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Abstract

Rationale Individual susceptibility to alcohol use disorder has
been related to functional changes in dopaminergic
neurotransmission.

Objectives The aim of the current work was to assess the
effects of selective dopamine D1 and D2 receptor agonists
and antagonists on alcohol consumption in rats that differ in
individual levels of alcohol intake.

Methods The effects of the dopamine D1 receptor agonist
SKF 82958, the dopamine D1 receptor antagonist SCH
23390, the dopamine D2 receptor agonist sumanirole and
the dopamine D2 receptor antagonist L741,626 on alcohol
consumption and preference were assessed at different time
points after treatment in subgroups of low and high alcohol
drinking rats (LD and HD) using an intermittent alcohol ac-
cess paradigm.

Results SKF 82958 decreased alcohol intake and alcohol
preference throughout the 24-h session. Sumanirole decreased
alcohol intake during the first 2 h, but increased alcohol intake
during the remainder of the session. The effects of SKF 82958
and sumanirole on alcohol intake and alcohol preference were
comparable in LD and HD. By contrast, the dopamine recep-
tor antagonists SCH 23390 and L741,626 did not alter alcohol
consumption in either group at any time point.

Conclusions These data indicate that stimulation of dopamine
D1 receptors reduces alcohol intake, but that endogenous do-
pamine does not play a primary role in alcohol consumption.

< Heidi M. B. Lesscher
H.M.B.Lesscher@uu.nl

Department of Animals in Science and Society, Division of
Behavioural Neuroscience, Faculty of Veterinary Medicine, Utrecht
University, Yalelaan 2, 3584 CM Utrecht, The Netherlands

Moreover, the difference in alcohol consumption between LD
and HD does not involve altered dopamine signaling.
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Introduction

Alcohol use disorder (AUD) is a chronic relapsing brain dis-
order, which is characterized by compulsive engagement in
alcohol use (American Psychiatric Association 2013). There is
substantial heterogeneity in both the etiology and expression
of AUD. Several (e.g. genetic, environmental and personality)
factors are thought to contribute to the individual vulnerability
for this disorder (Chassin et al. 2002; Anderson 2006; Perry
and Carroll 2008; Goudriaan et al. 2011; Enoch 2013). More
insight into the mechanisms underlying individual variation in
alcohol consumption may provide important knowledge about
the development of AUD, which may contribute to improved
personalized treatments for AUD.

One prominent hypothesis is that variations in dopami-
nergic neurotransmission underlie the individual suscepti-
bility to AUD (Noble 2000; Tupala and Tithonen 2004; Le
Foll et al. 2009). The mesolimbic dopamine system has
been widely implicated in motivated-, including alcohol-
directed behaviour (Berridge 2007; Robbins and Everitt
2007; Spanagel 2009; Volkow et al. 2011; Salamone and
Correa 2012; Floresco 2015; Korpi et al. 2015). Acute
alcohol administration has been shown to activate dopa-
mine neuron firing in the ventral tegmental area (VTA)
(Gessa et al. 1985; Brodie et al. 1990; Brodie et al.
1999), and alcohol ingestion increases dopamine release
in the ventral striatum (Weiss et al. 1993; Boileau et al.
2003; Doyon et al. 2003). Moreover, acute and repeated
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alcohol exposure has been shown to alter dopaminergic
function at both the pre- and postsynaptic level (Reggiani
et al. 1980; Imperato et al. 1987; Imperato and Di Chiara
1988; Nestby et al. 1997; Nestby et al. 1999; Gonzales
et al. 2004; Sari et al. 20006).

The actions of dopamine are mediated by two principal
classes of dopamine receptor subtypes, i.e. the DI1-like
(D1/DS) and D2-like (D2/D3/D4) dopamine receptors
(Le Foll et al. 2009). However, the relative contributions
of the different dopamine receptor subtypes to the devel-
opment and maintenance of AUD remain incompletely
understood. In addition, it is unknown whether individual
susceptibility to AUD relates to a specific dopamine re-
ceptor subtype. Alterations in dopamine D2 receptor func-
tion have been the main focus in AUD studies over the
last decade (Noble 2000; Connor et al. 2002; Kraschewski
et al. 2009). Thus, reduced levels of dopamine D2 recep-
tors in limbic areas have been observed in both AUD
patients (Hietala et al. 1994; Volkow et al. 1996; Tupala
et al. 2001; Volkow et al. 2002; Tupala et al. 2003) and in
alcohol-preferring rats and mice (Stefanini et al. 1992;
McBride et al. 1993; Zhou et al. 1995; Bice et al. 2008).
The dopamine D1 receptor has also been implicated in
alcohol seeking and consumption. Both dopamine D1
and D2 receptor deficient mice show marked reductions
in alcohol-directed behaviour (El-Ghundi et al. 1998;
Phillips et al. 1998; Risinger et al. 2000; Thanos et al.
2005). Moreover, involvement of both dopamine receptor
subtypes in alcohol consumption and reinforcement has
been demonstrated (Linseman 1990; Silvestre et al.
1996; Files et al. 1998; Cohen et al. 1999; Melendez
et al. 2005; Ding et al. 2015).

The aim of this study was to determine the contribution
of dopamine D1 and D2 receptors to individual differences
in alcohol consumption under intermittent alcohol access
(IAA) conditions. IAA results in high and escalating levels
of alcohol intake, indicating that this paradigm is well suit-
ed to investigate biological mechanisms of AUD (Wise
1973; Simms et al. 2008; Hopf et al. 2010; Lesscher
et al. 2010; Loi et al. 2010; Hwa et al. 2011; Sabino et al.
2013; Spoelder et al. 2015). We recently observed marked
individual differences in alcohol intake in outbred rats
using the IAA paradigm, which was related to the motiva-
tional properties of alcohol and measures of compulsive
alcohol intake (Spoelder et al. 2015). We therefore used
the IAA paradigm to determine the effects of dopamine
D1 and D2 receptor-selective agonists and antagonists on
voluntary alcohol consumption in groups of high (HD) and
low alcohol drinking (LD) rats. We hypothesized that, if
variations in dopamine neurotransmission underlie individ-
ual vulnerability to AUD, treatment with dopaminergic
compounds should have differential effects on alcohol in-
take in HD and LD.
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Materials and methods
Animals

Male Lister Hooded rats (Charles River, Germany) weighing
320-360 g at the start of the experiment were used. The rats
were housed individually under controlled temperature and
humidity conditions, a reversed light/dark cycle (lights off
7.00 AM), with ad libitum access to water and chow at all
times. All rats were weighed and handled at least once per
week throughout the experiment. All experiments were ap-
proved by the Animal Ethics Committee of Utrecht
University and conducted in agreement with Dutch laws
(Wet op de dierproeven, 1996) and European regulations
(Guideline 86/609/EEC).

Intermittent alcohol access in the home-cage

The rats were provided access to 20 % alcohol (v/v) and water
in a two-bottle choice IAA setup in the home-cage for 3 days a
week (Monday-Wednesday-Friday) using bottles that were
fitted with stainless-steel dual ball bearing drinking spouts.
Bottle positions were switched between sessions to avoid side
bias. Rats were provided with access to alcohol for 7 h/day in
the first month. Subsequently, access to alcohol was extended
to 24 h/day in the second month and for the remainder of the
experiment. The bottles were weighed prior to and after each
session to calculate alcohol intake (g/kg) and alcohol prefer-
ence (% of'total fluid consumed). The selection of LD and HD
was performed as previously described (Spoelder et al. 2015).
Briefly, after 2 months of IAA, the rats were ranked based on
the animals’ average alcohol intake per week and were
assigned ranking scores. The weekly ranking scores were
summed to calculate a total ranking score per rat. The rats
within the lower and upper 25 % of the total ranking score
range were designated as LD and HD, respectively. The mid-
dle 50 %, designated as medium alcohol drinking rats, were
used in other experiments.

