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Background: It has been reported that dopamine D3 receptor (D3R) knockout mice display similar
ethanol (EtOH) consumption compared to wild types. In addition, studies with D3R pharmacological
targeting were inconclusive.

Methods: In the current study, we used both gain- and loss-of-function approaches to test the effects
of central D3R manipulation on voluntary alcohol intake and EtOH-induced conditioned place prefer-
ence (CPP) in rats. To this aim, we developed a lentiviral-mediated gene transfer approach to examine
whether D3R knockdown (LV-siD3R) or overexpression (LV-D3R) in the nucleus accumbens (NAcc)
is sufficient to modulate voluntary alcohol consumption and EtOH-CPP.

Results: Using the standard 2-bottle choice drinking paradigm and an unbiased CPP procedure,
our results indicated that, like the D3R selective antagonist SB-277011-A, LV-siD3R attenuated volun-
tary alcohol consumption. In contrast, LV-D3R increased EtOH intake with no effect on total fluid
intake. Similarly, the D3R agonist 7-OH-DPAT also exacerbated EtOH intake. Interestingly, neither
pharmacological nor genetic manipulation of D3R activity affected saccharin and quinine consumption
and preference. More importantly, we report that LV-siD3R blocked, whereas LV-D3R exacerbated,
EtOH-CPP.

Conclusions: These results support the notion that the D3R plays an important role in alcohol
reward in rats and suggest that a key threshold range of D3R levels is associated with impaired alcohol
consumption. Taken together, these findings demonstrate that the D3R is an essential component of
the molecular pathways underlying the reinforcing properties of alcohol. Thus, medications targeting
the D3Rs may be beneficial to tackle EtOH abuse and alcoholism in humans.

Key Words: Alcoholism, Conditioned Place Preference, Gene Therapy, Lentivirus, siRNA, Two-
Bottle Choice.

EVIDENCE HAS ACCUMULATED in recent years
implicating the dopaminergic systems in a range of

behavioral and neurobiological processes relevant to alcohol
craving and relapse (Spanagel and Heilig, 2005; Spanagel
and Weiss, 1999). Addicted behavior in alcoholics is charac-
terized by compulsive alcohol-seeking and relapse. Besides
environmental and social factors, clearly, genetic factors con-
tribute to compulsive alcohol consumption and relapse.
Thus, we have shown recently that decreased dopamine D1
receptor (D1R) expression in the nucleus accumbens (NAcc)
leads to reduced ethanol (EtOH)-conditioned rewarding
properties and to lower voluntary EtOH consumption,

indicating that the D1R pathway within the NAcc may con-
trol conditioned-EtOH reward and intake (Bahi and Dreyer,
2012). However, among several observed changes in gene
expression upon long-term alcohol consumption, the most
consistent alteration was an up-regulation of the dopamine
D3 receptors (D3Rs) in the striatum that may contribute to
alcohol-seeking and relapse (Vengeliene et al., 2006).

Dopamine is a major neurotransmitter in the central ner-
vous system that plays a critical role in movement, cognition,
and emotion (Everitt and Robbins, 2005). The D3R is a
member of the D2-like receptor family, which was cloned by
Sokoloff and Schwartz (1995), and plays a crucial role in
neuropsychiatric disorders (Caine and Koob, 1993), particu-
larly in mediating the addictive properties of alcohol (Boyce
and Risinger, 2000). The D3R belongs to class A of G-pro-
tein coupled receptors and is primarily localized in brain
areas associated with the mesolimbic dopaminergic system
related with drug reward (Heidbreder et al., 2004).

Several studies have suggested that selective blockade of
the D3R may constitute a useful target for prospective phar-
macological therapeutic approaches against alcoholism and
to treat other substance use disorders (Newman et al., 2005;
Thanos et al., 2005). However, many findings of the effects
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of systemic injection of D3R agonists and antagonists are
mixed, with some studies indicating that D3R activation
decreases EtOH intake (Silvestre et al., 1996), whereas others
find the opposite (Thanos et al., 2005). It is possible that the
observed effects are specific to changes in the dopamine in
different brain regions and that D3R activation, for example,
in the dorsal striatum may have different behavioral effects
than D3R activation in other brain regions, such as the
NAcc. Nevertheless, recently a role for D3Rs in the modula-
tion of behavioral sensitization by acting as an inhibitor of
D1/D2 receptor-mediated behaviors has been proposed
(Richtand et al., 2001), and several reports suggest that
D3Rs were up-regulated in response to chronic drugs of
abuse and this up-regulation contributes to sensitization
(Richtand et al., 2001).

