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Background: Reduced dopamine D2 receptor (D2R) ligand binding has repeatedly been demon-
strated in the striatum of humans with alcohol use disorder (AUD). The attenuated D2R binding has
been suggested to reflect a reduced D2R density, which in turn has been proposed to drive craving and
relapse. However, results from rodent studies addressing the effects of alcohol drinking on D2R density
have been inconsistent.

Methods: A validated alcohol drinking model (intermittent access to 20% alcohol) in Wistar rats
was used to study the effects of voluntary alcohol drinking (at least 12 weeks) on the D2R in the stria-
tum compared to age-matched alcohol-na€ıve control rats. Reverse transcriptase quantitative PCR was
used to quantify isoform-specific Drd2 gene expression levels. Using bisulfite pyrosequencing, DNA
methylation levels of a regulatory region of the Drd2 gene were determined. In situ proximity ligation
assay was used to measure densities of D2R receptor complexes: D2R-D2R, adenosine A2A receptor
(A2AR)-D2R, and sigma1 receptor (sigma1R)-D2R.

Results: Long-term voluntary alcohol drinking significantly reduced mRNA levels of the long D2R
isoform in the nucleus accumbens (NAc) but did not alter CpG methylation levels in the analyzed
sequence of theDrd2 gene. Alcohol drinking also reduced the striatal density of D2R-D2R homoreceptor
complexes, increased the density of A2AR-D2R heteroreceptor complexes in the NAc shell and the dor-
sal striatum, and decreased the density of sigma1R-D2R heteroreceptor complexes in the dorsal striatum.

Conclusions: The present results on long-term alcohol drinking might reflect reduced D2R levels
through reductions in D2R-D2R homoreceptor complexes and gene expression. Furthermore, based
on antagonistic interactions between A2AR and D2R, an increased density of A2AR-D2R heterorecep-
tor complexes might indicate a reduced affinity and signaling of the D2R population within the com-
plex. Hence, both reduced striatal D2R levels and reduced D2R protomer affinity within the striatal
A2AR-D2R complex might underlie reduced D2R radioligand binding in humans with AUD. This
supports the hypothesis of a hypodopaminergic system in AUD and suggests the A2AR-D2R heterore-
ceptor complex as a potential novel treatment target.

Key Words: Receptor Dimers, Heteroreceptors and Homoreceptors, Epigenetics, DNA
Methylation, Alcohol Dependence.

THE MESOLIMBIC DOPAMINE system plays a cru-
cial role in alcohol’s reinforcing effects, as well as in the

development and maintenance of alcohol use disorder
(AUD) (Jayaram-Lindstr€om et al., 2016). In particular,

alcohol activates the projections from the ventral tegmental
area to the nucleus accumbens (NAc; i.e., the ventral stria-
tum) and induces striatal dopamine release in rats (Ericson
et al., 1998; Weiss et al., 1996) and humans (Boileau et al.,
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2003; Urban et al., 2010). Furthermore, dopamine D2 recep-
tors (D2Rs) in the NAc are crucial for alcohol reinforcement
(Hodge et al., 1997; Jayaram-Lindstr€om et al., 2016). More-
over, D2Rs in the dorsolateral striatum are involved in alco-
hol seeking that after an extended period has become
habitual, that is, is independent of alcohol reinforcement
(Corbit et al., 2014), and is mainly influenced by alcohol-
associated cues (Corbit and Janak, 2016).
During protracted abstinence in humans, reduced central-

