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The present study was undertaken to examine whether genetically predetermined differences in components of the
endocannabinoid system were present in the brain of Sardinian alcohol-preferring (sP) and Sardinian alcohol-non-
preferring (sNP) rats, a pair of rat lines selectively bred for opposite alcohol preference. The effects of acquisition and
maintenance of alcohol drinking, alcohol withdrawal, and alcohol re-exposure on the endocannabinoid system was
also assessed in the striatum of sP rats. The findings revealed significantly higher density of the CB1 receptors and levels
of CB1 receptor mRNA, CB1 receptor-mediated G-protein coupling, and endocannabinoids in the cerebral cortex,
hippocampus and striatum of alcohol-naive sP rats than sNP rats. A significantly lower expression of mFAAH enzyme
was evident in the hippocampus of alcohol-naive sP rats. Alcohol drinking (during both acquisition and maintenance
phases) in sP rats resulted in a significant reduction in striatal CB1 receptor-mediated G-protein coupling whereas
alcohol withdrawal attenuated this effect. Alcohol consumption was also associated with markedly increased levels of
endocannabinoids in the striatum. Co-administration of the CB1 receptor antagonist, rimonabant (SR141716A)
reduced alcohol intake, and reversed alcohol-induced changes in CB1 receptor-mediated G-protein activation. These
findings provided a new insight into a potential genetic basis of excessive alcohol consumption, suggesting innate
differences in the endocannabinoid system might be associated with higher alcohol preference in sP rats. The data also
indicate a modulation of CB1 receptor-mediated signaling following alcohol consumption, and further strengthen the
potential of the endocannabinoid system as a target for the treatment of alcohol related behaviors.
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INTRODUCTION

Increasing evidence suggests a role of the endocannab-
inoid system in alcohol-related behaviors (Vinod &
Hungund 2006). The endocannabinoid system com-
prises of cannabinoid (CB) receptors, endogenous ago-
nists (endocannabinoids) and the metabolic enzymes of
endocannabinoids. The CB1 receptor is one of the most
widely distributed and abundant G-protein coupled
receptors present in the brain (Howlett 2005). In the
CNS, endocannabinoids are synthesized in post-synaptic

terminals and act as retrograde messengers to activate
presynaptically localized Gi/o protein coupled CB1 recep-
tors that in turn modulate adenylate cyclase, ion chan-
nels and extracellular signaling pathways (Howlett
2005).

Previous studies have demonstrated a significant
reduction in alcohol drinking in CB1 receptor knockout
mice (Hungund et al. 2003; Poncelet et al. 2003; Wang
et al. 2003; Naassila et al. 2004; Houchi et al. 2005;
Thanos et al. 2005). Furthermore, pharmacological
manipulation of CB1 receptor function is known to
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modulate alcohol-related behaviors, including alcohol
drinking and self-administration, in rodents (Arnone
et al. 1997; Colombo et al. 1998, 2002, 2004; Gallate
et al. 1999; Rodriguez de Fonseca et al. 1999; Freedland
et al. 2001; Serra et al. 2001, 2002; Hungund et al.
2002; Hansson et al. 2007; Malinen & Hyytia 2008;
Alvarez-Jaimes, Polis & Parsons 2009; Maccioni et al.
2009; Maccioni, Colombo & Carai 2010; Femenia,
García-Gutiérrez & Manzanares 2010). Indeed, adminis-
tration of the CB1 receptor agonist (CP-55,940) has been
shown to enhance alcohol drinking and motivate alcohol
consumption in rodents (Gallate et al. 1999; Colombo
et al. 2002; Vinod et al. 2008b). On the other hand, the
CB1 receptor antagonist, rimonabant (SR141716A) has
been shown to reduce alcohol consumption, relapse-like
drinking, operant oral alcohol self-administration and
alcohol’s motivational properties in Sardinian alcohol-
preferring (sP) rats (Colombo et al. 1998, 2004; Serra
et al. 2001, 2002; Maccioni et al. 2009). Conversely,
recent preliminary clinical studies have shown no signifi-
cant effect of rimonabant on alcohol consumption (Soyka
et al. 2008; George et al. 2010).

In spite of this progress, the mechanism implicated in
alcohol consumption involving the endocannabinoid
system remains somewhat unclear. Both genetic and envi-
ronmental factors have been linked to the etiology of
alcohol dependence (Heath et al. 2001). To this regard,
several animal models have been developed with an aim
towards further understanding the genetic basis of alco-
holism. One of these models, sP and Sardinian alcohol-
non-preferring (sNP) rat lines, has been selectively bred for
opposite alcohol preference and consumption, displaying
marked differences in several other alcohol-related behav-
iors (Colombo et al. 2006). The current study was under-
taken to investigate whether genetic differences in
components of the endocannabinoid system are associ-
ated to higher alcohol consumption in sP rats compared
with sNP rats. The effects of various stages of alcohol
drinking (under the standard, homecage two-bottle
‘alcohol versus water’ choice regimen with unlimited
access for 24 hours/day) on the endocannabinoid system
were also examined in the brain of sP rats. Specifically, four
different stages were evaluated: acquisition of alcohol-
drinking behavior (the time period during which sP rats
rapidly discover alcohol’s reinforcing properties and
acquire alcohol-drinking behavior), long-term mainte-
nance of alcohol drinking (a possible model of the active
drinking phase of human alcoholics), withdrawal from
alcohol after long-term alcohol drinking, and re-exposure
to alcohol drinking after a period of deprivation [the
so-called ‘alcohol deprivation effect’, i.e. the transient
increase in alcohol intake that occurs after a period of
alcohol abstinence and is thought to model relapse in
human alcoholics (Spanagel 2005)]. As alcohol-drinking

behavior in sP rats is sensitive to pharmacologic manipu-
lation of the endocannabinoid system (Colombo et al.
1998; Serra et al. 2001, 2002), the effect of CB1 receptor
antagonism on the endocannabinoid system at different
stages of alcohol drinking was also investigated.