Drugs

Alcohol (99.5 %, Klinipath, The Netherlands) was freshly
diluted with tap water once per week to 20 % (v/v). The
dopamine D1 receptor agonist SKF 82958 hydrobromide
((£)-6-Chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-
tetrahydro-1H-3-benzazepine hydrobromide) and the do-
pamine D2 receptor agonist sumanirole maleate ((R)-5,6-
Dihydro-5-(methylamino)-4H-imidazo[4,5,1-ij]quinolin-
2(1H)-one maleate) were generously supplied by the
NIMH Chemical Synthesis and Drug Supply Program,
Bethesda, MD, USA. The dopamine D1 receptor antago-
nist SCH 23390 hydrochloride (R(+)-7-Chloro-8-hy-
droxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-



Psychopharmacology (2016) 233:2715-2725

2717

benzazepine hydrochloride) and the dopamine D2 recep-
tor antagonist L741,626 ((+)-3-[4-(4-Chlorophenyl)-4-
hydroxypiperidin-1-ylJmethyl-1H-indole) were purchased
from Tocris (UK). SKF 82958, sumanirole and SCH
23390 were dissolved in sterile saline (0.9 % NaCl).
L741,626 was dissolved in 5 % polyethylene glycol
(PEG) and 5 % Tween 80 in Milli-Q water. Saline was
used as a vehicle for SKF 82958, sumanirole and SCH
23390; a 5 % PEG/Tween solution served as the vehicle
for L741,626 treatments. Drug solutions were freshly pre-
pared daily.

Drug administration and injection procedures

All drug solutions were administered subcutaneously in a vol-
ume of 1 ml/kg body weight, 20 min prior to the drinking
session in the home cage according to a within-subject Latin
square design. Alcohol and water bottles were weighed before
each session and 2, 7 and 24 h after the start of the session.
Because the effects of the drugs were examined under 1AA,
each treatment session was always followed by at least one
alcohol-free day that also served as washout day. Thereafter,
there was at least one drug-free re-baseline session between
sessions for the same drug and there were at least three re-
baseline sessions between different drugs. Two batches of rats
were used for this study; the rats in the first batch were treated
with the dopamine D2 receptor agonist sumanirole (0, 0.1, 0.3
and 1.0 mg/kg) and the dopamine D2 receptor antagonist
L741,626 (0, 0.3, 1.0, and 3.0 mg/kg) in a counterbalanced
fashion. The rats in the second batch were treated with the
dopamine D1 receptor agonist SKF 82958 (0, 0.3, 1.0 and
3.0 mg/kg) and the dopamine D1 receptor antagonist SCH
23390 (0, 3, 10 and 30 pg/kg). In addition, the effects of the
highest dose of sumanirole (0 and 1.0 mg/kg) and L741,626 (0
and 3.0 mg/kg) on alcohol consumption were replicated in this
second batch. The order of drugs administered in the second
batch was similar for each animal; the rats were first treated
with SCH 23390, followed by sumanirole, SKF 82958 and
L741,626. All rats received two habituation injections (1.0 ml/
kg saline (0.9 % NaCl) subcutaneously), prior to alcohol
drinking sessions 1 week before actual drug testing began.
The doses of the dopamine receptor agonists and antagonists
are based on previous studies that report behavioural effects of
these compounds within these dose ranges (Linseman 1990;
Dyretal. 1993; George et al. 1995; Gnanalingham et al. 1995;
Silvestre et al. 1996; E1-Ghundi et al. 1998; Cohen et al. 1999;
Barrett et al. 2004; McCall et al. 2005; Koffarnus et al. 2011;
Fernando et al. 2012; Watson et al. 2012).

Data analysis

Alcohol intake and preference data for the initial 2 months of
IAA were analyzed with two-way repeated-measures

ANOVAs with week as the within-subject variable and
group (LD;HD) as the between-subject variable. The ef-
fects of the pharmacological treatments were analyzed
using three-way repeated-measures ANOVAs with time
(2, 7 and 24 h) and dose as within-subject variables and
group (LD;HD) as the between-subject variable. In case
of a significant interaction effect involving the drug dose,
follow-up two-way repeated-measures ANOVAs per time-
point (2, 7 and 24 h) were conducted with dose as within-
subject variable and group (LD;HD) as the between-
subject variable. Post hoc pairwise comparisons of each
drug dose with vehicle were performed with LSD tests.
Mauchly’s test of sphericity was used to determine if var-
iances of the differences between treatment levels were
equal. If the assumption of sphericity was violated, de-
grees of freedom were corrected using Huynh-Feldt esti-
mates of sphericity to more conservative values.
Corrected degrees of freedom are presented rounded to
the nearest integer. All statistical analyses were conducted
using IBM SPSS Statistics for Windows, version 22.0
(IBM Corp., Armonk, NY, USA). The threshold for sta-
tistical significance was set at p<0.05. All data are pre-
sented as mean+ SEM. Graphs were made using
GraphPad Prism 6.

Results
Alcohol consumption during IAA in LD and HD

In agreement with our previous study (Spoelder et al. 2015),
when comparing alcohol intake of the first month (7 h/day
IAA) to the second month (24 h/day IAA), HD showed in-
creased alcohol intake to a greater extent than to LD (batch 1:
F(l,30) month x group:96'339 p<00013 batch 2: F(l,lO) month x
eroup=29.53, p<0.001). Statistical analyses confirmed the
group differences in alcohol intake and preference over the
initial 2 months of IAA (batch 1: intake: £ 30) group=179.78,
p<0.001; preference: |~ =208.34, p<0.001; batch 2:
intake: F(1 10) group=113.31, p<0.001; preference: F{; 10
group = 120.55, p<0.001) (Table 1). Total fluid intake was
not different between LD and HD (batch 1: F; 30) group=0.39,
ns.;batch2: F = =334, ns.) (data not shown).

During the phase of treatment with the dopaminergic
drugs, HD consumed more alcohol than LD (see figure
legends). The differences in alcohol intake between HD
and LD typically became more pronounced as the session
progressed (significant time X group interaction for all
compounds, except for L741,626 in the second batch).
Preference for alcohol was also greater in HD than LD
(significant effect of group for all compounds, with near
significant trends for SKF 82958 and for the second batch
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Table 1 Alcohol intake and
preference for HD and LD during
the initial 2 months of IAA, prior

Alcohol intake Alcohol preference

to pharmacological treatment 7 h/day 24 b/day 7 h/day 24 h/day
Batch 1 HD (n=16) 2.61+0.16 546+0.25 46.84+2.47 57.97+2.40
LD (n=16) 1.00+0.06 1.71£0.12 17.11+1.01 18.30+1.42
Batch 2 HD (n=6) 2.02+0.15 5.25+0.42 59.58+3.87 60.04+3.43
LD (n=6) 0.49+0.08 1.30+0.26 20.28+4.91 17.30+£4.02

treated with sumanirole and L741,626, independent of ses-
sion time) (Figs. 1, 2 and 3).

