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Abstract

The present paper describes the results of recent pharmacological studies implicating the cannabinoid CB; receptor in the neural circuitry
regulating alcohol consumption and motivation to consume alcohol. Cannabinoid CB; receptor agonists have been found to specifically
stimulate alcohol intake and alcohol’s motivational properties in rats. Conversely, the cannabinoid CB; receptor antagonist, SR 141716, has
been reported to specifically suppress acquisition and maintenance of alcohol drinking behavior, relapse-like drinking and alcohol’s
motivational properties in rats. More recent data indicate that opioid receptor antagonists a) blocked the stimulatory effect of cannabinoids on
alcohol intake, and b) synergistically potentiated the suppressing effect of SR 141716 on alcohol intake and alcohol’s motivational properties.
Consistently, SR 141716 blocked the stimulatory effect of morphine on alcohol intake. These results suggest a) the existence of a functional
link between the cannabinoid and opioid receptor systems in the control of alcohol intake and motivation to consume alcohol, and b) that novel
and potentially effective therapeutic strategies for alcoholism may come from the combination of cannabinoid and opioid receptor antagonists.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The results of recent pharmacological studies suggest the
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vation to consume alcohol in different rodent models of
excessive alcohol consumption. These results invariably
suggest that cannabinoid receptor agonists and antagonists
stimulate and suppress, respectively, alcohol intake, alcohol
self-administration and alcohol’s motivational properties.

The present paper is intended to briefly review these
data. Particular attention will be dedicated to the recently
collected data suggesting the existence of an interaction
between the cannabinoid and opioid receptor systems in the
control of alcohol seeking and drinking behavior.

2. Stimulating effect of cannabinoid CB; receptor
agonists on alcohol drinking and seeking behaviors

Recent work from this laboratory (Colombo et al., 2002)
demonstrated that the acute administration of the cannabi-
noid receptor agonists WIN 55,212-2 and CP 55,940
markedly stimulated voluntary alcohol intake in Sardinian
alcohol-preferring (sP) rats, one of the few rat lines
selectively bred worldwide for high alcohol preference
and consumption. When exposed to the standard, homecage
2-bottle free choice between an alcohol solution (10% v/v,
in water) and water with unlimited access for 24 h/day, sP
rats usually consume approximately 6 g alcohol per kg body
weight over the 24 h and 0.7-0.8 g/kg alcohol during the
first hour of the dark phase of the light/dark cycle (e.g.:
Serra et al., 2001; Colombo et al., 2002). Voluntary alcohol
intake in sP rats has been found to give rise to blood alcohol
levels in the 50—70 mg% range (Colombo et al., 2002), and
to produce specific psychopharmacological effects, includ-
ing amelioration of anxiety-related behaviors (Colombo et
al., 1995) and motor stimulation (Colombo et al., 1998b).

The study (Colombo et al., 2002) testing the effect of
WIN 55,212-2 and CP 55,940 on alcohol intake used
alcohol-experienced sP rats, that is rats in which the
consumption of pharmacologically relevant doses of
alcohol was already established before administration of
the cannabinoid receptor agonists; these rats have been
proposed to model the “active drinking” phase of human
alcoholism. Rats were individually housed and exposed to
the 2-bottle free choice regimen for 8 consecutive weeks.
Food pellets were continuously available. WIN 55,212-2
(0.5, 1 and 2 mg/kg, i.p.) and CP 55,940 (3, 10 and 30 pg/
kg, i.p.) were acutely injected 20 min before lights off.
Alcohol, water and food intake was recorded 1 h after
lights off.

Both drugs produced a dose-dependent increase in
alcohol intake. At the doses of 2 mg/kg WIN 55,212-2
and 30 pg/kg CP 55,940, alcohol intake was increased by
70—-90% in comparison to baseline levels (vehicle-treated
rats). The selectivity of the stimulating effect of WIN
55,212-2 and CP 55,940 on alcohol intake was demon-
strated by the lack of significant effect on water and food
intake as well as by the ineffectiveness of both drugs to alter
sucrose intake in a separate group of sP rats given a sucrose

solution (1.5-15% v/v, in water) and water under the 2-
bottle free choice.

The increase in alcohol intake induced by 2 mg/kg WIN
55,212-2 and 30 pg/kg CP 55,940 was associated to a
marked increase in blood alcohol levels, suggesting that
activation of the cannabinoid CB; receptor likely shifted
upward the hypothesized hedonic set-point that control
alcohol drinking behavior in sP rats. The observed increase
in blood alcohol levels led to exclude that rats increased
their alcohol intake to compensate for a reduced alcohol
absorption secondary to cannabinoid-induced inhibition of
gastric emptying.

Pretreatment with the cannabinoid CB, receptor antag-
onist, SR 141716 (rimonabant), given at a dose (0.3 mg/kg,
i.p.) that did not alter alcohol intake per se, resulted in the
complete blockade of the stimulating effect of 2 mg/kg WIN
55,212-2 and 30 pg/kg CP 55,940 on alcohol intake (Fig. 1,
panels A and B), suggesting that the effect of WIN 55,212-2
and CP 55,940 was indeed secondary to activation of the
cannabinoid CB; receptor.

In agreement with the above results, Gallate and co-
workers (1999) demonstrated that the acute administration
of CP 55,940 increased the motivation to consume alcohol
in Wistar rats. In this study, rats were initially trained to
repeatedly lick on a tube spout to obtain the delivery of a
drop of beer (containing 4.5% v/v alcohol). Once this
behavior was established, the effect of CP 55,940 (10-50
ng/kg, i.p.) on the break-point for beer was determined.
Specifically, on the test session the number of licks to be
emitted for each beer delivery was progressively increased.
Break-point for beer was defined as the number of licks at
which responding on the tube spout ceased. Break-point
represented a reliable index of motivation to consume beer.
The results of the study by Gallate et al. (1999) demon-
strated that CP 55,940 dose-dependently increased the
break-point for beer; at the dose of 30 pg/kg, break-point
for beer was increased by 35—40% with respect to vehicle-
dosed rats. The stimulating effect of CP 55,940 on break-
point for beer was completely prevented by the acute
treatment with SR 141716 (1.5 mg/kg, i.p.).

