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A single administration of cocaine or D-amphetamine produces acute hyperlocomotion and long-lasting increased sensitivity to subse-
quent injections. This locomotor sensitization reveals the powerful ability of psychostimulants to induce brain plasticity and may
participate in the alterations that underlie addiction. We investigated the role of cannabinoid receptor type 1 (CB1-R) in the effects of a
single injection of psychostimulants. The acute locomotor response to cocaine was normal in mice pretreated with the CB1-R inverse
agonist N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251), whereas no sensi-
tization was observed in response to a second administration a week later. Locomotor responses to cocaine and D-amphetamine were
decreased in CB1-R-deficient mice, and sensitization was impaired. To determine how CB1-R controls long-lasting effects of psycho-
stimulants, we studied cocaine-activated signaling pathways. Cocaine-induced cAMP-dependent phosphorylation of glutamate receptor
1 was altered in the striatum of CB1-R mutant mice but not of AM251-treated mice. In contrast, cocaine-induced phosphorylation of
extracellular signal-regulated kinase (ERK) was blocked in both CB1-R mutant and antagonist-pretreated mice. Conditional deletion of
CB1-R in forebrain principal neurons or GABAergic neurons prevented cocaine-induced ERK activation in dorsal striatum and nucleus
accumbens. Our results provide strong evidence for the role of the endocannabinoid system in regulating neuronal circuits critical for
long-lasting effects of cocaine, presumably by acting on CB1-R located on terminals of striatal medium spiny neurons.
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Introduction
Drugs of abuse have the common ability to increase extracellular
dopamine (DA) in the nucleus accumbens (NAcc) (Di Chiara
and Imperato, 1988). They are thought to mimic the effects of
naturally reinforcing stimuli and to distort the normal role of DA
neurons in coding reward prediction errors and regulating the
plasticity of corticostriatal transmission (Berke and Hyman,
2000; Everitt and Wolf, 2002; Reynolds and Wickens, 2002;
Schultz, 2002; Kelley, 2004). A single exposure to cocaine or other
drugs of abuse induces long-lasting effects on electrophysiologi-
cal and behavioral responses, revealing their powerful ability to
control brain plasticity (Vanderschuren et al., 1999; Ungless et al.,
2001; Faleiro et al., 2003; Saal et al., 2003; Fourgeaud et al., 2004;

Valjent et al., 2005). These persistent alterations participate in the
complex modifications that lead to addiction and linked to crav-
ing and relapse (Robinson and Berridge, 1993; Berke and Hyman,
2000).

Several lines of evidence suggest that the endocannabinoid
system is an important component of the reward mechanisms.
Endocannabinoids are retrograde messengers that regulate a va-
riety of brain functions through stimulation of cannabinoid re-
ceptor 1 (CB1-R), a receptor highly enriched in the basal ganglia
(Herkenham et al., 1991; Tsou et al., 1998; Marsicano and Lutz,
1999). CB1-R is expressed in GABAergic medium-size spiny neu-
rons (MSNs) and interneurons and is mostly localized in axon
terminals and preterminals of these neurons (Matsuda et al.,
1993; Marsicano and Lutz, 1999; Hohmann and Herkenham,
2000; Kofalvi et al., 2005; Matyas et al., 2006). CB1-R is also
expressed in glutamatergic terminals in the NAcc (Robbe et al.,
2001) and, presumably, in corticostriatal projecting neurons
(Monory et al., 2006; Uchigashima et al., 2007).

Endocannabinoids play an important role in the modulation
of synaptic plasticity in dorsal striatum and NAcc [for review, see
Freund et al. (2003), Gerdeman and Lovinger (2003), and Pio-
melli (2003)]. Moreover, dopamine agonists and psychostimu-
lants increase the striatal release of endocannabinoids, suggesting
that they could participate in the effects of psychostimulant drugs
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(Giuffrida et al., 1999; Patel et al., 2003; Centonze et al., 2004).
However, although the endocannabinoid system is clearly in-
volved in the behavioral effects of drugs of abuse [for review, see
De Vries and Schoffelmeer (2005) and Maldonado et al. (2006)],
its precise role is not fully elucidated.

Here, we investigated the role of CB1-R in acute and long-
lasting behavioral effects of a single injection of psychostimu-
lants. We examined its role in cocaine-activated signaling path-
ways. We focused on the extracellular signal-regulated kinase
(ERK) pathway, which is regulated by cannabinoids in various
models (Wartmann et al., 1995; Bouaboula et al., 1997; Valjent et
al., 2001; Derkinderen et al., 2003) and which plays a critical role
in long-lasting effects of drugs of abuse (Valjent et al., 2000, 2005;
Girault et al., 2006; Lu et al., 2006). Using genetic and pharma-
cological approaches, we found that activation of CB1-R regu-
lates the locomotor sensitization induced by a single drug admin-
istration. We also demonstrated an important contribution of
CB1-R in the activation of ERK pathway in MSNs in response to
psychostimulants.

Materials and Methods
Animals. Male 8-week-old C57BL/6J mice were purchased from Charles
River (L’Arbresle, France). Male (2–3 months of age) wild-type and CB1-
R-null mice were generated as described previously (Ledent et al., 1999)
and backcrossed for 15 generations to a CD1 background. Experimental
animals were generated by crossing wild-type or mutant littermates and
matched for age and weight. Male (2–5 months of age) conditional
CB1-R mutant mice were littermates and generated in a predominant
C57BL/6N background (backcrossed for five generations) as described
previously (Marsicano et al., 2003; Monory et al., 2006). All mice were
kept at least 1 week in the animal house in stable conditions of tempera-
ture (22°C) and humidity (60%) with a constant cycle of 12 h light and
12 h dark and ad libitum access to food and water. During the 3 d pre-
ceding the Western blotting experiments, mice were habituated to injec-
tions by daily intraperitoneal saline administration. Pharmacological
treatments were performed with drugs or vehicle, and, when indicated, the
CB1-R inverse agonists N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) and
rimonabant were injected 15 min before. Animal care was conducted in
accordance with the standard ethical guidelines (National Institutes of
Health publication number 85-23, revised 1985; European Community
Guidelines on the Care and Use of Laboratory Animals; and French Agricul-
ture and Forestry Ministry guidelines for handling animals, decree 87849,
license A 75-05-22) and approved by the local ethical committee.

Drugs. (�)-�-Methylphenethylamine [D-amphetamine (D-amph)]
sulfate salt and cocaine-HCl were from Sigma-Aldrich (St. Quentin Fal-
lavier, France). Drugs were dissolved in 0.9% (w/v) NaCl (saline) and
injected intraperitoneally. AM251 was from Tocris (Biotrend, Köln, Ger-
many) and dissolved in 0.9% (w/v) NaCl and 0.1% (v/v) Tween 20
(Sigma-Aldrich). Rimonabant (SR141716A) was from Sanofi-
Synthelabo (Montpellier, France) and dissolved in a solution of 10%
ethanol, 10% cremophor EL in distilled water (v/v).

