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A Single In Vivo Exposure to Cocaine Abolishes
Endocannabinoid-Mediated Long-Term Depression in the
Nucleus Accumbens
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In the nucleus accumbens (NAc), a key structure to the effects of all addictive drugs, presynaptic cannabinoid CB1 receptors (CB1Rs) and
postsynaptic metabotropic glutamate 5 receptors (mGluR5s) are the principal effectors of endocannabinoid (eCB)-mediated retrograde
long-term depression (LTD) (eCB-LTD) at the prefrontal cortex–NAc synapses. Both CB1R and mGluR5 are involved in cocaine-related
behaviors; however, the impact of in vivo cocaine exposure on eCB-mediated retrograde synaptic plasticity remains unknown. Electro-
physiological and biochemical approaches were used, and we report that a single in vivo cocaine administration abolishes eCB-LTD. This
effect of cocaine was not present in D1 dopamine receptor (D1R) �/� mice and was prevented when cocaine was coadministered with the
selective D1R antagonist 8-chloro-2,3,4,5-tetrahydro-3–5–1h-3-benzazepin-7-ol (0.5 mg/kg) or with the NMDA receptor (NMDAR)
blocker (�)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate (1 mg/kg), suggesting the involvement of D1R
and NMDAR. We found that the cocaine-induced blockade of retrograde signaling was correlated with enhanced expression levels of
Homer scaffolding proteins containing the coiled-coil domain and accompanied by a strong reduction of mGluR5 surface expression. The
results suggest that cocaine-induced loss of eCB retrograde signaling is caused by a reduction in the ability of mGluR5 to translate
anterograde glutamate transmission into retrograde eCB signaling.
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Introduction
There have been considerable efforts in search of the mechanisms
underlying the most durable aspects of addiction (e.g., craving
and relapse) (Hyman and Malenka, 2001; Nestler, 2001b; Wil-
liams et al., 2001). A current hypothesis is that abused drugs cause
the remodeling of synaptic functions, and in particular, of
activity-dependent synaptic plasticity in brain areas involved in
addiction-related behaviors (e.g., the mesocorticolimbic path-
way) and/or learning and memory (e.g., the hippocampus) (Hy-
man and Malenka, 2001; Nestler, 2001a,b; Williams et al., 2001).
It has been proposed that these modified neural circuits would be
responsible for some of the complex pathological behaviors char-
acterizing addiction. In support of this idea, chronic exposure to

addictive drugs induces alterations of synaptic transmission
and/or plasticity in in vitro slice preparations of the ventral teg-
mental area, nucleus accumbens (NAc), periaqueductal gray, and
hippocampus (Ingram et al., 1998; Martin et al., 1999; Thomas et
al., 2001; Williams et al., 2001; Beurrier and Malenka, 2002; Har-
rison et al., 2002; Robbe et al., 2002a; Hoffman et al., 2003).

Long-term treatment with abused drugs does not address the
fundamental question of the initial steps leading to addiction: can
the first exposure to an abused drug modify (even temporarily)
synaptic plasticity and somehow drive selected neuronal circuits
into a transient altered state? It has been reported recently that a
single exposure to abused drugs (ethanol, cocaine, amphetamine,
and morphine have been tested) increased strength at excitatory
synapses onto midbrain dopamine cells, suggesting that synaptic
plasticity can indeed be an early substrate of addictive-drug-
induced alterations (Ungless et al., 2001; Melis et al., 2002; Saal et
al., 2003).

Because of their putative physiological relevance, forms of synap-
tic plasticity induced in response to naturally occurring synaptic pat-
terns (or to stimulating protocols mimicking natural synaptic
activities) are of obvious particular interest. In this frame of
mind, we recently identified the first form of long-term synaptic
plasticity involving the endocannabinoid (eCB) system: stimula-
tion mimicking naturally occurring frequencies of the prelimbic
cortical afferents to the NAc (for 10 min at 13 Hz) induces a
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robust long-term depression (LTD) of evoked excitatory synaptic
transmission (Robbe et al., 2002b). We found that postsynaptic
metabotropic glutamate 5 receptors (mGluR5s) and presynaptic
CB1 receptors (CB1Rs) are instrumental to eCB-mediated syn-
aptic plasticity: mGluR5s translate anterograde signaling into
cannabinoid retrograde signaling and long-term depression. Re-
markably, both CB1R and mGluR5 have been implicated in
cocaine-related behaviors (Chiamulera et al., 2001; De Vries et
al., 2001): a CB1R antagonist induces relapse to cocaine-seeking
behavior, and mGluR5-null mutant mice are insensitive to the
locomotor-stimulating and rewarding properties of cocaine.
These in vivo observations prompted us to directly measure the
effects of cocaine exposure on eCB-mediated retrograde signal-
ing in an in vitro NAc slice preparation. We report that a single in
vivo exposure to cocaine is sufficient to abolish eCB-mediated
LTD (eCB-LTD), and the data suggest a key role for Homer scaf-
folding proteins and mGluR5 trafficking in the initial synaptic
adaptations to cocaine.