More recently, Harrisson and Nobrega (2009) examined
EtOH sensitization in D3R knockout (KO) as well as in
D1R and D2R KO mice, together with amphetamine sensi-
tization in D3R KOs compared with their wild-type (WT)
littermates. They proposed that the development and
expression of behavioral sensitization to EtOH is mediated,
at least in part by changes in D3R (Harrison and Nobrega,
2009): initially, repeated EtOH administration, through
GABAergic dis-inhibition of the mesolimbic pathway, leads
to stimulation of D1R in the ventral tegmental area (VTA).
Excitation of the VTA leads to increased activity of the
mesolimbic pathway that induces an over expression of
D3Rs in the NAcc-Shell and ectopic over expression of
D3Rs in the dorsal striatum, events that may be transient
and mediated only during the induction phase of EtOH
sensitization.

After drug cessation, D3Rs in the NAcc remain function-
ally up-regulated. This functional up-regulation may be
long-lasting, and thus reflect at least 1 neural mechanism
involved in mediating the expression of EtOH sensitization
(Harrison and Nobrega, 2009). In addition, these studies
have shown that D3R antagonists do not block the expres-
sion of EtOH sensitization once it has already been induced;
in contrast, chronic blockade of D3R with an antagonist pre-
vents the induction of EtOH sensitization, but only in individ-
uals that are perhaps genetically more susceptible toward
developing sensitization to EtOH (Harrison and Nobrega,
2009).

However, for all these studies, the nonspecificity of
ligands and compensatory molecular adaptations in
mutated animals restrict the interpretation of the results. To
overcome these limitations, lentiviral-mediated gene knock-
down and overexpression have been used efficiently to
manipulate these genes specifically and locally in the NAcc
(Bahi et al., 2005; Fernandes et al., 2012). With this
approach, we have shown that D3R expression in the NAcc
significantly contributes to behavioral changes associated
with chronic cocaine administration: over expression of
D3R in this brain area induces a 50% decrease in locomo-
tor activity that is reversed to normal upon inactivation of
D3R. Furthermore, local knockdown of D3R in the NAcc,

efficiently achieved in vivo with lentiviruses expressing
D3R-specific small interference RNAs (siRNAs), results in
a strong increase in locomotor activity and drug-induced
behavioral changes (Bahi et al., 2005).

In the present study, we used pharmacological and genetic
approaches to explore the function of the D3R in EtOH-
related behaviors in adult male rats. For this purpose, rats
were injected with the D3R antagonist and agonist SB-
277011-A and 7-OH-DPAT, respectively, and EtOH intake
was measured using the 2-bottle choice drinking paradigm.
In addition, in a different set of experiments, genetic manipu-
lations were performed to locally knockdown or overexpress
the D3R into the NAcc; then, voluntary alcohol intake
together with EtOH-conditioned place preference (CPP)
behaviors were assessed in Wistar rats. We show that the
D3R is an essential component of the molecular pathways
underlying the reinforcing properties of alcohol.

MATERIALS ANDMETHODS

Animals

Adult male Wistar rats (10 weeks) were obtained from the local
breeding facility of the College of Medicine & Health Sciences at
~220 g of weight and maintained in a temperature-controlled
(~22°C) colony room with a 12-hour light–dark cycle (0600 to 1800
light on). The experiment began 1 week later at which time the rats
were single housed. Bedding was produced locally and autoclaved
before use. Water and food were available ad libitum throughout
the experiment. Standard rodents’ chow diet was obtained from the
National Feed and Flour Production and Marketing Company
LLC (Abu Dhabi, UAE). The procedures were approved by the
United Arab Emirates University, College of Medicine & Health
Sciences Animal Research Ethics Committee (Application Refer-
ence No. A27-12).

Drugs

For CPP experiments, absolute EtOH obtained from Panreac
Quimica SAU (Barcelona, Spain) was diluted in isotonic saline
(20%; v/v) and used for intraperitoneal (i.p.) injections at 0.5 g/
kg. The volume of injection was adjusted to body weight. The ta-
stants saccharin sodium salt dihydrate and quinine hemisulfate salt
monohydrate were obtained from Sigma-Aldrich (St. Louis, MO).
For the 2-bottle choice drinking experiments, EtOH solution was
diluted into 2.5 to 20% solutions (v/v) in tap water. Saccharin
(0.04 and 0.08%; w/v) and quinine hemisulfate monohydrate (30
and 60 lM) were dissolved in tap water. The D3R pharmacologi-
cal agents SB-277011-A hydrochloride hydrate and the 7-
Hydroxy-2-(di-n-propylamino) tetralin hydrobromide (7-OH-
DPAT) obtained from Sigma-Aldrich were diluted in isotonic sal-
ine and doses were adjusted to body weight (1 ml/kg). Drugs were
injected once a day 30 minutes before the light goes off.

