of group II or group III mGlu receptors,
stimulates the phosphorylation of DARPP-32 at Thr-34 in
neostriatal neurons.

To identify the subtype of group I mGlu receptors involved in
this regulation, the effect of DHPG was examined in the
presence of the mGlu5 antagonist, MPEP (10 uM), or the mGlul
antagonist, LY367385 (100 uM) (Fig. 3). The effect of DHPG on
DARPP-32 Thr-34 phosphorylation was antagonized by MPEP
but not by LY367385, indicating that mGlu5 receptors play a
central role in the regulation of DARPP-32 Thr-34 phosphor-
ylation in neostriatal neurons.

Interdependence of the Actions of mGlu5 Receptors and Aza Adeno-
sine Receptors in the Phosphorylation of DARPP-32 at Thr-34. Acti-
vation of group I mGlu receptors has been shown to potentiate
cAMP formation induced by activation of receptors positively
coupled to adenylyl cyclase, such as adenosine A, receptors and

dopamine Dl1-type receptors, and by forskolin (14-16). The
possible role of adenosine Az and dopamine D1-type receptors
in mGlu5 receptor-stimulated DARPP-32 Thr-34 phosphoryla-
tion was examined (Fig. 44). Treatment of slices with adenosine
Ao antagonists, 8-(3-chlorostyryl) caffeine (1 wM) or
ZM?241385 (1 uM), or a dopamine D1 antagonist SCH23390 (1
uM) decreased the basal level of phospho-Thr-34 DARPP-32,
suggesting the presence of endogenous adenosine and dopamine
in neostriatal slices. 8-(3-Chlorostyryl) caffeine attenuated the
ability of DHPG (100 uM) to stimulate DARPP-32 Thr-34
phosphorylation, whereas ZM241385 abolished the effect of
DHPG. However, SCH23390 had no effect on the stimulation of
DARPP-32 Thr-34 phosphorylation caused by DHPG. These
results suggest that the actions of mGlu5 receptors depend on the
activation of A, adenosine receptors by endogenous adenosine.

Next, we examined whether the effects of adenosine Aja
receptor activation might depend on tonic activation of mGlu5
receptors by endogenous glutamate (Fig. 4B). For these studies,
adenosine deaminase was added throughout the experiments to
remove the endogenous adenosine. Treatment of slices with an
adenosine Az agonist, CGS21680 (1 uM), increased the level of
phospho-Thr-34 DARPP-32 by ~5-fold. The mGlu5 antagonist,
MPEP (10 uM), had no effect on the basal level of phospho-
Thr-34 DARPP-32, but attenuated the stimulatory effect of
CGS21680. Thus, the actions of mGlu5 receptors and adenosine
Ao receptors are interdependent and require endogenous aden-
osine for the actions of the mGlu5 receptor agonist and endog-
enous glutamate for the actions of the adenosine A4 receptor
agonist.

We examined whether dopamine D1 receptors require coac-
tivation of mGlu5 receptors by endogenous glutamate (Fig. 4C).
Treatment of slices with MPEP did not affect the basal or
dopamine D1 agonist (100 nM and 1 uM) SKF81297-stimulated
levels of phospho-Thr-34 DARPP-32. The results (Fig. 4 A and
C) suggest that mGluS receptors do not require coactivation of
dopamine D1-type receptors by endogenous dopamine, and that
dopamine DI1-type receptors do not require coactivation of
mGlu5 receptors by endogenous glutamate, to exert their effects
on DARPP-32 Thr-34 phosphorylation.

To investigate further the interaction between adenosine Asa
receptors and mGlu5 receptors, the effect of different concen-
trations of CGS21680 on DARPP-32 Thr-34 phosphorylation
was examined in the presence of DHPG or MPEP (Fig. 5). In
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Interdependence of mGlu5 receptors and adenosine Aa receptors. (A) Neostriatal slices were incubated for a total of 15 min in the absence or presence