stimulant induced striatal dopamine release (Martinez et al.,
2005; Volkow et al., 2007) and D2R radioligand binding
(Hietala et al., 1994; Volkow et al., 1996) have been found.
In addition, reduced striatal D2R binding and low dopamine
levels have been correlated with craving (Heinz et al., 2004)
and relapse (Guardia et al., 2000; Heinz et al., 1995), respec-
tively. When evaluating neurochemical changes related to
AUD in animal models, the importance of paradigms with
face validity and in particular long-term voluntary alcohol
intake should not be underestimated. However, short-term
(Reggiani et al., 1980; Rommelspacher et al., 1992) and/or
forced alcohol exposure (Hamdi and Prasad, 1992; Lograno
et al., 1993; Syvalahti et al., 1988) have been frequently used.
Thus, the limited face validity of the traditionally used alco-
hol intake models could potentially underlie the inconsistent
results in rodent autoradiography studies with increased,
decreased, or unchanged striatal D2R binding (e.g., see table
1 in Sari et al., 2006). To increase the arsenal of validated
rodent AUD models, the 2-bottle-choice intermittent access
to 20% ethanol (EtOH) (IA20E) model from Wise (1973)
was reintroduced in 2008 (Simms et al., 2008). The IA20E
model mimics several hallmarks of an AUD profile such as
escalation of voluntary drinking, cycles of excessive drinking
and abstinence, pharmacologically relevant blood alcohol
concentrations (Simms et al., 2008), and compulsive drink-
ing (Hopf et al., 2010). In addition, the IA20E model has
shown predictive (Litten et al., 2013; Simms et al., 2008;
Steensland et al., 2007) and constructive validity (Carnicella
et al., 2014). Indeed, several months of voluntary drinking in
the IA20E model induces a dopamine deficiency in the NAc
during alcohol withdrawal in both Long-Evans (Barak et al.,
2011) and Wistar rats (Feltmann et al., 2016). The behav-
ioral relevance of a dopamine deficiency is highlighted by a
study showing that rats undergoing withdrawal and display-
ing a reduced NAc dopamine output induced by several
weeks of alcohol liquid diet self-administered just enough
alcohol to restore the dopamine baseline (Weiss et al., 1996).
Taken together, preclinical and clinical findings support the
dopamine deficiency hypothesis, suggested to be responsible
for driving craving and compulsive drinking, as well as con-
tributing to relapse even after a period of protracted absti-
nence (Ravan et al., 2014).
The finding that the D2R is expressed in different iso-

forms, as well as assembles in homo- and heteroreceptor
complexes, could be of relevance for the understanding of
AUD and the development of potential treatment targets.
Through alternative splicing, the D2R is expressed in a short

and a long isoform (dal Toso et al., 1989), associated with
different cellular signaling (Lindgren et al., 2003; Senogles,
1994). However, to the best of our knowledge, only 1 previ-
ous study has investigated alcohol-induced effects on iso-
form-specific D2R expression, although only in the pituitary
gland (Oomizu et al., 2003). The dopamine D2R can form
D2R-D2R homoreceptor, as well as heteroreceptor com-
plexes with a variety of receptors, for example, the adenosine
A2A receptor (A2AR) (Borroto-Escuela et al., 2013; Fuxe
et al., 2014a; Trifilieff et al., 2011) and the sigma1 receptor
(sigma1R) (Navarro et al., 2013), which have been suggested
to be involved in alcohol reward (Blasio et al., 2015; Filip
et al., 2012; Nam et al., 2013). A2AR and D2R are both
expressed on striato-pallidal GABAergic neurons, where
they form A2AR-D2R heteroreceptor complexes (Nam
et al., 2013). Within the A2AR-D2R heteroreceptor com-
plex, antagonistic allosteric receptor–receptor interactions
(Fuxe et al., 2014a) operate at the receptor recognition, sig-
naling and trafficking level, probably underlying antagonistic
A2AR-D2R interactions displayed at the level of brain cir-
cuits and behavior (Filip et al., 2012; Fuxe et al., 2014b).
These antagonistic interactions may in part underlie findings
in alcohol-preferring rats showing that A2AR agonists
reduce, whereas antagonists increase, alcohol intake (Micioni
Di Bonaventura et al., 2012), and findings in mice showing
that dampening A2AR signaling in the dorsomedial striatum
enhances alcohol-seeking behavior (Nam et al., 2013).
In the present study, the effect of long-term drinking on

the Drd2 gene expression and the density of several D2R
receptor complexes were evaluated in the ventral (NAc) and
dorsal striatum of Wistar rats using the validated IA20E
drinking model (Simms et al., 2008) compared to age-
matched alcohol-na€ıve controls. First, using reverse tran-
scriptase quantitative PCR (qPCR) with specific primers
detecting exon–exon junctions, expression levels of D2R
short and long isoform and the A2AR were measured. Sec-
ond, to test whether a potential reduction in D2 expression
in the NAc could be related to epigenetic changes, bisulfite
pyrosequencing was used to determine DNA methylation
levels of a regulatory sequence within the Drd2 gene. Finally,
in situ proximity ligation assay (PLA) was used to evaluate
the effects of long-term drinking on D2R-D2R homo, as well
as A2AR-D2R and sigma1R-D2R heteroreceptor complexes
(Borroto-Escuela et al., 2013).