Immunoblotting. At the indicated times after treatment, mice were
decapitated, and their heads were immediately frozen in liquid nitrogen
(12 s). When the animals were pretreated with inverse agonists 15 min
before cocaine, they were killed 10 min after the cocaine injection. The
frozen heads were cut into 210-�m-thick slices with a cryostat, and 10
frozen microdisks (1.4 mm diameter) were punched out bilaterally from
the dorsal striatum and stored at �80°C. Micropunches were homoge-
nized by the addition of a hot solution (maintained in a boiling water
bath) of 1% (w/v) SDS and 1 mM sodium orthovanadate in water, imme-
diate sonication, and incubation at 100°C for 5 min to inactivate phos-
phatases and proteases. Equal amounts of protein (100 �g) were sepa-
rated by SDS-PAGE (10% acrylamide, w/v) before electrophoretic
transfer onto a nitrocellulose membrane (Hybond Pure; GE Healthcare,
Orsay, France). Membranes were blocked for 1 h at room temperature in
Tris-buffered saline (TBS) (100 mM NaCl and 10 mM Tris, pH 7.5) with

0.05% (v/v) Tween 20 for detection of phospho-ERK1/2 or 5% (w/v)
nonfat dry milk for phospho-glutamate receptor subunit 1 (GluR1), re-
spectively. Membranes were then incubated overnight at 4°C with pri-
mary antibodies. Bound antibodies were detected with horseradish
peroxidase-conjugated anti-rabbit or anti-mouse antibodies (diluted
1:4000; GE Healthcare) and visualized by enhanced chemiluminescent
detection (GE Healthcare). The same membranes were probed for pro-
teins independently of their phosphorylation state after stripping of an-
tibodies in a buffer containing 100 mM glycine, pH 2.5, 200 mM NaCl,
0.1% (v/v) Tween 20, and 0.1% (v/v) �-mercaptoethanol for 45 min at
room temperature, followed by extensive washing in TBS and incubation
in blocking buffer. The relevant immunoreactive bands were quantified
by laser-scanning densitometry using Scion (Frederick, MD) Image soft-
ware. For evaluating effects on protein phosphorylation, the ratio of
signals obtained with phospho-specific antibodies and antibodies react-
ing independently of the phosphorylation state of the protein (total) was
determined for each sample. The results normalized for each blot were
expressed as percentages of saline-treated controls. The following anti-
bodies were used for immunoblotting: dopamine- and cAMP-regulated
phosphoprotein, Mr � 32,000 (DARPP-32; mouse monoclonal antibod-
ies C24-5.a/6.a; 1:10,000) and phospho-Thr-34-DARPP-32 (rabbit anti-
bodies CC500; 1:500), ERK1/2 (rabbit antibodies; 1:1000; Millipore,
Mundolsheim, France), diphospho-Thr183-Tyr185-ERK1/2 (P-ERK;
monoclonal antibody; 1:1000; Promega, Charbonnière, France), � sub-
unit of the heterotrimeric G-protein Golf (G�olf; rabbit antibodies;
1:1000), GluR1 (rabbit antibodies; 1:500; Millipore), phospho-Ser-845-
GluR1 (rabbit antibodies; 1:500, Millipore), regulator of Ca 2� signaling
(RCS; mouse monoclonal antibody 204; 1:5000), striatal-enriched pro-
tein tyrosine phosphatase (STEP; mouse monoclonal antibody, 23E5;
1:2000), and tyrosine hydroxylase (mouse monoclonal antibodies;
1:4000; AbCys, Paris, France). Antibodies for DARPP-32, phospho-
DARPP-32, and RCS were gifts from Prof. Paul Greengard (The Rock-
efeller University, New York, NY), and antibody for STEP was a gift from
Prof. Paul Lombroso (Yale University, New Haven, CT). Antibodies
against G�olf were as described previously (Herve et al., 2001).

Immunohistofluorescence of brain sections. Procedures were as de-
scribed previously (Valjent et al., 2000, 2005). In brief, mice were rapidly
anesthetized by intraperitoneal injection of pentobarbital (50 mg/kg;
Sanofi-Aventis, Paris, France) before intracardiac perfusion of 4% (w/v)
paraformaldehyde in 0.1 M Na2HPO4/NaH2PO4 buffer, pH 7.5, delivered
with a peristaltic pump at 20 ml/min during 5 min. Brains were postfixed
and cut with a vibratome (Leica, Rueil-Malmaison, France), and sections
(30 �m) were kept in a solution containing 30% ethylene glycol, 30%
glycerol, and 0.1 M phosphate buffer at �20°C until they were processed
for immunofluorescence as described previously (Valjent et al., 2000,
2005). After H2O2 treatment and permeabilization, free-floating sections
were incubated with rabbit antibodies for diphospho-ERK (phospho-
Thr202-Tyr204-ERK1/2, cat-9101; dilution 1:400; Cell Signaling Tech-
nology, Beverly, MA) overnight at 4°C. After three rinses in TBS, sections
were incubated for 2 h at room temperature with the secondary fluores-
cent antibody (1:400; Cy3-coupled anti-IgG; Invitrogen, Cergy Pontoise,
France) in TBS. Sections were then rinsed three times in TBS and
mounted on a slide under coverslips using Vectashield (Vector Labora-
tories, AbCys, Paris, France).

Images of the sections were acquired with fluorescence microscope
(Leica) using MetaMorph software. Anatomical regions were identified
according to the atlas of Paxinos and Franklin (2001). P-ERK-
immunoreactive neurons were considered positive when the fluores-
cence intensity in their nucleus was superior to a fixed threshold. On each
section, cells were counted in each hemisphere in four fields of dorsal
striatum, two fields in the shell and one in the core of the NAcc, and
values were added up to obtain the number of P-ERK-positive cells in
each region of the striatum in a given section. The values in the two
hemispheres were averaged and used as data points for the section.

In situ hybridization. Single and double in situ hybridization were
performed as described previously (Marsicano and Lutz, 1999; Marsi-
cano et al., 2003) using riboprobes against mouse CB1-R and GAD65
(Marsicano and Lutz, 1999).

Behavioral analysis. Locomotor activity was measured in a circular
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corridor with four infrared beams placed at every 90° (Imetronic, Pessac,
France) in a low-luminosity environment. Counts were incremented by
consecutive interruption of two adjacent beams (i.e., mice moving
through one-quarter of the circular corridor). Mice were habituated for
30 min in the locomotor box during 3 consecutive days before the actual
experiments were performed and were placed in the corridor 30 min
before injection for the acute experiments. The protocol used to evaluate
the long-lasting effects of a single injection of drug on locomotor sensi-
tization induced by cocaine was initially described in rats (Vanders-
churen et al., 1999) and adapted to mice (Valjent et al., 2005). After 3 d of
habituation to saline injections, mice received a single injection of drug
(20 mg/kg cocaine or 2 mg/kg D-amphetamine) (acute response) on day
4 and were challenged with a test injection of cocaine or D-amphetamine
at the same dose 1 week later (sensitized response).