of adenosine Aya receptor antagonists, 8-(3-chlorostyryl) caffeine (CSC, 1 uM), ZM241385 (1 uM), or a dopamine D1 receptor antagonist, SCH23390 (1 uM).
8-(3-Chlorostyryl) caffeine, ZM241385, or SCH23390 was added at 0 min, and DHPG (100 M) was added at 10 min of incubation. (B) Neostriatal slices were
pretreated with adenosine deaminase (10 ng/ml) for 60 min to decrease the content of endogenous adenosine. Neostriatal slices were incubated for a total of
15 min in the absence or presence of the mGlu5 antagonist, MPEP (10 M), in the continued presence of adenosine deaminase. MPEP was added at 0 min, and
an adenosine Aza agonist, CGS21680 (1 uM), was added at 10 min of incubation. (C) Neostriatal slices were incubated for a total of 15 min in the absence or
presence of MPEP (10 nM). MPEP was added at 0 min, and a dopamine D1 agonist, SKF81297 (100 nM or 1 uM), was added at 10 min of incubation. **, P < 0.01,
compared with control; 1, P < 0.01, compared with DHPG alone; §§, P < 0.01, compared with CGS21680 alone. (n = 5-7.)
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Fig.5. Activation of mGlu5 receptor potentiates the effect of adenosine Aza
receptors on DARPP-32 phosphorylation at Thr-34. Neostriatal slices were
pretreated with adenosine deaminase (10 ng/ml) for 60 min. Neostriatal slices
were incubated with CGS21680 alone for 5 min (@), CGS21680 plus DHPG (100
pM) for 5 min (O), or CGS21680 plus MPEP (10 nM) (A) in the continued
presence of adenosine deaminase. In experiments with CGS21680 plus MPEP,
neostriatal slices were incubated for a total of 15 min in the presence of MPEP
(10 wM). MPEP was added at 0 min, and CGS21680 was added at 10 min of
incubation. Data represent means = SEM for five to seven experiments.

these studies, adenosine deaminase was present throughout the
experiments. Treatment with CGS21680 alone increased the
level of phospho-Thr-34 DARPP-32 maximally at a concentra-
tion of 10 uM, with a half-maximal effect at ~200 nM. When
slices were coincubated with CGS21680 and DHPG, DHPG
induced a leftward shift of the dose-response curve for
CGS21680, with a half-maximal effect at ~10 nM. In contrast,
when slices were coincubated with CGS21680 and MPEP, MPEP
induced a rightward shift of the dose-response curve for
CGS21680, with a half-maximal effect at ~1 uM. The maximal
increase in DARPP-32 Thr-34 phosphorylation in the presence
of CGS21680 (10 uM) and DHPG was significantly higher than
that in the presence of CGS21680 (10 uM) and MPEP (P <
0.05). These results indicate that activation of mGlu5 receptors
either by endogenous glutamate or an exogenous agonist results
in the potentiation of the effects of adenosine Aza receptors on
DARPP-32 phosphorylation at Thr-34.

Activation of Intracellular Signaling by mGlu5 Receptors Involves
Postsynaptic Potentiation of cCAMP Formation. To examine further
the mechanism by which activation of mGluS5 receptors increases
DARPP-32 Thr-34 phosphorylation, slices were pretreated with
TTX (1 wM) or an N-methyl-D-aspartate (NMDA) receptor
antagonist MK801 (100 uM; Fig. 64). Pretreatment with TTX
or MKS801 did not attenuate the effect of DHPG on DARPP-32
Thr-34 phosphorylation, suggesting that DHPG is acting at
postsynaptic medium spiny neurons using a mechanism other
than NMDA-receptor activation.

To determine whether activation of mGlu5 receptors stimu-
lates PKA activity by increasing the efficacy of cAMP formation,
the effect of DHPG on DARPP-32 Thr-34 phosphorylation was
examined in the presence of forskolin (Fig. 6B) or the cAMP
analogue, 8-bromo-cAMP (Fig. 6C). Treatment of slices with
DHPG (100 uM) alone did not affect the level of phospho-
Thr-34 DARPP-32, because slices were pretreated with the
adenosine Ajs receptor antagonist, ZM241385. DHPG en-
hanced the effect of forskolin, but not that of 8-bromo-cAMP,
on DARPP-32 Thr-34 phosphorylation. These results suggest
that activation of mGlu5 receptors stimulates DARPP-32 phos-
phorylation by increasing cAMP content, not by regulating the
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Fig. 6. DHPG stimulates DARPP-32 phosphorylation at Thr-34 by potentiat-
ing the formation of CAMP. (A) Neostriatal slices were incubated for a total of
15 min in the absence or presence of TTX (1 uM) or an NMDA receptor
antagonist, MK801 (100 wM). TTX or MK801 was added at 0 min, and DHPG
(100 uM) was added at 10 min of incubation. (B and C) Neostriatal slices were
incubated for a total of 15 min in the presence of the adenosine A,a receptor
antagonist, ZM241385 (1 uM), to minimize the contribution of endogenous
adenosine. ZM241385 was added at 0 min, and forskolin (FSK; 20 nM or 50 nM)
(B), 8-bromo-cAMP (cAMP; 20, 50, or 200 uM) (C), and/or DHPG (100 uM) at 10
min of incubation. (D) Neostriatal slices were incubated for a total of 15 min
in the absence or presence of a phosphodiesterase inhibitor, IBMX (100 uM).
IBMX was added at 0 min, and DHPG (100 wM) was added at 10 min of
incubation. *, P < 0.05; **, P < 0.01, compared with control; t1, P < 0.01,
compared with DHPG alone; §§, P < 0.01, compared with forskolin alone; 14,
P < 0.01, compared with IBMX alone. (n = 5-7.)