Materials and Methods
Animal treatment. Four-week-old mice [C57BL/6 strain or D1 dopamine
receptor (D1R)-null mutant mice] were housed, grouped, and acclima-
tized to laboratory conditions (12 hr light/dark cycle) 1 week before the
experiment and had ad libitum access to food and water. Animals re-
ceived one intraperitoneal injection of cocaine (20 mg/kg) or vehicle 1 d
before the experiment. Mice were killed the following day, and slices of
NAc were prepared as described below. Cocaine (20 mg/kg; a gift from
the National Institute on Drug Abuse, Bethesda, MD) or (�)-1-phenyl-
2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol hydrobromide (SKF38393)
(10 mg/kg; Research Biochemicals International, Saint Quentin Fallavier,
France) was prepared in a solution of 0.9% NaCl. A volume of 100 �l was
injected for mice weighing 20 gm. 8-chloro-2,3,4,5-tetrahydro-3–5–1h-3-
benzazepin-7-ol (SCH23390; 0.5 mg/kg, i.p.) (Goto and O’Donnell, 2001;
Brady et al., 2003) and (�)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]
cyclohepten-5,10-imine maleate (MK801; 1 mg/kg, i.p.) (Valjent et al., 2001)
were injected 5 and 30 min before cocaine, respectively. Mice bearing a null
mutation for D1R (D1R �/� mice) were generated by Drago et al. (1994).
The D1R �/� mutant mice used here were produced by crossing heterozy-
gous males and females. D1R �/� mice, referred to as wild type, were from
the same litter as D1R �/� mice. The genotypes of all mice were assessed by
PCR.

Slice preparation and electrophysiology. Extracellular field recordings
were made from medium spiny neurons in parasagittal slices of mice
nucleus accumbens. These methods have been described in detail previ-
ously (Robbe et al., 2002b). In brief, 4- to 6-week-old male C57BL/6 mice
were anesthetized with isoflurane and decapitated. The brain was sliced
(300 �m) in the parasagittal plane using a vibratome (Integraslice;
Campden Instruments, Leicester, UK) and maintained in physiological
saline at 4°C. Slices containing the NAc were stored for at least 1 hr at
room temperature before being placed in the recording chamber and
superfused (2 ml/min) with artificial CSF (ACSF) that contained (in
mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 18 NaHCO3, 1.2
NaH2PO4, and 11 glucose (equilibrated with 95% O2–5% CO2). All ex-
periments were done at room temperature. The superfusion medium
contained picrotoxin (100 �M) to block GABAA receptors. All drugs were
added at the final concentration to the superfusion medium. The record-
ing pipette was filled with ACSF. Both the field EPSP (fEPSP) slope
(calculated with a least squares method) and fEPSP amplitude were mea-
sured (graphs depict amplitudes). An Axopatch-1D (Axon Instruments,
Foster City, CA) was used to record the data, which were filtered at 1–2
kHz, digitized at 5 kHz on a DigiData 1200 interface (Axon Instruments),
and collected on a personal computer using Acquis-1 software (Bio-
Logic, Claix, France). To evoke synaptic currents, stimuli (100 –150 �sec
duration) were delivered at 0.033 Hz through bipolar tungsten electrodes
placed at the prefrontal cortex–nucleus accumbens border. Recordings
were made in the rostromedial dorsal accumbens close to the anterior
commissure.

