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Cannabinoid Action Depends on Phosphorylation of
Dopamine- and cAMP-Regulated Phosphoprotein of 32 kDa
at the Protein Kinase A Site in Striatal Projection Neurons
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Herbal cannabis, smoked in the form of marihuana or hashish, is the most common illicit drug consumed in the Western world. In the
brain, cannabinoids interact with neuronal CB1 receptors, thereby producing a marked reduction of motor activity. Here, we report that
the motor depressant effect produced by the cannabinoid receptor agonist (-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]trans-4-
(3-hydroxypropyl)cyclohexanol (CP55,940) is attenuated by genetic inactivation of the dopamine- and cAMP-regulated phosphoprotein
of 32 kDa (DARPP-32), which is abundantly expressed in the medium spiny neurons of the striatum. Point mutation of Thr34, the protein
kinase A (PKA) phosphorylation site of DARPP-32, produces a similar reduction in the effect of the CB1 agonist. In contrast, point
mutation of Thr75, a site on DARPP-32 specifically phosphorylated by cyclin-dependent kinase 5, does not affect the behavioral response
to CP55,940. Activation of CBI1 receptors, either by an agonist or by inhibition of reuptake of endogenous cannabinoids, stimulates
phosphorylation at Thr34, thereby converting DARPP-32 into an inhibitor of protein phosphatase-1. Genetic inactivation either of
dopamine D, receptors or of adenosine A,, receptors reduces the phosphorylation of DARPP-32 at Thr34 and the motor depression
produced by CP55,940. Our data indicate that a considerable proportion of the psychomotor effect of cannabinoids can be accounted for
by a signaling cascade in striatal projection neurons involving PKA-dependent phosphorylation of DARPP-32, achieved via modulation

of dopamine D, and adenosine A,, transmission.
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Introduction

Cannabinoids, such as Ag—tetrahydrocannabinol, the major
psychoactive ingredient of marihuana and hashish, are known
to produce a marked depression of motor activity. This effect,
which is characterized by rigid immobility, or catalepsy, and
decreased locomotion, occurs via activation of neuronal can-
nabinoid receptors belonging to the CB1 subtype (Ledent et
al., 1999).
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CBI1 receptors are abundantly expressed in the basal ganglia
(Herkenham et al., 1990), a group of subcortical structures that
regulate motor behavior. In the striatum, the major component
of the basal ganglia, CB1 receptors regulate neurotransmission in
various manners. For instance, WIN-55,212-2 (R-(+)-[2,3-
dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-
1,4-benzoxazin-6-yl]-1-naphthalenylmethanone mesylate), a
CB1 receptor agonist, inhibits the release of glutamate from cor-
ticostriatal synapses, thereby reducing excitatory postsynaptic
currents evoked on medium-sized spiny neurons (Gerdeman and
Lovinger, 2001). CB1 receptor agonists are also able to decrease
GABA release from recurrent axon collaterals of medium spiny
neurons, thereby reducing inhibitory synaptic transmission in-
trinsic to the striatum (Szabo et al., 1998). The endocannabinoid
system has been shown to exert both negative and positive
control on striatal dopamine D, receptor transmission. Acti-
vation of dopamine D, receptors results in increased levels of
the endocannabinoid anandamide, which acts as a negative
feedback by reducing the motor stimulant effect of quinpirole,
a dopamine D, receptor agonist (Giuffrida et al., 1999; Bel-
tramo et al., 2000). Recently, however, anandamide has been
proposed to act as a downstream effector that mediates the
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inhibition produced by dopamine D, receptors on GABA
transmission (Centonze et al., 2004). These various and con-
trasting actions of cannabinoids led us to analyze their overall
effects on striatal medium spiny neurons in an attempt to
clarify specific molecular changes involved in the generation
of CB1 receptor-mediated motor depression.