Dopamine D1 receptor agonist—SKF 82958

Treatment with SKF 82958 decreased alcohol intake (£330,
dose=9.58, p<0.001), independent of session time (F(g ss) dose
X time — 1 433 Il.S.) or group (F(3,30) dose x group — 0419 n.s.; F(6,55)
time x dose x group— 1.38, n.s.) (Fig. 1a). Post hoc analyses
showed that alcohol intake was reduced after treatment with
1.0 and 3.0 mg/kg SKF 82958 (Fig. 1a).

D1 agonist SKF 82958

a Alcohol intake b
8 2n i 7n i 2 1001
— 6
(2] Q
3 2
o ]
P g
S 3
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£ ]
0_
Dose (mg/kg)
c D1 antagonist SCH 23390 d
Alcohol intake
81 100-

2h 7h
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Fig. 1 The effects of the dopamine D1 receptor agonist SKF 82958 and
the dopamine D1 receptor antagonist SCH 23390 on alcohol intake and
preference in HD and LD. SKF 82958 decreased alcohol intake and
preference during the entire session to a similar extent in HD and LD
(a, b). SCH 23390 did not alter alcohol intake (¢). Alcohol preference was
affected by SCH 23390 but post hoc analyses did not reveal significant
differences from vehicle for any of the doses tested (d). HD consumed
more alcohol than LD (with a near significant trend for SKF 82958): SKF
82958: F(l,lO) group — 483,p = 0053, SKF 82958: F(1,12) time x group — 488,
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SKF 82958 decreased the preference for alcohol (£ 30
dose =4.04, p<0.02), independent of session time (Fs 49) dose
X time — 133, II.S.) or group (F(3’30) dose x group — 041, n.s.; F(5’49)
time x dose x group=0.90, n.s.) (Fig. 1b). Post hoc analyses
showed that the preference for alcohol was decreased after
treatment with 1.0 and 3.0 mg/kg SKF 82958 (Fig.1b).

Because treatment with SKF 82958 reduced alcohol intake
and preference after 24 h of alcohol exposure, we examined if
SKF 82958 affected alcohol consumption in the subsequent
re-baseline session, during which the animals received no
treatment. Alcohol intake and preference during the re-
baseline session were not affected by SKF 82958 treatment

D1 agonist SKF 82958
Alcohol preference

2h i 7h i 24h 3 LD (n=6)
: : B HD (n=6)
Dose (mg/kg)
D1 antagonist SCH 23390
Alcohol preference
2h 7h 24h [ LD (n=6)
: B HD (n=6)

OMOO OMOO OMOO OMOO OMOO OMOO
~® -® -® -® -® ~®

Dose (ug/kg)

p<0.05; SCH 23390: F{1 10 group= 16.09, p<0.003, SCH 23390: F, 14
time x group = 17.62, p<0.001. The preference for alcohol was also higher
for HD compared to LD and was independent of session time (with a near
significant trend for SKF 82958): SKF 82958: F(y 10y group=4.74,
p=0.055; SCH 23390: F(1,10) group=17.11, p<0.003. Data are
presented as the mean+ SEM. The effect of SKF 82958 did not interact
with the session time. Therefore, the asterisk reflects the overall
differences from vehicle in post hoc pairwise comparisons (p <0.05)
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Fig. 2 The effects of the dopamine D2 receptor agonist sumanirole and
the dopamine D2 receptor antagonist L741,626 on alcohol intake and
preference in HD and LD. Sumanirole decreased alcohol intake after
2 h of alcohol exposure in both groups, without affecting alcohol intake
after 7 or 24 h of alcohol exposure (a). Sumanirole had no effect on the
preference for alcohol (b). L741,626 did not affect alcohol intake and
preference (¢, d). HD consumed more alcohol than LD: Sumanirole:

in the previous session (alcohol intake: F3 30y dose =0.13, n.8.;
preference: F3 30y dose = 0.20, n.s.) (data not shown).

Dopamine D1 receptor antagonist—SCH 23390

Treatment with SCH 23390 did not affect alcohol intake (3,
30) dose = 0.27, 11.8.) at any of the time points tested (F4 35) time x
dose =0.51, n.s.), independent of group (F(3.30) dose x
group:O~207 n.s.; F(4,35) time x dose x group:O~14, I’I.S.) (Flg IC)

SCH 23390 treatment had no main effect on alcohol pref-
erence (£330 dose = 1.68, n.s.), but there was a three-way in-
teraction with group and session time (F6,60) time x dose x
eroup = 3-08, p<0.02) (Fig. 1d). Subsequent analyses per time
point indicated that SCH 23390 influenced the preference for
alcohol during the first 2 h of the session (3 30) dose 2 h=2.99,
<0.05), independent of group (£330) dose x group 2n=2.04,
n.s.), without a clear dose-dependent direction. Indeed, post
hoc analyses did not reveal a significant difference of any of
the doses of SCH 23390, when compared to vehicle. Alcohol
preference was not affected by SCH 23390 after 7 h (F3 30,
dose 70 = 1.29,11.8.; F(3 30) dose x group 71 = 0.69,n.s.) and 24 h of
alcohol exposure (F(3,30) dose 24 h ™ 074’ n.s.; F(3,30) dose x group
24 w=0.56, n.s.) (Fig. 1d).

D2 agonist Sumanirole
Alcohol preference

2h 1 7Th 24k 3 LD (n=16)
Em HD (n=16)
Dose (mg/kg)
D2 antagonist L741, 626
Alcohol preference
2h 7h :  24h 3 LD (n=16)
El HD (n=16)

OMOO OMOO OMOO OMOO OMOO OMOO

OO+ OO+ OO+ OO+M OO+Mm OO+

Dose (mg/kg)

F(I,SO) group:27~34’ p<00017 F(1,35) time x group:29'78a P < 00017
L741,626 F(1’30) group — 3851, p<0001, F(1’37) time x gmup:40~193
p<0.001. The preference for alcohol was also higher for HD compared
to LD and was independent of session time: Sumanirole: F(; »9)
eroup = 12.21, p<0.003; L741,626: F(1 30) group=22.36, p<0.001. Data
are presented as the mean + SEM. Asterisk means different from vehicle
in post hoc pairwise comparisons (p <0.05)

Dopamine D2 receptor agonist—Sumanirole

Treatment with sumanirole affected the level of alcohol intake,
dependent on the time in the session (Fs,136) time x dose = 9-29,
p<0.001), but independent of group (F(s,136) time x dose x
eroup = 1.55, n.s.) (Fig. 2a). Follow-up analyses per time point
indicated that sumanirole decreased alcohol intake during the
first 2 h of the session (£(3 90y dose 2 h=20.87, p<0.001) to a
similar extent in LD and HD (#3 90) dose x group 2 h = 1.68, 1.8.).
Post hoc analyses showed that alcohol intake was reduced
after treatment with 0.3 and 1.0 mg/kg sumanirole (Fig. 2a).
Alcohol intake was no longer affected by sumanirole after 7 h
of alcohol access (F3,00) dose 7 h=1.30, N.8.; F{3.90) dose x group
71n=0.92, n.s.). By contrast, analyses of the entire 24 h showed
a trend towards an increase in alcohol intake (F(390) dose
24 n=2.39, p=0.074), independent of group (£(3 90 dose x group
241 =0.95,n.s.) (Fig. 2a). Analysis of the alcohol consumption
data between 2 and 24 h after session onset confirmed that
alcohol intake was increased during the last 22 h of the session
(F(3.90) dose 224 n = 12.16, p<0.001) in both groups (£(3 90) dose
x group 224 h=0.99, n.s.) (data not shown).

