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Abstract
Rationale A2A adenosine receptors (A2AARs) have been
proposed to be involved in drug addiction; however,
preclinical studies about the effects of A2AAR ligands on
alcohol consumption have provided inconsistent results.
Objectives The present study evaluated the effect of intraper-
itoneal injections of the A2AAR antagonist ANR 94, and the
A2AAR agonists CGS 21680 and VT 7 on voluntary
drinking and operant self-administration of 10% ethanol in
Marchigian Sardinian alcohol-preferring (msP) rats.
Results Voluntary ethanol drinking was increased by ANR 94
in acute and subchronic experiments, while it was reduced by
A2AAR agonists. The effect of CGS 21680 was abolished by
a low dose of ANR 94, confirming its mediation by A2AARs.
Ethanol self-administration was reduced by CGS 21680 and
VT 7, while ANR 94 slightly but significantly increased it.
Blood alcohol levels were not modified by A2AAR agonists,
indicating that their effect is not related to ethanol pharma-
cokinetics. The effect of VT 7 on ethanol drinking was
behaviourally selective; ethanol and food intake were
reduced, but water intake was increased, and total fluid
intake was not different from that of controls. Moreover, VT

7 did not affect locomotor activity. CGS 21680 (0.1 mg/kg)
did not modify total fluid intake, but 0.2 and 0.3 mg/kg
reduced total fluid intake and locomotor activity.
Conclusion These results provide evidence that A2AAR
agonists reduce ethanol consumption in msP rats, which
represent an animal model of alcohol abuse related to stress,
anxiety and depression. A2AARs may represent a potential
target for treatment of alcohol abuse.

Keywords A2A Adenosine receptor . A2A Adenosine
receptor agonist . A2A Adenosine receptor antagonist .

Alcohol intake . Alcohol self-administration . Alcohol-
preferring rats

Introduction

Adenosine is a well-known neuromodulator, acting through
four pharmacologically classified G-protein-coupled recep-
tors: A1, A2A, A2B and A3 adenosine receptors (AR)
(Fredholm et al. 2001; Burnstock 2007; Sebastiao and
Ribeiro 2009). In the central nervous system, A2AARs
exhibit high density in the striatum, but they are also
expressed in other brain regions, including olfactory bulb,
tuberculum olfactorium, nucleus accumbens, thalamus, neo-
cortex, hippocampus and nucleus tractus solitarius (Ribeiro
et al. 2003; Fredholm et al. 2007).

Since the first observations that A2AAR agonists reduce
the affinity of dopamine D2 receptors and reduce dopamine
release in the basal ganglia (Ferré et al. 1991, 1994), the
A2AAR–D2 receptor interactions have been extensively
investigated (Ferré et al. 2008), particularly in relation to
possible implications in the pharmacological treatment of
Parkinson disease (Morelli et al. 2009). However, the
A2AAR–D2 receptor interactions are also of great interest in
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the context of drug addiction (Ferré et al. 2007; Brown and
Short 2008), in relation to the role of dopamine in reward
and reinforcement processes (Di Chiara and Bassareo 2007;
Vengeliene et al. 2008; Koob and Volkow 2010), as well as in
relation to the occurrence of A2AARs in cortical-accumbens
pathways involved in addictive behaviours.

Several papers have provided evidence supporting a role of
A2AARs in drug addiction. A2AARs antagonists have been
shown to suppress heroin seeking in rats (Yao et al. 2003,
2006), and A2AAR deletion abolishes the motivational
properties of morphine in mice (Castané et al. 2008; Brown
et al. 2009). In contrast to opiates, A2AAR agonists reduce
cocaine self-administration (Knapp et al. 2001) and reinstate-
ment of cocaine-seeking behaviour in rats (Bachtell and Self
2009), while an A2AAR antagonist reinstates cocaine-seeking
behaviour in baboons (Weerts and Griffiths 2003). However,
mice lacking A2AARs exhibited a lower rate of cocaine self-
administration and a reduction in the maximal effort to obtain
a cocaine infusion (Soria et al. 2006). A2AAR are also
involved in the pharmacological response to amphetamine, as
shown by the finding that conditional knockout of A2AARs or
pharmacological blockade of adenosine A2AARs blocks the
development of sensitization to amphetamine in multiple
mouse strains (Bastia et al. 2005). As far as cannabinoids are
concerned, reduction in the rewarding properties of tetrahy-
drocannabinol was observed in mice lacking A2AARs (Soria
et al. 2004), and A2AARs antagonists have been reported to
alter the reinforcing properties of cannabinoid CB1 receptor
agonists (Justinova et al. 2011; Ferré et al. 2010). CB1
receptors act synergistically with opioid MOP and DOP
receptors, and this synergy has been shown to require the
mediation of A2AARs (Yao et al. 2003, 2006). Moreover,
A2AARs are involved in the rewarding properties of nicotine,
and A2AAR knockout mice show attenuation of nicotine
rewarding effects (Castané et al. 2006).