Statistical analysis. Behavioral, biochemical, and immunofluorescence
studies were analyzed by two-way ANOVA followed by Bonferroni’s test.
Locomotor sensitization studies were analyzed by two-way ANOVA with
matching data (i.e., comparing the response of each mouse to the first
and second drug injections). Results are expressed as means � SEM, and
the p threshold for significance was 0.05. Statistical analysis was per-
formed with Prism 3.0 software (GraphPad Software, San Diego, CA).

Results
Pharmacological blockade of CB1-R alters locomotor
sensitization by cocaine
We first examined the consequences of the acute blockade of
CB1-R with the specific inverse agonist AM251 (Gatley et al.,
1996). Vehicle or AM251 (3 or 10 mg/kg) was injected 15 min
before the first or the second injection of cocaine a week later, to
determine the contribution of CB1-R in the induction or the
expression of behavioral sensitization (Fig. 1). AM251 at doses
that block completely CB1-R (Shearman et al., 2003) did not
modify the hyperactivity induced by a single injection of cocaine:
10 mg/kg cocaine in mice pretreated with vehicle, 550 � 80 quar-
ter turns per 60 min, or AM251 (3 mg/kg), 501 � 68 quarter turns
per 60 min; 20 mg/kg cocaine in mice pretreated with vehicle,
870 � 32 quarter turns per 60 min, or AM251 (3 mg/kg), 828 �
102 quarter turns per 60 min; 20 mg/kg cocaine in mice pre-
treated with vehicle, 884 � 67 quarter turns per 60 min, or
AM251 (10 mg/kg), 826 � 150 quarter turns per 60 min (Fig.
1A–C, left and middle). As reported previously (Valjent et al.,
2005, 2006), a clear sensitization of cocaine locomotor effects was
found when vehicle-pretreated mice received a second injection
of cocaine (10 or 20 mg/kg) (Fig. 1A–C, left). In contrast, in mice
pretreated with AM251 (3 or 10 mg/kg) before the first cocaine
injection, the sensitization to the second cocaine injection was
virtually abolished (Fig. 1A–C, middle). However, AM251 (3 or
10 mg/kg) pretreatment given before the second injection failed
to block the behavioral sensitization (Fig. 1A–C, right). Thus, the
use of a systemically injected CB1-R inverse agonist shows that
CB1-R plays a role in the induction but not in the expression of
cocaine-induced locomotor sensitization.

Acute locomotor effects of psychostimulant drugs and
sensitization are altered in CB1-R mutant mice
We then tested the effects of cocaine in mutant mice lacking
CB1-R. Acute administration of cocaine (Fig. 2A) or
D-amphetamine (Fig. 2B) induced a dose-dependent hyperloco-
motion in both wild-type and CB1-R-deficient mice. However,
although mice of both genotypes had identical locomotor re-
sponses at 10 mg/kg cocaine, CB1-R-null mice responded signif-
icantly less to higher doses of cocaine (20 and 30 mg/kg) and to all
of the tested doses of D-amphetamine (2 and 4 mg/kg). Cocaine
and D-amphetamine increase extracellular levels of monoamines,
including dopamine, and CB1-R has been reported to control

negatively the responses to stimulation of dopamine D2 receptors
(D2-Rs) (Giuffrida et al., 1999). Because the results with psycho-
stimulants appeared to be contradictory with this previous re-
port, we analyzed the locomotor effects of dopaminergic D1 and
D2 agonists (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). The hyperlocomotion induced by
D1-R agonist chloro-PB was similar in both genotypes, whereas a
high dose (20 mg/kg) of quinpirole induced a hyperlocomotion
specifically in mutant mice (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), in agreement with the
data in rats showing that the blockade of CB1-R increased the
effects of the D2 agonist (Giuffrida et al., 1999). Therefore, our
results suggested that the alteration of psychostimulant locomo-
tor effects in CB1-R mutant mice did not result from a specific
impairment of its D1 or D2 component.

We then tested the response of CB1-R mutant mice to a sec-
ond injection of psychostimulant (Fig. 2C–F). A significant in-
crease in the response to the second injection was observed in
response to cocaine (20 mg/kg) (Fig. 2C) but not to D-amph (2
mg/kg) (Fig. 2E). When sensitization was expressed as a ratio of
the response to the second injection to the response to the first, it was
clear that the variability was much higher in mutant than in wild-
type mice, as shown by the significant difference in variances (Fig.
2E,F). Thus, sensitization to psychostimulants appeared altered in
CB1-R mutant mice. Study of paired values for individual mice and
of the distribution of ratios shows that in the absence of CB1-R,
sensitization occurred in some mice but not in others, whereas the
response was very consistent in wild-type mice.

Cocaine-activated phosphorylation pathways are altered in
the dorsal striatum of CB1-R-null mice
To investigate the molecular alterations that may account for the
impaired locomotor responses and the differences between
AM251-treated and CB1-R mutant mice, we investigated the sig-
naling pathways activated by cocaine in these two models. Co-
caine activates multiple signal transduction pathways in the stri-
atum and other brain regions, which are thought to mediate some
of its acute and delayed effects (Valjent et al., 2000, 2006; Nestler,
2001; Svenningsson et al., 2005). We first examined the basal
levels of proteins involved in striatal signaling in the striatum of
CB1-R-null mice (Table 1), as well as adenylyl cyclase activity
(data not shown). None of these parameters differed between
wild-type and CB1-R-deficient mice. We then investigated the
functional activation of these pathways in response to cocaine (20
mg/kg), by immunoblotting of brain samples obtained by rapid
freezing, a procedure that prevents uncontrolled postmortem de-
phosphorylation (see Materials and Methods). We examined the
phosphorylation of a well characterized cAMP-dependent pro-
tein kinase (PKA) substrate, GluR1 Ser-845, which is phosphor-
ylated in response to cocaine administration, leading to an in-
creased conductance of AMPA receptors (Roche et al., 1996;
Snyder et al., 2000). In wild-type mice, cocaine stimulated phos-
phorylation of GluR1 Ser-845 in the dorsal striatum (Fig. 3A). In
CB1-R-null mice, a slight nonsignificant increase in basal Ser-845
phosphorylation was observed, but no significant effect of co-
caine was detected (Fig. 3A). The phosphorylation state of Ser-
845 depends directly on the action of PKA and indirectly on the
inhibition of protein phosphatase-1 by DARPP-32 phosphory-
lated on Thr-34 by PKA (Snyder et al., 2000). We therefore ex-
amined DARPP-32 phosphorylation on Thr-34 in response to
cocaine in wild-type and CB1-R-null mice. As described previ-
ously (Snyder et al., 2000), cocaine administration induced phos-
phorylation of DARPP-32 on Thr-34 in wild-type mice (Fig. 3B).
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In CB1-R-deficient mice, the basal phosphorylation of
DARPP-32 appeared increased, albeit not significantly, but no
further change was observed in response to cocaine (Fig. 3B).
These results revealed an alteration of the PKA pathway activa-
tion in response to cocaine in CB1-R-null mice.