The effects of sumanirole on alcohol intake were replicated
in the second batch of animals (Fig. 3a, b), again revealing
session time-dependent effects (F(2,20) time x dose = 0-80,
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Fig. 3 Replication of the effects of the highest dose of the dopamine D2
receptor agonist sumanirole and the dopamine D2 receptor antagonist
L741,626 on alcohol intake and preference in HD and LD. Sumanirole
decreased alcohol intake in both groups after 2 and 7 h of alcohol
exposure, but was without effect after 24 h of alcohol exposure (a).
Sumanirole decreased the preference for alcohol after 2 h of alcohol
exposure but had no effects after 7 and 24 h of alcohol exposure (b).
L741,626 did not affect alcohol intake and preference (¢, d). HD

p<0.007), independent of group (£ (2,20) time x dose x
eroup=0.07, n.s.). Subsequent analyses indicated that
sumanirole decreased alcohol intake after 2 and 7 h (F{y,¢)
dose 2 h=13.03, p<0.006; F(; 10) dose 7 h=7.38, p<0.03) in
both LD and HD (F(l,]O) dose x group 2 h:0~057 n.s.; F(l,lO) dose
x group 7 h=0.21, n.s.), without affecting alcohol intake over
the full 24 h of the session (F(I,IO) dose 24 h— 109, n.s.; F(l,lO)
dose x group 24 h=0.41, n.s.) (Fig 3a, b). Interestingly, alcohol
intake increased between 2 and 24 h of exposure to alcohol
(F1.10) dose 2-24 n=10.96, p<0.009) in both groups (¥(1,10) dose
x group 2-24 h=0.13, n.s.), similar to the results from the initial
experiment (data not shown).

Sumanirole treatment did not affect alcohol preference in
the first batch (F(3,87) dose=0.88, n.s.; F(4,1 19) time x dose — 181,
10.5.; F(4,119) time x dose x group = 0-10, 1.8.) (Fig. 2b), but did alter
alcohol preference in the second batch (£ 10y dose=95.75,
p<0.04), independent of group (F(1,10) dose x group=0.53,
n.s.). The effect of sumanirole on alcohol preference in the
second batch was dependent on the time in the session (F{;,
15) time x dose = 9-33, p <0.005), but was independent of group
(F(1,15) time x dose x group = 0.51, n.s.). Subsequent analyses for
the second batch revealed that sumanirole decreased
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Alcohol preference
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consumed more alcohol than LD: Sumanirole: F(; 10y group=11.36,
P < 0008, F(1,13) time x group 1 180, 4 < 0004, L741,626 F(I,IO)
group = 9-82, p<0.04, F(113) time x group = 1.68, n.s. There were near
significant trends for a higher preference for alcohol in HD compared to
LD, and the preference was independent of session time: Sumanirole:
F(1,10) group=4.03, p=0.073; L741,626: F(1 9y group=4.51, p=0.063.
Data are presented as the mean+ SEM. Asterisk means different from
vehicle in post hoc pairwise comparisons (p <0.05)

preference for alcohol after 2 h (F(;1.10) dose 2 n=11.52,
»<0.008) but had no effects after 7 h (51,10 dose 7 h=1.21,
n.s.) and 24 h of alcohol exposure (F(1,10) dose 24 h=0.30, n.8.),
independent of group (2 h: F,10) dose x group 21 =0.79, n.8; 7 h:

F(l,lO) dose x group 7 h:0~103 n.s; 24 h: F(l,lO) dose x group
24 n=0.03, n.s.) (Fig. 3b).

Dopamine D2 receptor antagonist—I.741,626

There was a trend for an effect of L741,626 treatment on
alcohol intake (F390) dose=2.63, p=0.055), independent of
the time in the session (F4,124) time x dose = 1.85, n.8.) or the
group (F(4,124) time x dose x group = 1.04, n.8.) (Fig. 2¢). L741,626
did not affect alcohol intake in the second batch (£, 0
dose = 1389 n.s.; F(1,15) time x dose:0~OSa n.s.; F(1,15) time x dose
x group=0.13, n.s.) (Fig. 3c).

Treatment with L741,626 did not influence the rats’ pref-
erence for alcohol in the first (F(3,90) dose=1.58, n.5.; Fs,141)
time x dose=0~56s n.s.; F(5,14l) time x dose x group=0-52: l’l.S.)
(Fig. 2d) or the second batch (F(;,9) dose=0.69, n.5.; F(2,18) time
x dose = 0.25,11.8.; F{2.18) time x dose x group = 0-11, .8.) (Fig. 3d).
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Discussion

In the present study, we found that treatment with the dopa-
mine D1 receptor agonist SKF 82958 reduced alcohol intake
and preference in rats. Treatment with the dopamine D2 re-
ceptor agonist sumanirole induced a transient reduction
followed by an increase in alcohol intake. By contrast, the
dopamine D1 and D2 receptor antagonists, SCH 23390 and
L741,626, did not alter alcohol consumption. Interestingly, the
effects of the dopamine D1 and D2 receptor agonists were
similar in LD and HD, suggesting that individual variation
in alcohol consumption does not involve altered dopamine
signaling.

The reductions in voluntary alcohol consumption upon
treatment with dopamine D1 and D2 receptor agonists are in
agreement with previous studies (Linseman 1990; Dyr et al.
1993; George et al. 1995; Silvestre et al. 1996), despite differ-
ences in experimental procedures (e.g. continuous vs. intermit-
tent alcohol access; sweetened vs. unsweetened alcohol, differ-
ent alcohol concentrations, food restriction procedures, inclu-
sion criteria, species and strain). Interestingly, the current
study, as well as previous reports shows that dopamine D1
receptor agonists are more powerful in reducing alcohol intake
than dopamine D2 receptor agonists (Linseman 1990; Ng and
George 1994, Silvestre et al. 1996; El-Ghundi et al. 1998).
After dopamine DI receptor stimulation using SKF 82958,
alcohol intake and preference was reduced throughout the ses-
sion. In contrast, the selective dopamine D2 receptor agonist
sumanirole mainly reduced alcohol intake during the first
phase of the alcohol consumption session, and concurrently
reduced preference for alcohol during the first 2 h of the ses-
sion. Importantly, upon the initial decrement in alcohol intake,
sumanirole increased alcohol intake during the remainder of
the session. The initial decrease in alcohol intake, followed by
a subsequent rise in alcohol intake after treatment with
sumanirole, suggests a rebound effect after the initial suppres-
sion of alcohol intake. Importantly, however, a similar incre-
ment in alcohol intake did not occur upon SKF 82958 treat-
ment, indicating that an initial decrease in alcohol intake is not
necessarily followed by a rebound increase in alcohol intake.
The behavioural effects of sumanirole have been reported to be
longer in duration than those of SKF 82958 (Gnanalingham
etal. 1995; McCall et al. 2005). Based on these kinetic profiles,
a longer-lasting reduction in alcohol consumption upon
sumanirole treatment would have been expected. Rather, we
observed an initial decrement in alcohol consumption for both
sumanirole and SKF82958, followed by an increase in alcohol
intake for sumanirole. These effects are therefore unlikely to be
explained by differences in the kinetics of the two compounds.
Together, these data indicate that dopamine D1 and D2 recep-
tors play different roles in the modulation of alcohol drinking,
whereby dopamine D1 receptor stimulation evokes a clear-cut
reduction in alcohol intake and preference.