Lentiviral-Mediated Overexpression and siRNA Knockdown of D3R

These vectors were prepared as described previously (Bahi et al.,
2005). For more details, see the Supporting Information.

Stereotaxic Microinjection of Lentiviral Vectors

Stereotaxic injections were performed as described previously
(Bahi and Dreyer, 2013; Bahi et al., 2004, 2005). For more details,
see the Supporting Information.
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2-Bottle Choice Drinking Paradigm

Voluntary EtOH consumption and preference was performed as
described previously (Bahi, 2012; Bahi and Dreyer, 2013; Bahi
et al., 2012). For more details, see the Supporting Information.

Conditioned Place Preference

The CPP paradigm was selected for the study of lentiviral vectors
interactions with EtOH for its procedural simplicity, and the ability
to index both the positive and negative motivational properties of
alcohol-associated cues. The CPP-test was carried out in a 2-cham-
ber apparatus as described previously (Bahi, 2013b; Bahi and Dre-
yer, 2013). For more details, see the Supporting Information.

Statistical Analysis

All analyses were performed using the IBM SPSS package soft-
ware (version 21.0; Dubai, UAE), and all results were expressed as
the mean � SEM. The data representing the effect of SB-277011-A
and 7-OH-DPAT on EtOH, saccharin, and quinine intake and pref-
erence were analyzed using a 1-way analysis of variance (ANOVA)
repeated measure with drug as the between-subject factor and time
(for EtOH) or concentration (for saccharin and quinine) as the
within-subject factor. The data representing the effects of viral injec-
tion on EtOH, saccharin, and quinine intakes were analyzed using a
2-way ANOVA repeated measures with virus as the between-subject
factor and concentration as the within-subject factor. Data for
EtOH-CPP behavior were analyzed using a 1-way ANOVA with
virus as the between-subject factor. The Bonferroni test was used
for post hoc comparisons of means whenever a significant effect was
detected by the ANOVA. Differences were considered significant if
p < 0.05.

RESULTS

The D3R Antagonist SB-277011-A Attenuated Ethanol
Voluntary Consumption

Figure 1 shows the effects of the injection of saline (0 mg/
kg) and increasing doses of SB-277011-A (3, 10, and 30 mg/

kg) on EtOH intake in Wistar rats (n = 8). The 1-way ANO-
VA for repeated measures revealed a significant effect of
treatment, F(3, 28) = 21.38, p < 0.0001, but not of time, F(4,
112) = 2.12, p = 0.083. The interaction between time and
treatment was significant, F(12, 112) = 2.69, p = 0.003
(Fig. 1A). Post hoc comparisons showed that, compared
with vehicle, the SB-277011-A doses of 10 and 30 mg/kg sig-
nificantly decreased EtOH consumption by ~33%
(p = 0.018) and ~73% (p < 0.0001), respectively. However,
at 3 mg/kg, the SB-277011-A had no effect on EtOH intake
(p = 1.000). We also analyzed the effects of SB-277011-A on
EtOH preference and as expected there was a significant
main effect of treatment, F(3, 28) = 48.68, p < 0.0001, and
the interaction between time and treatment, F
(12, 112) = 4.12, p < 0.0001 (0 mg/kg: 75.72% � 6.20;
3 mg/kg: 68.26% � 8.69; 10 mg/kg: 48.76% � 8.88;
30 mg/kg: 20.56% � 5.92). The results for total fluid intake
are depicted in Fig. 1B. The 1-way ANOVA revealed that
there was no main effect of SB-277011-A treatment, F
(3, 28) = 0.04, p = 0.988, and no significant interaction
between time and treatment, F(12, 112) = 1.06, p = 0.394.
Using the SB-277011-A (30 mg/kg), rats were then tested for
taste neophobia using non-EtOH tastants and we found that
the D3R antagonist did not affect saccharin and quinine con-
sumption (Fig. S1).

A decreasing effect of the antagonist over trials might indi-
cate development of tolerance with repeated exposure, rais-
ing a question about the validity of the later tests. This issue
was addressed by exposing the same rats to 5% EtOH solu-
tion and water after quinine intake and as expected, in pres-
ence of SB-277011-A (30 mg/kg) rats consumed less alcohol
compared to vehicle-injected animals [1.37 � 0.41 vs.
4.35 � 0.56; F(1, 14) = 45.283, p = 0.0001]. Also, SB-
277011-A injected rats displayed less preference for alcohol
compared to vehicle-treated animals [28.7 � 7.99 vs.
79.4 � 5.44; F(1, 14) = 69.526, p = 0.0001]. Finally, there
was no difference in total fluid intake between the 2 groups
[136.3 � 24.4 vs. 143.8 � 20.6; F(1, 14) = 0.308, p = 0.587].