With regard to alcohol, it is well established that ethanol
inhibits adenosine reuptake, increases extracellular adenosine
(Nagy et al. 1990) and promotes activation of A2AARs,
leading to increased c-AMP protein kinase A signalling
(Maillard and Diamond 2004). Naassila et al. (2002)
reported that A2AAR knock-out CD1 mice show increased
consumption of 6% or 20% ethanol solutions, in comparison
to wild-type mice. In a subsequent study, Houchi et al.
(2008) reported that A2AAR knockout CD1 mice exhibit
lower sensitivity to ethanol-induced conditioned place
preference and increased sensitivity to the anxiolytic effect
of ethanol. Moreover, in alcohol-preferring C57BL/6L mice,
the A2AAR agonist CGS 21680 reduced alcohol consump-
tion and preference (Houchi et al. 2008). On the basis of
these findings, the authors suggested that A2AAR agonists
may play a role in suppressing voluntary alcohol drinking.

In terms of operant self-administration procedures,
A2AAR antagonists reduce alcohol consumption. Thus, the

A2AAR antagonist 3,7-dimethylpropargylxanthine DMPX
produced a robust and behaviourally selective reduction of
operant ethanol self-administration in rats (Thorsell et al.
2007). Consistent with these findings, others have reported
that the A2AAR antagonist SCH 58261 reduces operant
ethanol self-administration, and its effect is potentiated by
simultaneous administration of the mGLU5 receptor antag-
onist MTEP (Adams et al. 2008). However, Arolfo et al.
(2004) reported that the A2AAR antagonist DMPX exerts a
bimodal effect on operant alcohol self-administration in rats
with low and high doses of DMPX respectively increasing
and decreasing self-administration.

These preclinical studies do not provide consistent results
and leave unanswered the question concerning the possible
role of A2AARs in alcohol abuse and alcoholism. The present
study was aimed at addressing these inconsistencies, with an
integrated methodological approach. Firstly, the present
study investigated the effect on alcohol consumption in the
rat line of genetically selected Marchigian Sardinian alcohol-
preferring (msP) rats, which have been shown to take
pharmacologically relevant amounts of alcohol (Ciccocioppo
et al. 2006). The msP rats are highly sensitive to stress and
show anxious and depressive-like behaviour that are atten-
uated by ethanol drinking. Interestingly, these animals have
an up-regulated corticotrophin releasing factor (CRF) recep-
tor 1 system; therefore, msP rats represent an interesting
animal model that largely mimics the human alcoholic
population that over-consumes ethanol for self-medication
purposes (Spanagel 2009). Secondly, the study evaluated the
effect of A2AAR ligands on alcohol consumption both in
conditions of voluntary drinking, as well as in conditions of
operant self-administration.

Thirdly, it was decided to evaluate both an antagonist and
two agonists to have a more comprehensive picture of the
effects of A2AAR ligands on alcohol consumption. The two
agonists were chosen because one of them (CGS 21680) is a
classical reference compound for A2AAR mediated effects,
and the other (VT 7) is a new derivative that shows similar
affinity at AR but, lacking the acidic function present in CGS
21680, it may have a different pharmacokinetic profile. Since
CGS 21680 has been used as the only A2AAR agonist in
most of the studies so far carried out, it was considered of
interest to test also a different compound.

Materials and methods

Animals

Male genetically selected msP rats were used. They were
bred in the School of Pharmacy, Pharmacology Unit, of the
University of Camerino (Camerino, Macerata, Italy) for 60
generations from sP rats of the 13th generation, provided by
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Prof. Gessa of the Department of Neurosciences of the
University of Cagliari. At the time of the experiments, their
body weight ranged between 400 and 450 g. They were
kept in a room with a reverse 12:12-h light/dark cycle
(lights off at 8 a.m.), temperature of 20–22°C and humidity
of 45–55%. Rats were offered free access to tap water and
food pellets (4RF18, Mucedola, Settimo Milanese, Milan,
Italy), except when noted. All animal testing was carried
out according to the Italian ethical rules on animal care.