Treatment with the dopamine D1 and D2 receptor antago-
nists SCH 23390 and L. 741,626 did not alter alcohol intake and
preference. These findings are in agreement with the lack of
effect of dopamine D1 and D2 receptor antagonists on volun-
tary alcohol consumption that has been reported previously
(Brown et al. 1982; Goodwin et al. 1996; Silvestre et al.
1996). However, decreases in voluntary alcohol consumption
upon treatment with either dopamine D1 and D2 receptor an-
tagonists have been reported as well by several studies (Pfeffer
and Samson 1986; Dyr et al. 1993; Panocka et al. 1995; El-
Ghundi et al. 1998; Bulwa et al. 2011; Sabino et al. 2013),
while only one study reported an increase in alcohol consump-
tion (Dyr et al. 1993). Importantly, the doses that reduced al-
cohol consumption often also decreased water intake, possibly
reflecting a non-specific suppression of fluid intake or a more
general impairment in motor activity (Linseman 1990; Hubbell
etal. 1991; Dyr et al. 1993). In any event, the lack of an effect
of dopamine receptor antagonists on alcohol consumption sug-
gests that endogenous dopamine does not play a primary role
in alcohol consumption, at least not under IAA conditions.

Comparable dopamine receptor drug treatments have been
performed in the context of operant alcohol self-administration.
These studies show that treatment with dopamine D1 and D2
receptor agonists and antagonists reduced responding for alco-
hol, but not its actual consumption (Pfeffer and Samson 1988;
Rassnick et al. 1993; Files et al. 1998; Cohen et al. 1999;
Czachowski et al. 2001; Czachowski et al. 2002; Samson and
Chappell 2004). Dopamine receptor agonists have been sug-
gested to substitute for the reinforcing effects of alcohol
(Hodge et al. 1993; Samson and Chappell 1999), whereas do-
pamine receptor antagonists may attenuate the reinforcing prop-
erties of alcohol (Imperato et al. 1987; Imperato and Di Chiara
1988; See et al. 1991; Santiago et al. 1993). Taken together with
the consumption studies, these findings suggest that both dopa-
mine D1 and D2 receptors are important for the regulation of
alcohol intake when an effort is required to obtain alcohol
(Salamone and Correa 2012).

Individual susceptibility to AUD has been related to dopa-
mine receptor deficiency and an altered dopaminergic response
to alcohol. Previous preclinical studies, for example, showed
that alcohol-preferring rodents have reduced levels of dopamine
in the terminal regions of the mesolimbic dopamine system
(Murphy et al. 1987; Gongwer et al. 1989; McBride et al.
1990; George et al. 1995), which led to the hypothesis that their
response to dopamine D1 or D2 receptor stimulation or inhibi-
tion might be altered. Interestingly, both humans at risk for
AUD and rats bred or selected for high alcohol intake respond
to alcohol exposure with greater increases in extracellular do-
pamine levels (Weiss et al. 1993; Katner and Weiss 2001;
Doyon et al. 2005; Bustamante et al. 2008; Setiawan et al.
2014). However, in both AUD patients and social drinkers,
treatment with a dopamine D2 receptor antagonist has been
shown to reduce alcohol craving and to increase control over
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alcohol intake (Borg 1983; Modell et al. 1993; Peters and
Faulds 1994; Enggasser and de Wit 2001; Martinotti et al.
2010). The effect of treatment with dopaminergic drugs on
the subjective effects of alcohol has been shown to differ among
individuals (Holdstock and de Wit 1998; Holdstock and de Wit
1999; Enggasser and de Wit 2001; Holdstock and de Wit 2001).
For example, the dopamine D2 receptor antagonist haloperidol
reduced the alcohol-induced euphoric effects in subjects who
experienced stimulant effects upon alcohol intake, whereas
these effects were absent in individuals who primarily reported
sedative-like effects (Enggasser and de Wit 2001). In rodents,
treatment with dopamine D1 and D2 receptor agonists and
antagonists in alcohol-preferring animals resulted in similar
changes in voluntary alcohol consumption as observed in out-
bred cohorts (Weiss et al. 1990; Dyr et al. 1993; George et al.
1995; Panocka et al. 1995; Goodwin et al. 1996; Sabino et al.
2013). The current findings are in line with these studies; the
dopamine D1 and D2 receptor agonists and antagonists affected
alcohol intake to a similar extent in LD and HD. Together, the
current and previous findings suggest that individual differ-
ences in voluntary alcohol intake are not primarily related to
alterations in dopaminergic signaling.

To conclude, treatment with both dopamine D1 and D2
receptor agonists reduced voluntary alcohol consumption,
whereby the reduction in alcohol intake and preference
was most pronounced after activation of dopamine D1
receptors. Thus, drugs that stimulate dopamine D1 recep-
tors may aid in the treatment of AUD. Dopamine receptor
antagonist treatment did not alter alcohol intake and alco-
hol preference, suggesting that endogenous dopamine is
not essential for alcohol consumption under IAA condi-
tions. Moreover, the comparable effects of dopamine D1
and D2 receptor agonists in LD and HD suggest that the
individual level of alcohol intake is not related to differ-
ences in dopamine signaling. Taken together, these data
increase our knowledge on the modulatory role of dopa-
mine in alcohol intake.

Acknowledgments We thank the NIMH Chemical Synthesis and Drug
Supply Program for generously providing us with sumanirole maleate
and SKF 82958 hydrobromide. We thank Kathy C.G. de Git, Peter
Hesseling and José G. Lozeman-van t Klooster for their technical assis-
tance.

Compliance with ethical standard

Conlflict of interest
interest.

The authors declare that they have no conflict of

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

@ Springer

References

American Psychiatric Association (2013) Diagnostic and statistical man-
ual of mental disorders, 5th edn. American Psychiatric Association,
Washington, DC

Anderson P (2006) Global use of alcohol, drugs and tobacco. Drug
Alcohol Rev 25:489-502

Barrett AC, Miller JR, Dohrmann JM, Caine SB (2004) Effects of dopa-
mine indirect agonists and selective D1-like and D2-like agonists
and antagonists on cocaine self-administration and food maintained
responding in rats. Neuropharmacology 47(Suppl 1):256-273

Berridge KC (2007) The debate over dopamine’s role in reward: the case
for incentive salience. Psychopharmacology (Berl) 191:391-431

Bice PJ, Liang T, Zhang L, Strother WN, Carr LG (2008) Drd2 expres-
sion in the high alcohol-preferring and low alcohol-preferring mice.
Mamm Genome 19:69-76

Boileau I, Assaad JM, Pihl RO, Benkelfat C, Leyton M, Diksic M,
Tremblay RE, Dagher A (2003) Alcohol promotes dopamine release
in the human nucleus accumbens. Synapse 49:226-231

Borg V (1983) Bromocriptine in the prevention of alcohol abuse. Acta
Psychiatr Scand 68:100-110

Brodie MS, Shefner SA, Dunwiddie TV (1990) Ethanol increases the
firing rate of dopamine neurons of the rat ventral tegmental area in
vitro. Brain Res 508:65-69