Immunoblotting. Mice were decapitated 1 d after injection, the brains
were rapidly removed, and parasagittal slices were prepared as for elec-
trophysiology. The entire nucleus accumbens (including the shell and
core) was dissected out and immediately processed as follows: the dis-
sected brain punches were homogenized with a handheld tissue grinder
in lysis buffer [25 mM HEPES, 150 mM NaCl, 1% Triton X-100 (Sigma,
Lyon, France), and protease inhibitor mixture (Roche France, Neuilly
sur Seine, France)] and subjected to centrifugation (10,000 � g at 4°C for
10 min) to remove insoluble material. Protein quantification was per-
formed using the BCA protein assay kit (Pierce, Brebieres, France) ac-
cording to the manufacturer’s instructions. Samples (20 �g) were sub-
jected to SDS–PAGE using a minigel apparatus (7.5% for mGluR2/3 or
mGluR5 and 10% for pan-Homer; Amersham Biosciences, Saclay,
France), transferred via semidry apparatus (Bio-Rad, Marnes La Co-
quette, France) to nitrocellulose membrane, and probed for the proteins
of interest. mGluR5 and mGluR2/3 were labeled using rabbit anti-rat
antibodies (Upstate Biotechnology, Lake Placid, NY) reactive to a pep-
tide sequence targeted on the C terminus at a dilution of 1:1000. Homer
proteins were probed with a rabbit anti-rat pan-Homer antibody
(P.F.W.). The pan-Homer antibody was raised against an N-terminus
sequence common to all Homer proteins, and thus recognized both short
(i.e., Homer1a) and long [i.e., Homer isoforms containing the coiled-coil
domain (CC-Homer)] forms of Homer. In our experiments, the pan-
Homer antibody recognized only one band at �45 kDa, corresponding
to CC-Homer. We verified that in lysates of Homer1a- or Homer1b-
transfected COS7 cells, the pan-Homer antibody recognized a single
band at �25 and 45– 47 kDa, respectively (supplemental Fig. 1, available
at www.jneurosci.org/cgi/content/full/24/31/6939/DC1). CB1Rs were
probed with a rabbit anti-rat antibody reactive to a peptide sequence
targeted on the C terminus at a dilution of 1:3000 (Dr. Ken Mackie,
University of Washington, Seattle, WA). Labeled proteins were detected
using an HRP-conjugated anti-rabbit secondary IgG diluted 1:3000 and
visualized with enhanced chemiluminescence (Amersham Biosciences).
Immunoreactivity levels were quantified by integrating band density �
area using computer-assisted densitometry (NIH ImageJ 1.29). Tubulin
(anti-�-tubulin clone tub2.1; 1:10,000; Sigma) expression was used to
normalize protein quantity. The density � area measurements were av-
eraged over two to three control samples for each gel, and all bands were
normalized as percentage of corresponding control values. The number
of determinations is shown in parentheses, and each individual number
corresponds to a single mouse.

Biochemical measurements of surface-expressed mGluR5. Brain slices
were prepared as for the immunoblotting experiments (except that slices
were 200 �m thick) and entire NAcs were dissected out. The microdis-
sected NAcs were immediately put in ice-cold ACSF and then incubated
in ACSF containing 1 mg/ml sulfosuccinimidyl-6-(biotinamido) hex-
anoate (Pierce) for 1 hr at 4°C with gentle shaking. Unreacted biotinyla-
tion reagent was removed by two 10 min washes in ice-cold ACSF and
quenched by two 20 min washes in ice-cold ACSF containing 100 mM

glycine. The dissected brain punches were then homogenized with a
handheld tissue grinder in 150 �l of lysis buffer [25 mM HEPES, 150 mM

NaCl, 1% Triton X-100 (Sigma), and protease inhibitor mixture
(Roche)] and subjected to centrifugation (10,000 � g at 4°C for 10 min)
to remove insoluble material. A total of 250 �g of each lysate was incu-
bated overnight at 4°C with 50 �l of streptavidin agarose beads (Sigma).
The beads were washed three times at 4°C in lysis buffer and once in 50
mM Tris-HCl, pH 7.4. The beads were extracted with SDS-sample buffer
containing 1 M dithiothreitol. The biotinylated proteins were analyzed by
quantitative Western blotting using anti-mGluR5 antibody as described
above.

Data analysis and materials. All values are given as mean � SEM.
Statistical analyses were done with the Mann–Whitney U test ( p � 0.05
was taken as indicating statistical significance) using Kyplot �.13 (Koichi
Yoshioka, Tokyo, Japan). Of the drugs used, MK801, picrotoxin, and
SCH23390 were from Sigma; (�)-2-aminobicyclo-[3.1.0]hexane-2,6-
dicarboxylic acid (LY354740) was a gift from Drs. A. Schoepp and Monn
at Eli Lilly (Indianapolis, IN); all other chemicals were from the highest
commercial grade available.