At the age of 2 months, msP rats were selected for their
preference for 10% (v/v) ethanol solution after offering them
free choice between water and 10% ethanol 24 h a day for
15 days. Water and 10% ethanol were offered in graduated
drinking tubes equipped with metallic drinking spouts. The
rats used in the following experiments had a 24-h ethanol
intake of 6–7 g/kg with a percent ethanol preference
[millilitres of ethanol solution per millilitre of total fluids
(water+10% ethanol) ingested in 24 h×100] higher than 90.

Drugs

The present study evaluated the effect on 10% ethanol
consumption of the A2AAR agonists CGS 21680 (5′-N-
ethylcarboxamido-2-[2-(4-phenyl-(3-propanoic acid))eth-
ylamino]adenosine) and VT 7 (5′-N-ethylcarboxamido-
2-(2-phenethylthio) adenosine or 2-phenylethylthioNECA
(Volpini et al. 2004), as well as of the A2AAR antagonist
ANR 94 (8-ethoxy-9-ethyladenine; Volpini et al. 2009).
All the three compounds were synthesized by the co-
authors of the Medicinal Chemistry Unit of the School of
Pharmacy, University of Camerino.

ANR 94 was dissolved by adding dimethyl sulfoxide
(DMSO), polyethylene glycol (PEG 400) and water in the
ratio 50:350:600 and vortexing vigorously; the clear
solution was given by intraperitoneal (IP) injection in a
volume of 0.3 ml per 100 g body weight.

CGS 21680 was dissolved in isotonic saline and
sonicated. The clear solution was injected IP in a volume
of 0.1 ml per 100 g body weight.

VT 7 was dissolved by adding DMSO, PEG 400 and
water in the ratio 50:150:800 and vortexing vigorously; the
clear solution was IP injected in a volume of 0.1 ml per
100 g body weight.

Experimental procedure

Experiment 1: effect of acute or subchronic administration
of the A2AAR antagonist ANR 94 on voluntary ethanol
intake in msP rats

As in our previous studies of our group (Panocka et al.
1998; Perfumi et al. 2003; Polidori et al. 2003), 10%
ethanol solution was offered 2 h/day at the beginning of the

dark phase (8 a.m.) of the reverse light/dark cycle, while
water and food were freely available during the entire day.
Rats were made familiar with this schedule of access to
ethanol for 3 weeks. This time period produced a relatively
stable 2-h ethanol intake; in the 3 days before the beginning
of the experiments, the mean 2-h ethanol intake of the msP
rats employed ranged between 1.5±0.1 and 1.7±0.01 g/kg.

Eighteen rats were used in the acute treatment experi-
ment. According to a between-subjects design, rats were
divided into three groups of six rats that received IP
administration of vehicle, 1 or 5 mg/kg of ANR 94. The IP
administration was given 30 min before access to ethanol.
The intake of 10% ethanol and water and food pellets was
monitored for 2 h; 10% ethanol and water were measured at
15, 30, 60 and 120 min, while food intake was measured at
30, 60 and 120 min.

To confirm the findings of the acute treatment, the effect
of the A2AAR antagonist ANR 94 was also tested in
conditions of subchronic treatment. Twelve rats were
employed divided in two groups of six animals. According
to a between-subjects design, rats received daily IP
administration of vehicle or 5 mg/kg of ANR 94 for 7 days.
The IP administration of ANR 94 was given every day
30 min before access to ethanol. Similar to the acute
treatment experiment, intake of 10% ethanol and water and
food pellets was monitored for 2 h.

Experiment 2: effect of acute administration of the A2AAR
agonist CGS 21680 or VT 7 on ethanol intake in msP rats

As in Experiment 1, 10% ethanol solution was offered 2 h/day
at the beginning of the dark phase (8 a.m.) of the reverse light/
dark cycle, while water and food were freely available during
the entire day. Rats were made familiar with this schedule of
access to ethanol for 3 weeks.

Thirty-six rats were used to evaluate the effect of the
two A2AAR agonists, 18 for CGS 21680 and 18 for VT 7.
According to a within-subjects design, rats received IP
administration of 0.1, 0.2 or 0.3 mg/kg of CGS 21680 or
its vehicle at intervals of 3–4 days, according to a Latin
Square design. The other 18 rats were employed to
evaluate the effect of the A2AAR agonist VT 7, 0.1, 0.2
or 0.3 mg/kg or its vehicle, as for CGS 21680. The intake
of 10% ethanol and water and food pellets was monitored
as in Experiment 1.