MATERIALS ANDMETHODS

Animals and Drinking Model

Male Rcc Wistar Han rats were voluntarily drinking alcohol
in the IA20E drinking model (Simms et al., 2008; Wise, 1973)
under conditions described previously (Steensland et al., 2012).
In brief, rats were housed individually, under a reversed light/
dark 12-hour cycle and had ad libitum access to food and water
throughout the study. They had access to 1 bottle of 20%
EtOH and 1 bottle of water for 24 hours on Monday, Wednes-
day, and Friday and 2 bottles of water on the remaining days
of the week. The positions of the alcohol and water bottles were
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switched for every alcohol session. Alcohol presentation started
approximately 10 minutes after initiation of the dark phase.
Individual fluid intake was measured every 4 and 24 hours. Rats
were weighted daily to calculate the grams of alcohol intake per
kilogram body weight (g/kg). A description of the escalation in
drinking following IA20E can be found in Fig. S1. An alcohol-
na€ıve, age-matched group of control rats were housed and han-
dled under identical conditions with the only exception that they
had continuous access to 2 water bottles rather than intermittent
access to an alcohol bottle. The study was approved by the
Swedish Ethical Committee on Animal Research in Stockholm
(Dnr N163/14) and carried out in accordance with the European
Directive 2010/63/EU.

Extraction of DNA and RNA

Following 5 months of drinking in the IA20E model, rats were
sacrificed by decapitation after approximately 24 hours of alcohol
withdrawal. Brain regions were dissected, immediately frozen on
dry ice, and stored at �80°C until further processing. DNA and
RNA were isolated from NAc using the AllPrep DNA/RNA/Pro-
tein Minikit according to manufacturer instructions (Qiagen, Sol-
lentuna, Sweden). Briefly, frozen tissues were lysed in 600 ll RLT
buffer using 5-mm stainless steel beads and the TissueLyser LT
(Qiagen) at 20 Hz for 2 minutes twice. First, after centrifugation to
separate insoluble components, the supernatant of the lysate was
passed through a DNA-binding column, whereafter the DNA-col-
umn flow-through was passed through another column binding
RNA. Following several washing steps and centrifugations of the
columns, RNA and DNA were eluted in 40 ll RNAse-free water
and 100 ll EB buffer (70°C), respectively. Nucleic acid concentra-
tion was measured using a Nanodrop (Infinite 200 NanoQuant;
Tecan, M€annedorf, Switzerland). Nucleic acids were stored at
�80°C.

Gene Expression Analysis: qPCR

To eliminate any remaining genomic DNA, DNAse digestion
was performed on RNA samples. RNA (200 ng) was diluted with
water to 12 ll; 1.5 ll of DNAse I and 1.5 ll of DNAse buffer
(New England Biolabs, Hitchin, UK) were added; and the samples
were incubated at 37°C for 30 minutes. Then, 1.5 ll of EDTA
was added to each sample followed by incubation for 10 minutes
at 65°C.

DNAse-treated RNA was converted into complementary
DNA using the iScript cDNA synthesis kit (Bio-Rad, Solna,
Sweden) according to the manufacturer’s protocol. In brief,
reverse transcriptase and reaction mix containing random pri-
mers were added to DNAse-treated RNA and exposed to the
following protocol: annealing at 25°C for 5 minutes, transcrip-
tion at 42°C for 30 minutes, and termination at 85°C for
5 minutes. cDNA samples were stored at �20°C. As a control
for successful removal of genomic DNA, 1 sample was exposed
to the same treatment except that the reverse transcriptase was
not added (RT control).

Gene expression was assessed using qPCR. Reactions were per-
formed in triplicates using SYBR green (Qiagen) and the Rotor-
Gene Q (Qiagen) machine under the following condition: 95°C for
5 minutes followed by 40 cycles of 95°C for 5 seconds, 60°C for
10 seconds. Primers were designed to detect exon–exon junctions
(for primer sequences, see Table S1) and were tested for specific
target amplification in the sample compared to the RT control
using melt curve analysis (from 60 to 95°C) and agarose gel elec-
trophoresis. Moreover, reaction efficiencies of each primer pair
were assessed with cDNA serial dilution of 1:5. Due to too low
RNA concentration, 1 sample was not converted into cDNA (al-
cohol-na€ıve rat).

DNAMethylation Analysis: Bisulfite Pyrosequencing

Using bisulfite pyrosequencing, the methylation of the following
DNA sequence within exon 1 of the Drd2 gene was analyzed:
TTCCCGACGCCCGAGGCGCAATCTGCCCGTCGGA. This
region was chosen for analysis based on a previous study showing
correlation of methylation levels of a sequence spanning exon 1 and
part of intron 1 andDrd2 gene expression (Rodrigues et al., 2012).