6940 • J. Neurosci., August 4, 2004 • 24(31):6939 – 6945 Fourgeaud et al. • Cocaine Blocks Endocannabinoid LTD



Results
A single in vivo exposure to cocaine abolishes eCB-LTD in
the NAc
As reported previously, stimulation mimicking naturally occur-
ring frequencies of the prelimbic cortical afferents to the NAc (10
min at 13 Hz) reliably induces a robust LTD of evoked excitatory
synaptic transmission termed eCB-LTD (Robbe et al., 2002b;
Hoffman et al., 2003) (Fig. 1a). To test whether eCB-mediated
retrograde signaling could be part of the early synaptic adapta-
tions to cocaine exposure, we directly compared eCB-LTD in
NAc slices prepared from saline- or cocaine-treated mice. Mice
were injected once with cocaine (20 mg/kg) or saline 1 d before
the experiment, a procedure known to cause behavioral sensiti-
zation to cocaine (Jackson and Nutt, 1993; Ungless et al., 2001).
As shown in Figure 1a, a single in vivo exposure to cocaine abol-
ished eCB-LTD, demonstrating that eCB retrograde signaling in
the NAc is a synaptic target of cocaine actions.

CC-Homer protein levels are increased after a single in vivo
exposure to cocaine
We next searched for the cellular adaptations triggered by cocaine
in the NAc. Behavioral sensitization to cocaine has been corre-
lated with modifications of the relative synaptic weight of AMPA
receptors and NMDA receptors (NMDARs) and with related
changes in “classical” anterograde synaptic plasticity (Thomas et
al., 2001; Ungless et al., 2001; Saal et al., 2003). Retrograde eCB-
mediated LTD in the NAc is independent of ionotropic glutamate
receptors (Robbe et al., 2002b), but in contrast requires the acti-
vation of both presynaptic CB1R and postsynaptic mGluR5 cou-
pled to intracellular Ca 2� stores (Robbe et al., 2002b). The ex-
pression levels of intracellular scaffolding proteins of the Homer
family are modulated by cocaine (Swanson et al., 2001; Fagni et

al., 2002) and have been shown to regulate mGluR1/5 signaling
and trafficking (Xiao et al., 2000; Fagni et al., 2002). Of particular
interest, it has been proposed that CC-Homer proteins are in-
volved in the intracellular retention of mGluR1/5 (Xiao et al.,
2000; Fagni et al., 2002). We hypothesized that cocaine-induced
alterations of CB1R, mGluR5, or CC-Homer levels may be at the
origin of the elimination of eCB-LTD in the NAc of cocaine-
exposed mice. In agreement with this idea, immunoblots using a
pan-Homer antibody revealed that CC-Homer levels are dramat-
ically increased in NAc from mice that received a single injection
of cocaine (Fig. 1b). The present observation that a single cocaine
exposure selectively enhances CC-Homer protein levels adds to
the body of evidence identifying the Homer protein family as a
critical substrate of cocaine-induced neuronal alterations (Xiao
et al., 2000; Fagni et al., 2002). We next tested the duration of the
action of a single cocaine exposure and observed that 1 week after
cocaine administration, both eCB-LTD and CC-Homer protein
levels were back to normal (Fig. 1c), strongly suggesting a func-
tional correlation between the occurrence of eCB-LTD and CC-
Homer expression levels.

The effects of cocaine on eCB-LTD and CC-Homer levels
depend on D1R and NMDAR
Many behavioral or biochemical effects of cocaine implicate D1R
and glutamate NMDAR (Kalivas, 1995; Hummel and Unterwald,
2002). We reasoned that D1R and/or NMDAR activation could
be necessary to the cocaine-induced alterations of synaptic plas-
ticity. In accord with this hypothesis, we found that the effects of
cocaine were absent in D1R-null mutant mice (Drago et al., 1994)
(Fig. 2a) and were prevented when cocaine was coadministered
with the selective D1R antagonist SCH23390 in wild-type mice
(Fig. 2a) (Drago et al., 1994; Brady et al., 2003). Single in vivo