Experiment 3: effect on ethanol intake in msP rats of acute
administration of the A2AAR agonist CGS 21680
after pre-treatment with the A2AAR antagonist ANR 94

The purpose of this experiment was to verify that the effect
of CGS 21680 on ethanol intake is mediated by A2AARs.
As in Experiment 1, 10% ethanol solution was offered 2 h/day

Psychopharmacology (2012) 219:945–957 947
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at the beginning of the dark phase (8 a.m.) of the reverse light/
dark cycle, while water and food were freely available during
the entire day.

Twenty-four rats were used, divided in four groups of
six rats. According to a between-subjects design, rats
received IP administration of 0.1 mg/kg of CGS 21680
or its vehicle, following pre-treatment with either ANR
94, 1 mg/kg, or its vehicle. The dose of the antagonist
was chosen in order to avoid a direct effect of the
antagonist on ethanol intake.

Experiment 4: effect of acute administration of the A2AAR
agonist CGS 21680 or VT 7 or A2AAR antagonist ANR 94
on operant ethanol self-administration in msP rats

The experiment was conducted using operant conditioning
chambers (Med Associate, St. Albans, VT, USA) located in
sound-attenuating, ventilated environmental cubicles. Each
chamber was equipped with a drinking reservoir (volume
capacity, 0.30 ml) positioned 4 cm above the grid floor in the
centre of the front panel of the chamber, and two retractable levers
located 3 cm to the right or to the left of the drinking receptacle.
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Fig. 1 Effects of acute administration of ANR 94 (1 or 5 mg/kg) or its
vehicle on alcohol, water and food intake. Statistical difference from
vehicle -treated rats: *P<0.05; where not indicated the difference was
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Similar to our studies (Ciccocioppo et al. 2004), rats
were trained to self-administer 10% (v/v) ethanol in 30 min
daily sessions on a FR 1 (fixed ratio 1) schedule of
reinforcement, where each response resulted in delivery of
0.1 ml of fluid. To facilitate the acquisition of lever pressing
during the first 3 days of training, water was available 2 h/day,
and responses at the lever were reinforced by delivery of a
0.2% (w/v) saccharin solution into the drinking receptacle on
a FR 1 schedule, throughout the daily 30-min sessions.
During all subsequent training and testing, water was freely
available in the home cages. After successful acquisition of
saccharin-reinforced responding, rats were trained to self-
administer 10% ethanol. From the first day, rats began to
press for 10% ethanol; a stimulus light located on the front
panel (“house light”) was turned on for 1.0 s.

After acquisition of a stable ethanol self-administration
baseline (with differences in mean bar presses lower that
10% between daily sessions), 11 msP rats were employed to
test the effect of CGS 21680; using within-subjects design,
rats received IP injection of 0.1 or 0.3 mg/kg of CGS 21680
or its vehicle at intervals of 3–4 days, according to a Latin
Square design. Additional 11 msP rats were used to test the
effect of VT 7; according to a within-subjects design, rats
received IP administration of 0.1 or 0.3 mg/kg of VT 7 or
its vehicle at intervals of 3–4 days, according to a Latin
Square design. Twelve msP rats were used to test the effect
of ANR 94; rats received IP administration of 1, or 5 mg/kg

of ANR 94 or its vehicle at intervals of 3–4 days, according
to a Latin Square design. The IP administration of each
compound was given 30 min before the beginning of the
self-administration session.

The number of responses at both active and inactive levers
was recorded for the entire period of the experiment. Between
sessions of drug testing, ethanol self-administration baseline
was always re-established.

Experiment 5: effect of acute administration of CGS 21680,
VT 7 and ANR 94 on blood alcohol levels (BAL)
following IG ethanol administration in msP rats

To evaluate the effect on BAL, food was removed from
the cages 2 h before the beginning of the experiment. At
7.30 a.m. (30 min before the beginning of the dark phase
of the cycle), different groups of six to seven rats
received IP administration of either CGS 21680, 0.1 or
0.3 mg/kg, or its vehicle, or VT 7, 0.1 or 0.3 mg/kg, or
its vehicle, or ANR 94, 1 or 5 mg/kg, or its vehicle.
Thirty minutes later, all the used rats received IG
administration of 0.7 g/kg of ethanol, as 10% solution;
this is the amount voluntarily taken by msP rats shortly
(2–5 min) after access to 10% ethanol, when this
solution is offered 2 h/day (Ciccocioppo et al. 2006).
Blood samples (50 μl) were taken from the tail vein 15,
30, 60 and 120 min after ethanol administration. BAL
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were measured by gas chromatography (Cingolani et al.
1991).