Accumbal Knockdown of D3R Decreased Ethanol
Consumption and Preference

To study the possible role of endogenous D3R in the
NAcc in the regulation of EtOH intake, we utilized the lenti-
virus-mediated delivery of siRNA to knockdown the level of
the receptor as reported previously (Bahi et al., 2005).

The mean daily intake of EtOH (g/kg/24 h) for LV-Mock
(n = 8) and LV-siD3R (n = 8) animals was analyzed using a
1-way repeated measures ANOVA, which revealed a signifi-
cant main effect of virus, F(1, 14) = 40.35, p < 0.0001, as
well as a main effect of EtOH concentration, F
(3, 42) = 37.57, p < 0.0001. Interestingly, the interaction
between viral injection and EtOH concentration was signifi-
cant, F(3, 42) = 4.01, p = 0.013 (Fig. 2A). Post hoc evalua-
tions indicated that siD3R-expressing rats consumed less
EtOH than Mock controls when 5, 10, and 20% EtOH

A B

Fig. 1. Voluntary ethanol (EtOH) consumption and total fluid intake fol-
lowing SB-277011-A injection. Wistar rats were injected with increasing
doses of the dopamine D3 receptor antagonist SB-277011-A and given
access to 5% EtOH and water in a 2-bottle choice drinking paradigm for
5 days. (A) Daily g/kg EtOH consumption across the experiment. (B) The
total fluid intake was the sum of the volume of EtOH solution and water
consumed per kg of body weight per day. The data represent
mean � SEM. The number of animals per group was n = 8. *p < 0.05.
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solutions were available (p < 0.001). Similarly, a 1-way
repeated measure ANOVA also revealed that D3R modula-
tion affected EtOH preference as evidenced by a significant
main effect of viral injection, F(1, 14) = 61.80, p < 0.0001,
EtOH concentration, F(3, 42) = 32.08, p < 0.0001, and a sig-
nificant main interaction between the 2 factors, F
(3, 42) = 3.88, p = 0.015 (2.5%: LV-Mock 34.90% � 7.34,
LV-siD3R 25.48% � 6.18; 5%: LV-Mock 66.28% � 8.92,
LV-siD3R 36.73% � 7.11; 10%: LV-Mock 46.24% � 5.32,
LV-siD3R 27.98% � 5.99; 20%: LV-Mock 22.14% � 5.13,
LV-siD3R 14.50% � 4.63). Finally, LV-Mock and LV-
siD3R were tested for total fluid intake along the entire 2-
bottle choice paradigm using a 2-way ANOVA repeated
measure. As depicted in Fig. 2B, our results showed that no
difference between siD3R-expressing rats and control ani-
mals were observed in mean fluid intake, main viral injection,
F(1, 14) = 0.93, p = 0.351, main effect of EtOH concentra-
tion, F(3, 42) = 0.92, p = 0.438, and the interaction between
the 2 variables, F(3, 42) = 0.28, p = 0.834 (Fig. 2B). To con-
trol for any taste neophobia following D3R knockdown in
the NAcc, the same rats were tested with increasing concen-
trations of saccharin and quinine. Results have shown that
accumbal knockdown of D3R had no effect on saccharin
and quinine intake and preference (Fig. S2).

The D3R Agonist 7-OH-DPAT Increased Ethanol Voluntary
Intake in Rats

In the following set of experiments, we investigated the
effects of the D3R selective agonist 7-OH-DPAT (0.05 mg/
kg) on voluntary alcohol consumption in Wistar rats. Dosing
and preapplication of 7-OH-DPAT was conducted based on
previously published studies, where 0.01 to 0.5 mg/kg of 7-
OH-DPAT were used in both rats (Depoortere et al., 1996;
Frantz et al., 1996; Gainetdinov et al., 1996) and mice

(Ferrari and Giuliani, 1997; Kamei and Saitoh, 1996; Starr
and Starr, 1995).