Brodie MS, Pesold C, Appel SB (1999) Ethanol directly excites dopami-
nergic ventral tegmental area reward neurons. Alcohol Clin Exp Res
23:1848-1852

Brown ZW, Gill K, Abitbol M, Amit Z (1982) Lack of effect of dopamine
receptor blockade on voluntary ethanol consumption in rats. Behav
Neural Biol 36:291-294

Bulwa ZB, Sharlin JA, Clark PJ, Bhattacharya TK, Kilby CN, Wang Y,
Rhodes JS (2011) Increased consumption of ethanol and sugar water
in mice lacking the dopamine D2 long receptor. Alcohol 45:631—
639

Bustamante D, Quintanilla ME, Tampier L, Gonzalez-Lira V, Israel Y,
Herrera-Marschitz M (2008) Ethanol induces stronger dopamine
release in nucleus accumbens (shell) of alcohol-preferring
(bibulous) than in alcohol-avoiding (abstainer) rats. Eur J
Pharmacol 591:153-158

Chassin L, Pitts SC, Prost J (2002) Binge drinking trajectories from ad-
olescence to emerging adulthood in a high-risk sample: predictors
and substance abuse outcomes. J Consult Clin Psychol 70:67-78

Cohen C, Perrault G, Sanger DJ (1999) Effects of D1 dopamine receptor
agonists on oral ethanol self-administration in rats: comparison with
their efficacy to produce grooming and hyperactivity.
Psychopharmacology (Berl) 142:102-110

Connor JP, Young RM, Lawford BR, Ritchie TL, Noble EP (2002) D(2)
dopamine receptor (DRD2) polymorphism is associated with sever-
ity of alcohol dependence. Eur Psychiatry 17:17-23

Czachowski CL, Chappell AM, Samson HH (2001) Effects of raclopride
in the nucleus accumbens on ethanol seeking and consumption.
Alcohol Clin Exp Res 25:1431-1440

Czachowski CL, Santini LA, Legg BH, Samson HH (2002) Separate
measures of ethanol seeking and drinking in the rat: effects of
remoxipride. Alcohol 28:39—46

Ding ZM, Ingraham CM, Rodd ZA, McBride WJ (2015) The reinforcing
effects of ethanol within the posterior ventral tegmental area depend
on dopamine neurotransmission to forebrain cortico-limbic systems.
Addict Biol 20:458-468

Doyon WM, York JL, Diaz LM, Samson HH, Czachowski CL, Gonzales
RA (2003) Dopamine activity in the nucleus accumbens during
consummatory phases of oral ethanol self-administration. Alcohol
Clin Exp Res 27:1573-1582



Psychopharmacology (2016) 233:2715-2725

2723

Doyon WM, Anders SK, Ramachandra VS, Czachowski CL, Gonzales
RA (2005) Effect of operant self-administration of 10% ethanol plus
10% sucrose on dopamine and ethanol concentrations in the nucleus
accumbens. J Neurochem 93:1469-1481

Dyr W, McBride WJ, Lumeng L, Li TK, Murphy JM (1993) Effects of
D1 and D2 dopamine receptor agents on ethanol consumption in the
high-alcohol-drinking (HAD) line of rats. Alcohol 10:207-212

El-Ghundi M, George SR, Drago J, Fletcher PJ, Fan T, Nguyen T, Liu C,
Sibley DR, Westphal H, O’Dowd BF (1998) Disruption of dopa-
mine D1 receptor gene expression attenuates alcohol-seeking behav-
ior. Eur J Pharmacol 353:149-158

Enggasser JL, de Wit H (2001) Haloperidol reduces stimulant and rein-
forcing effects of ethanol in social drinkers. Alcohol Clin Exp Res
25:1448-1456

Enoch MA (2013) Genetic influences on the development of alcoholism.
Curr Psychiatry Rep 15:412-013

Fernando ABP, Economidou D, Theobald DE, Zou M, Newman AH,
Spoelder M, Caprioli D, Moreno M, Hipdlito L, Aspinall AT,
Robbins TW, Dalley JW (2012) Modulation of high impulsivity
and attentional performance in rats by selective direct and indirect
dopaminergic and noradrenergic receptor agonists.
Psychopharmacology (Berl) 219:341-352

Files FJ, Denning CE, Samson HH (1998) Effects of the atypical antipsy-
chotic remoxipride on alcohol self-administration. Pharmacol
Biochem Behav 59:281-285

Floresco SB (2015) The nucleus accumbens: an interface between cog-
nition, emotion, and action. Annu Rev Psychol 66:25-52

George SR, Fan T, Ng GY, Jung SY, O’Dowd BF, Naranjo CA (1995)
Low endogenous dopamine function in brain predisposes to high
alcohol preference and consumption: reversal by increasing synaptic
dopamine. J Pharmacol Exp Ther 273:373-379

Gessa GL, Muntoni F, Collu M, Vargiu L, Mereu G (1985) Low doses of
ethanol activate dopaminergic neurons in the ventral tegmental area.
Brain Res 348:201-203

Gnanalingham KK, Erol DD, Hunter AJ, Smith LA, Jenner P, Marsden
CD (1995) Differential anti-parkinsonian effects of benzazepine D1
dopamine agonists with varying efficacies in the MPTP-treated
common marmoset. Psychopharmacology (Berl) 117:275-286

Gongwer MA, Murphy JM, McBride WJ, Lumeng L, Li TK (1989)
Regional brain contents of serotonin, dopamine and their metabo-
lites in the selectively bred high- and low-alcohol drinking lines of
rats. Alcohol 6:317-320

Gonzales RA, Job MO, Doyon WM (2004) The role of mesolimbic
dopamine in the development and maintenance of ethanol reinforce-
ment. Pharmacol Ther 103:121-146

Goodwin FL, Koechling UM, Smith BR, Amit Z (1996) Lack of effect of
dopamine D2 blockade on ethanol intake in selected and unselected
strains of rats. Alcohol 13:273-279

Goudriaan AE, Grekin ER, Sher KJ (2011) Decision making and re-
sponse inhibition as predictors of heavy alcohol use: a prospective
study. Alcohol Clin Exp Res 35:1050-1057

Hietala J, West C, Syvalahti E, Nagren K, Lehikoinen P, Sonninen P,
Ruotsalainen U (1994) Striatal D2 dopamine receptor binding char-
acteristics in vivo in patients with alcohol dependence.
Psychopharmacology (Berl) 116:285-290

Hodge CW, Haraguchi M, Erickson H, Samson HH (1993) Ventral teg-
mental microinjections of quinpirole decrease ethanol and sucrose-
reinforced responding. Alcohol Clin Exp Res 17:370-375

Holdstock L, de Wit H (1998) Individual differences in the biphasic
effects of ethanol. Alcohol Clin Exp Res 22:1903-1911

Holdstock L, de Wit H (1999) Individual differences in subjective re-
sponses to ethanol and triazolam. Behav Pharmacol 10:283-295

Holdstock L, de Wit H (2001) Individual differences in responses to
ethanol and d-amphetamine: a within-subject study. Alcohol Clin
Exp Res 25:540-548

HopfFW, Chang SJ, Sparta DR, Bowers MS, Bonci A (2010) Motivation
for alcohol becomes resistant to quinine adulteration after 3 to 4
months of intermittent alcohol self-administration. Alcohol Clin
Exp Res 34:1565-1573