Experiment 6: effect of acute administration of the A2AAR
agonists CGS 21680 or VT 7 on spontaneous motor activity
in msP rats

The experiment was carried out to evaluate the behavioural
selectivity of the effect of the two A2AAR agonists on alcohol
consumption. According to a between-subjects design,
different groups of six to eight rats received IP administration
of either CGS 21680, 0.1 or 0.3 mg/kg, or its vehicle, or VT
7, 0.1 or 0.3 mg/kg, or its vehicle, 30 min before the test.

Automated locomotor activity boxes (Med Associate, St.
Albans, VT, USA) were used to quantify behavioural activity.
Each animal was placed in the activity box, a square plastic
box measuring 43×43×30 cm, and spontaneous locomotor
activity parameters were monitored during the dark phase
(from 8 a.m.). Activity was recorded for 10min, starting 1 min
after placing the animal in the test cage. Locomotor activity of
each rat were automatically recorded by interruption of two
orthogonal light beams (3.5 and 13 cm above the activity box
floor), which were connected to an automatic software. The
behavioural parameter observed was locomotion (numbers of
ambulatory episodes). Locomotion counts were recorded

when the low row of photocells was interrupted. Between
each test session, the apparatus was cleaned with alcohol
(70%) and dried with a cloth.

Statistical analysis

Data were analyzed by split-plot multifactorial analysis of
variance (ANOVA), with between-group comparisons for
drug treatment and within-group comparisons for time after
treatment (Experiments 1, 3, 5 and 6), or by multifactorial
ANOVAwith repeated measures with within-group compar-
isons for drug treatment and within-group comparison for
time after treatment (Experiments 2 and 4). Post-hoc
comparisons were made by means of the Bonferroni test.
Statistical significance was set at P<0.05.

Results

Experiment 1: effect of acute or subchronic administration
of the A2AAR antagonist ANR 94 on ethanol intake in msP
rats

The overall ANOVA revealed a significant treatment effect
[F(2,15)=4.96; P<0.05]. As shown in Fig. 1, post-hoc
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comparisons revealed a significant increase in ethanol intake
at 15 and 120 min, in rats treated with ANR 94, 5 mg/kg, in
comparison to controls; on the other hand, the effect of the
lower dose of 1 mg/kg was not statistically significant.

At the same time, the compound did not significantly
modify water intake in the 2-h period of observation effect
[F(2,15)=0.86; P>0.05]. Food intake was significantly
reduced by ANR 94, 5 mg/kg, only in the first 30 min of
observation; the ANOVA revealed no significant treatment
effect [Ftreat(2,15)=1.91; P>0.05], but significant treat-
ment–time interaction [Ftreat×time(4,30)=3.05; P<0.05]. In
this period, treated animals spent most of the time consuming

ethanol, and only in a few instances, they were engaged in
food consumption.

As shown in Fig. 2, the dose of 5 mg/kg/day of ANR 94
induced a statistically significant increase in 10% ethanol
intake that persisted throughout the 7-day administration
period. The ANOVA revealed a highly significant treatment
effect [F(1,10)=31.83; P<0.01]. On the other hand, water
[F(1,10)=1.07; P>0.05] and food intake [F(1,10)=0.7; P>
0.05] were not significantly modified.

Experiment 2: effect of acute administration of the A2AAR
agonist CGS 21680 or VT 7 on ethanol intake in msP rats

The ANOVA revealed a significant treatment effect on
ethanol consumption following CGS 21680 administration
in the range of doses between 0.1 and 0.3 mg/kg [F(3,51)=
47.70; P<0.01] (Fig. 3).

Moreover, the ANOVA revealed also a significant effect
on water intake [F(3,51)=19.23; P<0.01]. Reduction of
ethanol intake was accompanied by a sharp increase in
water intake in response to 0.1, 0.2 or 0.3 mg/kg. In relation
to the increment in water intake, total fluid intake (water+
10% ethanol solution) was not significantly different from
that of controls in response to 0.1 mg/kg. Following 0.2 and
0.3 mg/kg, the increase in water intake was not enough to
compensate the reduction in ethanol solution; therefore,
total fluid intake was significantly lower than in controls.
The overall ANOVA revealed a significant treatment effect
on total fluid intake [F(3,51)=20.68; P<0.01].

Food intake proved to be significantly reduced by CGS
21680 [F(3,51)=20.24; P<0.01] in response to all the
tested doses of the compound.