Figure 1. Single in vivo administration of cocaine abolishes eCB-LTD and increases CC-Homer protein levels. a, Top, Sample fEPSPs before (control) or after induction of eCB-LTD in mice injected
in vivo with saline (sham) or cocaine (20 mg/kg) taken at the time indicated on graph below. Bottom, Average time courses of eCB-LTD. Single cocaine injection (n � 27) abolished eCB-LTD
(compared with sham; n � 17; 50 min after tetanus; ***p � 0.05). The dashed line represents 100%. b, Representative Western blots of animals administered saline (sham) or cocaine in vivo. The
blots show protein levels for CC-Homer using a pan-Homer antibody in the NAc 1 d after injection. Densitometry measurements are expressed as percentage of control � SEM. Single cocaine
exposure (n � 7) markedly increased CC-Homer protein levels in the NAc, compared with saline (n � 7; ***p � 0.05). Immunoblots were quantified by scanning densitometry. c, Top, Densitometry
measurements expressed as percentage of control�SEM and representative Western blots of animals administered saline (sham) or cocaine in vivo. The blots show protein levels for CC-Homer using
a pan-Homer antibody in the NAc 1 week after single cocaine injection. One week after a single exposure to cocaine, CC-Homer protein levels were back to normal (n � 5) compared with saline (n �
5; p � 0.05). Bottom, eCB-LTD expressed as percentage of baseline 50 min after LTD induction: eCB-LTD was identical 1 week after a single exposure to cocaine (n � 7) and in sham mice (n � 17;
p � 0.05). The dashed line represents 100%.
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injection with the specific D1R agonist SKF38393 (10 mg/kg) also
completely blocked eCB-LTD, suggesting that D1R activation is
both necessary and sufficient to the cocaine-induced alterations
of synaptic plasticity in the NAc (fEPSP was 102.2 � 4.5% of
baseline; n � 14; 50 min after tetanus; p � 0.05 compared with
sham). Moreover, when cocaine was coadministered with the
selective noncompetitive NMDAR antagonist MK801 in wild-
type mice (Valjent et al., 2001), eCB-LTD was not blocked (Fig.
2c). These data show that blockade of D1R- and/or NMDAR-
mediated functions prevents the processes initiated by cocaine
and the following obliteration of eCB-LTD.

We next tested whether D1R and NMDAR inhibitors also sig-
nificantly interfere with the cocaine-induced enhancement of
CC-Homer expression levels. As shown in Figure 2, preventing
the cocaine blockade of eCB-LTD with either the D1R (Fig. 2b) or
the NMDAR (Fig. 2d) antagonist also prevented the cocaine-
induced enhancement of CC-Homer expression levels. These ex-
periments reinforced the idea of a functional correlation between
CC-Homer levels and the ability to induce eCB-LTD.

A single in vivo cocaine exposure does not alter CB1R
function, CB1R protein expression level, or the endogenous
cannabinoid tone
Cocaine exposure could cause functional tolerance of CB1R and
thereby lead to an apparent abolition of eCB-mediated LTD. This
possibility was excluded on the basis of the following observa-
tions: first, we verified that bath application of the selective CB1R
agonist (�)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-
trans-4-(3-hydroxypropyl)cyclohexanol (CP55,940) (10 �M)
caused a similar fEPSP depression in NAc slices prepared from
cocaine- and sham-treated mice (Fig. 3a). Second, it was found
that the total protein levels of CB1R remained unaffected by co-
caine treatment (Fig. 3b), arguing against the idea that cocaine
reduced CB1R expression levels. Recent evidence suggests that in
the limbic forebrain, dopamine receptor activity can alter the eCB
tone (Patel et al., 2003); in particular, both cocaine and the D1R
antagonist SCH23390 altered eCB content. Because the mice
were treated with both cocaine and SCH23390, the possibility

existed that the modulations of synaptic plasticity were caused by
changes in the eCB tone. Thus, we measured the effects of the specific
CB1R antagonist N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichlo-
rophenyl)-4-methylpyrazole-3-carboxamide (SR141716A) on base-
line synaptic transmission after in vivo exposure to cocaine or
SCH23390. Bath application of SR141716A (30 min; 5 �M) had no
effect on synaptic responses in NAc slices from cocaine- or
SCH23390-treated mice [fEPSP was 99 � 4% (n � 6) and 99 � 5%
(n � 4) of baseline in NAc slices prepared from cocaine- and
SCH23390-treated animals, respectively]. Thus, durable alterations
of eCB content after in vivo exposure to cocaine or the D1R antago-
nist are unlikely to account for the changes in synaptic plasticity
observed in the NAc of cocaine-treated mice.