At variance with the results of the study with sP rats (see
above), where WIN 55,212-2 and CP 55,940 increased
alcohol intake without altering food and sucrose consump-
tion, the study by Gallate and colleagues (1999) reported a
concomitant increase in the break-point for a sucrose
solution (8.6%, w/v) or a beer-like beverage (containing
<0.5% v/v alcohol), posing some question on the specific-
ity of CP 55,940 action. A possible explanation for this
discrepancy may reside, beside the differences in the
methodological procedures and behaviors under investiga-
tion (ingestive vs seeking behaviors), in the rat strains used
in the two studies. Accordingly, selectively bred alcohol-
preferring sP rats might possess, when compared to
unselected Wistar rats, a greater sensitivity to the stimulat-
ing effect of cannabinoids on different aspects of alcohol
drinking behavior.
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Fig. 1. Suppressing effect of the cannabinoid CB; receptor antagonist, SR 141716 (panels A and B), and opioid receptor antagonist, naloxone (panels C and D),
on the stimulatory effect of the cannabinoid receptor agonists, WIN 55,212-2 (panels A and C) and CP 55,940 (panels B and D), on alcohol intake in Sardinian
alcohol-preferring (sP) rats. Alcohol (10% v/v) was offered under the standard, homecage 2-bottle free choice regimen with water and unlimited access for 24
h/day. Food pellets were always available. Alcohol intake was recorded 60 min after lights off. SR 141716 (0 and 0.3 mg/kg, i.p.) and naloxone (0 and 0.1 mg/
kg, i.p.) were injected 10 min before administration of WIN 55,212-2 (0 and 2 mg/kg, i.p.) and CP 55,940 (0 and 30 pg/kg, i.p.). WIN 55,212-2 and CP 55,940
were administered 20 min before lights off. Each bar is the mean+SEM of n=16 rats. *P <0.05 with respect to 0 mg/kg SR 141716 plus 0 mg/kg WIN 55-
212,2-treated rats in panel A, 0 mg/kg SR 141716 plus 0 pg/kg CP 55,940-treated rats in panel B, 0 mg/kg naloxone plus 0 mg/kg WIN 55-212,2-treated rats in
panel C, and 0 mg/kg naloxone plus 0 pg/kg CP 55,940-treated rats in panel D (Newman—Keuls test); +P <0.05 with respect to 0 mg/kg SR 141716 plus 2 mg/
kg WIN 55-212,2-treated rats in panel A, 0 mg/kg SR 141716 plus 30 pg/kg CP 55,940-treated rats in panel B, 0 mg/kg naloxone plus 2 mg/kg WIN 55-212,2-
treated rats in panel C, and 0 mg/kg naloxone plus 30 pg/kg CP 55,940-treated rats in panel D (Newman—Keuls test). Reprinted with permission from
Springer-Verlag, in Colombo et al., Psychopharmacology 2002; 159:181-7.

As a final observation, consistent with the above results, (Chen et al., 1990; Tanda et al., 1997), an event thought to
the acute administration of the endocannabinoid, ananda- be associated with the reinforcing properties of drugs of
mide (1 mg/kg, s.c.), stimulated by approximately 45% the abuse; cross-sensitization between cannabinoids (namely,
24 h/day intake of alcohol in alcohol-consuming C57BL/6J A°-tetrahydrocannabinol and WIN 55,212-2) and morphine
mice tested under the standard, 2-bottle free choice has been observed in rats (Cadoni et al., 2001); finally, A°-

paradigm (Wang et al., 2003). As predictable, this effect tetrahydrocannabinol-induced conditioned place preference

was blocked by pretreatment with 3 mg/kg SR 141716 (i.p.) was absent in opioid p receptor knockout mice (Ghozland et
(Wang et al., 2003). al., 2002).

Conversely, pretreatment with SR 141716 blocked the

development of conditioned place preference to morphine

3. Interaction of the cannabinoid and opioid receptor (Chaperon et al., 1998; Mas-Nieto et al., 2001; Navarro et
systems in the control of alcohol drinking and seeking al., 2001), reduced heroin and morphine self-administration
behaviors (Braida et al., 2001b; Navarro et al., 2001; De Vries et al.,
2003) and reinstatement of heroin self-administration

Several research data suggest the existence of functional induced by heroin itself or a heroin-associated cue (De
links between the mechanisms of action of opioids and Vries et al., 2003; Fattore et al., 2003) in rodents; different
cannabinoids (see Manzanares et al., 1999); this interaction cannabinoid receptor agonists have been found to reinstate
apparently extends also to the control of addictive behav- heroin seeking behavior (De Vries et al., 2003; Fattore et al.,
iors. For example, the opioid receptor antagonist, naloxone, 2003) and stimulate morphine self-administration (Norwood
has been found to block the self-administration of CP et al.,, 2003) in rats; in CB; receptor knockout mice, the
55,940 and WIN 55,212-2 (Braida et al., 2001b; Navarro et reinforcing properties of morphine were weak (as evidenced
al., 2001), as well as CP 55,940-induced conditioned place by a reduced number of self-administration responses in
preference (Braida et al., 2001a) in rats; opioid receptor knockout than wild-type mice) (Ledent et al., 1999; Cossu et
antagonists prevented the A’-tetrahydrocannabinol-stimu- al., 2001), and morphine failed to produce conditioned place

lated release of dopamine in the rat nucleus accumbens preference (Martin et al., 2000; see however Rice et al.,
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2002), induce behavioral sensitization (Martin et al., 2000)
and stimulate dopamine release in the nucleus accumbens
(Mascia et al., 1999).