efficacy of activation of PKA by cAMP. To examine whether the
effect of mGlu5 receptors on DARPP-32 phosphorylation is
mediated through the activation of cAMP formation or the
inhibition of cAMP degradation, the effect of DHPG (100 uM)
was examined in the presence of a phosphodiesterase inhibitor,
IBMX (100 wM). Treatment with IBMX alone increased the
level of phospho-Thr-34 DARPP-32 by ~13-fold. DHPG in-
creased DARPP-32 Thr-34 phosphorylation ~34-fold over con-
trol values and 2.7-fold over IBMX-stimulated values. Therefore,
the ability of mGlu5 receptors to potentiate adenosine Aja
receptor-mediated DARPP-32 Thr-34 phosphorylation is likely
attributable to an effect on cAMP formation.

Activation of Intracellular Signaling by mGlu5 Receptors Involves the
ERK Pathway. To elucidate further the intracellular signaling
mechanism by which mGlu5 receptors regulate DARPP-32
Thr-34 phosphorylation, the effect of DHPG was examined in
the presence of specific inhibitors of ERK or p38 (Fig. 74).
Treatment of slices with an ERK inhibitor, PD98059 (50 uM),
did not affect the basal level of phospho-Thr-34 DARPP-32.
However, PD98059 significantly attenuated the stimulatory ef-
fect of DHPG on DARPP-32 Thr-34 phosphorylation. Similarly,
treatment of slices with a structurally unrelated ERK inhibitor
U0126 (40 uM), but not with its inactive analogue U0124 (40
uM), attenuated the stimulatory effect of DHPG. Treatment of
slices with a p38 inhibitor, SB202190 (10 uM), did not affect the
basal level of phospho-Thr-34 DARPP-32 or the increase in
DARPP-32 Thr-34 phosphorylation caused by DHPG. In con-
trol experiments, treatment of slices with DHPG (100 uM) for
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Fig.7. ERK inhibitors attenuate the effect of DHPG on DARPP-32 phosphor-

ylation at Thr-34. (A) Neostriatal slices were incubated in the presence of ERK
inhibitors PD98059 (50 uM) or U0126 (40 M), an inactive analogue of ERK
inhibitor U0124 (40 uM), or a p38 inhibitor SB202190 (10 uM) for 60 min,
followed by 2 min in the absence or presence of DHPG (100 uM). (B) Neostriatal
slices were incubated in the presence of a PLC inhibitor U73122 (25 uM), a CK1
inhibitor CKI-7 (100 uM), or a Cdk5 inhibitor butyrolactone (10 uM) for 60 min,
followed by 2 min in the absence or presence of DHPG (100 uM). **, P < 0.01,
compared with control; t, P < 0.05; t1, P < 0.01, compared with DHPG alone.
(n =4-9.)

2 min slightly but significantly increased the level of phospho-p42
(1.39 = 0.13-fold, n = 4). DHPG also slightly increased the level
of phospho-p44, but this effect was not statistically significant.