Hubbell CL, Marglin SH, Spitalnic SJ, Abelson ML, Wild KD, Reid LD
(1991) Opioidergic, serotonergic, and dopaminergic manipulations
and rats’ intake of a sweetened alcoholic beverage. Alcohol 8:355—
367

Hwa LS, Chu A, Levinson SA, Kayyali TM, DeBold JF, Miczek KA
(2011) Persistent escalation of alcohol drinking in C57BL/6J mice
with intermittent access to 20% ethanol. Alcohol Clin Exp Res 35:
1938-1947

Imperato A, Di Chiara G (1988) Effects of locally applied D-1 and D-2
receptor agonists and antagonists studied with brain dialysis. Eur J
Pharmacol 156:385-393

Imperato A, Mulas A, Di Chiara G (1987) The D-1 antagonist SCH
23390 stimulates while the D-1 agonist SKF 38393 fails to affect
dopamine release in the dorsal caudate of freely moving rats. Eur J
Pharmacol 142:177-181

Katner SN, Weiss F (2001) Neurochemical characteristics associated with
ethanol preference in selected alcohol-preferring and -nonpreferring
rats: a quantitative microdialysis study. Alcohol Clin Exp Res 25:
198-205

Koffarnus MN, Newman AH, Grundt P, Rice KC, Woods JH (2011)
Effects of selective dopaminergic compounds on a delay-
discounting task. Behav Pharmacol 22:300-311

Korpi ER, den Hollander B, Farooq U, Vashchinkina E, Rajkumar R,
Nutt DJ, Hyytia P, Dawe GS (2015) Mechanisms of Action and
Persistent Neuroplasticity by Drugs of Abuse. Pharmacol Rev 67:
872-1004

Kraschewski A, Reese J, Anghelescu I, Winterer G, Schmidt LG, Gallinat
J, Finckh U, Rommelspacher H, Wernicke C (2009) Association of
the dopamine D2 receptor gene with alcohol dependence: haplo-
types and subgroups of alcoholics as key factors for understanding
receptor function. Pharmacogenet Genomics 19:513-527

Le Foll B, Gallo A, Le Strat Y, Lu L, Gorwood P (2009) Genetics of
dopamine receptors and drug addiction: a comprehensive review.
Behav Pharmacol 20:1-17

Lesscher HMB, van Kerkhof LW, Vanderschuren LIMJ (2010) Inflexible
and indifferent alcohol drinking in male mice. Alcohol Clin Exp Res
34:1219-1225

Linseman MA (1990) Effects of dopaminergic agents on alcohol con-
sumption by rats in a limited access paradigm.
Psychopharmacology (Berl) 100:195-200

Loi B, Lobina C, Maccioni P, Fantini N, Carai MA, Gessa GL, Colombo
G (2010) Increase in alcohol intake, reduced flexibility of alcohol
drinking, and evidence of signs of alcohol intoxication in Sardinian
alcohol-preferring rats exposed to intermittent access to 20% alco-
hol. Alcohol Clin Exp Res 34:2147-2154

Martinotti G, di Nicola M, Frustaci A, Romanelli R, Tedeschi D,
Guglielmo R, Guerriero L, Bruschi A, De Filippis R, Pozzi G, Di
Giannantonio M, Bria P, Janiri L (2010) Pregabalin, tiapride and
lorazepam in alcohol withdrawal syndrome: a multi-centre, random-
ized, single-blind comparison trial. Addiction 105:288-299

McBride WJ, Murphy JM, Lumeng L, Li TK (1990) Serotonin, dopamine
and GABA involvement in alcohol drinking of selectively bred rats.
Alcohol 7:199-205

McBride WJ, Chemet E, Dyr W, Lumeng L, Li TK (1993) Densities of
dopamine D2 receptors are reduced in CNS regions of alcohol-
preferring P rats. Alcohol 10:387-390

McCall RB, Lookingland KJ, Bedard PJ, Huff RM (2005) Sumanirole, a
highly dopamine D2-selective receptor agonist: in vitro and in vivo
pharmacological characterization and efficacy in animal models of
Parkinson’s disease. J Pharmacol Exp Ther 314:1248-1256

Melendez RI, Rodd ZA, McBride WJ, Murphy JM (2005) Dopamine
receptor regulation of ethanol intake and extracellular dopamine

@ Springer



2724

Psychopharmacology (2016) 233:2715-2725

levels in the ventral pallidum of alcohol preferring (P) rats. Drug
Alcohol Depend 77:293-301

Modell JG, Mountz JM, Glaser FB, Lee JY (1993) Effect of haloperidol
on measures of craving and impaired control in alcoholic subjects.
Alcohol Clin Exp Res 17:234-240

Murphy JM, McBride WJ, Lumeng L, Li TK (1987) Contents of mono-
amines in forebrain regions of alcohol-preferring (P) and -
nonpreferring (NP) lines of rats. Pharmacol Biochem Behav 26:
389-392

Nestby P, Vanderschuren LJ, De Vries TJ, Hogenboom F, Wardeh G,
Mulder AH, Schoffelmeer AN (1997) Ethanol, like
psychostimulants and morphine, causes long-lasting hyperreactivity
of dopamine and acetylcholine neurons of rat nucleus accumbens:
possible role in behavioural sensitization. Psychopharmacology
(Berl) 133:69-76

Nestby P, Vanderschuren LJ, De Vries TJ, Mulder AH, Wardeh G,
Hogenboom F, Schoffelmeer AN (1999) Unrestricted free-choice
ethanol self-administration in rats causes long-term
neuroadaptations in the nucleus accumbens and caudate putamen.
Psychopharmacology (Berl) 141:307-314

Ng GY, George SR (1994) Dopamine receptor agonist reduces ethanol
self-administration in the ethanol-preferring C57BL/6J inbred
mouse. Eur J Pharmacol 269:365-374

Noble EP (2000) Addiction and its reward process through polymor-
phisms of the D2 dopamine receptor gene: a review. Eur
Psychiatry 15:79-89

Panocka I, Ciccocioppo R, Mosca M, Polidori C, Massi M (1995) Effects
of the dopamine D1 receptor antagonist SCH 39166 on the ingestive
behaviour of alcohol-preferring rats. Psychopharmacology (Berl)
120:227-235

Perry JL, Carroll ME (2008) The role of impulsive behavior in drug
abuse. Psychopharmacology (Berl) 200:1-26

Peters DH, Faulds D (1994) Tiapride. A review of its pharmacology and
therapeutic potential in the management of alcohol dependence syn-
drome. Drugs 47:1010-1032

Pfeffer AO, Samson HH (1986) Effect of pimozide on home cage ethanol
drinking in the rat: dependence on drinking session length. Drug
Alcohol Depend 17:47-55

Pfeffer AO, Samson HH (1988) Haloperidol and apomorphine effects on
ethanol reinforcement in free feeding rats. Pharmacol Biochem
Behav 29:343-350

Phillips TJ, Brown KJ, Burkhart-Kasch S, Wenger CD, Kelly MA,
Rubinstein M, Grandy DK, Low MJ (1998) Alcohol preference
and sensitivity are markedly reduced in mice lacking dopamine D2
receptors. Nat Neurosci 1:610-615