The dopamine- and cAMP-regulated phosphoprotein of 32
kDa (DARPP-32) (Walaas et al., 1983) is highly and specifically
expressed in striatal projection neurons (Walaas and Greengard,
1984; Ouimet et al., 1998), in which it acts as a modulator of the
cAMP pathway. Phosphorylation catalyzed by protein kinase A
(PKA) at Thr34 converts DARPP-32 into an inhibitor of protein
phosphatase-1 (Hemmings et al., 1984). This, in turn, prevents
dephosphorylation of downstream target proteins, thereby am-
plifying the effects produced by activation of the cAMP/PKA cas-
cade (Greengard, 2001). DARPP-32 is implicated in the genera-
tion of motor responses produced by various classes of drugs that
activate or inhibit the cAMP/PKA pathway in striatal medium
spiny neurons. Thus, changes in DARPP-32 phosphorylation are
involved in the psychomotor effects produced by amphetamine
(Fienberg et al., 1998), caffeine (Lindskog et al., 2002), and anti-
psychotics (Fienberg et al., 1998).

In this study, we examined the effects produced by activation
of CB1 receptors on DARPP-32 phosphorylation and the possible
involvement of DARPP-32 in the psychomotor effects of a CB1
receptor agonist. Our results indicate that phosphorylation of
DARPP-32 on Thr34 is necessary for a full behavioral response to
cannabinoids. They also suggest a molecular mechanism ac-
counting for the motor depressant effect of cannabinoids, which
involves suppression of dopamine D, receptor-mediated inhibi-
tion of DARPP-32 phosphorylation in striatal projection
neurons.

Materials and Methods

Animals. Male C57BL/6 mice (20—30 g) were obtained from M&B (Ry,
Denmark). Wild-type and DARPP-32 knock-out mice (Fienberg et al.,
1998) were generated from the offspring of DARPP-32"/" X DARPP-
32** and DARPP-32"/~ X DARPP-32"/" mating pairs. These mating
pairs were obtained from heterozygous mice, which were backcrossed for
at least 20 generations on a C57BL/6 background. DARPP-32%/* X
DARPP-32""* and DARPP-32"/~ X DARPP-32"/" mating was per-
formed separately for no more than two generations. Mice bearing a
mutation in which Thr34 or Thr75 were replaced by a nonphosphor-
ylatable Ala (Thr34 — Ala and Thr75 — Ala mutant mice, respec-
tively) (Svenningsson et al., 2003) were obtained from heterozygous
animals generated from C57BL/6 X 129SV hybrids bred for one gen-
eration on a C57BL/6 background. Dopamine D, receptor knock-out
and wild-type mice (Baik et al., 1995) were generated from heterozy-
gous animals, bred for five generations on a C57BL/6 background.
Adenosine A, , receptor knock-out mice and wild-type mice (Ledent
et al., 1997) were generated from heterozygous animals and bred for
atleast 10 generations on a CD1 background. Mice were age matched,
and only male offspring were used. All experiments were approved by
the Swedish Animal Welfare Agency.

Drugs.  (-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]trans-4-(3-
hydroxypropyl)cyclohexanol (CP55,940; Tocris Cookson, Avonmouth,
UK), N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
pyrazole-3-carboxamide (SR141716A; a gift from Sanofi-Synthelabo, Mont-
pellier, France), N-(4-hydroxyphenyl)-arachidonamide (AM404; a gift from
Dr. Daniele Piomelli, University of California at Irvine, Irvine, CA), and
(E)-1,3-diethyl-8-(3,4-dimethoxystyryl)-7-methyl-3,7-dihydro-1 H-pu-
rine-2,6-dione (KW6002) (a gift from Hoffmann-La Roche, Basel,
Switzerland) were suspended by sonication in a solution of 8% Tween 80 in
saline and injected intraperitoneally.

Measurement of catalepsy. Mice were treated with drug or vehicle (8%
Tween 80 in saline), and catalepsy was determined at various intervals
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after injection. Briefly, the animals were placed on a grid tilted 60° with
their snouts pointing upward and were first allowed to habituate for 30 s.
At the end of this period, the time during which the mice remained
immobile on the grid was measured by an observer blind to mouse ge-
notype and drug treatment. The session was terminated when the animal
moved a paw or if it remained immobile for >120s.