METHODS

Animals

Adult male (9–10 weeks old) sP and sNP rats were used in
this study. Rats were individually housed in standard
plastic cages with wood chip bedding. Standard rat chow
(Mucedola, Settimo Milanese, Italy) and tap water were
always available. A first group of sP and sNP rats
(n = 8 - 10) was killed by decapitation prior to alcohol
exposure (alcohol-naive) to allow assessment of basal dif-
ferences in the endocannabinoid system between the
lines. The striatum of sP rats was examined to ascertain
the effects produced on the endocannabinoid system fol-
lowing voluntary alcohol consumption and withdrawal.
Animal care and handling procedures were carried out in
compliance with Institutional and National Institutes of
Health (NIH) guidelines, as well as the Italian Law on the
‘Protection of animals used for experimental and other
scientific reasons’.

Voluntary alcohol consumption, alcohol withdrawal,
and ‘alcohol deprivation effect’ in sP rats

sP rats were exposed to 10% (v/v) alcohol and water
under the standard, homecage two-bottle free-choice
regimen with unlimited access for 24 hours/day. Two
groups of rats (n = 8 - 10) were exposed to the above
regimen for 10 (acquisition phase) and 60 (maintenance
phase) consecutive days, and were subsequently sacri-
ficed and their brains removed for analysis of the
endocannabinoid system. Two groups of age-matched
control rats (n = 8 - 10), kept under identical conditions
and given only water, were sacrificed at the same time
intervals. Alcohol and water intake were recorded daily.
Bottles were refilled daily with fresh alcohol solution and
water, and their positions interchanged at random to
avoid development of position preference. Rat body
weights were recorded twice weekly.

In the alcohol withdrawal paradigm, groups of sP rats
(n = 8 - 10) were exposed to the two-bottle ‘alcohol (10%
v/v) versus water’ choice regimen for 60 consecutive days
and sacrificed 1, 3 and 7 days after removal of alcohol.
Comparison with a fourth group of rats exposed to the
two-bottle choice regimen for 60 consecutive days
(n = 10) allowed us to determine whether withdrawal
from alcohol, after a relatively long period of voluntary
alcohol intake, is associated with changes in the
endocannabinoid system.

CB1 receptor signaling and alcohol 63
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In the ‘alcohol deprivation effect’ experiment, sP rats
were exposed to the two-bottle ‘alcohol (10% v/v) versus
water’ choice regimen for 60 consecutive days. Subse-
quently, rats were divided into two groups (n = 8 - 10),
one of which was allowed unlimited access to alcohol
and water (alcohol-non-deprived rats), whilst in the
other alcohol was removed for 14 consecutive days, with
water being the only fluid available (alcohol-deprived
rats). On the 15th day, alcohol was presented again at
the start of the dark phase. One hour later, alcohol
intake was recorded in both groups. Rats were then sac-
rificed and the striatum isolated for analysis. The time
point chosen corresponds to a period during which sP
rats display the largest ‘alcohol deprivation effect’
(Colombo et al. 2006). This experiment allowed us to
determine whether the increase in alcohol intake mani-
fested by sP rats following a period of alcohol depriva-
tion is associated with changes in the endocannabinoid
system.

Effect of rimonabant on the endocannabinoid system
during acquisition and maintenance of alcohol
drinking and ‘alcohol deprivation effect’

Procedures for acquisition and maintenance of alcohol
drinking and ‘alcohol deprivation effect’ were similar to
those described in earlier experiments, with the exception
of administration of rimonabant (Sanofi-Aventis, Mont-
pellier, France). During the acquisition phase, sP rats
underwent initial treatment with rimonabant (1 and
3 mg/kg, i.p.) or vehicle 30 minutes prior to alcohol pre-
sentation on day 1, and subsequently twice daily for 10
consecutive days (at 6-hour intervals during the dark
phase). Rats were then sacrificed at the end of alcohol
exposure period. The effect of rimonabant treatment
alone for 10 days (twice daily) on endocannabinoid levels
in alcohol-naive sP rats was assessed.

During the maintenance phase, rats were exposed to
the two-bottle choice regimen for 55 consecutive days
before the start of rimonabant treatment. Treatment with
rimonabant (1 and 3 mg/kg, i.p.) was administered twice
daily (30 minutes before lights off and 6 hours later) for
five consecutive days. Rats were sacrificed at the end of
5th day of rimonabant treatment.

In the ‘alcohol deprivation effect’ paradigm, all rats
were first exposed to a two-bottle choice regimen for 60
consecutive days. Subsequently, rats were divided into
two groups: alcohol-non-deprived rats continued to have
unlimited access to alcohol and water, while alcohol-
deprived rats were given water only for 14 consecutive
days. On the 15th day, both groups of rats received
rimonabant (1 and 3 mg/kg, i.p.) 30 minutes before the
start of dark phase; alcohol was presented again at the
start of the dark phase. One hour later the rats were

sacrificed and the striatum isolated for analysis of the
endocannabinoid system.

Rimonabant doses were chosen on the basis of the
findings of previous experiments (Serra et al. 2001,
2002; Colombo et al. 2004; Maccioni et al. 2009). In all
experiments, rimonabant was suspended in saline con-
taining 0.1% (w/v) Tween 80 and injected at a volume of
2 ml/kg.