The effects of single cocaine exposure on NAc LTD are
restricted to eCB-mediated plasticity
Another possibility was that cocaine caused a nonselective block-
ade of LTD at prelimbic cortex–NAc synapses. At these synapses,

Figure 3. CB1R presynaptic functions and protein levels are not altered by single in vivo
cocaine exposure. a, CB1R-mediated fEPSP inhibition. Single cocaine injection (n � 5) did not
alter the CB1R-mediated fEPSP inhibition [compared with sham; n � 4; 20 min after applica-
tion of the CB1R agonist CP55,940 (10 �M); p � 0.05]. b, Densitometry measurements ex-
pressed as percentage of control � SEM. Single cocaine exposure (n � 6) did not alter CB1R
protein levels in the NAc, compared with saline (n � 5; p � 0.05).

Figure 2. Role of D1R and NMDAR in the cocaine-induced blockade of eCB-LTD. a, Cocaine-induced inhibition of eCB-LTD was prevented by a D1R antagonist. Animals that had received SCH23390
(0.5 mg/kg) displayed eCB-LTD when coinjected with cocaine (n � 9; ***p � 0.05 compared with cocaine alone). D1R �/� mice display normal eCB-LTD (n � 7) but were insensitive to cocaine
administration compared with wild type (n�9; ***p�0.05). The dashed line represents 100%. b, Representative Western blots of animals administered saline (sham), SCH23390 (SCH; 0.5 mg/kg)
alone, or SCH23390 plus cocaine (SCH � Coc) in vivo. The blots show protein levels for CC-Homer using a pan-Homer antibody in the NAc 1 d after injection. Densitometry measurements are
expressed as percentage of control � SEM. In SCH23390-injected animals, single cocaine exposure (n � 6) did not alter CC-Homer protein levels in the NAc, compared with saline (n � 5; p � 0.05)
and SCH23390 alone (n � 6; p � 0.05). c, Cocaine-induced inhibition of eCB-LTD is prevented by an NMDAR antagonist. Animals receiving MK801 display normal eCB-LTD when coinjected with
cocaine (n � 13; ***p � 0.05 compared with cocaine alone). The dashed line represents 100%. d, Representative Western blots of animals administered saline (sham), MK801 (1 mg/kg) alone, or
MK801 plus cocaine (MK801 � Coc) in vivo. The blots show protein levels for CC-Homer using a pan-Homer antibody in the NAc 1 d after injection. Densitometry measurements are expressed as
percentage of control�SEM. In MK801-injected animals, single cocaine exposure (n �8) did not alter CC-Homer protein levels in the NAc, compared with saline (n �8; p �0.05) and MK801 alone
(n � 8; p � 0.05).
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we have reported previously that synaptic and pharmacological
activation of presynaptic mGluR2/3 induces LTD (Robbe et al.,
2002a). As shown in Figure 4a, LTD induced by the selective
mGluR2/3 agonist LY354740 (200 nM for 10 min) (Robbe et al.,
2002a) is normal after a single in vivo exposure to cocaine. Ac-
cordingly, the total protein levels of mGluR2/3 remained un-
affected by cocaine treatment (Fig. 4b). Thomas et al. (2001)
have reported that single cocaine exposure does not affect
postsynaptic NMDAR-dependent LTD. Together, these data

indicate that cocaine specifically abolishes
eCB-mediated plasticity, whereas neither
presynaptic mGluR2/3-dependent LTD
nor postsynaptic NMDA-dependent LTD
(Thomas et al., 2001) were modified.
Moreover, input– output curves obtained
in measuring fEPSP amplitudes evoked by
an increasing range of stimulation intensi-
ties were similar in the two groups of mice,
suggesting that in the NAc, the efficacy of
synaptic transmission is unchanged in
slices from cocaine-treated mice (Fig. 4c).
Finally, it was verified that the paired-
pulse ratio, a form of short-term plasticity
sensitive to eCB-mediated LTD (Fig. 4d,
left), was unaffected in cocaine-treated
animals (Fig. 4d, right), suggesting that
eCB-LTD is not already induced in
cocaine-injected mice. Collectively, this
indicates that single cocaine exposure
does not induce a generalized alteration
in the ability of the prefrontal cortex–
NAc synapses to express synaptic plasticity.