Determination of phosphorylated DARPP-32. Mice were injected intra-
peritoneally with vehicle or drug and killed by decapitation after various
periods of time. The heads of the animals were immediately immersed in
liquid nitrogen for 6 s. The brains were then removed, and the striata
were rapidly (20 s) dissected out on an ice-cold surface, sonicated in 750
ul of 1% sodium dodecylsulfate, and boiled for 10 min (Svenningsson et
al,, 2000). Aliquots (3 ul) of the homogenate were used for protein de-
termination. Equal amounts of protein (30 ug; containing equal
amounts of DARPP-32) from each sample were loaded onto 10% poly-
acrylamide gels. The proteins were separated by sodium dodecylsulfate-
polyacrylamide gel electrophoresis and transferred to polyvinylidene di-
fluoride membranes (Towbin et al., 1979). PhosphoThr34-DARPP-32
and phosphoThr75-DARPP-32 were detected using a monoclonal (Sny-
deretal., 1992) and a polyclonal (Bibb etal., 1999) antibody, respectively.
A monoclonal antibody generated against DARPP-32, which is not phos-
phorylation state specific, was used to estimate the total amount of
DARPP-32 (Hemmings and Greengard, 1986). Antibody binding was
revealed using goat anti-mouse HRP-linked IgG (diluted 1:10,000) and
the ECL immunoblotting detection system. Chemiluminescence was de-
tected by autoradiography. Quantification of the phospho-DARPP-32
bands was done by densitometry using NIH Image (version 1.52)
software.

Results

Activation of CB1 receptors stimulates phosphorylation of
DARPP-32 at Thr34

In a first series of experiments, we examined the ability of CB1
receptors to regulate DARPP-32. The activity of DARPP-32 is
controlled by phosphorylation at multiple sites, including two
critical threonyl residues located in positions 34 and 75. Phos-
phorylation of Thr34 is catalyzed by PKA and converts
DARPP-32 into an inhibitor of protein phosphatase-1 (Hem-
mings et al., 1984); in contrast, phosphorylation at Thr75 is cat-
alyzed by cyclin-dependent kinase 5 and converts DARPP-32
into an inhibitor of PKA (Bibb etal., 1999). Systemic administra-
tion of CP55,940 increased DARPP-32 phosphorylation at the
PKA site, Thr34 (Fig. la—c), without producing any consistent
modification of Thr75 phosphorylation (data not shown). Half-
maximal stimulation of Thr34 phosphorylation was observed at
0.3 mg/kg CP55,940, and maximal stimulation was observed at
0.5 mg/kg (Fig. la). The level of phosphoThr34-DARPP-32
reached a peak 1 h after CP55,940 administration and returned to
near baseline levels after 2 h (Fig. 1b). The selective CB1 re-
ceptor antagonist, SR141716A, prevented the increase in
phosphoThr34-DARPP-32 induced by CP55,940, confirming
the specific involvement of CB1 receptors in the regulation of
DARPP-32 phosphorylation (Fig. 1c). SR141716A did not
produce any effect on DARPP-32 phosphorylation when ad-
ministered alone. This observation is in agreement with pre-
vious work showing that SR141716A does not affect motor
activity (Rinaldi-Carmona et al., 1994) and supports the idea
that, under normal conditions, the level of activation of CB1
receptors is negligible.

We also examined the ability of endogenous cannabinoids
(anandamide and 2-arachidonylglycerol) to regulate
DARPP-32 phosphorylation. We found that the effect of
CP55,940 on DARPP-32 phosphorylation was mimicked by
AM404, an inhibitor of anandamide and 2-arachido-
nylglycerol reuptake (Beltramo and Piomelli, 2000) (Fig.
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1d,e). The AM404-induced increase in phosphoThr34-
DARPP-32 was blocked by SR141716A (Fig. 1f). Thus, activa-
tion of CB1 receptors, achieved either by administering a syn-
thetic agonist or by elevating the levels of endogenous
cannabinoids, resulted in increased phosphorylation of
DARPP-32 at Thr34, the PKA phosphorylation site.

PhosphoThr34-DARPP-32 is involved in CB1
receptor-mediated catalepsy

Based on the results from biochemical studies, we investigated
whether DARPP-32 is required for the generation of the be-
havioral response to activation of CB1 receptors. As shown in
Figure 2a, CP55,940 (a cannabinoid receptor agonist) induced
a cataleptic effect in wild-type mice, which was maximal 2 h
after systemic administration. We found that the motor de-
pressant effect of CP55,940 was strongly attenuated in
DARPP-32 null mice (Fig. 2a). To evaluate the involvement of
PKA-catalyzed phosphorylation of DARPP-32 at Thr34 in the
psychomotor effects produced by activation of CB1 receptors,
we tested the ability of CP55,940 to elicit catalepsy in Thr34 —
Ala mutant mice. The results indicated that, in these animals,
CP55,940-induced catalepsy was significantly attenuated (Fig.
2b). Moreover, we found that the cataleptic response pro-
duced by the CBI1 receptor agonist in Thr75 — Ala mutant
mice was indistinguishable from that elicited in wild-type lit-
termates (Fig. 2¢).