First, 500 ng of genomic DNA was bisulfite-converted using the
EZ DNA Methylation-GoldTM Kit (ZYMO Research, Irvine, CA),
following the manufacturer’s instructions. Briefly, 130 ll of C to T
conversion reagent was added to 20 ll of DNA sample and incu-
bated at 98°C for 10 minutes and at 64°C for 2.5 hours. The sample
was loaded onto a Zymo-SpinTM IC column that had been equili-
brated with 600 ll of M-Binding buffer. Following a 30 seconds
centrifugation at 10,0009g, the column was washed with 100 ll of
M-Wash buffer and centrifuged again. Thereafter, 200 ll of
M-desulphonation buffer was added to the column and incubated
for 20 minutes followed by centrifugation. The converted DNAwas
eluted in 10 ll M-Elution buffer and stored at�80°C until use.

The bisulfite-converted DNA was amplified with PCR using
biotinylated primers and reagents from a Custom Assay (Qiagen)
under the following conditions: 95°C for 15 minutes followed by
45 cycles of 94°C for 30 seconds (denaturation), 58°C for 30 sec-
onds (annealing), 72°C for 30 seconds (extension), and a final
extension at 72°C for 10 minutes. PCR products were incubated
with Sepharose beads (Sarstedt, Germany) and binding buffer
(Qiagen) under shaking (14,000 rpm) for 10 minutes. Using vac-
uum suction and filter probes, bead-bound PCR products were
taken from solution and washed with 70% EtOH for 5 seconds,
denaturation buffer (Qiagen) for 10 seconds and wash buffer for
10 seconds. Vacuum was turned off, and filter probes were low-
ered into the sequencing PCR plate containing sequencing pri-
mers (Custom Assay) and annealing buffer to release PCR
products. Samples were heated at 80°C for 2 minutes and cooled
down to room temperature. Thereafter, pyrosequencing was per-
formed using the PyroMark Q96 ID (Qiagen) instrument and
percent methylation at 6 CpG positions was calculated with Pyro-
Mark Q96 software (Qiagen).

Receptor Complex Formation Analysis In Situ: PLA

PLA is a sensitive technique, allowing specific identification of
receptor complexes, for example, in situ at the subcellular level. In
brief, primary antibodies binding to the receptors of interest are
detected by secondary antibodies labeled with short nucleotides.
When the receptors are in close proximity (up to 10 to 20 nm), these
nucleotides form a ring, which can be amplified and visualized with
fluorescent probes.

After the 3 months of IA20E (or water-only access), rats were
transcardially perfused under deep pentobarbital anesthesia with
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde
after approximately 24 hours of alcohol withdrawal. Brains were
incubated in 10% sucrose for 24 hours and 30% sucrose for 1 week
until cryostat sectioning. In situ PLA was performed as described
previously (Borroto-Escuela et al., 2013) and according to the man-
ufacturer’s instructions (Duolink in situ PLA detection kit; Olink,
Uppsala, Sweden). In brief, frozen floating frontal forebrain sec-
tions (+1.0 mm from Bregma) were washed with PBS, quenched
with 10 mM glycine buffer for 20 minutes, permeabilized with 10%
fetal bovine serum, and 0.5% Triton X-100 for 30 minutes and
blocked with 0.2% bovine serum albumin (BSA) solution for
30 minutes. Sections were washed with PBS thoroughly between
incubation steps (performed at room temperature) described above.
Sections were incubated with the primary antibodies for 1 to
2 hours at 37°C or at 4°C overnight. Incubation steps described in
the following were conducted in humidity chambers at 37°C unless
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stated otherwise. Sections were washed with PBS twice, incubated
with the proximity probe mixture for 1 hour. Unbound probes were
washed away with blocking solution at room temperature. Sections
were incubated with the hybridization–ligation solution (250 g/ml
BSA, 0.05 U/ll T4 DNA ligase, 0.05% Tween-20, 250 mM NaCl,
1 mM ATP, 125 to 250 nM circularization, or connector oligonu-
cleotides) for 30 minutes. Excess connector oligonucleotides were
removed with the washing buffer A (Olink; Duolink kit, at room
temperature). Then, sections were incubated with the rolling circle
amplification mixture for 100 minutes and the detection solution
for 30 minutes and washed twice for 10 minutes in the dark with
the washing buffer B (Duolink kit, at room temperature). Finally,
sections were mounted on microscope slides with VectaShield (Vec-
tor Laboratories, Burlingame, CA), covered, sealed, and stored at
�20°C (protected from light). PLA signal was visualized and quan-
tified from 20 z-layers (40 9 40 lm) using a confocal microscope
Leica TCS-SL confocal microscope (Leica, Weizlar, Germany) and
the Duolink Image Tool software (Olink). Illustration of the sam-
pling fields in NAc shell and core from microphotographs of frontal
sections of the rat ventral striatum (Bregma level: 1.00 mm) is indi-
cated in Fig. S2. The Bregma level was reached with the help of the
Paxinos andWatson Atlas. The first frontal section was taken at the
very anterior beginning of the striatum. Then, the number of
required sections to reach Bregma 1.00 mm level was calculated
(Paxinos and Watson, 2007). The location was validated by the
appearance of a single myelinated bundle of the anterior limb of the
anterior commissure because prior to this Bregma level, 2 myeli-
nated bundles exist of the anterior limb. The analysis was made by
scientists blind to the treatment conditions.