We compared EtOH consumption of vehicle-(0 mg/kg;
n = 8) and 7-OH-DPAT-(0.05 mg/kg; n = 8) injected rats in
a 2-bottle choice alcohol-drinking paradigm and results are
shown in Fig. 3A. A 1-way ANOVA analysis indicated that
7-OH-DPAT-injected rats showed significantly high EtOH
intake, F(1, 14) = 14.76, p = 0.002. Similarly, EtOH prefer-
ence was also increased following 7-OH-DPAT injection, F
(1, 14) = 80.63, p < 0.0001 (0 mg/kg: 67.04% � 6.53;
0.05 mg/kg: 92.89% � 2.92). Interestingly, and as shown in
Fig. 3B, there was no difference in total fluid intake between
the 2 experimental groups, F(1, 14) = 0.24, p = 0.626. Inter-
estingly, when tested for saccharin and quinine intake, the
D3R agonist 7-OH-DPAT had no effect on taste neophobia
(Fig. S3).

Accumbal D3R Overexpression Increased Voluntary Ethanol
Consumption

In this experiment, control vectors (LV-Mock; n = 8) and
D3R-overexpressing lentiviral vectors (LV-D3R; n = 8) were
injected into the NAcc and EtOH intake was monitored
using the 2-bottle choice drinking paradigm as described in
the Materials and Methods section above. Results are
depicted in Fig. 4. The 1-way ANOVA revealed that LV-
D3R-expressing rats displayed increased EtOH intake from
the 5, 10 and 20% drinking solutions. In fact, there was a sig-
nificant effect of viral injection, F(1, 14) = 35.04, p < 0.0001,
and concentration, F(3, 42) = 70.45, p < 0.0001, on EtOH
consumption. Interestingly, the virus 9 EtOH interaction
was significant, F(3, 42) = 3.89, p = 0.015 (Fig. 4A). We
then assessed the effect of D3R overexpression on EtOH
preference and the 1-way ANOVA analysis revealed a main
effect of viral injection, F(1, 14) = 79.39, p < 0.0001, a main

A B

Fig. 2. Voluntary ethanol (EtOH) consumption and total fluid intake fol-
lowing accumbal knockdown of D3R. Wistar rats were stereotaxically
injected with LV-Mock (n = 8) and LV-siD3R (n = 8) into the nucleus
accumbens and given access to increasing EtOH concentrations and
water in a 2-bottle choice drinking paradigm for 5 days. (A) Daily g/kg
EtOH consumption across the experiment. (B) The total fluid intake was
the sum of the volume of EtOH solution and water consumed per kg of
body weight per day. The data represent mean � SEM. *p < 0.05.

A B

Fig. 3. Voluntary ethanol (EtOH) consumption and total fluid intake fol-
lowing 7-OH-DPAT injection. Wistar rats were injected with the vehicle or
the D3R agonist 7-OH-DPAT (0.05 mg/kg) and given access to 5% EtOH
and water in a 2-bottle choice drinking paradigm for 5 days. (A) Daily g/kg
EtOH consumption across the experiment. (B) The total fluid intake was
the sum of the volume of EtOH solution and water consumed per kg of
body weight per day. The data represent mean � SEM. The number of
animals per group was n = 8. *p < 0.05.
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effect of EtOH concentration, F(3, 42) = 106.45, p < 0.0001,
as well as a significant interaction between the 2 factors, F
(3, 42) = 4.71, p = 0.006 (2.5%: LV-Mock 28.90% � 6.05,
LV-D3R 31.04% � 7.14; 5%: LV-Mock 65.97% � 9.24,
LV-D3R 90.75% � 3.16; 10%: LV-Mock 52.86% � 6.34,
LV-D3R 73.955 � 5.31; 20%: LV-Mock 23.64% � 5.45,
LV-D3R 41.83% � 6.25). Finally, the total liquid consump-
tion did not differ between the 2 experimental groups indicat-
ing normal drinking behavior in LV-D3R-injected rats; main
effect of virus, F(1, 14) = 0.25, p = 0.619; main effect of
EtOH concentration, F(3, 42) = 0.92, p = 0.436; main effect
of virus 9 EtOH interaction, F(3, 42) = 0.53, p = 0.660
(Fig. 4B). To determine whether any difference existed in
general taste preferences, drinking studies using saccharin
and quinine were performed after the EtOH drinking study.
Results have shown that accumbal D3R overexpression had
no effect on saccharin and quinine intake and preference
(Fig. S4).