Intact dopamine D, and adenosine A,, receptor transmission
are required for full cannabinoid action

Previous evidence indicates that, in the striatum, blockade of
dopamine D, receptors increases PKA-dependent phosphor-
ylation of DARPP-32 (Svenningsson et al., 2000). In view of
the ability of CBI receptors to antagonize D, receptor-
mediated responses (Giuffrida et al., 1999; Beltramo et al.,
2000), we tested the possibility that the stimulation of Thr34
phosphorylation and the motor depression caused by activa-
tion of CB1 receptors require intact dopamine D, receptor
transmission. We found that, in D, receptor-deficient mice,
the increase in phosphoThr34-DARPP-32 produced by
CP55,940 was markedly reduced (Fig. 3a). Neither genetic
inactivation of dopamine D, receptors nor treatment with
CP55,940 modified the immunoreactivity corresponding to
total (i.e., phosphorylated plus dephosphorylated) DARPP-32
(data not shown). In agreement with the biochemical data and
further supporting the idea of an involvement of phosphory-
lation of Thr34 of DARPP-32 in the psychomotor effect of
cannabinoids, we also found that, in D, receptor knock-out
mice, the cataleptic response to CP55,940 was diminished
(Fig. 3b).

Dopamine D, receptors are coexpressed with adenosine A, ,
receptors in a large population of striatal medium spiny neurons.
In these cells, the state of phosphorylation of DARPP-32 at Thr34
reflects a balance between activation of adenosine A, , receptors,
which stimulate PKA by increasing the production of cAMP, and
activation of dopamine D, receptors, which reduce PKA activity
via inhibition of the production of cAMP. Thus, increases in
Thr34 phosphorylation produced by blockade of dopamine D,
receptors are dependent on intact adenosine A,, receptor trans-
mission (Svenningsson et al., 2000). Based on these consider-
ations and taking into account the involvement of dopamine D,
receptors in cannabinoid-mediated responses (compare Fig. 3),
we examined the possible role of A,, receptors in the effects of
CP55,940. We found that the ability of the CB1 receptor agonist
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Figure 1. Activation of (B1 receptors or blockade of endogenous cannabinoid reuptake

stimulates DARPP-32 phosphorylation. a, d, Mice were treated intraperitoneally with CP55,940
(a) or AM404 (d) and decapitated 15 min (a) or 30 min (d) after injection. b, e, Mice were
treated intraperitoneally with 0.5 mg/kg CP55,940 (b) or with 10 mg/kg AM404 (e) and decap-
itated at various times (15—120 min) after injection. ¢, f, Mice were treated intraperitoneally
with 5.0 mg/kg SR141716A (specific CB1 inhibitor) 15 min before administration of 0.5 mg/kg
(P55,940 (c) or 10 mg/kg AM404 (f) and decapitated 45 min later. The striatal levels of
phosphoThr34-DARPP-32 were determined as described in Materials and Methods. The top
panels show representative gels; the bottom panels show summaries of each group of experi-
ments. The amount of phosphorylated DARPP-32 is expressed as a percentage of that deter-
mined after vehicle administration. Data represent means = SEM (n = 7-12).*p < 0.01and
*¥p <0.001 versus vehicle-treated group; one-way ANOVA followed by Dunnett's test. Treat-
ment with SR141716A significantly reduced the effects of (P55,940 (F, 5, = 10.39;p < 0.01)
and AMA404 (F ; 55) = 6.62; p < 0.05); two-way ANOVA.