Rassnick S, Pulvirenti L, Koob GF (1993) SDZ-205,152, a novel dopa-
mine receptor agonist, reduces oral ethanol self-administration in
rats. Alcohol 10:127-132

Reggiani A, Barbaccia ML, Spano PF, Trabucchi M (1980) Dopamine
metabolism and receptor function after acute and chronic ethanol. J
Neurochem 35:34-37

Risinger FO, Freeman PA, Rubinstein M, Low MJ, Grandy DK (2000)
Lack of operant ethanol self-administration in dopamine D2 receptor
knockout mice. Psychopharmacology (Berl) 152:343-350

Robbins TW, Everitt BJ (2007) A role for mesencephalic dopamine in
activation: commentary on Berridge (2006). Psychopharmacology
(Berl) 191:433-437

Sabino V, Kwak J, Rice KC, Cottone P (2013) Pharmacological charac-
terization of the 20% alcohol intermittent access model in Sardinian
alcohol-preferring rats: a model of binge-like drinking. Alcohol Clin
Exp Res 37:635-643

Salamone JD, Correa M (2012) The mysterious motivational functions of
mesolimbic dopamine. Neuron 76:470—485

Samson HH, Chappell AM (1999) Effects of microinjection of the D2
dopamine antagonist raclopride into the ventral tegmental area on

@ Springer

ethanol and sucrose self-administration. Alcohol Clin Exp Res 23:
421-426

Samson HH, Chappell AM (2004) Effects of raclopride in the core of the
nucleus accumbens on ethanol seeking and consumption: the use of
extinction trials to measure seeking. Alcohol Clin Exp Res 28:544—
549

Santiago M, Machado A, Cano J (1993) Regulation of prefrontal cortical
dopamine release by dopamine receptor agonists and antagonists.
Eur J Pharmacol 239:83-91

Sari Y, Bell RL, Zhou FC (2006) Effects of chronic alcohol and repeated
deprivations on dopamine D1 and D2 receptor levels in the extended
amygdala of inbred alcohol-preferring rats. Alcohol Clin Exp Res
30:46-56

See RE, Sorg BA, Chapman MA, Kalivas PW (1991) In vivo assessment
of release and metabolism of dopamine in the ventrolateral striatum
of awake rats following administration of dopamine D1 and D2
receptor agonists and antagonists. Neuropharmacology 30:1269—
1274

Setiawan E, Pihl RO, Dagher A, Schlagintweit H, Casey KF, Benkelfat C,
Leyton M (2014) Differential striatal dopamine responses following
oral alcohol in individuals at varying risk for dependence. Alcohol
Clin Exp Res 38:126-134

Silvestre JS, O’Neill MF, Fernandez AG, Palacios JM (1996) Effects of a
range of dopamine receptor agonists and antagonists on ethanol
intake in the rat. Eur J Pharmacol 318:257-265

Simms JA, Steensland P, Medina B, Abernathy KE, Chandler LJ, Wise R,
Bartlett SE (2008) Intermittent access to 20% ethanol induces high
ethanol consumption in Long-Evans and Wistar rats. Alcohol Clin
Exp Res 32:1816-1823

Spanagel R (2009) Alcoholism: a systems approach from molecular
physiology to addictive behavior. Physiol Rev 89:649-705

Spoelder M, Hesseling P, Baars AM, Lozeman-Van’t Klooster JG, Rotte
MD, Vanderschuren LIMJ, Lesscher HMB (2015) Individual vari-
ation in alcohol intake predicts reinforcement, motivation, and com-
pulsive alcohol use in rats..Alcoholism, Clinical and Experimental
Research. In press.

Stefanini E, Frau M, Garau MG, Garau B, Fadda F, Gessa GL (1992)
Alcohol-preferring rats have fewer dopamine D2 receptors in the
limbic system. Alcohol 27:127-130

Thanos PK, Rivera SN, Weaver K, Grandy DK, Rubinstein M, Umegaki
H, Wang GJ, Hitzemann R, Volkow ND (2005) Dopamine D2R
DNA transfer in dopamine D2 receptor-deficient mice: effects on
ethanol drinking. Life Sci 77:130-139

Tupala E, Tiithonen J (2004) Dopamine and alcoholism: neurobiological
basis of ethanol abuse. Prog Neuropsychopharmacol Biol
Psychiatry 28:1221-1247

Tupala E, Hall H, Bergstrom K, Sarkioja T, Rasanen P, Mantere T,
Callaway J, Hiltunen J, Tithonen J (2001) Dopamine D(2)/D(3)-
receptor and transporter densities in nucleus accumbens and amyg-
dala of type 1 and 2 alcoholics. Mol Psychiatry 6:261-267

Tupala E, Hall H, Bergstrom K, Mantere T, Rasanen P, Sarkioja T,
Tiihonen J (2003) Dopamine D2 receptors and transporters in type
1 and 2 alcoholics measured with human whole hemisphere autora-
diography. Hum Brain Mapp 20:91-102

Volkow ND, Wang GJ, Fowler JS, Logan J, Hitzemann R, Ding YS,
Pappas N, Shea C, Piscani K (1996) Decreases in dopamine recep-
tors but not in dopamine transporters in alcoholics. Alcohol Clin
Exp Res 20:1594-1598

Volkow ND, Wang GJ, Maynard L, Fowler JS, Jayne B, Telang F, Logan
J, Ding YS, Gatley SJ, Hitzemann R, Wong C, Pappas N (2002)
Effects of alcohol detoxification on dopamine D2 receptors in alco-
holics: a preliminary study. Psychiatry Res 116:163—172

Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F (2011) Addiction:
beyond dopamine reward circuitry. Proc Natl Acad Sci U S A 108:
15037-15042



Psychopharmacology (2016) 233:2715-2725

2725

Watson DJ, Loiseau F, Ingallinesi M, Millan MJ, Marsden CA, Fone KC
(2012) Selective blockade of dopamine D3 receptors enhances while
D2 receptor antagonism impairs social novelty discrimination and
novel object recognition in rats: a key role for the prefrontal cortex.
Neuropsychopharmacology 37:770-786

Weiss F, Mitchiner M, Bloom FE, Koob GF (1990) Free-choice responding
for ethanol versus water in alcohol preferring (P) and unselected Wistar
rats is differentially modified by naloxone, bromocriptine, and methy-
sergide. Psychopharmacology (Berl) 101:178-186

Weiss F, Lorang MT, Bloom FE, Koob GF (1993) Oral alcohol self-
administration stimulates dopamine release in the rat nucleus ac-
cumbens: genetic and motivational determinants. J Pharmacol Exp
Ther 267:250-258

Wise RA (1973) Voluntary ethanol intake in rats following expo-
sure to ethanol on various schedules. Psychopharmacologia
29:203-210

Zhou FC, Zhang JK, Lumeng L, Li TK (1995) Mesolimbic dopamine
system in alcohol-preferring rats. Alcohol 12:403—412

@ Springer



	Dopamine receptor agonists modulate voluntary alcohol intake independently of individual levels of alcohol intake in rats
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Animals
	Intermittent alcohol access in the home-cage
	Drugs
	Drug administration and injection procedures
	Data analysis

	Results
	Alcohol consumption during IAA in LD and HD
	Dopamine D1 receptor agonist—SKF 82958
	Dopamine D1 receptor antagonist—SCH 23390
	Dopamine D2 receptor agonist—Sumanirole
	Dopamine D2 receptor antagonist—L741,626

	Discussion
	References