Single cocaine administration strongly
reduces mGluR5 surface expression and
mGluR5 synaptic actions
Finally, we searched for a mechanism
that could link elevated levels of CC-
Homer and the cocaine-induced block
of retrograde signaling. Postsynaptic
mGluR5 activation is necessary and suf-
ficient to produce eCB-LTD (Robbe et
al., 2002b), and converging reports indi-
cate that CC-Homer proteins control the
surface expression of mGluR5 (Xiao et
al., 2000). To test the hypothesis that el-
evation of CC-Homer levels can induce
the intracellular retention of mGluR5
(Xiao et al., 2000; Fagni et al., 2002) and
a corresponding reduction in the ability
of mGluR5 to translate anterograde glu-
tamate signaling into retrograde eCB
signaling, a surface biotinylation assay of
mGluR5 was performed. It was first
observed that total mGluR5 levels re-
mained unaffected after exposure to co-
caine (Fig. 5a). In contrast, a single in
vivo exposure to cocaine is indeed asso-
ciated with a large decrease in the surface
expression of mGluR5 (Fig. 5b), sup-
porting the notion that cocaine-induced
loss of eCB retrograde signaling is attrib-
utable to reduced functions of postsyn-

aptic mGluR5. We have described previously that postsynap-
tic mGluR5s are crucially involved in mediating the eCB-
dependent LTD and that tetanus-induced eCB-LTD can be
mimicked by direct pharmacological stimulation of mGluR5
with the selective group I mGluR agonist (S)-3,5-dihydroxy-
phenylglycine [( S)-DHPG] (Robbe et al., 2002b). Thus, if
mGluR5s are removed from the surface in response to cocaine
exposure, one expectation is that mGluR5 agonist-induced

Figure 4. A single in vivo cocaine exposure does not induce a generalized alteration of prefrontal cortex–NAc synapses. a,
Single cocaine injection (n � 7) did not alter mGluR2/3-LTD [compared with sham; n � 10; 60 min after application of the
selective mGluR2/3 agonist LY354740 (200 nM) for 10 min; p � 0.05]. The dashed line represents 100%. b, Single cocaine
exposure did not change NAc protein levels of mGluR2/3. Densitometry measurements are expressed as percentage of control �
SEM. Single cocaine exposure (n � 4) did not alter mGluR2/3 protein levels in the NAc, compared with saline (n � 3; p � 0.05).
c, Input– output curves for sham-treated mice and mice treated with a single injection of cocaine were similar. d, Left, Paired-
pulse ratios were augmented after eCB-LTD induction in sham animals (1.21�0.09 10 min before tetanus compared with 1.36�
0.09 50 min after tetanus; n � 12; ***p � 0.05 but not in cocaine-treated animals (1.17 � 0.08 10 min before tetanus compared
with 1.12 � 0.09 50 min after tetanus; n � 20; p � 0.05). Right, Baseline paired-pulse ratios were identical in vehicle- and
cocaine-treated animals [1.21 � 0.09 (n � 12) in sham animals compared with 1.17 � 0.08 (n � 20) in cocaine-treated
animals; p � 0.05], suggesting that basal probability of transmitter release was unchanged after cocaine injection. tet, Tetanus.

Figure 5. Cocaine administration causes a loss of surface mGluR5. a, Single cocaine exposure did not change total NAc protein
levels of mGluR5. Representative Western blots of animals administered saline (sham) or cocaine in vivo are shown. The blots
demonstrate protein levels for mGluR5 using an mGluR5 antibody in the NAc 1 d after injection. Densitometry measurements are
expressed as percentage of control � SEM. Single cocaine exposure (n � 6) did not alter total mGluR5 protein levels in the NAc,
compared with saline (n � 5; p � 0.05). b, Representative Western blots of animals administered in vivo with saline (sham) or
cocaine showing biotinylated mGluR5 in the NAc 1 d after injection. Densitometry measurements are expressed as percentage of
control � SEM. Single cocaine exposure (n � 9) decreased biotinylated mGluR5 protein levels in the NAc, compared with saline
(n � 8; ***p � 0.05). c, Average time courses of mGluR5-mediated LTD. Single cocaine injection (n � 11) abolished mGluR5-LTD
[compared with sham; n�13; 40 min after application of the selective mGluR5 agonist ( S)-DHPG (100 �M) for 10 min; p�0.05].
Coc, Cocaine.
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LTD is absent in cocaine-treated animals. Indeed, in NAc
slices prepared from cocaine-exposed mice, both mGluR5-
mediated acute inhibition of excitatory transmission and LTD
were markedly reduced (Fig. 5c).