to stimulate DARPP-32 phosphorylation at Thr34 was strongly
reduced in A,, receptor-null mice (Fig. 4a). Moreover, in the
same strain of mice, the cataleptic response to CP55,940 was also
attenuated (Fig. 4b). We also examined the effect of pharmaco-
logical blockade of adenosine A,, receptors on CP55,940-
induced phosphorylation of DARPP-32 and motor depression.
We found that administration of the selective A,, receptor an-
tagonist, KW6002 (3 mg/kg), reduced the ability of CP55,940 to
increase Thr34 phosphorylation (Fig. 4c). KW6002 was also able
to attenuate the catalepsy produced by administration of the CB1
receptor agonist (Fig. 4d), thereby confirming the importance of
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Figure3. Dopamine D, receptors are required for the biochemical and behavioral effects of
(P55,940. a, Wild-type (WT) or dopamine D, receptor knock-out (D, KO) mice were treated
intraperitoneally with vehicle (filled bars) or CP55,940 (0.5 mg/kg, i.p.; open bars) and killed 60
min later. The striatal levels of phosphoThr34-DARPP-32 were determined as described in Ma-
terials and Methods. The top panel shows representative gels; the bottom panel shows sum-
maries of experiments. The amount of phosphorylated DARPP-32 is expressed as a percentage
of that determined in wild-type mice after vehicle administration. Data represent means =
SEM (n = 6—38). The effect of CP55,940 was significantly reduced in D, receptor knock-out mice
(Fi,24) = 5.76; p < 0.05); two-way ANOVA. b, Catalepsy was determined 15, 30, 60, 120, and
180 min after administration of CP55,940 (0.5 mg/kg) to wild-type or D, knock-out mice. Data
represent means % SEM (n = 6). The effect of CP55,940 was significantly reduced in D, knock-
out mice (F; 5o) = 4.44; p < 0.05; repeated-measures ANOVA).

intact adenosine A,, receptor transmission for a full behavioral
action of cannabinoids.

Discussion
One finding of this study is that activation of CB1 receptors,
achieved by systemic administration of CB1 receptor agonists
or by enhancing the levels of endogenous cannabinoids, re-
sulted in increased phosphorylation of DARPP-32 at the PKA
site, Thr34, and that this phosphorylation is required for the
generation of a full behavioral response to cannabinoids. An-
other conclusion stemming from this study is that the reduc-
tion in motor activity produced by stimulation of CB1 recep-
tors appears to be mediated by activation of the cAMP/PKA
pathway in a specific group of striatal projection neurons,
which express dopamine D, and adenosine A,, receptors.
The ability of CP55,940 and AM404 to stimulate DARPP-32
phosphorylation at Thr34 is somewhat unexpected, because CB1
receptors are known to inhibit the activity of adenylyl cyclase and

lation of cAMP accumulation has been
shown to occur in striatal neurons after
coactivation of CB1 and dopamine D, re-
ceptors (Glass and Felder, 1997). The
mechanism underlying this phenomenon
is not clear, but recent evidence shows that
heterodimerization with dopamine D, receptors is associated
with a shift of CB1 receptor signaling from inhibition to stimu-
lation of adenylyl cyclase (Kearn et al., 2005). It is therefore pos-
sible that the increase in PKA-catalyzed phosphorylation of
DARPP-32 produced by cannabinoids in intact animals is a result
of stimulation of postsynaptic CB1 receptors in the presence of
tonic activation of dopamine D, receptors. This explanation is in
line with the diminished effect of CP55,940 on DARPP-32 phos-
phorylation observed in dopamine D, receptor knock-out mice
and is supported by studies reporting the presence of CB1 recep-
tors on the dendrites of striatal medium spiny neurons (Rodri-
guez et al., 2001).

Several studies have demonstrated that activation of gluta-
mate receptors results in dephosphorylation of DARPP-32
(Svenningsson et al., 2004). Thus, another possible mechanism
responsible for the increase in phosphoThr34-DARPP-32 pro-
duced by cannabinoid receptor agonists could involve reduction
of glutamate release (Gerdeman and Lovinger, 2001) and sup-
pression of DARPP-32 dephosphorylation. Indeed, CB1 recep-
tors are, in large part, expressed presynaptically, and cannabi-
noids have been proposed to act as inhibitory retrograde
messengers at glutamatergic corticostriatal synapses (Gerdeman
et al., 2002).