CB1 receptor assay

The radioligand binding assay was performed using
crude synaptic membranes isolated from brain regions
as previously described (Vinod et al. 2006) using a satu-
rating concentration (1–10 nM) of radiolabeled CB1
agonist, [3H]CP-55,940. All ligands were prepared in an
assay buffer [(50 mM Tris-HCl, 3 mM MgCl2, 1 mM eth-
ylenediaminetetraacetic acid (EDTA)] containing 0.1%
fatty acid-free bovine serum albumin (BSA). Assay solu-
tions were incubated in silicone-treated test tubes for 1
hour at 37°C with membrane fractions (50–100 mg
protein). The non-specific binding was determined by
addition of 10 mM unlabeled CP-55,940. The reaction
was terminated by addition of 2 ml of ice-cold buffer
(50 mM Tris-HCl and 0.1% BSA) and was rapidly filtered
through the GF/B filters (pretreated with 0.1% polyethyl-
enimine) using a cell harvester (Brandel, Gaithersburg,
MD, USA). Filters were washed three times with ice-cold
buffer, transferred to scintillation vials containing 5 ml of
scintillation cocktail and incubated overnight at room
temperature. Radioactivity was measured using a liquid
scintillation counter at an efficiency of 50% for 3H.

Agonist-stimulated [35S]GTPgS binding assay

CB1 receptor-stimulated [35S]GTPgS activation was
measured in crude synaptic membrane as previously
described with minor modifications (Vinod et al. 2006).
Briefly, an aliquot of membrane (20–50 mg protein) was
incubated in Tris-MgCl2-EDTA buffer containing 0.1%
fatty acid free BSA, 100 mM NaCl, 30 mM GDP and
0.05 nM [35S]GTPgS in silicone-treated test tubes for 1
hour at 37°C. The CB1 receptor agonist, CP-55,940
(1.5 mM) was used to examine CB1 receptor-stimulated
[35S]GTPgS binding to G-protein. Basal activity was mea-
sured in absence of CP-55,940. The reaction mixture was
rapidly filtered through the GF/B glass filters. Radioactiv-
ity was measured using a liquid scintillation counter at
an efficiency of 95% for 35S.

In situ hybridization histochemistry (ISHH)

Brain sections were cut as previously described for
[35S]GTPgS autoradiography (Ortiz et al. 2004a,b; Vinod
et al. 2008a). ISHH was performed using synthetic
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oligonucleotide probes complementary to CB1 receptor
mRNA (bases 4–51, 349–396, 952–999). Oligonucle-
otide probes were labeled using terminal deoxytrans-
ferase to add a [35S]-labeled deoxyATP (1000 Ci m/mol;
Amersham, Madrid, Spain) tail to the 3′ end of the
probes. The probe in hybridization buffer was applied to
each section and left overnight at 37°C for hybridization.
Sections were subsequently washed four times for 15
minutes each in 0.15 M NaCl, 0.015 M sodium citrate
(saline sodium citrate, SSC, pH 7.2) at 55°C followed by
two 30-minute washes in SSC at room temperature, one
brief water dip and were then air-dried. To check for
imaging enhancement variables each set of slides was
exposed to the film (Kodak BioMax MR-1, Amersham,
Madrid, Spain) for 15–20 days.

Immunoblot analysis

Brain tissue was homogenized in Tris-buffer (pH 7.4)
containing protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO, USA). An aliquot of tissue homogenate
(30 mg) was separated by 10% or 12% polyacrylamide
gel and electrophoretically transferred to nitrocellulose
membrane. The membrane was treated with blocking
buffer [TTBS, (10 mM Tris, 0.9% NaCl; 1% Tween 20
containing 5% milk powder) of pH 7.4] for 1 hour at
room temperature. The membrane was then incubated
with either polyclonal anti-CB1 receptor (1:1000 dilu-
tion; Invitrogen, Carlsbad, CA, USA) or monoclonal anti-
fatty acid amide hydrolase (FAAH; 1:2000 dilution;
Abnova, Taipei City, Taiwan) overnight at 4°C. The blot
was washed three times with TTBS and then incubated
with horseradish peroxidase-conjugated secondary anti-
IgG for 1 hour at room temperature. After washing the
blot three times with TTBS, the immunoreactive band
was visualized using ECL reagent (GE HealthCare, Piscat-
away, NJ, USA). X-ray films were developed and scanned
using HP ScanJet. Band intensities were measured using
ImageJ software (NIH, Bethesda, MD, USA) and analyzed
using GraphPad Prism software (GraphPad Software,
Inc., San Diego, CA). Blots were reprobed with a-tubulin
antibody (1:1000 dilution, Santa Cruz Biotech, Santa
Cruz, CA, USA) to ensure equal protein loading.

Endocannabinoid assay

The endocannabinoid assay was performed by liquid
chromatography-mass spectrometry (LC-MS) method
using the isotopic dilution procedure as described pre-
viously with minor modifications (Vinod et al. 2005).
Briefly, brain tissue was homogenized in 4 ml of
chloroform-methanol-Tris buffer (2:1:1, pH 7.4) contain-
ing 0.25 mM PMSF, 20 ml of 1% butylated hydroxytolu-
ene, N-arachidonyl ethanolamide-d8 (AEA-d8; 50 ng)
and 2-arachidonyl glycerol-d8 (2-AG-d8; 500 ng). Tissue

homogenate was centrifuged and the organic layer dried
under nitrogen. The residue was dissolved in 0.3 ml ethyl
acetate, recentrifuged and the supernatant dried under
nitrogen. The residue was redissolved in ethyl alcohol
(40 ml) and transferred to a vial for measurement of AEA
and 2-AG by LC-MS (Agilent 1100 series mass LC-MSD,
Agilent, Sta. Clara, CA, USA). Separation was achieved
on a supelcosil LC-8 column using methanol-ammonium
acetate-acetic acid (85:15:0.05) as a mobile phase.