On the wake of these results, this laboratory investigated
the effect of naloxone pretreatment on the promoting effect
of WIN 55,212-2 and CP 55,940 on alcohol intake in
alcohol-experienced sP rats. Naloxone was administered
acutely, 10 min before the injection of WIN 55,212-2 and
CP 55,940, at a dose (0.1 mg/kg, i.p.) that did not alter
alcohol intake when given alone. Similarly to the effect of
SR 141716, pretreatment with naloxone completely antag-
onized the increasing effect of 2 mg/kg WIN 55,212-2 and
30 pg/kg CP 55,940 on alcohol intake (Fig. 1, panels C and
D), suggesting the presence of an opioid component in the
cannabinoid-mediated control of alcohol intake. Accord-
ingly, naloxone (2.5 mg/kg, i.p.) also prevented CP 55,940-
induced increase in break-point for beer in Wistar rats
(Gallate et al., 1999).

A large body of experimental evidence indicates that
administration of low to moderate doses of morphine (e.g.,
1-2.5 mg/kg, s.c.) stimulates voluntary alcohol intake in
rats tested under multiple experimental procedures (e.g.:
Hubbell et al., 1993; Hodge et al., 1995), extending to
facilitation of alcohol intake the similarity in pharmaco-
logical profiles of opioids and cannabinoids. As an example,
the acute administration of 1 mg/kg morphine (s.c.), 20 min
before lights off, specifically stimulated—by 50—100%
over baseline-alcohol intake in sP rats during the first hour
of the dark phase (Vacca et al., 2002a). This increase in
alcohol intake resulted in a proportional increase in blood
alcohol levels.

Antagonism experiments (Vacca et al., 2002a) found that
morphine-induced stimulation of voluntary alcohol intake
in sP rats was prevented by both naloxone and SR 141716.
Indeed, pretreatment with either naloxone (0.1 mg/kg, i.p.)
and SR 141716 (0.3 mg/kg, i.p.), 10 min before injection of
morphine (1 mg/kg, s.c.), resulted in a complete blockade
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of the increasing effect of morphine on alcohol intake
during the first hour of the dark phase of the light/dark
cycle (Fig. 2).

Taken together, the results of these antagonism experi-
ments with SR 141716 and naloxone suggest that the
cannabinoid CB; and opioid receptors involved in the
promoting effect of cannabinoids and morphine on alcohol
intake likely coexist in the same neuronal circuitry, and that
their concomitant activation is needed for the stimulating
effect to occur. Accordingly, the fact that blockade of one or
the other receptor prevents the response suggests that the
morphine effect is permitted by the concomitant activation
of CB; receptors by endogenous cannabinoids and, vice
versa, opioid receptor activation by endogenous opioids is
needed for the cannabinoid response.

4. Involvement of the GABAg and 5-HT; receptor
systems in the stimulatory effect of WIN 55,212-2 and
morphine on alcohol intake

Subsequently, we investigated whether other receptor
systems are involved in the mediation of the stimulating
effect of cannabinoids and morphine on alcohol intake in sP
rats. Specifically, we tested the effect of pretreatment with
the GABAg receptor agonist, baclofen (Colombo et al.,
2004b), and the 5-HT; receptor antagonist, tropisetron
(known also as ICS 205-930), on WIN 55,212-2- and
morphine-stimulation of alcohol intake in sP rats. These
experiments were conducted using the procedure previously
used in the other antagonism experiments. Specifically, sP
rats were continuously exposed to the 2-bottle, “alcohol vs
water” free choice with unlimited access. Baclofen (0.5 and
1 mg/kg, i.p.) and tropisetron (5.6 and 10 mg/kg, i.p.) were
administered acutely, 10 min before WIN 55,212-2 or
morphine administration. Baclofen and tropisetron doses
were chosen as to be ineffective on alcohol intake in sP rats
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Fig. 2. Suppressing effect of the opioid receptor antagonist, naloxone (panel A), and cannabinoid CB; receptor antagonist, SR 141716 (panel B), on the
stimulatory effect of morphine on alcohol intake in Sardinian alcohol-preferring (sP) rats. Alcohol (10% v/v) was offered under the standard, homecage 2-
bottle free choice regimen with water and unlimited access for 24 h/day. Food pellets were always available. Alcohol intake was recorded 60 min after lights
off. Naloxone (0 and 0.1 mg/kg, i.p.) and SR 141716 (0 and 0.3 mg/kg, i.p.) were injected 10 min before administration of morphine (0 and 1 mg/kg, s.c.).
Morphine was administered 20 min before lights off. Each bar is the mean+SEM of n =8 rats. *P <0.05 with respect to 0 mg/kg naloxone plus 0 mg/kg
morphine-treated rats in panel A, and 0 mg/kg SR 141716 plus 0 mg/kg morphine-treated rats in panel B (Newman—Keuls test); +P <0.05 with respect to 0
mg/kg naloxone plus 1 mg/kg morphine-treated rats in panel A, and 0 mg/kg SR 141716 plus 1 mg/kg morphine-treated rats in panel B (Newman—Keuls test).
Reprinted with permission from Elsevier Publ., in Vacca et al., Eur J Pharmacol 2002;445:55-9.
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when given alone. WIN 55,212-2 (2 mg/kg, i.p.) and
morphine (1 mg/kg, s.c.) were injected acutely, 20 min
before lights off. Alcohol intake was recorded 60 min after
lights off.

Baclofen pretreatment produced a significant, dose-
dependent blockade of the stimulatory effect of WIN
55,212-2 and morphine on alcohol intake (Colombo et al.,
2004b). The dose of 1 mg/kg baclofen completely abolished
the increase in alcohol intake produced by WIN 55,212-2
and morphine. Water and food intake was not significantly
modified by drug treatment.

Similarly, pretreatment with tropisetron dose-depend-
ently antagonized the stimulatory effect of WIN 55,212-2
[I-way ANOVA: F(5,66)=5.20, P<0.0005] (Fig. 3, panel
A) and morphine [l-way ANOVA: F(5,65)=3.88,
P<0.005] (Fig. 3, panel B) on alcohol intake. When
given at the dose of 10 mg/kg, tropisetron completely
abolished WIN 55,212-2- and morphine-induced increase
in alcohol intake. Water and food intake was not
significantly affected by drug treatment. In agreement with
these results, Hodge and colleagues (1995) reported that
tropisetron (10—17 mg/kg, i.p.) reduced the stimulating
effect of morphine (1.5 mg/kg, s.c.) on alcohol intake in
Long Evans rats given alcohol and water under the
homecage 2-bottle free choice regimen.