For D2R-D2R homoreceptor complex detection, mouse mono-
clonal anti-D2R (MABN53, 1:600; Merck Millipore, Burlington,
MA) and rabbit monoclonal anti-D2R (HPA015691, 1 lg/ml;
Human Atlas Project, Stockholm, Sweden) were used. For A2AR-
D2R and sigma1R-D2R heteroreceptor complex detection, mouse
monoclonal anti-D2R (MABN53, 1:600; Merck Millipore) and rab-
bit monoclonal anti-A2A (AB1559F, 1:250; Merck Millipore) and
rabbit monoclonal anti-sigma1R (ab53852, 1:500; Abcam, Cam-
bridge, UK) were used. The quality and specificity of the antibodies
used were validated by single immunohistochemistry experiments in
frontal sections of the rat ventral striatum (Bregma level: 1.00 mm)
and in HEK cells expressing exogenously only dopamine D1 to D5
receptor subtypes. Dopamine D2R antibodies were also validated
by the Human Atlas Project. As proximity probes (Duolink kit),
oligonucleotide-labeled secondary antibodies (anti-mouse and anti-
rabbit) were used.

Statistical Analysis

For the gene expression experiments, target gene expression was
quantified relative to the internal reference gene PPIA
(DCT = CTtarget � CTreference). The 2DCT values were analyzed
using 2-way ANOVA with brain region (NAc/dorsal striatum) and
drinking condition (alcohol na€ıve/alcohol drinking) as factors fol-
lowed by Bonferroni post hoc. In addition, correlation between
individual alcohol intake (daily alcohol intake in g/kg/24 h for each
individual obtained from mean of the last 7 weeks of alcohol drink-
ing or 0 g/kg/24 h for alcohol-na€ıve rats) and 2DCT values were ana-
lyzed with Pearson correlation analysis. For the epigenetic
experiments, DNA methylation levels between the alcohol drinking
(only rats with a voluntary alcohol intake above 2 g/kg/24 h, n = 7)
and the alcohol-na€ıve group were compared, using unpaired Stu-
dent’s t-test. Values for densities of receptor complexes were
obtained as mean of 3 pictures per brain region for each rat and
were analyzed by 2-way ANOVA with brain region (NAc shell/
NAc core/dorsal striatum) and drinking condition (alcohol na€ıve/
alcohol drinking) as factors followed by Bonferroni post hoc.

Analyses were performed with GraphPad Prism 5.0 (GraphPad
Software Inc., San Diego, CA). Values are presented as
mean � SEM, and the significant level was a = 0.05.

RESULTS

Long-Term Alcohol Drinking Reduces Expression of the D2R
in the NAc

Effects of long-term alcohol drinking on expression of
dopamine D2R (mRNA levels of long and short isoform)
and the adenosine A2AR in the NAc and dorsal striatum
were measured using qPCR. Expression of each gene of
interest was measured relative to the reference gene PPIA
(2deltaCT) and was analyzed for the factors brain region and
drinking condition. Drinking condition compared rats that
had been drinking alcohol in the IA20E model for 5 months
(n = 14) with age-matched alcohol-na€ıve controls (n = 8).
Values of individual alcohol intake (g/kg/24 h) were
obtained as mean of the last 7 weeks. In the NAc, 2 RNA
samples in the alcohol-drinking rats and 1 in the alcohol-
na€ıve rats could not be successfully converted into cDNA
(after 2 attempts), because gene expression of the reference
gene could not be detected.
For the dopamine D2 long isoform, there was no overall

main effect of drinking condition, F(1, 37) = 0.3, nonsignifi-
cant (ns), or brain region, F(1, 37) = 1.8, ns, but a significant
interaction between these 2 factors, F(1, 37) = 12.4, p < 0.01.
Post hoc analysis revealed a significantly lower expression
(Fig. 1A) in the NAc in alcohol-drinking rats compared to
alcohol-na€ıve rats, but no significant effect of alcohol drink-
ing in the dorsal striatum (Fig. 1C). Furthermore, there was
a significant correlation between individual alcohol intake
and expression levels in the NAc (Fig. 1B, r = �0.77,
p < 0.001, R2 = 0.58) but not in the dorsal striatum
(Fig. 1D, r = 0.23, R2 = 0.05, ns).
Regarding the dopamine D2 short isoform (Fig. 2A,C),