We then examined the activation of ERK1/2, a protein kinase
critical for the induction of long-term effects of cocaine (Valjent
et al., 2000, 2005). We used the immunoreactivity for the doubly
phosphorylated (phospho-Thr-202/Tyr-204 in human ERK1)
forms of ERK1 and ERK2 as an index of their activation. As
expected, an increase in the phosphorylation of the two ERK iso-
forms, largely predominant on ERK2, was observed in response to
cocaine administration in wild-type mice (Fig. 3C). In contrast, in
CB1-R-null mice, ERK2 activation in response to cocaine was virtu-
ally abolished in the dorsal striatum (Fig. 3C). Altogether, these re-
sults indicate a profound alteration of the striatal D1-activated phos-
phorylation pathways in CB1-R-null mice.

Cocaine-induced ERK phosphorylation and c-Fos induction
are blocked in the dorsal striatum and nucleus accumbens of
CB1-R-null mice
To obtain more detailed anatomical information on the func-
tional role of CB1-R in ERK activation in the striatum, we studied
the distribution of the doubly phosphorylated form of ERK1/2
using immunofluorescence (Fig. 4A,B). Phosphorylation of
ERK1/2 induced by cocaine (20 mg/kg) was prevented in the
dorsal striatum, as well as in the NAcc core and shell of CB1-R
mutant mice (Fig. 4A,B). Similar results were obtained using
D-amph (5 mg/kg) (supplemental Fig. 2, available at www.jneu-
rosci.org as supplemental material).

To determine whether CB1-R was also necessary for the tran-
scriptional effects of cocaine, we analyzed the expression of c-fos,
an immediate early gene induced in the dorsal striatum and in the
NAcc through an ERK-mediated pathway (Graybiel et al., 1990;
Moratalla et al., 1993; Valjent et al., 2000). The expression of c-fos
was studied by measuring the immunoreactivity for the c-Fos
protein (Fig. 4C). In wild-type mice, a strong induction of c-fos
was observed in the dorsal striatum, and a similar trend was
found in the NAcc (Fig. 4C,D). In contrast, cocaine-induced
c-Fos expression was blocked in CB1-R-null mice (Fig. 4C,D). Alto-
gether, these results indicate that CB1-R is essential for biochemical

4

Figure 1. AM251, a CB1-R inverse agonist, does not alter acute locomotor effects but pre-
vents locomotor sensitization induced by a single injection of cocaine. Mice received a cocaine
injection [10 (A) or 20 (B, C) mg/kg, i.p.] on days 1 and 7. Fifteen minutes before cocaine
administration, mice were pretreated with vehicle or with AM251 [3 (A, B) or 10 (C) mg/kg, i.p.]
on day 1 (middle) or day 7 (right). Data for each mouse are shown individually. Arrows indicate
the mean locomotor activity for each group (n � 8 –11 mice per group). Statistical analysis was
done with two-way repeated-measures ANOVA for matching data. Induction of behavioral
sensitization: A, interaction between days and AM251 pretreatment (F(1,18) � 26.38; p �
0.01); effect of days (F(1,18) � 52.78; p � 0.01); effect of AM251 (F(1,18) � 8.50; p � 0.01); B,
interaction between days and AM251 pretreatment (F(1,14) � 7.80; p � 0.05); effect of days
(F(1,14) � 36.18; p � 0.01); effect of AM251 (F(1,14) � 6.64; p � 0.05); C, interaction between
days and AM251 pretreatment (F(1,18) � 10.36; p � 0.01); effect of days (F(1,18) � 15.54; p �
0.01); effect of AM251 (F(1,18) � 20.70; p � 0.01). Expression of behavioral sensitization: A,
interaction between days and AM251 pretreatment [F(1,14) � 0.03; not significant (NS)]; effect
of days (F(1,14) � 87.11; p � 0.01); effect of AM251 (F(1,14) � 2.59; NS); B, interaction between
days and AM251 pretreatment (F(1,14) � 0.2; NS); effect of days (F(1,14) � 48.07; p � 0.01);
effect of AM251 (F(1,14) � 0.87; NS); C, interaction between days and AM251 pretreatment
(F(1,18) � 0.01; NS); effect of days (F(1,18) � 46.38; p � 0.01); effect of AM251 (F(1,18) � 0.00;
NS). Post hoc comparisons were done with Bonferroni’s posttest; p values for comparisons
between the first and second injection are indicated on the figure for each group.
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Figure 3. Effects of cocaine on protein phosphorylation in the dorsal striatum of CB1-R-
deficient mice. Wild-type (WT) and CB1-R-null (KO) mice were injected with 20 mg/kg saline
(�) or cocaine (�) and killed 10 min later. Their heads were rapidly frozen, and the striata were
dissected without thawing. A, Immunoblot analysis of phosphorylation of GluR1 at Ser-845
(P-GluR1; top) and total GluR1 (bottom). Immunoreactive bands were quantified by laser scan-
ning, and results were expressed as ratios of phosphorylated/total protein and normalized to
the mean of saline-treated wild-type mice (percentage of control). Data (means � SEM; n �
7–9 mice per group) were analyzed using two-way ANOVA: interaction between genotype and
treatment (F(1,32) � 20.28; p � 0.01); effect of treatment (F(1,32) � 12.27; p � 0.01); effect of
genotype [F(1,32) �2.25; not significant (NS)]. B, Same as in A except that the proteins analyzed
were phospho-Thr-34-DARPP-32 (P-Thr34; top) and total DARPP-32 (bottom). Data (means �
SEM; n � 6 mice per group) were analyzed using two-way ANOVA: interaction between geno-
type and treatment (F(1,18) � 4.51; p � 0.05); effect of treatment (F(1,18) � 6.23; p � 0.05);
effect of genotype (F(1,18) � 0.66; NS). C, Same as in A except that the proteins analyzed were
P-ERK1/2 (top) and total ERK1 and ERK2 (bottom). Note that P-ERK1 was barely detectable in
most experiments. Data (means � SEM; n � 7–9 mice per group) were analyzed using
two-way ANOVA: interaction between genotype and treatment (F(1,28) � 9.78; p � 0.01);
effect of treatment (F(1,28) � 14.95; p � 0.01); effect of genotype (F(1,28) � 0.93; NS).
Bonferroni’s posttest, *p � 0.05, **p � 0.01 compared with saline; °p � 0.05, °°p �
0.01 compared with WT.