These results suggest the involvement of the GABAg and
5-HT; receptors in the neural substrate mediating the
stimulating effect of cannabinoids and morphine on alcohol
consumption. We hypothesize that this substrate also
includes the mesolimbic dopamine system. Indeed, low to
moderate doses of cannabinoids and morphine have been
found to stimulate the electrical activity of mesolimbic
dopamine neurons (Gysling and Wang, 1983; Latimer et al.,
1987; French et al., 1997; Wu and French, 2000), and
dopamine release in the nucleus accumbens (Di Chiara and
Imperato, 1988; Chen et al., 1990; Pontieri et al., 1995;
Tanda et al., 1997), the terminal area of mesolimbic
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dopamine neurons arising in the ventral tegmental area.
The latter actions are shared also by alcohol: low to
moderate doses of alcohol indeed stimulate the activity of
the mesolimbic dopamine system (Gessa et al., 1985;
Imperato and Di Chiara, 1986; Brodie et al., 1990; Weiss
et al., 1993; for review, see Weiss and Porrino, 2002).

It can be proposed that WIN 55,212-2- and morphine-
induced stimulation of the mesolimbic dopamine system
functioned as a “primer” on alcohol intake, mimicking the
effect of alcohol on dopamine release (Ulm et al., 1995;
Colombo et al., 2002). In other words, the stimulating effect
of morphine and WIN 55,212-2 on dopamine release in the
nucleus accumbens may have triggered alcohol intake to
further stimulate the system. Conversely, GABAg and 5-
HT; receptors, located on mesolimbic dopamine neurons or
afferent neurons controlling the former (Bowery et al., 1987;
Kilpatrick et al., 1987), would offset—when activated and
blocked, respectively—this stimulation and the extra-intake
of alcohol induced by WIN 55,212-2 and morphine. The
observation that baclofen and tropisetron suppressed the
increase in extracellular dopamine concentration induced by
morphine (Carboni et al., 1989; Imperato and Angelucci,
1989; Pei et al., 1993; Fadda et al.,, 2003) and alcohol
(Carboni et al., 1989; Wozniak et al., 1990; Campbell and
McBride, 1995; Colombo et al., 2004a) in the rat nucleus
accumbens strengthens this hypothesis.

5. Reducing effect of cannabinoid CB,; receptor antag-
onists on alcohol drinking and seeking behaviors

Together with the above-mentioned studies with the
cannabinoid receptor agonists, the results of different
pharmacological investigations with the cannabinoid CB;
receptor antagonist, SR 141716, have supported the
hypothesis that the brain cannabinoid CB; receptor system
plays a role in the control of alcohol preference and
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Fig. 3. Suppressing effect of the 5-HT; receptor antagonist, tropisetron (ICS 205-930), on the stimulatory effect of the cannabinoid receptor agonist, WIN
55,212-2 (panel A), and morphine (panel B) on alcohol intake in Sardinian alcohol-preferring (sP) rats. Alcohol (10% v/v) was offered under the standard,
homecage 2-bottle free choice regimen with water and unlimited access for 24 h/day. Food pellets were always available. Alcohol intake was recorded 60 min
after lights off. Tropisetron (0, 5.6 and 10 mg/kg, i.p.) was injected 10 min before administration of WIN 55,212-2 (0 and 2 mg/kg, i.p.) and morphine (0 and 1
mg/kg, s.c.). WIN 55,212-2 and morphine were administered 20 min before lights off. Each bar is the mean+ SEM of n=11-12 rats. *P <0.05 with respect to
0 mg/kg tropisetron plus 0 mg/kg WIN 55,212-2-treated rats in panel A, and 0 mg/kg tropisetron plus 0 mg/kg morphine-treated rats in panel B (Newman—
Keuls test); +P <0.05 with respect to 0 mg/kg tropisetron plus 2 mg/kg WIN 55,212-2-treated rats in panel A, and 0 mg/kg tropisetron plus 1 mg/kg morphine-
treated rats in panel B (Newman—Keuls test).
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consumption and the mediation of alcohol reinforcing and
motivational properties.

The repeated administration of SR 141716 has been
recently found to completely prevent the acquisition of
alcohol drinking behavior in alcohol-naive sP rats, that is
rats which had never consumed alcohol before the start of
the experiment. In this experiment (Serra et al., 2001), SR
141716 (0, 0.3, 1 and 3 mg/kg, i.p.) was administered twice
a day for 10 consecutive days. Alcohol (10% v/v, in water)
and water were offered under the 2-bottle free choice
regimen immediately after the first injection of SR 141716.
Food pellets were always available. Alcohol, water and
food intake was monitored once a day immediately before
lights off.

In vehicle-treated rats, mean alcohol intake was higher
than 4 g/kg/day from the first day of exposure to the
“alcohol vs water” free choice and rose to approximately 6
g/kg within 7 days, indicative of a rapid disclosure and
experience of the psychopharmacological effects of alcohol
that sustain alcohol drinking behavior in sP rats. In contrast,
treatment with SR 141716 resulted in a dose-dependent
suppression of daily alcohol intake throughout the 10-day
treatment period; accordingly, in the rat group treated with 3
mg/kg SR 141716, mean daily alcohol intake was steadily
lower than 1 g/kg. Importantly, in terms of the specificity of
the drug action on alcohol intake, a compensatory increase
in daily water intake left total fluid intake virtually
unchanged. Also food intake was not affected by treatment
with SR 141716.

Genetic inactivation of CB; receptors apparently repro-
duced the effects of the repeated pharmacological blockade
of these receptors on acquisition of alcohol drinking
behavior. Indeed, CB; receptor knockout mice tested under
the 2-bottle free choice regimen displayed a significantly
slower rate of acquisition of alcohol drinking behavior and
lower levels of alcohol preference and consumption in
comparison to wild-type mice (Hungund et al., 2003;
Poncelet et al., 2003; Wang et al., 2003; Naassila et al.,
2003; see however Racz et al., 2003).