Our data show a comparable attenuation of the ability of
CP55,940 to induce catalepsy in DARPP-32 knock-out mice
and Thr34 — Ala DARPP-32 mutant mice. However, the data
presented in Figure 2 also show a different sensitivity to the
CB1 receptor agonist among the groups of wild-type animals
used in the three sets of experiments. Thus, the catalepsy in-
duced by CP55,940 in the wild-type group used to evaluate the
response of DARPP-32 knock-out mice (compare Fig. 2a) is
lower than that observed in the wild-type groups used to de-
termine the effects of mutation of Thr34 or Thr75 (compare
Fig. 2b,c). This difference is most likely attributable to the
genetic background of the strains of mice used in these studies.
DARPP-32 knock-out and corresponding wild-type mice were
backcrossed for several generations on a C57BL/6 back-
ground. In contrast, Thr34 — Ala DARPP-32 mutant mice,
Thr75 — Ala DARPP-32 mutant mice, and wild-type litter-
mates were generated from mating pairs bred only for one
generation on a C57BL/6 background.

In this study, we propose that phosphorylation of DARPP-32
at Thr34 is involved in the motor depression produced by activa-
tion of CBI receptors. Phosphorylation of Thr34, however, has
been implicated previously in the hyperlocomotor effect pro-
duced by psychostimulants such as amphetamine and cocaine
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(Fienberg et al., 1998). This apparent discrepancy can be ex-
plained by considering the specific neuronal populations affected
by psychostimulants and by CB1 receptor agonists. Striatal me-
dium spiny neurons project either directly or indirectly via globus
pallidus and subthalamic nucleus to the output stations of the
basal ganglia (i.e., substantia nigra pars reticulata/entopeduncu-
lar nucleus). Because of these differences in connectivity, it is
generally assumed that activation of the striatonigral neurons of
the direct pathway promotes locomotor activity, whereas activa-
tion of the striatopallidal neurons of the indirect pathway reduces
locomotion (Gerfen, 1992).

The increase in DARPP-32 phosphorylation at Thr34 pro-
duced by cocaine and amphetamine is mediated via activation of
dopamine D, receptors, which are positively coupled to cAMP
production and preferentially expressed in striatonigral neurons
(Gerfen, 1992). Indeed, administration of the dopamine D, re-
ceptor antagonist SCH23390 [8-chloro-2,3,4,5-tetrahydro-3-5-
1h-3-benzazepin-7-ol] prevents the increase in Thr34 phosphor-
ylation produced by cocaine (Svenningsson et al., 2000; Valjent et
al., 2004). In contrast, the effect of cocaine on DARPP-32 phos-
phorylation is essentially unaltered by blockade of adenosine A, ,
receptors (Svenningsson et al., 2000), which are selectively ex-
pressed in striatopallidal neurons (Fink et al., 1992; Schiffmann
and Vanderhaeghen, 1993). The present findings, which show
that the ability of CP55,940 to stimulate Thr34 phosphorylation
requires intact adenosine A,, receptor transmission, indicate
that CB1 receptor agonists act on striatopallidal neurons. There-
fore, it appears that stimulation of the cAMP pathway and phos-
phorylation of DARPP-32 at Thr34 promotes motor activation
or motor depression depending on whether it occurs at the level
of striatonigral or striatopallidal neurons, respectively. It should
be noted that our results do not rule out the possibility that CB1
receptors increase DARPP-32 phosphorylation at Thr34 in stria-
tonigral neurons. However, our results suggest that the ability of
CP55,940 to regulate DARPP-32 in striatopallidal projection
neurons exerts a preponderant effect on CB1 receptor-mediated
control of motor activity.

A comparison of the biochemical and behavioral data pre-
sented in this study indicates that the motor response to
CP55,940 outlasts the effect on DARPP-32 phosphorylation. It is
therefore likely that the increase in phosphoThr34-DARPP-32
induced by the CB1 agonist produces effects on downstream tar-
get proteins that persist even when the phosphorylation/activa-
tion of DARPP-32 has subsided. In fact, changes in the state of
phosphorylation of ligand- and/or voltage-gated ion channels,
which are modulated via DARPP-32 phosphorylation (Green-
gard, 2001), may result in secondary changes in signaling in-
volved in the late phase of the motor response to CP55,940. Such
secondary changes would still be dependent on DARPP-32 phos-
phorylation, without necessarily requiring the presence of the
phosphorylated protein.