Figure 2. Acute and sensitized locomotor responses induced by psychostimulant drugs are
altered in CB1-R mutant mice. A, B, Locomotor responses to an injection of cocaine (10, 20, and
30 mg/kg, i.p.; A) or D-amph (2 and 4 mg/kg, i.p.; B) in wild-type (WT) and CB1-R-null (KO) mice.
Data (means � SEM; n � 10 –11 mice per group) were compared using two-way ANOVA
analysis: interaction between genotype and dose of cocaine (F(3,64) � 5.49; p � 0.01); effect of
dose (F(3,64) � 44.57; p � 0.01); effect of genotype (F(1,64) � 23.02; p � 0.01); interaction
between genotype and dose of D-amphetamine [F(2,50) � 2.58; not significant (ns)]; effect of
dose (F(2,50) � 67.27; p � 0.01); effect of genotype (F(1,50) � 9.74; p � 0.01). Bonferroni’s
posttest: °p � 0.05, °°p � 0.01 compared with wild type. C, Comparison of the locomotor
effects of a first injection of cocaine (20 mg/kg) and of a second injection 7 d later. Data for each
mouse are shown individually. The position of the mean is indicated by an arrow for each group.
Statistical analysis was done with two-way repeated-measures ANOVA: interaction between
genotype and days (F(1,18) � 1.97; NS); effect of days (F(1,18) � 27.91; p � 0.01); effect of
genotype (F(1,18) � 29.55; p � 0.01). Post hoc comparisons were done with Bonferroni’s
posttest. Comparison between genotypes: day 1 WT versus KO ( p � 0.01); day 7 WT versus KO
( p � 0.01). D, Ratios: cocaine-induced locomotor activity at day 7/locomotor activity at
day 1. Variances were significantly different (Bartlett test, p � 0.03). E, Same as in C
except that D-amphetamine (2 mg/kg) was used instead of cocaine. Two-way repeated-
measures ANOVA: interaction between genotype and days (F(1,18) � 4.15; NS); effect of
days (F(1,18) � 23.20; p � 0.01); effect of genotype (F(1,18) � 8.16; p � 0.05). Post hoc
comparisons were done with Bonferroni’s posttest. Comparison between genotypes: day
1 WT versus KO ( p � 0.05); day 7 WT versus KO ( p � 0.01). F, Ratios as in D. The
variances were different (Bartlett test, p � 0.001).

Table 1. Levels of proteins important for signal transduction in the dorsal striatum
of wild-type (WT) and CB1-R-deficient (CB1-R KO) mice

WT CB1-R KO

TH 100 � 9 107 � 8 NS
ERK1 100 � 3 102 � 5 NS
ERK2 100 � 3 104 � 3 NS
GluR1 100 � 4 107 � 6 NS
DARPP-32 100 � 8 107 � 8 NS
RCS 100 � 13 111 � 9 NS
STEP46 100 � 8 130 � 10 NS
STEP61 100 � 10 115 � 28 NS
G�olf 100 � 5 103 � 4 NS

Protein levels were normalized to the average of wild-type samples and expressed as a percentage of this average
value (means � SEM; n � 6). TH, Tyrosine hydroxylase; STEP61 and STEP46, striatal-enriched protein tyrosine
phosphatase, Mr � 61,000 and 46,000, respectively; NS, not significant. Statistical analysis was done by Student’s
t test. No significant difference was observed.
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responses to cocaine that have been shown
previously to be highly correlated with long-
lasting behavioral effects.

Pharmacological blockade of CB1-R
prevents cocaine-induced
phosphorylation of ERK
We examined the phosphorylation of
GluR1 in response to cocaine (20 mg/kg)
in mice in which CB1-R was acutely
blocked by AM251. In contrast to the re-
sults obtained in mutant mice, pretreat-
ment with AM251 (10 mg/kg) did not
alter basal or cocaine-induced phosphor-
ylation of GluR1 in the striatum (Fig. 5A).
These results indicate that acute pharma-
cological blockade of CB1-R was less dis-
ruptive to PKA signaling than genetic de-
letion of these receptors.

We then examined the ERK pathway.
Immunoblotting showed that pretreat-
ment with AM251 (10 mg/kg) increased
the basal phosphorylation of ERK1 and
ERK2 in the dorsal striatum (Fig. 5B). Co-
caine administration (20 mg/kg) 15 min
after AM251 failed to further alter ERK
phosphorylation (Fig. 5B). We studied
further the effects of this CB1-R inverse
agonist by measuring P-ERK1/2 immuno-
fluorescence in various regions of the stri-
atum (Fig. 6). Pretreatment with AM251
by itself did not change the number of
P-ERK-positive cell bodies in the dorsal
striatum or in the NAcc shell and core
(Fig. 6A). In contrast, AM251 pretreat-
ment blocked ERK phosphorylation in re-
sponse to cocaine (Fig. 6A). The same re-
sults were obtained using rimonabant (3
mg/kg), another widely used CB1-R in-
verse agonist (Fig. 6B). It is interesting to
note that the intrinsic effect of AM251 on
basal ERK phosphorylation apparent by
immunoblotting was not detected by im-
munofluorescence. This discrepancy may
be attributable to the fact that immunoflu-
orescence detects only the cells in which a
strong activation of ERK takes place. It is
likely that AM251 induced a diffuse acti-
vation of ERK that did not reach a local
concentration sufficient for detection by
immunofluorescence. However, it is im-
portant to emphasize that the two meth-
ods gave convergent results concerning
the lack of effect of cocaine in mice treated
with a CB1-R inverse agonist.

Cell type-specific study of the role of the
CB1-R in cocaine-induced
ERK activation
We first examined whether endogenously
released endocannabinoids acting on
CB1-R contributed to the activation of
ERK by psychostimulants. CB1-Rs were

Figure 4. Cocaine-induced ERK phosphorylation and c-Fos induction in the dorsal striatum and nucleus accumbens in CB1-R-
null mice. A, P-ERK immunostaining in the shell of the NAcc in wild-type (WT) and CB1-R-null (KO) mice 10 min after the injection
of saline or cocaine (20 mg/kg), as indicated. Scale bars, 50 �m. B, Quantification of P-ERK-positive cells in sections of the dorsal
striatum and nucleus accumbens shell (Acc. shell) and core (Acc. core). Data (means � SEM; n � 8 –10 per group) were analyzed
using two-way ANOVA: dorsal striatum, interaction between treatment and genotype (F(1,30) � 6.67; p � 0.05); effect of
treatment (F(1,30) �13.53; p�0.01); effect of genotype (F(1,30) �6.85; p�0.05). Acc. shell, interaction between treatment and
genotype (F(1,30) � 10.72; p � 0.01); effect of treatment (F(1,30) � 17.24; p � 0.01); effect of genotype (F(1,30) � 15.94; p �
0.01). Acc. core, interaction between treatment and genotype (F(1,30) � 6.30; p � 0.05); effect of treatment (F(1,30) � 16.45; p �
0.01); effect of genotype (F(1,30) � 12.53; p � 0.01). C, c-Fos immunostaining in the shell of the NAcc in WT and KO mice 90 min
after the injection of saline or cocaine (20 mg/kg), as indicated. Scale bars, 50 �m. D, Quantification of c-Fos-positive cells in
sections of the dorsal striatum, Acc. shell, and Acc. core. Data (means � SEM; n � 4 per group) were analyzed using two-way ANOVA:
dorsal striatum, interaction between treatment and genotype (F(1,12)�15.39; p�0.01); effect of treatment (F(1,12)�13.04; p�0.01);
effect of genotype (F(1,12) � 12.74; p � 0.01). Acc. shell, interaction between treatment and genotype (F(1,12) � 4.4; p � 0.057); effect
of treatment [F(1,12) �3.92; not significant (NS)]; effect of genotype (F(1,12) �7.45; p�0.05). Acc. core, interaction between treatment
and genotype (F(1,12) � 2.52; NS); effect of treatment (F(1,12) � 3.5; NS); effect of genotype (F(1,12) � 7.21; p � 0.05). Bonferroni’s
posttest, **p � 0.01 compared with saline; °p � 0.05, °°p � 0.01 compared with WT.
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not necessary for the activation of ERK by dopamine and gluta-
mate (a combination mimicking the action of cocaine) in striatal
neurons in culture (supplemental Fig. 3, available at www.jneu-
rosci.org as supplemental material). These results showed that
dopamine and glutamate were able to activate the ERK pathway
independently of CB1-R in a simplified model that lacks the cir-
cuit organization present in vivo. It is thus likely that endocan-
nabinoids play a modulatory role at the circuit level.