Following IP administration of 0.1, 0.2 or 0.3 mg/kg of
VT 7, the ANOVA revealed a highly significant treatment
effect on alcohol consumption [F(3,51)=20.24; P<0.01].
Ethanol intake was reduced following all the tested doses
(Fig. 4).

Water intake was significantly increased [F(3,51)=13.8;
P<0.01], and this increase completely compensated the
lower intake of the ethanol solution, thus total fluid intake
was not affected by any of the three tested doses [F(3,51)=
1.66; P>0.05].

The ANOVA revealed a statistically significant drug
treatment effect on food intake [F(3,51)=5.22; P<0.01], with
significant inhibition of the intake in response to 0.2 and
0.3 mg/kg.

Experiment 3: effect on ethanol intake in msP rats of acute
administration of the A2AAR agonist CGS 21680
after pre-treatment with the A2AAR antagonist ANR 94

The overall ANOVA revealed a highly significant treatment
effect [F(3,20)=33.21; P<0.01]. The dose of ANR 94
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employed in this experiment, 1 mg/kg, did not affect
ethanol intake per se (Fig. 5). The dose of 0.1 mg/kg of
CGS 21680 produced a pronounced reduction of ethanol
intake, as already documented in Experiment 2. When CGS
21680 administration was preceded by injection of the
A2AAR antagonist ANR 94, 1 mg/kg, the attenuation of
ethanol intake induced by CGS 21680 was completely
abolished.

Water intake was increased following treatment with the
A2AAR agonist [F(3,20)=15.39; P<0.01], as already
observed in the previous experiment. Food intake was not
significantly modified [F(3,20)=2.06; P>0.05].

Experiment 4: effect of acute administration of the A2AAR
agonist CGS 21680 or VT 7 or the A2AAR antagonist ANR
94 on operant ethanol self-administration in msP rats

The overall ANOVA revealed a significant treatment effect
with CGS 21680 [F(2,20)=11.20; P<0.01] (Fig. 6a); post-
hoc comparisons revealed a significant decrease in the
number of responses at 15 and 30 min in rats treated with
both doses of CGS 21680.

As shown in Fig. 6b, VT 7 induced a marked decrease in
operant ethanol self-administration at both tested doses [F
(2,20)=3.34; P<0.05].

ANR 94 elicited a very small but significant increase in
lever responses [F(2,22)=4.08; P<0.05], as shown in
Fig. 6c.

Bar pressing at the inactive levers was never significantly
modified.

Experiment 5: effect of acute administration of CGS 21680,
VT 7 or ANR 94 on BAL following IG ethanol
administration in msP rats

BAL were not significantly modified after treatment with
either CGS 21680 [F(2,20)=0.08; P>0.05] (Fig. 7a) or VT
7 [F(2,15)=2.26; P>0.05] (Fig.7b). Moreover, also ANR
94 did not significantly modify BAL at the doses of 1 and
5 mg/kg [F(2,15)=1.09; P>0.05] (Fig. 7c).

Experiment 6: effect of acute administration of the A2AAR
agonists CGS 21680 or VT 7 on spontaneous motor activity
in msP rats

The overall ANOVA revealed a significant treatment effect
on locomotor activity for CGS 21680 [F(2,19)=18.11; P<
0.01], as shown in Fig. 8a. Post-hoc comparisons revealed a
significant dose-dependent inhibition on locomotor activity
in response to the doses of 0.1 and 0.3 mg/kg. On the other
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hand, the ANOVA revealed no statistically significant effect
for VT 7 (Fig. 8b).

Discussion

The present study evaluated the effect of an A2AAR
antagonist and two A2AAR agonists in a rat model of
alcohol abuse, the genetically selected alcohol-preferring
rats of the Marchigian Sardinian (msP). This strain may

represent an interesting animal model endowed with face,
construct and predictive validity as a model of alcohol
abuse related to stress, anxiety and depression (Ciccocioppo
et al. 2006).

The tested compounds were previously evaluated for
their affinity at rat and human AR subtypes, and the results
are reported in Table 1 (none of the compounds bind to
A2BAR; hence, results at this subtype are not reported in the
table). The two agonists, CGS 21680 and VT 7, proved to
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Table 1 Affinities of AR agonists (CGS 21680 and VT 7) and
antagonist (ANR 94) in radioligand binding assays at A1AR, A2AAR,
and A3AR