Viral-MediatedModulation of D3R Impairs EtOH-CPP

EtOH can establish preference for an environment associ-
ated with repeated drug exposure. The CPP paradigm serves
as a model of rewarding and abusive effects of repeated
EtOH administration (Reid et al., 1985). In this experiment,
animals were conditioned with repeated EtOH injection in 1
of 2 chambers that differed visually and texturally and results
are depicted in Fig. 5. As was expected, the administration
of 0.5 g/kg of EtOH in rats produced CPP. In our labora-
tory, this result has been previously observed in different
studies using the same experimental procedure (Bahi, 2012;
Bahi and Dreyer, 2013). Therefore, before conditioning, the
LV-Mock (n = 8), LV-siD3R (n = 8), and LV-D3R (n = 8)
experimental groups visited the 2 chambers, and no main
effect of virus was detected, F(2, 21) = 0.59, p = 0.562. How-
ever, after conditioning with repeated EtOH exposure, the

1-way ANOVA revealed a main effect of viral injection on
CPP scores, F(2, 21) = 15.48, p < 0.0001. Post hoc evalua-
tions indicated that LV-D3R-overexpressing rats showed
~21% enhancement of EtOH-CPP (p = 0.053). In contrast
and compared to LV-Mock, D3R-knockdown displayed
~25% decrease of EtOH-CPP (p = 0.021). The results indi-
cate that D3R in the NAcc plays an important role in EtOH-
conditioned reward-associated learning.

During the CPP-test, viral injection had no effect on spon-
taneous locomotor activity and results are depicted in Fig.
S5. After completion of the CPP experiments, rats D3R
mRNA was quantified by reverse transcription polymerase
chain reaction and results are displayed in Fig. S6. The histo-
logical representation of injection placements in the NAcc-
Shell are summarized in Fig. S7.

DISCUSSION

Previous work from our laboratory have shown a direct
relationship between the D3R and cocaine-induced locomo-
tor stimulation, such that NAcc-Shell knockdown of D3R
using specific small hairpin RNA (shRNA) showed strong
cocaine-induced locomotor stimulation in rats (Bahi et al.,
2005). Although the relationship between the D3R system
and EtOH-related behaviors has been demonstrated in a
number of studies, it is not known how D3R neurotransmis-
sion relates to preference for EtOH. In this study, we
addressed this issue using EtOH consumption and preference
in a 2-bottle choice test as well as EtOH-CPP. We show that
pharmacological inhibition of the D3R inhibited voluntary
alcohol consumption and preference. In contrast, the D3R
agonist 7-OH-DPAT exacerbated EtOH intake in Wistar
rats. More importantly, lentiviral-mediated knockdown of
the D3R into the NAcc blocked EtOH intake as well as
EtOH-CPP. However, D3R-overexpression in the same
brain region increased both voluntary EtOH intake and pref-
erence together with EtOH-CPP. Interestingly, control
experiments revealed that nonalcoholic tastants (saccharin

A B

Fig. 4. Voluntary ethanol (EtOH) consumption and total fluid intake fol-
lowing accumbal overexpression of D3R. Wistar rats were stereotaxically
injected with LV-Mock (n = 8) and LV-D3R (n = 8) into the nucleus accum-
bens and given access to increasing EtOH concentrations and water in a
2-bottle choice drinking paradigm for 5 days. (A) Daily g/kg EtOH con-
sumption across the experiment. (B) The total fluid intake was the sum of
the volume of EtOH solution and water consumed per kg of body weight
per day. The data represent mean � SEM. *p < 0.05.

Fig. 5. Ethanol (EtOH)-induced conditioned place preference (CPP)
following lentiviral-mediated modulation of D3R into the nucleus accum-
bens. Histograms show the mean � SEM of the time spent into the EtOH-
paired chamber during the pre- and the postconditioning sessions. After
baseline testing (Pre-CPP), animals were stereotaxically injected with LV-
Mock (n = 8), LV-siD3R (n = 8), or LV-D3R (n = 8). After recovery, ani-
mals were conditioned with either saline or EtOH, and then tested for their
preference (Post-CPP). *p < 0.05 compared to the corresponding groups
during Pre-CPP, #p < 0.05 compared to LV-Mock during the Post-CPP.
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and quinine) consumption was not affected following D3R
lentiviral-mediated loss- and gain-of-function. These data
are the first to show a causal link between accumbal D3R
and the motivational effects of EtOH. Based on these results,
we hypothesize that D3R is a key regulator of voluntary
EtOH intake and EtOH-induced conditioned reward.