We examined more precisely the role of CB1-R at the circuit
level in vivo, by testing in which neuronal population(s) CB1-R is
critical for cocaine-induced ERK activation in striatal MSNs. We
used conditional mouse mutant lines, obtained by crossing mice
with a CB1-R coding region flanked by lox P sequences (CB1 f/f),
and mice expressing the Cre recombinase under the control of
cell type-specific promoters (Marsicano et al., 2003; Monory et
al., 2006). We first analyzed ERK activation in CB1 f/f mice, also
expressing Cre under the control of calcium/calmodulin-
dependent protein kinase II� (CaMKII�) regulatory sequences
(CB1 f/f;CaMKII�-Cre), which lack CB1-R expression from forebrain
principal neurons (Marsicano et al., 2003). In situ hybridization
showed a dramatic decrease in the expression of CB1-R tran-
scripts in the cortex of these mice, which was present only in some
scattered, intensely expressing cells, and a virtually complete ab-
sence of signal in the striatum (Fig. 7A). At higher magnification,
double labeling for CB1-R and GAD65 mRNAs revealed that
residual CB1-R expression in the cortex was confined to

GABAergic interneurons (Fig. 7B) (Marsicano et al., 2003). We
tested the effects of a single cocaine injection on the activation of
ERK phosphorylation in CB1 f/f;CaMKII�-Cre mice (Fig. 7C,D). The
cocaine-induced increase observed in the dorsal striatum and
NAcc shell and core of wild-type mice was profoundly reduced in
conditional mutant mice (Fig. 7C,D). These results revealed that
the CB1-R located in forebrain principal neurons, including cor-
tical glutamatergic neurons and/or MSNs, was necessary for the
activation of ERK by cocaine.

Principal neurons affected by the mutation in CB1f/f;CaMKII�-Cre

include both GABAergic striatal MSNs and glutamatergic corti-
costriatal neurons. To distinguish between CB1-R located in
these two classes of neurons, we used CB1 f/f;Dlx5/6-Cre mice, a
mouse line lacking CB1-R expression from all forebrain GABAer-
gic neurons, because of the expression of Cre under the control of
Dlx5/6 regulatory sequences (Monory et al., 2006). In these mice,
CB1-R transcripts were not detected in the striatum but were
diffusely present in the cerebral cortex (Figs. 7A,B). The intensely
scattered labeled neurons observed in wild-type mice were absent
from the cortex, and no colocalization of CB1-R mRNA and
GAD65 was observed, attesting to the disappearance of CB1-R
from GABAergic neurons (Fig. 7A,B) (Monory et al., 2006). In
these mice, no significant ERK activation was detected in the
dorsal striatum and NAcc core and shell in response to cocaine
administration (Fig. 7C,D). Because CB1-Rs were absent from
GABAergic MSNs in both conditional mutant lines, the most
parsimonious explanation of our results is that CB1-Rs in MSNs
are critical for ERK activation by cocaine in vivo.

Discussion
The present study comparing the effects of complete or condi-
tional genetic inactivation of CB1-Rs and their pharmacological
blockade allowed circumscribing the specific role of this receptor
in the responses to psychostimulants. In agreement with previous
reports (Martin et al., 2000; Houchi et al., 2005), we found that
endocannabinoids play only a minor role in the hyperlocomo-
tion induced by psychostimulants. Although hyperlocomotion
was decreased in CB1-R-deficient mice, it was not modified by
acute blockade of CB1-R with AM251 (this study) or rimonabant
(Poncelet et al., 1999). In contrast, the present study revealed a
role of the endocannabinoid system in cocaine-induced sensiti-
zation. We used a protocol that has the advantage to evaluate the
enduring consequences of a single administration of cocaine or
D-amphetamine without the additional adaptations observed af-
ter repeated drug exposure. Using this paradigm, we found an
impairment of locomotor sensitization in CB1-R-deficient mice
and in AM251-treated mice. This deficit was not detected in stud-
ies that used the standard protocol of repeated injections of co-
caine in CB1-R-null (Martin et al., 2000) or rimonabant-treated
mice (Lesscher et al., 2005), although close examination of the
data in these previous reports discloses some changes in the sen-
sitized responses to cocaine. In fact, our study reveals that genetic
blockade of CB1-R does not completely prevent sensitization to
psychostimulants, but reduces it and makes it more variable.
Thus, the endocannabinoid system appears to play an important
modulatory role that increases the “reliability” of sensitization,
perhaps by facilitating plasticity at a circuit level (see below). The
relevance of these observations for drug addiction is speculative,
because the role of locomotor sensitization in addiction is dis-
puted. However, sensitization may share some mechanisms with
craving and drug seeking (Robinson and Berridge, 2003), in
which the endocannabinoid system plays a major role (De Vries
et al., 2005).