Enzyme assay

FAAH activity was determined in the post-membrane
supernatant as previously described (Vinod et al. 2006;
2010). Samples (25–50 mg of protein) were incubated for
30 minutes at 37°C in a solution containing 50 mM
Tris-HCl, pH 8.0, 0.1% BSA, and 30 mM anandamide
(ethanolamine1-3H) (10–20 Ci/mmol; Radiolabeled
Chemicals, St. Louis, MO, USA). For the monoacyl glyc-
erol lipase (MGL) assay, the supernatant (30 mg protein)
was incubated with 2-oleoyl-[3H]glycerol (0.1 mCi;
American Radiolabeled Chemicals, St. Louis, MO) and
2-oleoyl glycerol (70 mM) in Tris-HCl buffer (50 mM, pH
7.4) containing 0.1% BSA, for 30 minutes at 37°C. After
incubation, samples were extracted by methanol and
chloroform mixture (1:1) and subjected to liquid scintil-
lation counting. The protein concentration of tissue
homogenates was determined using bicinchoninic acid
method.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism software. Data relating to the effect of treatment
with rimonabant on alcohol intake during acquisition
and maintenance of alcohol drinking and ‘alcohol depri-
vation effect’ were analyzed by one or two-way analyses
of variance (ANOVAs) followed by the Newman–Keuls
test for post hoc comparison. The levels of CP-55,940
stimulated [35S]GTPgS binding, mCB1 receptor and
mFAAH were expressed as percentage over the basal or
control. Autoradiograms were analyzed using NIH Image
software and data were expressed as 100% over mean
control values. Statistical significance was evaluated by
ANOVA followed by Newman–Keuls test for post hoc com-
parison or, when appropriate, independent-sample t-test.
All data are presented as mean � standard error of the
mean, and statistical significance was set at P < 0.05.

RESULTS

Status of the endocannabinoid system in the brain of
alcohol-naive sP and sNP rats

Saturation analysis of [3H]CP-55,940 binding revealed
slightly higher Bmax values in the cerebral cortex (22%,
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P < 0.05), hippocampus (18%, P < 0.05) and striatum
(22%, P < 0.05) of sP rats compared with sNP rats
(Fig. 1a). A representative graph of saturation isotherm
of [3H]CP-55,940 binding to hippocampal membranes is
shown in Fig. 1b. However, no significant differences were
observed in the affinity of CB1 receptor for the radioli-
gand in the brain of sP and sNP rats (Fig. 1c). Similarly,
higher levels of CB1 receptor-mediated G-protein cou-
pling were observed in these brain regions of sP rats in
comparison with sNP rats (29–38%; Fig. 1d). Immunob-
lot analysis confirmed a higher level of CB1 receptor
immunoreactivity in the hippocampus (49%, P < 0.05;
Fig. 2a) of sP rats compared with sNP rats. A representa-
tive immunoblot is shown in Fig. 2b. In agreement with
the results of the radioligand assay, in situ hybridization
analysis showed a higher CB1 receptor mRNA expression
in the cingulate cortex (24%, P < 0.05; Fig. 2c,d), CA1
(47%, P < 0.01), CA2 (24%, P < 0.05), CA3 (25%,
P < 0.05) and dentate gyrus (DG) (14%, P < 0.05) of hip-
pocampus (Fig. 2c,d), and striatum (49%, P < 0.01;
Fig. 2c,d) of sP rats compared with sNP rats. LC-MS
analysis revealed a significantly higher level of AEA in the
hippocampus (23%, P < 0.05; Fig. 3a) and striatum
(21%, P < 0.05; Fig. 3a) of sP than sNP rats. Significantly
higher levels of 2-AG were found in the cerebral cortex
(21%, P < 0.05; Fig. 3b) and hippocampus (26%,
P < 0.05; Fig. 3b) of sP rats compared with sNP rats. In
situ hybridization analysis revealed a significantly lower
expression of mFAAH enzyme in the CA1 (37%,

P < 0.001), CA3 (26%, P < 0.001) and DG (27%,
P < 0.001) of sP rats compared with sNP rats (Fig. 3c,d).

Effect of voluntary alcohol consumption, alcohol
withdrawal and ‘alcohol deprivation effect’ in sP rats

In the acquisition experiment, all 8 sP rats had acquired
alcohol-drinking behavior by the second day of exposure
to the two-bottle choice regimen, as indicated by indi-
vidual daily alcohol intakes exceeding 4 g/kg [i.e. the
selection criterion adopted in the breeding program of sP
rats (Colombo et al. 2006)]; daily alcohol intake averaged
approximately 4 g/kg on the first day of exposure and
rose progressively to 6–7.5 g/kg on continuing exposure.
In the maintenance experiment (in which rats were
exposed to alcohol for 60 consecutive days), alcohol-
drinking behavior was rapidly acquired by all rats; after
acquisition, alcohol intake averaged 6–7 g/kg/day
throughout the entire period of exposure. These data
were comparable with those repeatedly recorded in sP
rats exposed to alcohol and water under the two-bottle
choice regimen (Colombo et al. 2006).

Agonist-stimulated [35S]GTPgS binding assay
revealed a significant decrease in the CB1 receptor-
mediated G-protein activation in the striatum of sP rats
following acquisition of alcohol drinking for 10 days
compared with the corresponding water control group
(20%, P < 0.05; Fig. 4a). This effect was further
enhanced at the end of the 60-day maintenance phase
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Figure 1 Saturation analysis of [3H]CP-
55,940 binding indicated a higher Bmax
values in the cerebral cortex (22%,
P < 0.05), hippocampus (18%, P < 0.05) and
striatum (22%, P < 0.05) of alcohol-naive
Sardinian alcohol-preferring (sP) than Sar-
dinian alcohol-non-preferring (sNP) rats
(a). A representative graph of saturation
isotherm of [3H]CP-55,940 binding to hip-
pocampal membranes is shown in figure b.
There were no significant differences in Kd
values of the receptor for the radioligand
between the groups (c). Basal levels of
CB1 receptor-mediated G-protein coupling
were found to be higher in the cerebral
cortex (33%, P < 0.05), hippocampus (38%,
P < 0.01) and striatum (29%, P < 0.05) of
alcohol-naive sP than sNP rats (d)
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of alcohol drinking (28%, P < 0.05; Fig. 4a). In addi-
tion, alcohol drinking during the 10-day acquisition
phase increased only 2-AG level (34%, P < 0.01; Fig. 4c)
whereas alcohol drinking during the 60-day mainte-
nance phase elevated both AEA (15%, P < 0.05; Fig. 4b)