Discussion
Here we identify a new mechanism by which cocaine alters syn-
aptic plasticity in the endogenous brain reward system: retro-
grade LTD mediated by eCBs is eliminated in response to a single
in vivo exposure to cocaine. The data show that single in vivo
exposure to cocaine (in a D1R- and NMDAR-dependent man-
ner) increases the expression of CC-Homer. We propose that the

ensuing substantial reduction in mGluR5 surface expression
causes a marked reduction in the ability of mGluR5 to translate
anterograde glutamate signaling into retrograde eCB signaling
(Fig. 6).

Our data link changes in the surface expression of metabo-
tropic glutamate receptors and addictive-drug-induced alter-
ation of synaptic plasticity. Trafficking of ionotropic glutamate
receptors is a well recognized mechanism underlying synaptic
plasticity associated with elementary forms of memory (e.g.,
long-term potentiation and LTD) (Contractor and Heinemann,
2002), and the present data show that trafficking of metabotropic
glutamate receptors also plays a fundamental role in the synaptic
plasticity underlying adaptations to addictive drugs.

This study also adds to several converging reports showing the
central role of the Homer protein family as a critical substrate of
cocaine-induced neuronal adaptations (Xiao et al., 2000; Fagni et
al., 2002). The first identified member of the Homer family was
Homer1a, a short Homer lacking the CC domain which thus
competes with CC-Homer and disassembles the signaling com-
plexes formed between CC-Homer and its partners (i.e.,
mGluR1/5, Shank, intracellular calcium store, etc.) (Xiao et al.,
2000). Interestingly, Homer1a protein is an immediate early gene
product that is rapidly and transiently induced by intense neuro-
nal activity and during the first hours after acute cocaine admin-
istration (Brakeman et al., 1997). We propose that the elevation
of CC-Homer observed 1 d after in vivo cocaine exposure is an
early counter-adaptation to the Homer1a-induced reduction of
CC-Homer functions. Moreover, CC-Homer proteins also play a
role in the adaptations to prolonged cocaine administration: 3
weeks after discontinuing 1 week of daily cocaine, there is a sig-
nificant reduction in CC-Homer levels in the NAc (Swanson et
al., 2001) that participates in the expression of behavioral sensi-
tization (Ghasemzadeh et al., 2003). Thus, a possible interpreta-
tion of these data is that a single cocaine administration results in
the elevation of CC-Homer expression, whereas repeated cocaine
exposure triggers a compensatory mechanism, ultimately de-
creasing CC-Homer protein levels.

Our results reinforce the idea that the eCB system is involved
in the behavioral actions of cocaine and in particular, the obser-
vation that CB1R antagonists can induce cocaine relapse (De
Vries et al., 2001). It is noteworthy that eCB-LTD in the NAc is
reduced by chronic exposure to 	-9-tetrahydrocannabinol
(Hoffman et al., 2003) and that CB1R-null mutant mice are less
sensitive to the rewarding properties of opiates and nicotine (Le-
dent et al., 1999; Castane et al., 2002). Thus the emerging picture
is that the eCB system is a prominent player in the actions of
addictive drugs.

At prefrontal cortex–NAc synapses, eCB-LTD might partici-
pate in a negative feedback loop reducing the strength of excita-
tory synapses during sustained cortical activity. Behavioral sensi-
tization to cocaine is accompanied by a decrease in excitatory
drive to the NAc (Thomas et al., 2001) and a reduction in NAc
basal extracellular glutamate (Pierce et al., 1996). Thus the abo-
lition of eCB-LTD in the NAc of cocaine-exposed animals might
serve as a compensatory mechanism to counterbalance the gen-
eral decrease in glutamatergic activity measured in response to
cocaine. In support of this idea, a recent microdialysis study in
models of behavioral sensitization and drug-seeking has demon-
strated an enhanced release of glutamate after a cocaine-priming
injection at prefrontal cortex–NAc synapses (McFarland et al.,
2003).

Figure 6. Schematic illustrating the interactions between the eCB-mediated retrograde sig-
naling and the CC-Homer family of scaffolding proteins at excitatory NAc synapses. a, In naive or
sham animals, retrograde eCB-LTD is normally induced after activation of postsynaptic mGluR5
and production of eCB. b, One day after cocaine exposure, heightened protein levels of CC-
Homer caused the intracellular retention of postsynaptic mGluR5. The associated loss of
postsynaptic mGluR5 surface expression prevents the induction of eCB-dependent retrograde
signaling. The effects of cocaine on eCB-dependent LTD require D1R and NMDAR. RyR, Ryano-
dine receptor; G, G-protein; iGluRs, ionotropic GluRs.
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