Figure 5. Effects of the CB1-R inverse agonist AM251 on cocaine-induced phosphorylation
of ERK and GluR1 in the mouse striatum. Mice were pretreated with vehicle (Veh.) or AM251 (10
mg/kg, i.p.) 15 min before the injection of 20 mg/kg saline (�) or cocaine (�) and killed 10 min
later. Their heads were rapidly frozen, and the striata were dissected without thawing. A,
Immunoblot analysis of phosphorylation of GluR1 at Ser-845 (P-GluR1; top) and total GluR1
(bottom). Immunoreactive bands were quantified by laser scanning, and results were ex-
pressed as ratios of phosphorylated protein to total protein and normalized to the mean of
saline-treated wild-type mice (percentage of control). Data (means � SEM; n � 7–9 mice per
group) were analyzed using two-way ANOVA: interaction between cocaine and AM251 treat-
ment [F(1,33) � 0.62; not significant (NS)]; effect of cocaine (F(1,33) � 64.02; p � 0.01); effect
of AM251 treatment (F(1,33) � 1.66; NS). B, Same as in A except that the proteins analyzed were
P-ERK1/2 (top) and total ERK1 and ERK2 (bottom). Note that P-ERK1 was barely detectable in
most experiments. Data (means � SEM; n � 8 –9 mice per group) were analyzed using two-
way ANOVA: interaction between cocaine and AM251 treatment (F(1,35) � 4.13; p � 0.05);
effect of cocaine (F(1,35) � 17.37; p � 0.01); effect of AM251 treatment (F(1,35) � 3.16; NS).
Bonferroni’s posttest, **p � 0.01 compared with saline; °p � 0.05 compared with vehicle.
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The second important conclusion of
this work concerns the role of CB1-R in
cocaine-activated intracellular signaling
pathways. The lack of Ser-845 phosphory-
lation of GluR1 in CB1-R mutant mice
correlated with the decreased locomotor
effects of cocaine. Conversely, cocaine-
induced phosphorylation of GluR1 and
locomotor response were normal in
AM251-treated mice. These observations
suggest that increased phosphorylation of
Ser-845 may contribute to the acute loco-
motor response to cocaine, in agreement
with its role in increasing AMPA receptor
currents (Roche et al., 1996; Banke et al.,
2000). We observed differences between
the absence of CB1-Rs and their acute
pharmacological blockade, because al-
tered cAMP-dependent phosphorylation
of GluR1 and DARPP-32 and decreased
locomotor effects of psychostimulants
were present in mutant mice but not in
AM251-treated mice. Such differences
may reflect a role of CB1-R during devel-
opment (Galve-Roperh et al., 2006) and
its consequences in the adult. Alterna-
tively, they could be the consequence of
prolonged lack of CB1-R function and
subsequent adaptations of the PKA path-
way. Thus, our study emphasizes the im-
portance of comparing the results ob-
tained with inverse agonists with those in
genetic models. Each of these approaches
has its own advantages and disadvantages.
Specificity of pharmacological tools is al-
ways questionable, and variables such as
doses and time of drug administration
might influence the outcomes of pharma-
cological experiments. However, genetic models have their own
limitations, such as developmental effects, and it is the compari-
son of the results of the two approaches that allows drawing firm
conclusions.

We found profound alterations of cocaine-induced ERK acti-
vation in both CB1-R mutant and AM251-treated mice. Pharma-
cological blockade of ERK1/2 activation by SL327 (�-[amino
[(4-aminophenyl)thio]methylene]-2-(trifluoromethyl) benzene
acetonitrile) prevented locomotor sensitization induced by a sin-
gle or repeated injections of cocaine (Valjent et al., 2005, 2006). In
contrast, genetic deletion of ERK1 had the opposite effect (Fer-
guson et al., 2006), identifying ERK2 as the key factor. In agree-
ment with these previous reports, cocaine markedly increased
ERK2 phosphorylation in the striatum, whereas this increase was
prevented in CB1-R-null and AM251- or rimonabant-treated
mice. In the light of the importance of ERK activation for the
regulation of gene expression by drugs of abuse and for long-
lasting behavioral responses (Girault et al., 2006; Lu et al., 2006),
the role of CB1-R in its regulation is of great interest.

There are several levels at which CB1-R could be implicated in
the regulation of ERK. Activation of ERK by cocaine depends on
the concomitant stimulation of DA–D1 and glutamate–NMDA
receptors (Valjent et al., 2000, 2005). A first hypothesis would be
that CB1-R controls ERK activation by regulating corticostriatal
glutamatergic transmission. However, CB1-R stimulation de-

creases glutamate transmission (Hoffman and Lupica, 2001;
Huang et al., 2001; Robbe et al., 2001; Pistis et al., 2002; Kofalvi et
al., 2005), and the expected effect of CB1-R mutation or inverse
agonists would be an increase in ERK phosphorylation. It is thus
unlikely that CB1-R regulates ERK phosphorylation in striatal
neurons by acting on glutamatergic terminals.

Our results with conditional mutant mice support the role of
CB1-R in striatal MSNs. Activation of ERK was prevented in
CB1 f/f;Dlx5/6-Cre mice, in which CB1-R was absent from both
GABA interneurons and projection neurons, including MSNs.
ERK activation was also prevented in CB1 f/f;CaMKII�-Cre mice, in
which CB1-R was deleted in principal neurons, including corti-
costriatal neurons and MSNs. The most parsimonious interpre-
tation of these data is that CB1-R in MSNs plays a central role in
the cocaine-induced ERK phosphorylation.

A first hypothesis for the role of CB1-R in MSNs would be that
the endocannabinoid system modulates the integration of DA-
and glutamate-coded signals in these neurons at the postsynaptic
level. Although CB1-R stimulation inhibits D1-R-induced for-
mation of cAMP in rat striatum (Bidaut-Russell and Howlett,
1991), concurrent stimulation of CB1-R and D2-R resulted in an
increased adenylyl cyclase activity and ERK1/2 phosphorylation
(Glass and Felder, 1997; Kearn et al., 2005). Such effects could, in
principle, contribute to the role of the endocannabinoid system
in ERK phosphorylation in MSNs. The stimulation of CB1-R by

Figure 6. Effects of CB1-R inverse agonists on cocaine-induced ERK phosphorylation in the dorsal striatum and nucleus accum-
bens. A, Quantification of P-ERK-positive cells in sections of the dorsal striatum and nucleus accumbens shell (Acc. shell) and core
(Acc. core) from mice pretreated with vehicle (Veh.) or AM251 (10 mg/kg, i.p.; 15 min), injected with saline or cocaine and perfused
10 min later. Data (means � SEM; n � 4 per group) were analyzed using two-way ANOVA: dorsal striatum, interaction between
cocaine and AM251 pretreatment (F(1,12) � 5.74; p � 0.05); effect of cocaine (F(1,12) � 11.17; p � 0.01); effect of AM251 (F(1,12)

� 5.53; p � 0.05). Acc. shell, interaction between cocaine and AM251 pretreatment (F(1,12) � 7.04; p � 0.05); effect of cocaine
(F(1,12) �5.96; p�0.01); effect of AM251 [F(1,12) �3.96; not significant (NS)]. Acc. core, interaction between cocaine and AM251
pretreatment (F(1,12) � 9.6; p � 0.01); effect of cocaine (F(1,12) � 15.32; p � 0.01); effect of AM251 (F(1,12) � 9.6; p � 0.01). B,
Same as in A except that rimonabant (3 mg/kg, i.p.) was used instead of AM251. Data (means � SEM; n � 5–7 per group) were
analyzed using two-way ANOVA: dorsal striatum, interaction between cocaine and rimonabant pretreatment (F(1,22) � 44.25;
p � 0.01); effect of cocaine (F(1,22) � 37.12; p � 0.01); effect of rimonabant (F(1,22) � 55.01; p � 0.01). Acc. shell, interaction
between cocaine and rimonabant pretreatment (F(1,22) � 8.34; p � 0.01); effect of cocaine (F(1,22) � 5.82; p � 0.01); effect of
rimonabant (F(1,22) � 0.16; NS). Acc. core, interaction between cocaine and rimonabant pretreatment (F(1,22) � 8.56; p � 0.01);
effect of cocaine (F(1,22) �8.56; p�0.01); effect of rimonabant (F(1,22) �1.04; NS). Bonferroni’s posttest, *p�0.05, **p�0.01
compared with saline; °p � 0.05, °°p � 0.01 compared with vehicle.
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the local release of endocannabinoids could also directly control
the ERK pathway, as shown in transfected non-neuronal cell lines
(Wartmann et al., 1995; Bouaboula et al., 1997; Derkinderen et
al., 2003). However, our results in striatal neurons in primary