We have recently reported that, by activating casein kinase 1
(CK1) in a PLC-dependent manner, group I mGlu receptors
cause an increase in the phosphorylation of DARPP-32 at
Ser-137 (17, 18). Moreover, by activating cyclin-dependent ki-
nase 5 (CdkS5), this activation of CK1 causes an increase in the
phosphorylation of DARPP-32 at Thr-75 (17). A possible role
for PLC, CK1, and CdkS in the regulation of DARPP-32 Thr-34
phosphorylation by mGlu5 receptors was examined by using
specific inhibitors (Fig. 7B). Treatment of slices with PLC
inhibitor U73122 (25 uM), CK1 inhibitor CKI-7 (25 uM), or
CdkS inhibitor butyrolactone (10 uM) did not affect the basal
level of phospho-Thr-34 DARPP-32 or diminish the increase in
DARPP-32 Thr-34 phosphorylation caused by DHPG.

To elucidate the role of ERK in the regulation of DARPP-32
Thr-34 phosphorylation by mGlu5 and adenosine A4 receptors,
the effect of ERK inhibitor U0126 was examined under two
conditions (see Fig. 5): () CGS21680 (100 nM) plus DHPG (100
uM), in which condition the small effect of 100 nM CGS21680
alone is greatly potentiated by 100 uM DHPG, and (ii)
CGS21680 (10 uM) plus MPEP (10 uM), in which condition the
effect of CGS21680 (10 uM) is largely independent of the mGluS
receptor pathway. Pretreatment with U0126 (40 uM), but not
with its inactive analogue U0124 (40 uM), attenuated the effect
of CGS21680 (100 nM) plus DHPG on DARPP-32 Thr-34
phosphorylation (Fig. 84). In contrast, U0126 as well as U0124
did not affect the increase in DARPP-32 Thr-34 phosphorylation
induced by CGS21680 (10 uM) plus MPEP (Fig. 8B). These
results indicate that ERK is involved in the regulation by the
mGlu5 receptor signaling pathway of the adenosine Az receptor
signaling pathway, not in the adenosine Aza receptor signaling
pathway per se.

Discussion

In this study, we demonstrated that activation of metabotropic
glutamate receptors, specifically group I mGlu$ receptors, in-
creases the state of phosphorylation of DARPP-32 at Thr-34
(the PKA-site). This action of mGluS receptors requires activa-
tion of adenosine A, receptors by endogenous adenosine, and
the action of adenosine A, receptors requires activation of
mGlu5 receptors by endogenous glutamate to increase
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Fig.8. ERKisinvolved in mGlu5 receptor signaling but not in adenosine Aza

receptorsignaling. Neostriatal slices were preincubated with an ERK inhibitor,
U0126 (40 uM), or an inactive analogue of U0126, U0124 (40 uM), for 60 min.
(A) Neostriatal slices were incubated with CGS21680 (100 nM) plus DHPG (100
uM) for 5 min. (B) Neostriatal slices were incubated for a total of 15 min in the
presence of MPEP (10 uM). MPEP was added at 0 min, and CGS21680 (10 uM)
was added at 10 min of incubation. **, P < 0.01, compared with control; tt,
P < 0.01, compared with DHPG alone. (n = 4-7.)

DARPP-32 Thr-34 phosphorylation. Furthermore, coactivation
of mGlu5 and adenosine A, receptors by their agonists syner-
gistically stimulates the phosphorylation of DARPP-32 at Thr-
34, suggesting an interdependence of mGluS and adenosine Aza
receptor signaling. In contrast, mGlu5 receptors do not require
activation of dopamine D1-type receptors by endogenous dopa-
mine, and dopamine D1-type receptors do not require activa-
tion of mGluS5 receptors by endogenous glutamate, suggesting
that mGlu5 and dopamine D1-type receptors can function
independently.

The molecular basis for the difference in the pattern of
interdependence of mGlu5 and A,a receptors compared with
that of mGlu5 and D1-type receptors is not clear at the present
time. This difference might be explained by the distinct expres-
sion patterns of adenosine A4 receptors and dopamine D1-type
receptors in neostriatum (19, 20). Adenosine A,a receptors are
predominantly expressed in striatopallidal medium spiny neu-
rons, where dopamine D2-type receptors are also largely ex-
pressed (20). In contrast, dopamine D1-type receptors are
predominantly expressed in striatonigral medium spiny neurons.
The results obtained in this study suggest that functional cou-
pling of mGlu5 receptors is likely to be different in the two types
of medium spiny neurons. As a result, the availability of Golfe,
which couples dopamine D1-type receptors and adenosine Asa
receptors to adenylyl cyclase in neostriatum (21, 22), may be
different in the two types of medium spiny neuron. Alternatively,
the actions of mGlu5 receptors may be regulated in different
ways by other G protein-coupled receptors, such as dopamine
D2-type receptors and opioid receptors, within the two types of
medium-sized spiny neurons (23, 24).