Cpd Ki (A1AR)
a Ki (A2AAR)

a Ki (A3AR)
a

CGS 21680 1,400 r 19 r 584 r

290 h 27 h 67 h

VT 7 380 r 15 r 46 r

189 h 24 h 86 h

ANR 94 4,600 r 643 r 34%b r

2,400 h 46 h 21,000 h

a Binding data from different species: rat (r) or human (h) A1AR,
A2AAR, and A3AR, expressed as Ki (nanomolarM)
b Percentage of inhibition at 20 μM
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bind to A2AARs with similar nanomolar affinities, while
CGS 21680 showed in general higher selectivity towards
the other subtypes (Cristalli et al. 2009). The antagonist,
ANR 94, proved to have good affinity and selectivity for
the human A2AAR. It is worthwhile to note that this
compound, although showing affinity in the high nano-
molar range for the rat A2AAR, was found very effective in
ameliorating motor deficits in rat models of Parkinson's
disease (Pinna et al. 2005) and in increasing the IGABA
stability in different epileptic tissues (Roseti et al. 2009).

The results obtained in the voluntary drinking paradigm
clearly show that A2AAR stimulation attenuates alcohol
intake, while A2AAR blockade increases ethanol intake.
The effect observed with the A2AAR antagonist ANR 94
was evident in acute experiments and was confirmed in a
subchronic experiment in which the compound was
administered for seven consecutive days. Water intake was
not significantly modified. Food intake was not increased,
but slightly reduced in the acute experiment only in the first
15–30 min of the observation period, when the animals
were almost continuously engaged in alcohol drinking.

In contrast, the two A2AAR agonists tested, CGS 21680
and VT 7, attenuated ethanol intake in a dose-dependent
and easily reproducible manner. The effect appears to be
completely dependent upon activation of A2AARs, since the
effect of CGS 21680 was completely abolished by previous
administration of a low dose of the A2AAR antagonist ANR
94. It is interesting to note that A1/A2A heteromeric receptors
are reportedly localized to the striatum (Schiffmann et al.
2007); thus, interaction between the two receptors might
occur also in regard to the effect observed. However, the
results obtained in Experiment 3 with the A2AAR antagonist
ANR 94 apparently suggest a role only for A2AAR.

The operant self-administration results are consistent
with those obtained in the voluntary drinking paradigm. In
fact, the A2AAR agonists CGS 21680 and VT 7 markedly
reduced operant ethanol self-administration at the same
doses that reduce voluntary ethanol drinking. The A2AAR
antagonist ANR 94 slightly increased ethanol self-
administration, like in the voluntary drinking paradigm.

In terms of locomotor behaviour, the effect of the
antagonist was accompanied by evident locomotor activation
of treated rats, which were almost continuously moving
around the cage, and used to interrupt their activity mainly
to drink at the alcohol spout.

The A2AAR agonist CGS 21680 induced evident
sedation in treated rats; on the other hand, sedation was
very low or even absent following administration of VT 7.
This is clearly documented by the results obtained in the
open field test, where a significant reduction in locomotor
activity was observed for CGS 21680 both in response to
0.1 and 0.3 mg/kg, while in response to VT 7, no change in
locomotor activity was evident at the dose of 0.1 mg/kg,

and only a small but not significant reduction in locomotor
activity was detected at the dose of 0.3 mg/kg.

The behavioural selectivity of the effect of VT 7 is
supported also by the finding that while ethanol consumption
was markedly reduced, water intake was significantly
increased apparently to maintain total fluid intake at levels
similar to those observed in controls. In this regard, it is
interesting to note that animals treated with VT 7, 0.1 or
0.3 mg/kg exhibited a total fluid intake non-significantly
different from that of controls. As far as CGS 21680 is
concerned, total fluid intake was still lower than that of
controls at doses of 0.2 and 0.3, but not of 0.1 mg/kg, which
was however effective in reducing ethanol intake. Therefore,
these findings, together with those of the open field test,
provide evidence of behavioural selectivity for the effect of
VT 7 on ethanol consumption; on the other hand, they indicate
that the effect of CGS 21680 might be at least at certain doses
influenced also by the sedative effect of the compound.

The differences observed in the behavioural effects of CGS
21680 in comparison with VT 7 are clearly interesting, but the
binding data and the pharmacological characterizations
available at the moment for these compounds are not enough
to draw a convincing hypothesis to explain these differences.
Hence, further investigations are necessary to check the
potential involvement of other AR subtypes or the modulation
of other related systems.

The two A2AAR agonists in the range of doses tested on
alcohol drinking experiments did not significantly modify
BAL in treated rats. These findings suggest that the changes
observed in alcohol drinking are not the consequence of
altered pharmacokinetics of ethanol, but probably to
interference with the motivational properties of ethanol.