and 2-AG (24%, P < 0.05; Fig. 4c) in the striatum of sP
rats compared with control rats. Conversely, FAAH
enzyme levels were significantly reduced in the striatum
of sP rats following 60 days (39%, P < 0.05; Fig. 4d)
alcohol drinking compared with water group. A
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Figure 2 Western blot analysis showed a
higher level of the CB1 receptor immu-
noreactivity in the hippocampus of the
alcohol-naive Sardinian alcohol-preferring
(sP) and Sardinian alcohol-non-preferring
(sNP) rats (49%, P < 0.05; a). A representa-
tive immunoblot is shown in figure b. In situ
hybridization study demonstrated higher
level of the CB1 receptor mRNA expres-
sion in the cingulate cortex (Cg; 24%,
P < 0.05) and CA1 (47%, P < 0.01), CA2
(24%, P < 0.05), CA3 (25%, P < 0.05) and
DG (14%, P < 0.05) of hippocampus, and
striatum (49%, P < 0.01) of alcohol-naive sP
than sNP rats (c, d)
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Figure 3 There was a significant higher
level of AEA in the hippocampus (23%,
P < 0.05; a) and striatum (21%, P < 0.05; a)
of alcohol-naive Sardinian alcohol-
preferring (sP) and Sardinian alcohol-non-
preferring (sNP) rats.The level of 2-AG was
found to be higher in the cerebral cortex
(21%, P < 0.05; b) and hippocampus (26%,
P < 0.05; b) of alcohol-naive sP than sNP
rats. In situ hybridization analysis revealed a
lower expression of mRNA of FAAH
enzyme in the CA1 (37%, P < 0.001), CA3
(26%, P < 0.001) and DG (27%, P < 0.001)
of alcohol-naive sP than sNP rats (c, d)
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representative immunoblot is shown in Fig. 4e. Alcohol
exposure for 60 days decreased the FAAH activity in the
striatum of sP rats compared with water control rats
(18%, P < 0.05; Fig. 4f) without significant alterations
in the MGL activity (Fig. 4g). A significant increase in
CB1 receptor-mediated G-protein signaling was observed
in the striatum following withdrawal from alcohol
maintenance on day 1 (26%, P < 0.05), day 3 (29%,
P < 0.05) and day 7 (30%, P < 0.05; Fig. 5).

In the ‘alcohol deprivation effect’ experiment, over
the first hour of re-access alcohol intake averaged
0.70 � 0.04 and 1.06 � 0.07 g/kg in the alcohol-non-
deprived and alcohol-deprived rat groups, respectively
(51%, P < 0.0005; two-tailed Mann–Whitney test).
This increase in alcohol intake following a period of
deprivation reflects the ‘alcohol deprivation effect’, and
is comparable with alcohol-drinking behavior repeatedly
observed in sP rats exposed to this alcohol deprivation
protocol (Colombo et al. 2006). Moreover, ‘alcohol dep-
rivation effect’ was associated with an upregulation

of CB1 receptor-mediated G-protein coupling in the
striatum of sP rats, as shown by data collected in
alcohol-deprived and non-deprived rats (25%, P < 0.05;
Fig. 6a). However, AEA levels (17%, P < 0.05; Fig. 6b)
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Figure 5 The downregulation of CB1 receptor-mediated
G-protein signaling observed in the striatum of sP rats after chronic
(60 days) alcohol drinking returned to normal levels following 1-, 3-,
and 7-days of withdrawal from alcohol (26–30%, P < 0.05)

a

d

b

c e

100

75

50

37

C      A

FAAH

Tubulin

150

kDa

25

0

50

100

150
Water
Alcohol

M
G

L
 a

c
ti

v
it

y

(%
 o

v
e
r 

c
o

n
tr

o
l)

f g

0

20

40

60

*

Water
Alcohol

     10 day   60 day

A
E

A
 l

e
v

e
ls

(p
m

o
l/

g
m

 t
is

s
u

e
)

0

10

20

30

40

50

* *

Water
Alcohol

          10 day   60 day

G
-p

ro
te

in
 a

c
ti

v
a
ti

o
n

(%
 o

v
e
r 

b
a
s
a
l)

0

10

20

30

40

*

Water
Alcohol

*

  10 day   60 day

2
-A

G
 l
e
v
e
ls

(n
m

o
l/
g

m
 t

is
s
u

e
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

*

Water
Alcohol

F
A

A
H

/T
u

b
u

li
n

0

50

100

150

*

Water
Alcohol

F
A

A
H

 a
c
ti

v
it

y

(%
 o

v
e
r 

c
o

n
tr

o
l)

Figure 4 The CB1 receptor-mediated
G-protein activation was found to be sig-
nificantly reduced in the striatum of Sardin-
ian alcohol-preferring (sP) rats exposed to
the two-bottle ‘alcohol versus water’ choice
regimen for 10 consecutive days (20%,
P < 0.05; a) and 60 consecutive days (28%,
P < 0.05; a) compared with water control
rats. Alcohol drinking during the acquisition
phase increased 2-AG level (34%, P < 0.01;
c) whereas alcohol drinking during the
maintenance phase elevated both AEA
(15%, P < 0.05; b) and 2-AG (24%, P < 0.05;
c) in the striatum compared with water
control rats. Level of the FAAH enzyme
was significantly reduced in the striatum of
sP rats following alcohol drinking during the
maintenance phase (39%, P < 0.05; d). A
representative immunoblot is shown in e
(C; Control and A; Alcohol). Alcohol expo-
sure for 60 days decreased the FAAH activ-
ity in the striatum of sP rats compared with
water control rats (18%, P < 0.05; f) without
significant effect on the MGL activity (g)

68 K. Yaragudri Vinod, et al.

© 2011 The Authors, Addiction Biology © 2011 Society for the Study of Addiction Addiction Biology, 17, 62–75

 13691600, 2012, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/j.1369-1600.2010.00299.x by U

. M
iguel H

ernandez D
e E

lche, W
iley O

nline L
ibrary on [09/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and 2-AG (20%, P < 0.05; Fig. 6c) were lower in
alcohol-deprived than non-deprived rats.