Administration of SR 141716 has been found to reduce
alcohol intake and preference also in alcohol-experienced sP
rats. In this study (Colombo et al., 1998a), rats were offered
alcohol (10% v/v, in water) and water under the 2-bottle
free choice regimen with limited access for 4 h/day. Water
was available also during the remaining 20 h. In order to
limit the anorectic effect of SR 141716 (see Harrold and
Williams, 2003), and therefore to possibly unravel the
specificity of the drug action on alcohol intake, availability
of food pellets was restricted to the 4 h of the drinking
session, resulting in an enhancement of the appetitive value
of food. SR 141716 (0, 2.5, 5 and 10 mg/kg, i.p.) was
administered acutely, 20 min before the start of the drinking
session (which coincided with lights off).

Administration of SR 141716 induced a significant
reduction in voluntary alcohol intake, by approximately
40—-50% in comparison to vehicle-dosed rats. Water intake

was significantly reduced only at the dose of 10 mg/kg SR
141716, while the dose of 2.5 mg/kg induced a significant
increase in water intake, that compensated the reduction in
alcohol consumption. Food intake was significantly reduced
only by the dose of 10 mg/kg SR 141716. These results
indicate that doses of SR 141716 in the range of 2.5—5 mg/
kg specifically reduced alcohol intake in alcohol-experi-
enced sP rats.

More recently, this laboratory investigated the effect of
SR 141716 on “alcohol deprivation effect”, that is the
transient increase in alcohol intake which occurs in several
animal species after a period of abstinence from alcohol.
Interestingly, this phenomenon has been proposed to model
the loss of control over alcohol and the episodes of alcohol
relapse of human alcoholics (see Boening et al., 2001;
McBride et al., 2002). sP rats appear to constitute a proper
model for this investigation, since they have been found to
display a pronounced “alcohol deprivation effect” during
the first hour of re-access to alcohol after a period of alcohol
abstinence (Agabio et al., 2000; Serra et al., 2003).

In this experiment (Serra et al., 2002), sP rats had been
initially offered the free choice between alcohol (10% v/v,
in water) and water with unlimited access for 8 consecutive
weeks. Subsequently, rats were divided into 2 groups: one
group was deprived of alcohol for 15 consecutive days,
during which water was the sole fluid available (alcohol-
deprived rats), while the second group continued to have
unlimited access to alcohol and water (alcohol-nondeprived
rats). At the end of the deprivation phase, rats of both
groups were acutely injected with SR 141716 (0, 0.3, 1 and
3 mg/kg, i.p.). Alcohol was re-presented at lights off and its
consumption was recorded 60 min later.

Alcohol intake was approximately two times higher in
vehicle-treated alcohol-deprived rats than -nondeprived
rats, indicative of the development of a robust “alcohol
deprivation effect”. Interestingly, all doses of SR 141716
resulted in a virtually complete suppression of the extra-
intake of alcohol produced by the deprivation. No dose of
SR 141716 affected water and food intake, indicating the
selectivity of the reducing effect of SR 141716 on
alcohol intake.

These results suggest that the CB; receptor may be part
of the neural substrate mediating “alcohol deprivation
effect” in sP rats. Further, because of the predictive validity
of alcohol deprivation effect as an experimental model of
alcohol relapse, the results of the present study suggest that
SR 141716 might possess some efficacy in preventing
relapses in human alcoholics.

The above results have been recently replicated in
selectively bred Indiana alcohol-preferring (P) rats; indeed,
treatment with SR 141716 (0.3—2 mg/kg, i.p.) suppressed
acquisition and maintenance of alcohol drinking behavior as
well as alcohol deprivation effect in P rats exposed to the 2-
bottle “alcohol vs water” choice regimen (Bell et al., 2004).

The previous experiments, performed with the 2-bottle
free choice paradigm, focused on the effect of SR 141716
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on some consummatory aspects of alcohol ingestive
behavior in sP rats. Recently, this laboratory investigated
whether SR 141716 could affect, in this rat line, also the
appetitive, or motivational, properties of alcohol. Specif-
ically, we evaluated the effect of SR 141716 on the
extinction responding for alcohol, defined as the maximal
amount of “work” that a rat trained to lever-press for
alcohol is willing to perform to obtain alcohol. Extinction
responding has been proposed to represent an index of the
appetitive strength of alcohol (Samson et al., 2001;
Samson et al., 2003). Recent work has shown that sP rats
trained to lever-press for alcohol displayed high values of
extinction responding for alcohol (Vacca et al., 2002b),
confirming that alcohol has strong motivational capacities
in sP rats, and indicating the suitability of this rat line for
the planned study.

In the study testing SR 141716 (Colombo et al., 2004c),
sP rats were initially trained to lever-press for oral alcohol
(15% v/v, in water) in standard operant chambers under a
fixed ratio 4 (FR4) schedule. All rats rapidly displayed a
stable lever-pressing behavior, resulting in a mean alcohol
intake of approximately 0.6 g/kg during the 30-min session
and blood alcohol levels in the range of 40—50 mg%. In
order to assess the specificity of the SR 141716 effect on
extinction responding for alcohol, a separate group of sP rats
was trained to lever-press for a sucrose solution (3% w/v, in
water) on an FR4 schedule. Extinction responding for
alcohol or sucrose was defined as the maximal number of
lever responses reached by each rat in the absence of alcohol
or sucrose reinforcement, respectively; specifically, during
extinction sessions, rats were exposed to the operant
chamber for 30 min but lever-pressing did not result in
any alcohol or sucrose presentation. On test sessions, SR
141716 (0, 0.3, 1 and 3 mg/kg, i.p.) was injected, 20 min
before the start of the session, to all rats of both groups
under a Latin-square design.