In this regard, it is tempting to hypothesize that the effect
of the A2AAR ligands on ethanol intake might be linked to
interference with dopaminergic neurotransmission. A2AAR
and D2 dopamine receptors are largely co-localized in
striatum and mesolimbic area (Fink et al. 1992); they are
structurally associated to form heterodimers in which
adenosine and dopamine receptors mutually antagonize
their respective responses (Canals et al. 2003; Fuxe et al.
2005; Vidi et al. 2008). A2AAR stimulation inhibits
dopamine transmission, while A2AAR antagonism increases
dopamine transmission. It is interesting to note that the
A2AARs are specifically enriched in the medium spiny
neurons that make up the indirect output pathway from the
ventral striatum, a structure known to have a crucial,
integrative role in processes such as reward, motivation and
drug-seeking behaviour (Brown et al. 2009). Alcohol
activates mesolimbic dopaminergic neurons that appear to
be associated with the reinforcing properties of ethanol
(Gessa et al. 1985; Spanagel 2009). Moreover, postsynaptic
changes in dopamine receptor signalling appear to be
involved also in the maintenance of voluntary alcohol
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intake (Crabbe et al. 2006), and dopamine D1, D2 and D3
receptor agonists and antagonists are able to modulate
ethanol consumption in common stock rats (Cohen et al.
1998; Pfeffer and Samson 1988), as well as in alcohol-
preferring rats (Dyr et al. 1993; McBride and Li 1998;
Thanos et al. 2005; Panocka et al. 1995). Thus, increased
ethanol consumption and increased locomotor activity
induced by A2AAR antagonism may be related to increased
dopaminergic transmission in the central nervous system.
On the other hand, the findings that A2AAR agonists reduce
ethanol consumption and reduce locomotion are in keeping
with a mechanism of action implying reduced dopaminergic
transmission.

However, the effect of A2AARs on alcohol consumption
may be related at least in part also to modulation of
glutamatergic transmission in the striatum, as well as in
cortico-accumbens pathways involved in drug seeking and
relapse. In this regard, A2AARs and mGLU5 receptors are
co-localized at glutamatergic terminals where they facilitate
glutamate release in a synergistic manner (Pintor et al.
2000; Rodrigues et al. 2005).

Moreover, A2AARs can tightly interact with receptors for
neurotrophic factors, such as BDNF, that has been proposed
to have a role in reward and relapse processes (Ghitza et al.
2010), and A2AAR activation is crucial for the facilitatory
action of BDNF on synaptic transmission (Diògenes et al.
2007; Tebano et al. 2008).

The results of the present study indicate that A2AAR
agonists reduce not only ethanol but also food intake. As
stated for the effect on ethanol consumption, also the
reduction in food intake cannot be regarded just as a
consequence of sedation induced by the A2AAR agonist,
particularly in the case of VT 7.

Again, the interaction of A2AARs with dopamine
neurotransmission may provide a possible explanation of
the anorectic effect observed. Blockade of dopamine via
systemic antagonists or targeted gene deletion is known to
impair food intake (Narayanan et al. 2010). Recent genetic
evidence supports a role of nigro-striatal dopamine path-
ways in the consummatory aspects of feeding, while ventral
tegmental area/nucleus accumbens circuits are more likely
involved in higher order aspects of food acquisition, such as
motivation and cue association. Peptidergic systems in-
volved in feeding control strongly interact with midbrain
dopaminergic system. Ghrelin and opioids can act on
ventral tegmental area dopamine neurons to influence
feeding (Narayanan et al. 2010). Leptin modulates meso-
limbic dopamine system acting both in ventral tegmental
area and in lateral hypothalamic neurons expressing leptin
receptors (Opland et al. 2010; Davis et al. 2011a, b;
Leinninger et al. 2009). The orexigenic peptides hypopcre-
tin/orexin and melanin concentration hormone, as well as
the anorexigenic melanocortin system, interact with the

mesolimbic dopamine system to evoke their motivational
effects (Thompson and Borgland 2011; Conductier et al.
2011; Davis et al. 2011a, b).

In conclusion, the results of the present study provide
evidence that A2AAR agonists markedly attenuate both
voluntary drinking and operant ethanol self-administration
in msP rats that represent an interesting animal model of
alcohol abuse related to stress, anxiety and depression
(Ciccocioppo et al. 2006). In particular, the A2AAR agonist
VT 7 was able to evoke an effect on alcohol consumption
that proved to be behaviourally selective. Thus, A2AARs
may represent a potential target for the treatment of alcohol
abuse and alcoholism.
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