there was an overall main effect of brain region,
F(1, 38) = 5.5, p < 0.05, but not of drinking condition,
F(1, 38) = 0.34, ns, and no significant interaction,
F(1, 38) = 1.9, ns, between these 2 factors. Hence, no post
hoc tests were performed. However, there was a significant
correlation between individual alcohol intake and expression
levels in the NAc (Fig. 2B, r = �0.61, p < 0.01, R2 = 0.37).
No such correlation was found in the dorsal striatum
(Fig. 2D, r = 0.08, R2 = 0.01, ns).
Regarding the adenosine A2A expression (Fig. 3A,C), there

was no overall main effect of drinking condition,
F(1, 37) = 2.5, ns, brain region, F(1, 37) = 3.1, ns, or condi-
tion*brain region interaction, F(1, 37) = 0.8, ns. Hence, no
post hoc tests were conducted. Furthermore, there was no sig-
nificant correlation between individual alcohol intake and
expression levels in the NAc (Fig. 3B, r = �0.37, R2 = 0.14,
ns, or in the dorsal striatum (Fig. 3D, r = �0.15, R2 = 0.02,
ns).
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No Evidence for Drinking-Induced Changes in DNA
Methylation of the Drd2 Gene in the NAc

To investigate whether the above-mentioned significant
decrease in D2R expression was due to alcohol-induced epi-
genetic changes, the percentage of DNA methylation of 6
CpGs of a short sequence within exon 1 of the Drd2 gene
was measured in the NAc and compared between the same
alcohol-drinking rats (n = 12) and alcohol-na€ıve rats (n = 7)
used in the expression analysis. This region was chosen for
analysis based on a previous study showing correlation of
methylation levels of a sequence spanning exon 1 and part of
intron 1 andDrd2 gene expression (Rodrigues et al., 2012).

Long-term voluntary alcohol drinking did not have any
significant effect on methylation levels of any CpG analyzed
within the Drd2 gene (Fig. 4, CpG1: t17 = 1.0, CpG2:
t17 = 0.8, CpG3: t17 = 0.3, CpG4: t17 = 0.5, CpG5: t17 = 0.5,
CpG6: t17 = 0.4). Furthermore, no significant correlation
was found between methylation levels and gene expression
levels of the long isoform at any CpG position (data not

shown; CpG1: r = �0.40, R2 = 0.16, CpG2: r = �0.10, R2 =
0.01, CpG3: r = 0.05, R2 = 0.00, CpG4: r = �0.20, R2 =
0.04, CpG5: r = �0.27,R2 = 0.07, CpG6: r = �0.21,R2 = 0.05;
CpG1-6: ns).

Alcohol Drinking Affects D2R Receptor Complex Formations
in NAc Shell and Dorsal Striatum

PLA was used to investigate effects of voluntary long-
term alcohol drinking on densities of D2R-D2R homo-,
A2AR-D2R, and sigma1R-D2R heteroreceptor complexes
in the NAc shell, NAc core, and dorsal striatum by com-
paring the number of positive PLA clusters/nucleus/field
(Fig. 5) between age-matched alcohol-na€ıve rats (n = 5),
and rats that had IA20E for 3 months (4.7 � 0.4 g alco-
hol/kg/24 h, n = 5). The PLA-positive clusters were found
to be associated with soma and neuropil. Both, the soma
and the neuropil locations of the adenosine A2AR and
the dopamine D2R are further demonstrated in single Z

Fig. 1. Effects of long-term voluntary alcohol drinking on striatal gene expression of the long isoform of the dopamine D2 receptor. Wistar rats were
exposed to intermittent access to 20% ethanol (alcohol, n = 14) or 2 bottles of water (age-matched alcohol-na€ıve control, n = 8) for 5 months. Individual
alcohol intake was determined as mean g/kg/24 h alcohol intake over the last 7 weeks. Effects of alcohol drinking on gene expression of the dopamine
D2 receptor long isoform (D2L) in the nucleus accumbens (NAc) and dorsal striatum (STR) were quantified using reverse transcriptase quantitative PCR.
Specific primers were used detecting exon–exon junctions of the D2L. Expression levels are quantified relative to the reference gene peptidylprolyl iso-
merase A (PPIA). In the NAc, 3 RNA samples (n = 2 alcohol, n = 1 control) could not be successfully converted into cDNA. Alcohol drinking significantly
decreased D2L gene expression in the NAc (A, B), but not the dorsal STR (C, D) (*p < 0.05 compared to alcohol-na€ıve controls, 2-way ANOVA with Bon-
ferroni post hoc (A, C); Pearson’s correlation (B, D)).
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scan immunohistochemistry images (see supplementary
information, Figs S3–S6).
The analysis of the density of the D2R-D2R homorecep-