CPP is a behavioral procedure allowing measuring the
rewarding effects of a drug. Although EtOH-induced CPP is
a common finding in mice, the literature on EtOH reward
using CPP procedure has generated conflicting results in rats.
For example, Ciccocioppo and colleagues (1999) reported
that in naïve rats, only 0.7 g/kg EtOH significantly increased
the time spent in the EtOH-associated chamber. In contrast,
Asin and colleagues (1985) have shown that the i.p. adminis-
tration of a wide range of EtOH concentrations (0.05, 0.1,
0.15, 0.3, 0.6, 0.8, or 1 g/kg) failed to produce either a CPP
or aversion compared to vehicle injected control rats. Also,
Quertemont and De Witte (2001) observed that EtOH injec-
tions mainly induced aversive effects with doses above 1 g/
kg, while no reinforcing effects were observed for lower 0.25
and 0.5 g/kg EtOH doses. On the other hand, it has been
shown that after receiving a total of 15 daily conditioning tri-
als under 1 g/kg EtOH, a significant place preference was
produced (Bozarth, 1990). Therefore, the rewarding effects
of EtOH may be due to a complex interaction among a vari-
ety of factors including genetics, route and dose of adminis-
tration, and number and time of conditioning trials (for
review, see Tzschentke, 2007).

In the first set of experiments, we showed that pharmaco-
logical blockade and genetic knockdown, using SB-277011-
A and LV-siD3R, respectively, effectively reduced voluntary
EtOH intake and preference and EtOH-CPP-acquisition.
This supports previous studies showing that D3R antago-
nism, using SB-277011-A, selectively reduces EtOH intake.
In fact, it has been reported that in alcohol-Preferring (P)
and Non-Preferring (NP) rats, there was a significant
decrease in alcohol consumption and preference in P rats
treated with 10 and 30 mg/kg SB-277011-A (Thanos et al.,
2005). In addition, Vengeliene and colleagues (2006) reported
that after 1 year of voluntary alcohol consumption, DNA
microarray analysis revealed an up-regulation of the D3R in
the striatum of P rats as well as in nonselected regular Wistar
rats after long-term alcohol consumption. More importantly,
in the same study, the authors found that the selective D3R
antagonist SB-277011-A caused a dose-dependent reduction
of relapse-like drinking in the alcohol deprivation effect
model as well as a decrease in cue-induced EtOH-seeking
behavior (Vengeliene et al., 2006). Our data are also in agree-
ment with previous studies demonstrating that SB-277011-A
was effective in reducing drug craving and relapse to other
abused substances (Di Ciano et al., 2003; Gilbert et al.,
2005; Le Foll et al., 2002).

Several other studies using D3R KO mice were inconclu-
sive. In fact, when examining the development of physical
dependence on EtOH in WT and KO mice following chronic
treatment with 7% EtOH, severe withdrawal signs were

observed in D3R-KO as compared with WT. In addition,
D3R KO mice (on a C57 background from the Jackson Lab-
oratory, Bar Harbor, ME) display increased initial sensitivity
to EtOH as measured by an increase in sleep time to a 3.5 g/
kg dose of EtOH (Narita et al., 2002) suggesting that the
lack of D3R leads to the aggravation of the development of
physical dependence on EtOH. However, another transgenic
KO approach concluded that total ablation of the D3R had
little influence on EtOH intake. In fact, EtOH-CPP magni-
tudes were similar in both genotypes. Also, in a 2-bottle
drinking procedure, no difference was noted between D3R
KO and their WT. Finally, in an operant self-administration
procedure both groups of mice had similar response rates of
EtOH and food as well as similar water intakes (Boyce-Ru-
stay and Risinger, 2003) indicating that total genetic ablation
of the D3R has little influence on alcohol intake or reward.

In our study, both pharmacological and genetic blockade
of the D3R produced similar effects on voluntary alcohol
intake and preference. More importantly, selective genetic
blockade of D3R into the NAcc blocked EtOH-CPP-acquisi-
tion. This suggests that in the presence of environmental cues
previously associated with EtOH, which would induce meso-
limbic dopamine release, D3R knockdown, using shRNA-
expressing lentiviral vectors, might be acting as a D3R antag-
onist. This is in line with our previous finding that these viral
vectors were efficient to reduce D3R expression both at the
mRNA and protein levels (Bahi et al., 2005). From these
data, we therefore believe that selective D3R antagonism
and lentiviral-mediated genetic shRNA blockade impairs
EtOH-related behaviors by modulating the activity of mid-
brain dopaminergic neurons and hence voluntary EtOH
intake and conditioned reward.