Pretreatment with SR 141716 resulted in a dose-depend-
ent suppression of extinction responding for alcohol.
Extinction responding for alcohol in the rat groups treated
with 0.3, 1 and 3 mg/kg SR 141716 was approximately
30%, 60% and 90% lower, respectively, than that recorded
in vehicle-treated rats. In the 3 mg/kg SR 141716-dosed
group, 4/7 rats completely avoided to perform any press on
the lever. In contrast, pretreatment with SR 141716 failed to
significantly alter extinction responding for sucrose.

These results (a) implicate the CB; receptor in the neural
system mediating alcohol’s motivational properties in sP
rats, and (b) suggest that the reducing effect of SR 141716
on the consummatory aspects of alcohol drinking behavior
in sP rats (see above) is likely secondary to a reduction in
the motivation to consume alcohol.

The above results on the reducing effects of SR 141716
on alcohol consumption and alcohol’s motivational proper-
ties in sP rats have found a large consensus among the
results of other studies using different methodological
procedures. Specifically, SR 141716 has been found to

reduce (a) alcohol intake and preference in C57BL/6 mice
(Arnone et al., 1997), congenic B6.Cb4i5-p/13C/Vad and
B6.Cb4i5-314/Vad mice (Hungund et al., 2002), and Wistar
rats (Lallemand et al., 2001) tested under the homecage 2-
bottle free choice regimen, and (b) oral alcohol self-
administration in unselected rats tested under operant
procedures (Freedland et al., 2001; Hungund et al., 2002).
Further, SR 141716 has been found to decrease the
probability of response requirement completion for access
to alcohol (a procedure for measuring the appetitive strength
of alcohol comparable to the above-mentioned extinction
responding procedure) in unselected rats trained to orally
self-administer alcohol under an operant procedure (Gallate
and McGregor, 1999; Freedland et al., 2001).

Interestingly, the ability of SR 141716 to suppress
acquisition and maintenance of alcohol drinking behavior
and relapse-like drinking in sP rats has been recently
extended to the newly synthesized cannabinoid CB;
receptor antagonist, SR 147778 (Rinaldi-Carmona et al.,
2004), which produced a reduction in alcohol intake in sP
rats comparable to that observed with SR 141716 (Gessa et
al., 2005). Accordingly, SR 147778 has been reported to
reduce alcohol intake also in mice tested under the 2-bottle
free choice regimen (Rinaldi-Carmona et al., 2004).

With regard to the possible mechanism of action by
which cannabinoid CB; receptor antagonists exert their
reducing effect on alcohol consumption and alcohol’s
motivational properties, recent microdialysis experiments
demonstrated that doses of SR 141716 comparable to those
that reduce alcohol intake suppressed alcohol-stimulated
dopamine release in the nucleus accumbens of anaesthe-
tized, freely moving rats and mice (Cohen et al., 2002;
Hungund et al., 2003); further, alcohol-induced stimulation
of dopamine release in the nucleus accumbens was
completely absent in CB; receptor knockout mice (Hungund
et al., 2003). As mentioned above, different lines of
experimental evidence suggest that mesolimbic dopamine
neurons are involved in the mediation of alcohol intake and
reinforcement (see Weiss and Porrino, 2002). Cannabinoid
CB; receptors have been reported to modulate the activity of
mesolimbic dopamine neurons, likely via an inhibitory
action (a) on GABA interneurons located in the VTA and
controlling mesolimbic dopamine neurons or, alternatively,
(b) on excitatory glutamatergic neurons controlling long-
loop GABA-containing neurons projecting from the nucleus
accumbens to the ventral tegmental area (see Schlicker and
Kathmann, 2001). The results of the microdialysis studies
by Cohen et al. (2002) and Hungund et al. (2003) led to
hypothesize that SR 141716 may remove the inhibitory
cannabinoidergic tone on the GABA interneurons, resulting
in the observed suppression of alcohol-stimulated dopamine
release and, in turn, dopamine-mediated alcohol-reinforced
and -motivated behaviors.

Changes in alcohol intake following pharmacological
manipulations may be secondary to changes in the reward-
ing or aversive attributes of alcohol. In other words, a given
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drug might decrease alcohol consumption because it renders
alcohol less rewarding or, conversely, more aversive.
Accordingly, it may be hypothesized that SR 141716
treatment reduces alcohol intake rendering alcohol aversive.
This hypothesis has been recently tested evaluating whether
the combination of SR 141716 with a dose of alcohol
comparable to those usually consumed by sP rats in each
drinking binge would have been associated with aversive
properties in sP rats. To this aim, we used the conditioned
taste aversion (CTA) procedure, i.e. a behavioral technique
that assesses the aversive properties of psychoactive drugs.
CTA procedures are based on the association—made by the
rat—of the psychopharmacological effects of the tested drug
with the flavor of a specific tastant, such as saccharin;
specifically, on a daily basis rats are exposed to a saccharin
solution for a given period of time (usually, 20—30 min);
immediately after the removal of the bottle containing the
saccharin solution, rats are injected with the tested drug.
Therefore the rats tend to associate, in a cause—effect
relationship, the psychopharmacological effects of the drug
to the previous ingestion of the saccharin solution. After a
period of conditioning of proper length, avoidance by the rat
of the saccharin solution is inferred to indicate that the drug
produced central aversive effects. Previous experiments
demonstrated that alcohol, when given alone and up to the
dose of 1 g/kg (i.p.), produced a modest, if any, CTA in sP
rats (Brunetti et al., 2002).