tor complexes (Fig. 6A) showed an overall main effect of
drinking condition, F(1, 15) = 4.5, p < 0.05, and brain
region, F(2, 15) = 6.3, p < 0.05, but no significant drinking
condition*region interaction, F(2, 15) = 0.7, ns. Hence, no
post hoc tests were performed.
Regarding the density of the A2AR-D2R heteroreceptor

complexes (Fig. 6B), there was an overall main effect of
drinking condition, F(1, 18) = 15.0, p < 0.01, brain region, F
(2, 18) = 24.0, p < 0.001, and an interaction for drinking
condition*brain region, F(2, 18) = 8.5, p < 0.01. Post hoc
analysis revealed that the density of A2AR-D2R heterore-
ceptor complexes was significantly higher in alcohol-drink-
ing, compared to alcohol-na€ıve rats, in the NAc shell and in
the dorsal striatum, but not in the NAc core.
Regarding the density of the sigma1R-D2R heterorecep-

tor complexes (Fig. 6C), there was an overall main effect

of brain region, F(1, 5) = 28.0, p < 0.01, no significant
overall main effect of drinking condition, F(1, 18) = 3.3,
ns, but a significant drinking condition*brain region inter-
action, F(2, 18) = 6.6, p < 0.01. Post hoc analysis revealed
a significant reduction in these complexes in the dorsal
striatum of the alcohol drinking compared to the alcohol
na€ıve rats. No significant effects were found in the NAc
core or shell.

DISCUSSION

The main findings in the present study were that long-term
voluntary alcohol drinking in the IA20E model, induced
changes in Drd2 gene expression and D2R complex forma-
tions in the striatum, compared to age-matched alcohol-
na€ıve control rats. Specifically, alcohol drinking significantly
reduced mRNA levels of the D2R long isoform in the NAc
and decreased the density of D2R-D2R homoreceptor
complexes in the striatum, as well as sigma1R-D2R

Fig. 2. Effects of long-term voluntary alcohol drinking on the short isoform of the dopamine D2 receptor (D2S).Wistar rats were exposed to intermittent
access to 20% ethanol (alcohol, n = 14) or 2 bottles of water (age-matched alcohol-na€ıve control, n = 8) for 5 months. Individual alcohol intake was
determined as mean g/kg/24 h alcohol intake over the last 7 weeks. Effects of alcohol drinking on gene expression of the D2S in the nucleus accumbens
(NAc) and dorsal striatum (STR) were quantified using reverse transcriptase quantitative PCR. Specific primers were used detecting exon–exon junctions
of the D2S. Expression levels for each gene are quantified relative to the reference gene peptidylprolyl isomerase A (PPIA). In the NAc, 3 RNA samples
(n = 2 alcohol, n = 1 control) could not be successfully converted into cDNA. There were no significant overall effects of drinking condition or interaction
of drinking condition*brain region (NAc:A; dorsal STR: C) (2-way ANOVA) on D2S gene expression. There was a significant correlation between individ-
ual alcohol intake and D2S expression levels in the NAc (B), but not the dorsal STR (D) (Pearson’s correlation).
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heteroreceptor complexes in the dorsal striatum. In addition,
alcohol-drinking rats displayed a significantly increased den-
sity of A2AR-D2R heteroreceptor complexes in the NAc
shell and the dorsal striatum, compared to alcohol-na€ıve
rats. Collectively, these findings support the dopamine defi-
ciency hypothesis in AUD.

Reduced striatal D2R radioligand binding in alcohol-
dependent patients compared to healthy controls as consis-
tently found in human imaging studies (Hietala et al., 1994;
Volkow et al., 1996) could reflect several neurobiological dif-
ferences. First, D2R levels could be reduced. This suggestion
is supported by the present findings of a reduced striatal den-
sity of D2R-D2R homoreceptor complexes, as well as a
reduced Drd2 gene expression in the long-term drinking rats.
Second, the D2R affinity might be reduced. An increase in
the density of A2AR-D2R heteroreceptor complexes found
in the present study could potentially result in a reduced
D2R affinity due to reciprocal allosteric antagonism between
A2AR and D2R (Fernandez-Duenas et al., 2012; Fuxe
et al., 2014b). Although this suggestion remains to be