In the second set of experiments, we found that the D3R
pharmacological and genetic activation, using the agonist 7-
OH-DPAT and D3R-overexpressing lentiviral vectors
respectively, increased voluntary EtOH intake as well as
EtOH-CPP. Our results support previous findings showing
that D3R agonism, using 7-OH-DPAT, at the lowest dose of
0.01 mg/kg increased both EtOH intake and preference in
rats with access to an EtOH solution (10% EtOH, 3% glu-
cose) (Silvestre et al., 1996). In contrast, it has been reported
that when rats were trained to self-administer EtOH (10%,
v/v) orally in a free-choice 2-lever operant task, 7-OH-DPAT
(0.003–0.1 mg/kg) resulted in dose-dependent decreases in
responding for EtOH (Cohen et al., 1998). In the same line,
when mice were given EtOH, 7-OH-DPAT (0.5 and 1 mg/
kg) blocked the EtOH (0.5 g/kg)-induced locomotor hyper-
activity dose dependently and at doses that did not affect
locomotor activity in naïve mice when administered alone
(Uzbay and Kayir, 2003). It should be emphasized that D3R
lentiviral-mediated overexpression had no effect on locomo-
tor activity during the CPP-test session. Therefore, it is unli-
kely that the alterations in CPP (observed in LV-D3R-
expressing rats) were a byproduct of lentiviral vector effects
on activity. Nevertheless, one weakness of lentiviral
approach used in this study is that effects on EtOH-induced
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CPP cannot be isolated to either the acquisition phase (when
EtOH is present) or test phase (in the absence of EtOH).
Therefore, future experiments with viral vectors injected after
conditioning are of great interest to tease apart whether D3R
is involved in CPP-acquisition or CPP-expression.

Finally, a taste neophobia analysis of saccharin and qui-
nine revealed that rats with both pharmacological and
genetic blockade of the D3R consume comparable amounts
of saccharin and quinine. Unlike most other drugs of abuse,
alcohol must be consumed orally and therefore it was impor-
tant to test how the animals perceive taste. To assess this
issue, rats were exposed to different concentrations of both a
sweet and a bitter solution. These solutions were chosen
because they have been demonstrated previously to detect
taste sensitivity, lack calories, and have palatable differences
in both mice and rats (Bahi, 2012, 2013a; Bahi and Dreyer,
2012; Bahi et al., 2013). Results have shown that there were
no differences in consumption or preference between the dif-
ferent groups. These data suggest that rats treated with vehi-
cle, SB-277011-A and 7-OH-DPAT or stereotaxically
injected into the NAcc with LV-Mock, LV-siD3R, or LV-
D3R had comparable sensory function and that the results
found with EtOH are not due to a deficit in taste processing,
at least in Wistar rats.

Our current study, utilizing alternative molecular methods
(specific shRNA-expressing lentiviral vectors), addressed
concerns about the influence of possible developmental
changes as well as functional compensations seen with the
D3R KO used in the above-mentioned studies and the role
of the D3R in alcohol-related behaviors. Our experiments
utilizing both genetic and pharmacological blockade were
conducted to resolve the contribution of brain regions,
strain, genetic background, and pharmacological manipula-
tion in the role of D3R in voluntary alcohol consumption
and EtOH-CPP. In the present study, NAcc-D3R knock-
down reduced EtOH intake and place preference, whereas
results obtained with D3R KO mice did not show altered
EtOH-induced CPP (possibly due to functional compensa-
tions). Our data clearly shows that D3R, indeed, plays a criti-
cal role in EtOH-induced behaviors. Also, determination of
the effect of pharmacological and genetic blockade on
EtOH-induced CPP was needed for a more complete under-
standing of the failure of D3R KO mice to show impaired
EtOH intake and EtOH-CPP. Infusion of lentiviral vectors
expressing siRNAs targeting D3R directly into the NAcc
blocked or attenuated the formation of CPP in adult Wistar
rats. These behavioral changes are likely to be due to knock-
down of D3R mRNA resulting in decreased receptor density
at the infusion site demonstrating the utility of siRNA-
expressing viral vectors in the neurobiological study of spe-
cific components of the reward system.

In conclusion, the present study elucidates how D3R in
anatomically specific manner mediate voluntary alcohol
intake and preference and EtOH-CPP, findings that can be
explored in other preclinical rodent models of addiction in
general and alcoholism in particular. Finally, we have

provided a new sight in molecular mechanism on the effect of
D3R in alcohol intake.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Data S1.Materials and Methods.
Fig. S1. Voluntary saccharin and quinine consumption

and total fluid intake following SB-277011-A injection.
Fig. S2. Saccharin and quinine consumption and total

fluid intake following accumbal knockdown of D3R.
Fig. S3. Voluntary saccharin and quinine consumption

and total fluid intake following 7-OH-DPAT injection.
Fig. S4. Saccharin and quinine consumption and total

fluid intake following accumbal overexpression of D3R.
Fig. S5. Effects of D3R overexpression and knockdown

on locomotors activity during the CPP-test.
Fig. S6. Effects of D3R overexpression and knockdown

on mRNA expression.
Fig. S7. Histological representation of injection place-

ments in the NAcc-Shell.
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