culture did not support an obligatory role
of postsynaptic CB1-R (supplemental Fig.
3, available at www.jneurosci.org as sup-
plemental material). Accordingly, elec-
tron microscopy and electrophysiology
failed to reveal CB1-R in the somatoden-
dritic compartment of MSNs (Sanudo-
Pena et al., 1999; Julian et al., 2003;
Freiman et al., 2006; Matyas et al., 2006),
in agreement with their constitutive endo-
cytosis from the plasma membrane in this
compartment (Leterrier et al., 2006). In
summary, all of the evidence strongly in-
dicates that CB1-R is not involved in the
regulation of cocaine-induced phosphor-
ylation of ERK in MSNs at the postsynap-
tic level.

CB1-R are highly enriched in terminals
and preterminal regions of striatal MSNs
axons, where they inhibit GABA transmis-
sion (Szabo et al., 1998; Hoffman and Lu-
pica, 2001; Manzoni and Bockaert, 2001;
Kofalvi et al., 2005; Matyas et al., 2006).
Activation of striatal CB1-R on recurrent
axon terminals of MSNs leads to presyn-
aptic inhibition of GABAergic transmis-
sion (Freiman et al., 2006). Our results
suggest that this mechanism may play a
role in the control of ERK phosphoryla-
tion in response to cocaine in vivo, by fa-
cilitating excitation of MSNs as a result of
decreased lateral inhibition. CB1-R ex-
pressed by MSNs and located in the ex-
trastriatal terminals could also regulate
ERK activation by acting at the circuit
level. For example, in the substantia nigra
pars reticulata, stimulation of CB1-R de-
creases striatonigral GABAergic transmis-
sion (Szabo et al., 2000). If a similar effect
exists in striatopallidal terminals of the in-
direct pathway, stimulation of CB1-R
would result in a decreased activity of ni-
grothalamic neurons and, through multi-
synaptic circuits (Chevalier and Deniau,
1990), to an increased corticostriatal exci-
tatory transmission. Such a role of CB1-R
in the control of the activity of glutamater-
gic neurons projecting to the striatum is
supported by a recent study showing that
cocaine-induced glutamate outflow is de-
creased by AM251 in the striatum of rats
previously trained to self-administer co-
caine (Xi et al., 2006).

Finally, CB1-R in GABAergic terminals
that regulate DA neurons could play an
important role. Stimulation of CB1-R in
vivo increases extracellular DA levels in the
striatum (Chen et al., 1990; Tanda et al.,
1997). However, blockade or absence of

CB1-R is expected to increase the inhibition of DA neurons and
thus to decrease DA release in the striatum. In support of this
hypothesis, although the cocaine-induced enhancement of extra-
cellular DA measured by microdialysis in the NAcc was unaltered

Figure 7. Effects of conditional deletion of CB1-R in different neuronal subpopulations on cocaine-induced ERK phosphoryla-
tion in the striatum. A, Micrographs showing CB1-R mRNA expression in the dorsal striatum and cortex of CB1 f/f, CB1 f/f;CaMKII�-Cre,
and CB1 f/f;Dlx5/6-Cre. Note the absence of CB1-R expression in the dorsal striatum of CB1 f/f;CaMKII�-Cre and CB1 f/f;Dlx5/6-Cre mice. B,
Micrographs showing double in situ hybridization of CB1-R (red staining) together with GAD65 mRNA (silver grains in the cortex of
CB1 f/f, CB1 f/f;CaMKII�-Cre, and CB1 f/f;Dlx5/6-Cre. In CB1 f/f, CB1-R is present in both GABAergic interneurons and principal neurons. In
CB1 f/f;CaMKII�-Cre, CB1-R is only expressed by some GABAergic interneurons, whereas in CB1 f/f;Dlx5/6-Cre, CB1-R is only present in
glutamatergic neurons. Blue staining corresponds to toluidine blue nuclear staining. Solid arrows, GABAergic interneurons (GAD65
positive) expressing CB1-R mRNA. Open arrows, GABAergic interneurons lacking CB1-R expression. C, P-ERK immunostaining in
the dorsal striatum in wild-type mice (CB1 f/f) and in CB1-R conditional mutant mice (CB1 f/f;CaMKII�-Cre and CB1 f/f;Dlx5/6-Cre) 10 min
after acute administration of saline or cocaine (20 mg/kg). Scale bar, 100 �m. D, Quantification of P-ERK-positive cells in sections
of the dorsal striatum and nucleus accumbens shell (Acc. shell) and core (Acc. core) from wild-type (CB1 f/f) and CB1-R conditional
mutant (CB1 f/f;CaMKII�-Cre and CB1 f/f;Dlx5/6-Cre) mice 10 min after injection of cocaine (20 mg/kg). Data (means � SEM; n � 4 – 8
per group) were analyzed using two-way ANOVA: dorsal striatum, interaction between genotypes and treatment (F(2,29) � 7.73;
p � 0.01); effect of treatment (F(1,29) � 20.83; p � 0.01); effect of genotypes (F(2,29) � 7.53; p � 0.01); Acc. shell, interaction
between genotypes and treatment [F(2,29) � 1.13; not significant (NS)]; effect of treatment (F(1,29) � 5.26; p � 0.05); effect of
genotypes (F(2,29) � 1.56; NS); Acc. core, interaction between genotypes and treatment (F(2,29) � 3.24; NS); effect of treatment
(F(1,29) � 10.29; p � 0.01); effect of genotype (F(2,29) � 3.36; p � 0.05). Bonferroni’s posttest, *p � 0.05, **p � 0.01 compared
with saline; °p � 0.05, °°p � 0.01 compared with wild type.
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in CB1-R-null mice (Soria et al., 2005), a recent study using fast-
cycling voltammetry shows that blockade of CB1-R attenuates
cocaine-induced DA release (Cheer et al., 2007).

In conclusion, our results demonstrate that the endocannabi-
noid system is required for ERK activation in striatal MSNs. En-
docannabinoids are likely to play this role, at the circuit level, by
acting on CB1-R located on the terminals of MSNs, either in the
striatum or in some of their target regions. This proposed presyn-
aptic control of CB1-R on the output of MSNs provides a basis for
the modulatory role of CB1-Rs and their endogenous ligands in
the long-lasting effects of psychostimulants. Our results also sup-
port the potential interest of CB1-R inverse agonists in the con-
text of addiction.
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