Effect of rimonabant on the endocannabinoid system in
the striatum of sP rats during acquisition and
maintenance of alcohol drinking and ‘alcohol
deprivation effect’

In the rat group exposed to alcohol for 10 days, all
vehicle-treated rats rapidly acquired alcohol-drinking
behavior and their mean daily alcohol intake rose to
6–7 g/kg; treatment with rimonabant resulted in a dose-
dependent reduction in daily alcohol intake (Fig. 7a)
[Fdose (2,21) = 58.14, P < 0.0001; Fday (9,189) = 2.65,
P < 0.01; Finteraction (18,189) = 1.60, P > 0.05]. Notably,
in the rat group treated with 3 mg/kg rimonabant, mean
daily alcohol intake was steadily lower than 1 g/kg/day,
indicative of a complete blockade of acquisition of
alcohol-drinking behavior (Fig. 7a).

Co-administration of rimonabant (3 mg/kg) led to a
marked increase in CB1 receptor-mediated G-protein acti-
vation in the striatum of sP rats exposed to the acquisition

phase for 10 days compared with vehicle-treated group
(23%, P < 0.05; Fig. 7b). However, an elevation in FAAH
activity was observed in the striatum of sP rats when
rimonabant (3 mg/kg) was co-administered during
alcohol acquisition phase compared with vehicle-treated
group (42%, P < 0.05; Fig. 7c). Treatment of alcohol-
naive sP rats with rimonabant per se led to a significant
elevation in levels of 2-AG (32%, P < 0.05; Fig. 7e) but not
AEA (Fig. 7d) in the striatum compared with vehicle-
treated group.

Treatment with rimonabant over the last 5 days of the
60-day maintenance phase resulted in a significant
reduction in daily alcohol intake (Fig. 8a) [Fdose

(2,21) = 6.66, P < 0.01, Fday (4,84) = 4.84, P < 0.005,
Finteraction (8,84) = 0.45, P > 0.05]. On all five days of
treatment, the magnitude of rimonabant-induced reduc-
tion in daily alcohol intake averaged 15–30%, with a
relatively modest dose-dependence relationship (Fig. 8a).
In this experiment, an upregulation of CB1 receptor-
mediated G-protein activation was observed in the stria-
tum of sP rats following co-administration of 1 mg
(41%; P < 0.05; Fig. 8b) or 3 mg/kg rimonabant (51%;
P < 0.01; Fig. 8b) compared with vehicle-treated rats.
Treatment with rimonabant (3 mg/kg) during the
alcohol maintenance phase resulted in elevation of AEA
(20%, P < 0.05; Fig. 8c) and 2-AG (37%, P < 0.01;
Fig. 8d) levels in the striatum of sP rats compared with
vehicle-treated rat group.

ANOVA revealed significant effects of both deprivation
[F(1,54) = 4.31, P < 0.05] and treatment with rimona-
bant [F(2,54) = 28.00, P < 0.0001], as well as a signifi-
cant interaction between the two factors [F(2,54) = 4.87,
P < 0.05] on alcohol intake in the first hour of the post-
deprivation phase. Alcohol intake was higher (approxi-
mately 50%) in vehicle-treated alcohol-deprived rats than
in vehicle-treated alcohol-non-deprived rats (Fig. 9a),
indicative of development of the ‘alcohol deprivation
effect’ (Colombo et al. 2006). Post hoc analysis revealed
that treatment with 3 mg/kg rimonabant reduced
alcohol intake in alcohol-non-deprived rats (Fig. 9a) and
both doses of rimonabant suppressed the ‘alcohol depri-
vation effect’. Indeed, alcohol intake in both rimonabant-
treated alcohol-deprived rat groups was significantly
lower than that recorded in vehicle-treated alcohol-
deprived rats (Fig. 9a). Rimonabant treatment produced
no significant effect on increase in CB1 receptor-mediated
G-protein coupling in the striatum induced by the
‘alcohol deprivation effect’ (Fig. 9b).

DISCUSSION

The first aim of the present study was to examine
whether the opposite alcohol preference and consump-
tion displayed by sP and sNP rats was associated with
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Figure 6 ‘Alcohol deprivation effect’ resulted in upregulation of
the CB1 receptor-mediated G-protein signaling in the striatum of
Sardinian alcohol-preferring (sP) rats, as shown by the comparison
between alcohol-deprived (ADE) and non-deprived (non-ADE) rat
groups (25%, P < 0.05; a). There was a significant reduction in the
levels of AEA (17%, P < 0.05; b) and 2-AG (20%, P < 0.05; c) fol-
lowing ‘alcohol deprivation effect’ in the striatum of sP rats, as
shown by the comparison between alcohol-deprived and non-
deprived rat
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innate differences in components of the brain endocan-
nabinoid system. Accordingly, the density of CB1 recep-
tor and levels of mCB1 receptors, CB1 receptor-mediated
G-protein coupling, and endocannabinoids (AEA and
2-AG) were found to be higher in the brains of alcohol-
naive sP compared with sNP rats. In addition, in situ
hybridization analysis revealed a lower expression of
mFAAH, the enzyme that degrades AEA, in sP rat brain.
The changes observed may be capable of enhancing