Male sP rats, 75-days-old at the start of the study, were
used. Rats were individually housed and had food always
available. Rats were initially habituated to consume water
in daily 20-min sessions for 6 consecutive days (Precondi-
tioning phase). The drinking session coincided with the first
20 min of the dark phase of the light/dark cycle. A second,
empty bottle was also presented [in order to avoid any bias
at the time of the Postconditioning phase (see below)].
Water intake was monitored by bottle weighing immedi-
ately after the end of the session. The Conditioning phase
started the day after the end of the Preconditioning phase.
Each conditioning session consisted in exposure for 20 min/
day to a bottle containing a saccharin solution (0.1% w/v,
in water) and a second, empty bottle; within 1 min of bottle
removal, rats were injected with SR 141716 (0, 1 and 3 mg/
kg, i.p.; suspended in 1 ml/kg saline with 0.1% Tween 80).
Twenty minutes after the injection of SR 141716, rats were
treated with 0 and 0.5 g/kg alcohol (20% w/v, in saline;
i.p.). The alcohol dose was chosen on the basis of previous
results indicating that it gives rise to blood alcohol levels
comparable to those observed in sP rats after a single
episode of alcohol drinking and it did not elicit any CTA in
sP rats when given alone (Brunetti et al., 2002). After
injections, rats were returned to their homecage and then
left undisturbed. Five “saccharin—SR 141716 plus alcohol”
pairings were given, one every other day. On intervening
days, a bottle containing water alone and a second, empty
bottle were presented for 20 min (development of con-
ditioned aversion to saccharin is associated with a

20 A
= 16 e
o ]
Y4
S 12 A
= —8—0mg/kg SR 141716 + 0 g/kg alcohol
c —8-1mg/kg SR 141716 + 0 g/kg alcohol
s 8 1 —A—3mg/kg SR 141716 + 0 g/kg alcohol
é 1 —0—0mg/kg SR 141716 + 0.5 g/kg alcohol
n 49 —O—1 mg/kg SR 141716 + 0.5 g/kg alcohol

) —A—3mg/kg SR 141716 + 0.5 g/kg alcohol
0 T T T T T T 1

1 2 3 4 5 6 7

Sessions of the post-conditioning phase

Fig. 4. Lack of development of conditioned taste aversion to the
combination of the cannabinoid CB, receptor antagonist, SR 141716, and
alcohol in Sardinian alcohol-preferring (sP) rats. On 5 of the 10 daily
sessions of the Conditioning phase, treatment with SR 141716 (0, 1 and 3
mg/kg, i.p.) plus alcohol (0 and 0.5 g/kg, i.p.) was paired with saccharin
solution (which was the only fluid available). On intervening days, a bottle
containing water alone and a second, empty bottle were presented; no
injection followed the water session. During the 7 sessions of the
Postconditioning phase, rats were offered a free choice between saccharin
solution and water. Data refer to intake of saccharin solution during the
daily 20-min/sessions of the Postconditioning phase. Each point is the
mean=S.E.M. of n=8.

progressive decrease in the intake of saccharin solution;
access to water on alternate days would prevent possible
dehydration of the rat). No injection followed the water
session. The Postconditioning phase started the day after
completion of the Conditioning phase. Rats were offered
the free choice between 2 bottles containing the saccharin
solution (0.1% w/v) and water, respectively, in daily 20-
min sessions and in the absence of any injection.
Postconditioning sessions were repeated for 7 consecutive
days. Fluid consumption was monitored immediately after
the end of the drinking session.

Two-way (drug treatment; day) ANOVA did not reveal
any difference in saccharin intake [Fyng treatment(5,252)=
0.50, P>0.05] among rat groups during the Postcondition-
ing phase (Fig. 4), indicating that the combination of SR
141716 (injected at doses that have been reported to
effectively reduce alcohol intake in sP rats) and alcohol
(injected at a dose which gives rise to blood alcohol levels
similar to those deriving from voluntary alcohol intake) did
not result in the development of CTA in sP rats. These
results suggest that SR 141716-induced reduction of alcohol
intake in sP rats is probably not secondary to an increase in
the aversive properties of alcohol.

6. Synergistic potentiation by the combination of
cannabinoid and opioid receptor antagonists of
the reducing effect on alcohol drinking and
seeking behaviors

More recently, this laboratory investigated the effect of
the combination of SR 141716 plus an opioid receptor
antagonist on alcohol intake in sP rats. Different lines of
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evidence indicate the ability of opioid receptor antagonists
to a) decrease alcohol intake and alcohol-motivated behav-
iors in laboratory animals, and b) reduce alcohol consump-
tion and prevent alcohol relapses in human alcoholics (see
Modesto-Lowe and Van Kirk, 2002; Anton and Swift,
2003). Similarly to the mechanism of action proposed for
the cannabinoid CB; receptor antagonists, reduction in
alcohol intake and alcohol-motivated behaviors by opioid
receptor antagonists is thought to be secondary to an
inhibition of alcohol-stimulated dopamine function in the
mesolimbic dopamine pathway (Acquas et al., 1993;
Benjamin et al., 1993; Gonzales and Weiss, 1998). On the
basis of these results, we predicted that the combination of
SR 141716 and an opioid receptor antagonist would have
resulted in an additive or even synergistic reducing effect on
voluntary alcohol intake in sP rats.

The first experiment evaluated the effect of the combi-
nation of SR 141716 plus naltrexone on the acquisition of
alcohol drinking behavior. This experiment used male sP
rats, 75-days-old and alcohol-naive at the start of the study.
Rats were divided into groups of n=8, matched for body
weight. On Day 1, rats were treated with SR 141716 (0 and
0.1 mg/kg, i.p.; suspended in 1 ml/kg saline with 0.1%
Tween 80) and naltrexone (0 and 0.5 mg/kg, i.p.; dissolved
in 1 ml/kg saline) 30 min before alcohol presentation. Drug
doses were chosen on the basis of the results of preliminary
experiments in order to not affect acquisition of alcohol
drinking behavior in sP rats when given alone. Alcohol
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(10% v/v, in water) was presented at the start of the dark
phase, under the homecage 2-bottle free choice with water
and unlimited access for 24 h/day. Food pellets were always
available. Drugs were administered once a day (30 min
before lights off) for 10 consecutive days. Bottles were
refilled every day with fresh solution and their left—right
positions interchanged daily. Daily alcohol, water and food
intake was monitored every day immediately before lights
off. Recording of daily alcohol, water and food intake was
performed for an additional 3 days after termination of
treatment (post-treatment phase).