This study shows that the ability of CP55,940 to phosphorylate
DARPP-32 and produce catalepsy requires dopamine D, recep-
tors. Based on previous data indicating the existence of a negative
control exerted by cannabinoids on dopamine D, receptor trans-
mission (Giuffrida et al., 1999; Beltramo et al., 2000), we propose
thatactivation of CB1 receptors increases Thr34 phosphorylation
by antagonizing the inhibition exerted by dopamine D, receptors
on the cAMP/PKA cascade. Considerable evidence indicates the
existence of a complex interaction between dopamine D, recep-
tors and adenosine A, , receptors. In particular, it has been found
that biochemical and behavioral responses produced by blockade
of dopamine D, receptors are strongly attenuated in the absence
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Figure4.  Adenosine A,, receptor activation is required for the biochemical and behavioral

effects of (P55,940. a, b, Wild-type (WT; (D1 background) or adenosine A, , receptor knock-out
(A,,, KO) mice were treated intraperitoneally with vehicle (filled bars) or CP55,940 (0.5 mg/kg,
i.p.; open bars). ¢, d, (57BL/6 mice were treated intraperitoneally with vehicle, CP55,940,
KW6002, ora combination of the two drugs (injected at the same time). Mice were killed 60 min
after vehicle or drug administration, and the striatal levels of phosphoThr34-DARPP-32 were
determined as described in Materials and Methods. The top panels show representative gels;
the bottom panels show summaries of experiments. The amount of phosphorylated DARPP-32
is expressed as a percentage of that determined in wild-type mice after vehicle administration.
Data represent means == SEM (n = 8 —11). The effect of CP55,940 was significantly reduced in
A, receptor knock-out mice (F; 55 = 51.45; p << 0.01), and treatment with KW6002 signifi-
cantly reduced the effect of (P55,940 (F; 55, = 5.006; p < 0.05; two-way ANOVA). b, d,
(atalepsy was determined 15, 30, 60, 120, and 180 min after administration of CP55,940 (0.5
mg/kg) to wild-type or A, knock-out mice (b) or administration of CP55,940, KW6002, or a
combination of the two drugs to (57BL/6 mice (d). Data represent means = SEM (n = 6—15).
The effect of CP55,940 was significantly reduced in A, knock-out mice (F; ,5) = 4.60; p <
0.05); treatment with KW6002 significantly reduced the effect of CP55,940 (F;; o) = 9.015;
p < 0.05; repeated-measures ANOVA).

of adenosine A, , receptors (Svenningsson et al., 2000; Chen et al.,
2001), which maintain a normal level of cAMP production in
striatopallidal neurons. In light of these observations, our find-
ings that biochemical and behavioral effects of CP55,940 are re-
duced in A,, receptor knock-out mice further strengthens the
idea that CB1 receptors act by counteracting dopamine D, recep-
tor transmission. Such a counteraction would result in disinhibi-
tion/facilitation of adenosine A, , receptor-dependent activation
of the cAAMP/PKA/DARPP-32 cascade in the striatal projection
neurons of the indirect pathway. Thus, we propose that CB1
receptors act on striatopallidal neurons as follows: (1) by reduc-
ing dopamine D, receptor transmission, (2) by disinhibiting A, ,
receptor-dependent activation of PKA, and (3) by phosphorylat-
ing DARPP-32 at Thr34.

Dopamine D, receptors and adenosine A,, receptors exert
opposite effects on striatopallidal neurons and on motor func-
tion. However, our results show that their genetic inactivation
results in a similar attenuation of the biochemical and behavioral
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effects of CP55,940. This paradox can be explained by assuming
that CB1 receptors act by antagonizing D, receptor transmission
and promoting A, , receptor transmission. Such opposite regula-
tions are equally prevented in knock-out mice. Indeed, dopamine
D, and adenosine A,, receptor-null mice show reduced re-
sponses to both agonists and antagonists (Boulay et al., 1999,
2000; Ledent et al., 1997).

Previous studies indicated that the psychostimulant effect
of caffeine, an adenosine A,, receptor antagonist, involves
phosphorylation of DARPP-32 at Thr75 (Lindskog et al.,
2002). This change in DARPP-32 phosphorylation resulted in
reduced PKA activity and suppression of protein phosphory-
lation in striatopallidal neurons. Remarkably, the present re-
sults show that cannabinoids produce their motor depressant
effect by an opposite action on protein phosphorylation in the
same population of projection neurons. Thus, activation of
CBI1 receptors leads to stimulation of DARPP-32 phosphory-
lation at Thr34, reduction of PP-1 activity, and increased
phosphorylation of downstream target proteins involved in
the regulation of the state of excitability of striatopallidal neu-
rons. These downstream target phosphoproteins remain to be
identified.
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