endocannabinoid-mediated CB1 receptor signaling,
which is one of the potential mechanisms underlying an
increased alcohol consummatory behavior in sP rats.
This assumption is based on the fact that activation of the
CB1 receptor enhances alcohol-drinking behavior in
rodents (Gallate & McGregor 1999; Vinod et al. 2008b)
including sP rats (Colombo et al. 2002). A correlation
between age-dependent decrease in alcohol preference
and decline in limbic CB1 receptor signaling (Wang et al.
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Figure 7 Treatment with the CB1 recep-
tor antagonist, rimonabant (1 and 3 mg/kg,
i.p.) suppressed the acquisition of alcohol-
drinking behavior in Sardinian alcohol-
preferring (sP) rats (*P < 0.0001 with
respect to vehicle-treated rats; a)Treatment
with rimonabant (3 mg/kg) during the
acquisition phase of alcohol drinking led to
an increase in the CB1 receptor-mediated
G-protein activation (23%, P < 0.05; b) and
elevated the activity of FAAH enzyme
(42%, P < 0.05; c) in the striatum compared
with vehicle-treated rats. Treatment with
rimonabant alone to alcohol-naive sP rats
significantly elevated 2-AG (32%, P < 0.05;
e) but not AEA (d) in the striatum com-
pared with vehicle-treated group
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2003) also supports this view. An elevation of AEA either
through the genetic deletion or pharmacological inhibi-
tion of FAAH has also been shown to increase alcohol
self-administration (Basavarajappa et al. 2006; Blednov
et al. 2007; Vinod et al. 2008a). A comparison of expres-
sion of endocannabinoid-related genes in alcohol-
preferring (AA) and alcohol-non-preferring (ANA) rats—
selectively bred using the same breeding procedure, and

selection criteria subsequently used to breed sP and sNP
rats—revealed lower expression and activity of FAAH in
the prefrontal cortex of AA rats (Hansson et al. 2007). On
the contrary, a lower CB1 receptor expression and CB1
receptor-mediated G-protein coupling in the brain has
been linked to a greater alcohol consummatory behavior
in Fawn Hooded than in Wistar rats (Ortiz et al. 2004b).
Although the reason for this discrepancy is unclear, the
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Figure 8 Treatment with rimonabant (1
and 3 mg/kg, i.p.) significantly reduced daily
alcohol intake during the last 5 days of the
maintenance phase of alcohol drinking in sP
rats (*P < 0.05 with respect to vehicle-
treated rats; a).Treatment with rimonabant
at 1 mg/kg (41%, P < 0.05) and 3 mg/kg
(51%, P < 0.01) during the maintenance
phase of alcohol drinking led to an
enhancement of the CB1 receptor-
mediated G-protein activation in the stria-
tum in comparison with vehicle-treated
rats (b). Treatment with 3 mg/kg rimona-
bant during the maintenance phase of
alcohol drinking elevated the levels of AEA
(20%, P < 0.05; c) and 2-AG (37%, P < 0.01;
d) in the striatum in comparison with
vehicle-treated rats
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Figure 9 Treatment with rimonabant (1 and 3 mg/kg, i.p.) significantly suppressed ‘alcohol deprivation effect’ in alcohol-deprived Sardinian
alcohol-preferring (sP) rats and alcohol intake in alcohol-non-deprived sP rats (*P < 0.01 with respect to alcohol-non-deprived rats receiving
0 mg/kg rimonabant; +P < 0.01 with respect to alcohol-non-deprived rats receiving 0 mg/kg rimonabant; @P < 0.0005 with respect to
alcohol-deprived rats receiving 0 mg/kg rimonabant; a). ‘Alcohol deprivation effect’ was associated with a significant increase in CB1
receptor-mediated G-protein activation in the striatum (25%, *P < 0.05 with respect to alcohol-non-deprived rats; b). Treatment with
rimonabant did not alter increased CB1 receptor-mediated G-protein activation associated to ‘alcohol deprivation effect’ (b)
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use of different rat strains and co-existence of depressive-
like behavior (Rezvani et al. 2007) in Fawn Hooded rats
may potentially account for these changes. The endocan-
nabinoid system in other reward-mediating brain areas
in sP and sNP rats should be further investigated to better
understand its role played in alcohol-related behaviors.

The second aim of this study was to examine the
effect of various phases of alcohol drinking and with-
drawal on the striatal endocannabinoid system in sP
rats exposed to the homecage two-bottle ‘alcohol versus
water’ choice regimen. The effect of acquisition of
alcohol drinking on the endocannabinoid system was
examined in sP rats following exposure to alcohol for 10
consecutive days. This time frame features a period
during which sP rats fully acquire alcohol-drinking
behavior, reaching pharmacologically relevant levels of
alcohol intake. A reduction in CB1 receptor-mediated
G-protein activation was observed in the striatum of sP
rats following a 10-day exposure to alcohol compared
with controls. To model an active drinking phase resem-
bling human alcoholism and investigate possible
changes in the endocannabinoid system, sP rats were
exposed to alcohol for 60 consecutive days during which
a steady alcohol consumption of approximately 6 g/kg
daily was achieved. This paradigm led to a significant
decrease in CB1 receptor-mediated G-protein activation
in the striatum of sP rats. To assess alcohol withdrawal
effects, following the exposure of sP rats to alcohol for
60 days, the latter was subsequently withdrawn for 1, 3
or 7 days. During the withdrawal phase, a reversal of
the effect was manifested, leading to normalization of
CB1 receptor-mediated G-protein activation. Similarly,
‘alcohol deprivation effect’ (i.e. the transient increase in
alcohol intake following a period of alcohol deprivation)
resulted in upregulation of CB1 receptor-mediated
G-protein signaling in the striatum of sP rats. The above
attenuations were probably caused by a reduction in
endocannabinoid levels (Vinod et al. 2006).