Statistical analysis [2-way (drug treatment; day) ANOVA
with repeated measures on the drug treatment factor]
revealed a significant effect of drug treatment on alcohol
intake during the treatment phase [F(3;243)=3.01,
P <0.05]. Daily alcohol intake in the control rat group (0
mg/kg SR 141716 plus 0 mg/kg naltrexone) ranged between
4 and 5 g/kg over the first days of exposure to the “alcohol
vs water” free choice, indicative of a rapid disclosure and
acquisition of alcohol drinking behavior (Fig. 5, panel A).
Daily alcohol intake in the rat groups treated with either SR
141716 or naltrexone alone (0.1 mg/kg SR 141716 plus 0
mg/kg naltrexone, or 0 mg/kg SR 141716 plus 0.5 mg/kg
naltrexone, respectively) did not significantly differ from
that recorded in the control rat group (Fig. 5, panel A).
Conversely, daily alcohol intake in the combination rat
group (0.1 mg/kg SR 141716 plus 0.5 mg/kg naltrexone)
was significantly lower, with respect to that of the control
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Fig. 5. Suppressing effect of the repeated administration of the combination of the cannabinoid CB; receptor antagonist, SR 141716, plus the opioid receptor
antagonist, naltrexone, on the acquisition of alcohol drinking behavior in alcohol-naive, Sardinian alcohol-preferring (sP) rats. Alcohol (10% v/v) was offered
under the standard, homecage 2-bottle free choice regimen with water and unlimited access for 24 h/day. Alcohol presentation started immediately after the first
drug treatment. Food pellets were always available. Alcohol intake was recorded once a day immediately before lights off. SR 141716 (0 and 0.1 mg/kg, i.p.)
and naltrexone (0 and 0.5 mg/kg, i.p.) were injected once a day (30 min before lights off) for 10 consecutive days. The dashed line indicates the completion of
the 10-day treatment period and the start of the 3-day post-treatment period. Each point is the mean+SEM of n =8 rats. *P <0.05 with respect to 0 mg/kg SR

141716 plus 0 mg/kg naltrexone-treated rats (Newman—Keuls test).
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rats, on each of the 10 days of treatment (Fig. 5, panel A).
Reduction in daily alcohol intake in the combination rat
group was associated with a compensatory increase in water
intake [ F(3;243)=4.07, P<0.05] (Fig. 5, panel B), so that
daily total fluid intake remained unchanged [F(3;243)=
2.06, P>0.05] (Fig. 5, panel C). Food intake was not
significantly affected by drug treatment [ F(3;243)=0.48,
P>0.05] (Fig. 5, panel D), indicating the specificity of the
combination effect on alcohol intake. Finally, once treat-
ment was completed, alcohol intake in the combination rat
group returned to control values within a few days (Fig. 5).
The results of the present experiment indicate that the
combination of SR 141716 and naltrexone exerted a
synergistic action in suppressing acquisition of alcohol
drinking behavior in sP rats.

Subsequently, this laboratory investigated the effect of
the combination on SR 141716 and naloxone on the
maintenance of alcohol drinking behavior. Specifically, this
experiment used alcohol-experienced sP rats given alcohol
(10% v/v, in water) and water under the 2-bottle free choice
regimen, with unlimited access for 24 h/day, for 8
consecutive weeks before drug treatment. On the test day,
rats were divided into groups on n=16, matched for body
weight as well as alcohol and water intake over the 3 days
preceding the start of the experiment. SR 141716 (0 and 0.3
mg/kg, i.p.; suspended in 1 ml/kg saline with 0.1% Tween
80) and naloxone (0 and 0.1 mg/kg, i.p.; dissolved in 1 ml/
kg saline) were administered acutely 15—20 min before
lights off. Drug doses were chosen on the basis of the results
of preliminary experiments in order to not affect alcohol
intake in alcohol-experienced sP rats when given alone.
Alcohol, water and food intake was monitored 60 min after
lights off.

One-way ANOVA revealed a significant effect of drug
treatment on alcohol intake [F(3;60)=4.26, P<0.01].
Alcohol intake in the control rat group (0 mg/kg SR
141716 plus 0 mg/kg naloxone) averaged 0.64 g/kg (Fig.
6). Neither naloxone nor SR 141716 affected alcohol
intake when given alone; indeed, alcohol intake in 0.3 mg/
kg SR 141716 plus 0 mg/kg naloxone rat group and in 0
mg/kg SR 141716 plus 0.1 mg/kg naloxone rat group
averaged 0.70 and 0.63 g/kg, respectively (Fig. 6).
Conversely, the rat group treated with the combination of
0.3 mg/kg SR 141716 plus 0.1 mg/kg naloxone consumed
0.42 g/kg alcohol, which was significantly lower than the
intake recorded in each other rat group (Fig. 6). Drug
treatment did not significantly affect food intake
[F(3;60)=1.51, P>0.05].

Again, in close agreement with the present data, Gallate
and colleagues (2004) recently reported that the combina-
tion of doses of SR 141716 and either naloxone or
naltrexone comparable to those tested in our studies
synergistically reduced the break-point for beer and beer
consumption in Wistar rats.

The possible generalization to human alcoholics of the
results of the combination experiments would suggest a
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Fig. 6. Reducing effect of the acute administration of the combination of the
cannabinoid CB, receptor antagonist, SR 141716, plus the opioid receptor
antagonist, naloxone, on alcohol intake in alcohol-experienced, Sardinian
alcohol-preferring (sP) rats. Alcohol (10% v/v) was offered under the
standard, homecage 2-bottle free choice regimen with water and unlimited
access for 24 h/day. Food pellets were always available. Alcohol intake was
recorded 60 min after lights off. SR 141716 (0 and 0.3 mg/kg, i.p.) and
naloxone (0 and 0.1 mg/kg, i.p.) were injected 15-20 min before lights off.
Each point is the mean+SEM of n =16 rats. *P <0.05 with respect to 0 mg/
kg SR 141716 plus 0 mg/kg naloxone-treated rats (Newman—Keuls test).

novel therapeutic strategy, characterized by a higher efficacy
and likely fewer and less pronounced side-effects than each
single drug therapy.
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