Activation of mGlu receptors has been found to activate the
classical mitogen-activated protein kinase (ERK) pathway (7), as
well as the p38 pathway (8). The effect of DHPG on DARPP-32
Thr-34 phosphorylation was attenuated by the ERK inhibitors,
PD98059 and U0126, but not by the p38 inhibitor, SB202190,
suggesting that activation of mGlu5 receptors stimulates
DARPP-32 Thr-34 phosphorylation via an ERK-dependent
pathway. Furthermore, ERK was involved in the regulation by
mGlu$ receptor signaling of adenosine Aja receptor signaling,
not in adenosine A,a receptor signaling per se. It has been
reported that ERK signaling is more active in striatopallidal
medium spiny neurons than in striatonigral medium spiny neu-
rons (25), which might explain why mGlu5 and adenosine Aza
receptors, but not mGlu$5 and dopamine D1-type receptors, are
interdependent. Activation of ERK might occur through a
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mechanism involving Ca?*/calmodulin-dependent kinase II
(CaMKII; ref. 26) or Src-family tyrosine kinase (6). Molecular
mechanisms by which ERK is activated by mGlu5 receptors and
by which ERK stimulates cAMP formation coupled to adenosine
Ao receptors remain to be clarified.

We have recently reported that group I mGlu receptors
activate CK1 and Cdk5 in a PLC-dependent manner, leading to
the enhanced phosphorylation of DARPP-32 at Ser-137 (the
CKl-site) and Thr-75 (the CdkS-site; refs. 17 and 18). Interest-
ingly, the effect of DHPG on DARPP-32 Thr-34 phosphoryla-
tion was not antagonized by inhibitors of PLC, CK1, or CdkS,
indicating that the effect of mGluS receptors on Thr-34 is not
mediated through the activation of PLC/CK1/Cdk5 signaling.
Together with our previous studies (17, 18), the present results
indicate that group I mGlu receptors activate both ERK and
PLC/CK1/Cdk5 signaling pathways in neostriatal neurons, and
that ERK and PLC/CK1/Cdk5 selectively regulate different
sites of DARPP-32 phosphorylation.

In striatum, mGlu receptors have been shown to contribute to
a variety of processes including neural plasticity (27), motor
behavior (28), and glutamate excitotoxicity (29). Behavioral
effects observed in response to perturbing signaling through the
mGlu5 receptor pathway can be explained by the results of the
present study. For instance, intrastriatal injection of nonselective
or group I mGlu receptor agonists induced delayed contralateral
turning behavior, which is possibly mediated by the potentiation
of action of adenosine Aya receptors in striatopallidal neurons
followed by the disinhibition of subthalamic nucleus neurons,
with the consequent increase in output of dopaminergic nigro-
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striatal neurons (28). In 6-hydroxydopamine-lesioned rats, the
intracerebroventricular injection of an mGlu5 agonist counter-
acted the contralateral turning behavior elicited by a dopamine
D2 agonist, which could be explained by the potentiation of
reciprocal interaction between adenosine Az and dopamine D2
receptors (30). Recently, Chiamulera et al. (11) reported that
mice lacking the mGlu5 receptor do not self-administer cocaine
and show no increased locomotor activity after cocaine treat-
ment, despite the increase in dopamine release in nucleus
accumbens. In another study, methamphetamine-induced neu-
rotoxicity was found to be antagonized by mGlu5 antagonists
(12). These latter results suggest important roles for activation of
mGlu$ receptors in the actions of cocaine and methamphet-
amine. In our previous studies, it was found that cocaine-induced
locomotor activity and methamphetamine-induced neurotoxic-
ity are both attenuated in mice lacking DARPP-32 (1). The
results of the present study suggest that the dependence of the
actions of cocaine and methamphetamine on mGlu5 agonists
may be attributable in part to the synergistic interactions of
mGlu5 and A4 adenosine receptors and the consequent phos-
phorylation of DARPP-32 at Thr-34 in neostriatal neurons.
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