The reduction observed in CB1 receptor-mediated
G-protein coupling in the striatum secondary to alcohol
consumption would appear to be a response to elevated
endocannabinoid levels. This finding is in agreement
with previous studies showing how chronic exposure to
alcohol increases endocannabinoid content and con-
comitant downregulation of CB1 receptors in the limbic
region (Gonzalez et al. 2002b; Ortiz et al. 2004a; Vinod
et al. 2006; Oliva et al. 2008). Notably, the reduction in
CB1 receptor-mediated G-protein coupling is associated
with decreased levels of FAAH. These findings are
consistent with recent results obtained in the ventral
striatum of alcoholic subjects post-mortem (Vinod
et al. 2010) and an elevation in endocannabinoids
in the brain of AA rats following long-term exposure
to alcohol (Malinen, Lehtonen & Hyytia 2009).

Accordingly, reduced FAAH activity might result in
increased AEA levels in key brain areas linked to reward
processes. Although there was no significant effect of
alcohol maintenance on the activity of MGL, elevation
in 2-AG level could be caused by alterations in other
metabolic enzymes.

Higher level of CB1 receptor-mediated G-protein acti-
vation has been demonstrated in the whole brain
(Basavarajappa & Hungund, 2001) and striatum (Vinod
et al. 2008b) of alcohol-preferring C57BL/6J mice
compared with alcohol non-preferring DBA/2J mice.
Although the mechanism(s) underlying different alcohol-
drinking behavior in sP and sNP lines remain to be
elucidated, the higher endocannabinoid-mediated CB1
receptor signaling observed in the striatum seems to
play a critical role in determining susceptibility towards
increased consumption of alcohol in sP rats. Conversely,
blockade of CB1 receptor-mediated signaling by microin-
jection of rimonabant into the striatum (NAc) has been
shown to suppress alcohol-drinking behavior in AA rats
(Malinen & Hyytia 2008). In addition, alcohol intake has
been shown to elevate limbic AEA levels (Weiss et al.
1993; Gonzalez et al. 2002a; Hungund et al. 2003; Cheer
et al. 2007) leading to activation of the mesolimbic
dopaminergic system (Gessa et al. 1998; Solinas et al.
2006; Malinen & Hyytia 2008). This activation appears
to be mediated by the CB1 receptor in the NAc (Hungund
et al. 2003; Cheer et al. 2007). Thus, a functional inter-
action between the endocannabinoid and dopamine
systems might be associated with the reinforcing effects of
alcohol.

The third and last aim of the present study was to
evaluate the effect of treatment with the prototypic CB1
receptor antagonist, rimonabant, and alcohol intake on
the endocannabinoid system in the striatum of sP rats.
Our findings confirm previous data suggesting that acute
or repeated administration of rimonabant (1) prevented
acquisition of alcohol-drinking behavior (Serra et al.
2001) (2) reduced alcohol intake during the mainte-
nance phase of alcohol drinking (Colombo et al. 1998),
and (3) suppressed ‘alcohol deprivation effect’ (Serra et al.
2002) in sP rats. These data are also in line with previous
observations showing a reduction in alcohol consump-
tion and preference in CB1 receptor knockout mice
(Hungund et al. 2003; Poncelet et al. 2003; Wang et al.
2003; Naassila et al. 2004; Houchi et al. 2005; Thanos
et al. 2005). In the present study, the suppressant effect
of rimonabant on alcohol-drinking behavior in sP rats
was associated with changes in the endocannabinoid
system. Interestingly, there was an elevation in the
endocannabinoids by rimonabant treatment during
alcohol maintenance. The attenuation of alcohol-
induced decrease in CB1 receptor-mediated G-protein
coupling appears to be caused by neuroadaptation in
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response to the pharmacological blockade of endocan-
nabinoid action on CB1 receptor. This suggests that both
endocannabinoids and CB1 receptors are important in
mediating alcohol-drinking behavior. Similarly, alcohol
withdrawal and ‘alcohol deprivation effect’ resulted in an
upregulation of CB1 receptor-mediated G-protein cou-
pling in the striatum of sP rats. This could be caused by a
reduction of endocannabinoid levels, which had previ-
ously been raised following chronic alcohol intake. A
single dose of rimonabant (1 or 3 mg/kg), however, did
not affect increased CB1 receptor-mediated G-protein
activation in alcohol-deprived rats. The acute dose of
rimonabant likely produces a transient effect through
blocking the action of endocannabinoids on the CB1
receptor during ‘alcohol deprivation effect’, while produc-
ing no significant effects on CB1 receptor levels. Taken
together, these results reveal that alcohol consumption
elevates endocannabinoids, while rimonabant reduces
alcohol consumption through blockade of an
endocannabinoid-mediated effect on CB1 receptors
resulting in attenuation of alcohol-induced changes in
the endocannabinoid system. Interestingly, rimonabant
treatment per se for a period of 10 days produced an
increase in 2-AG levels in the striatum of sP rats. A recent
study reported a significant decrease in the functional
activity of CB1 receptor following chronic treatment with
rimonabant, without effect on the density of the CB1
receptor (Martin-Garcia et al. 2010). Further studies are
necessary to assess whether rimonabant per se produces
any effect on other components of the endocannabinoid
system, and to provide further insight into the mecha-
nism of action involved.

To conclude, the findings of the present study, con-
ducted in an animal model mimicking the various stages
of alcohol addiction, provide evidence to support the
critical role played by the endocannabinoid system.
Genetically determined differences in the endocannab-
inoid system might contribute towards the increased
alcohol consummatory behavior displayed by sP rats.
Moreover, alcohol-induced endocannabinoid release
might be implicated in the rewarding effect of alcohol and
the development of alcohol dependence. Alcohol expo-
sure downregulates CB1 receptor-mediated G-protein
signaling and alcohol withdrawal attenuates this
effect in the striatum of sP rats. Co-treatment with
rimonabant reversed alcohol-induced dysfunctions in the
endocannabinoid system. The sP rat appears to be an
interesting model for use in studying the mechanisms
underlying the involvement of the endocannabinoid
system in alcohol-related behaviors. These findings there-
fore suggest the importance of the endocannabinoid
system in the development of excessive alcohol drinking,
constituting a potential therapeutic target for the treat-
ment of alcohol-related behaviors.
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