demonstrated, this hypothesis is supported by studies show-
ing that an A2AR agonist can reduce the affinity of D2R for
dopamine in the striatum (Fuxe et al., 2014b) and that rein-
statement of cocaine seeking induced by the D2R agonist
quinpirole can be blocked by systemic A2AR agonist treat-
ment (Wydra et al., 2015) as well as intra-accumbal A2AR
agonist infusions (O’Neill et al., 2012). Finally, increased
endogenous dopamine levels could compete with the radioli-
gand at the D2R and thereby reduce D2R radioligand bind-
ing. However, our previous rodent study showing decreased
striatal dopamine output following long-term alcohol drink-
ing (Feltmann et al., 2016), as well as a reduced central-sti-
mulant induced striatal dopamine release in alcohol-
dependent patients (Martinez et al., 2005; Volkow et al.,
2007) makes this possibility less likely.

The mRNA levels of the long, but not the short, D2R iso-
form was significantly lower in the NAc alcohol-drinking
rats compared to age-matched alcohol-na€ıve controls. How-
ever, the expression levels of both isoforms were negatively
correlated with individual alcohol intake, indicating that the

Fig. 3. Effects of long-term voluntary alcohol drinking on striatal gene expression of the adenosine A2A receptor. Wistar rats were exposed to intermit-
tent access to 20% ethanol (alcohol, n = 14) or 2 bottles of water (age-matched alcohol-na€ıve control, n = 8) for 5 months. Individual alcohol intake was
determined as mean g/kg/24 h alcohol intake over the last 7 weeks. Effects of alcohol drinking on adenosine A2A receptor gene expression in the
nucleus accumbens (NAc) and dorsal striatum (STR) were quantified using reverse transcriptase quantitative PCR. A2A expression levels were quanti-
fied relative to the reference gene peptidylprolyl isomerase A (PPIA). In the NAc, 3 RNA samples (n = 2 alcohol, n = 1 control) could not be successfully
converted into cDNA. Alcohol drinking did not affect Adora2a gene expression in the NAc (A, B) or the dorsal STR (C, D) (2-way ANOVA with Bonferroni
post hoc (A, C); Pearson’s correlation (B, D)).
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alcohol-induced Drd2 gene expression changes might not be
isoform specific. It has been suggested that the long and short
D2R isoforms are mainly expressed post- and presynapti-
cally, respectively (Khan et al., 1998; Usiello et al., 2000).
However, by isolating RNA from the NAc, the obtained
expression levels do not represent receptor levels on presy-
naptic dopamine terminals, which originate from projections
from the ventral tegmental area. Thus, the present changes in
D2R expression levels in the NAc most likely represent
changes on postsynaptic membranes. However, the reduced
receptor availability indicated by the density of D2R-D2R
homoreceptor complexes could be induced by many other
processes than gene expression, such as posttranslational
modifications of proteins and receptor trafficking. The effects
of long-term voluntary alcohol consumption on D2R func-
tion, that is affinity and signaling, deserve to be further inves-
tigated.
The present result, showing that long-term voluntary alco-

hol intake (IA20E) decreases expression of the long isoform
of the dopamine D2R in the NAc, supports previous findings
that long-term IA20E drinking reduces dopamine output in

the NAc of standard laboratory rats (Barak et al., 2011;
Feltmann et al., 2016). Moreover, a rat study with 8 months
of voluntary, albeit continuous, alcohol intake inducing simi-
lar levels of alcohol intake as in the present study, has shown
a variety of changes in dopamine-regulating proteins relevant
for AUD (Kashem et al., 2012). Together, these findings
highlight the importance of voluntary alcohol intake over
several weeks or months to induce a dopamine deficiency. As
mentioned in the introduction, rodent studies with short-
term and or forced alcohol administration show inconsistent
results with regard to effects on the dopamine system, with
down-regulated (Rommelspacher et al., 1992), unchanged
(Reggiani et al., 1980), or increased (Kim et al., 1997) D2R
densities in the striatum. Nevertheless, studies with forced
alcohol intake (using alcohol as the only available fluid or
food) during 8 (Syvalahti et al., 1988) and 12 months (Roth-
blat et al., 2001) have been shown to down-regulate the
dopamine system. These studies combined indicate that oral
administration together with the length of the alcohol expo-
sure, rather than the voluntary aspect, is crucial for inducing
a dopamine deficiency. However, it should be noted that
14 weeks of voluntary alcohol intake through a 2-bottle-
choice paradigm, with and without repeated cycles of with-
drawal, increased D2R binding density in the NAc shell and
core and dorsal striatum in rats selectively bred for alcohol
preference (Sari et al., 2006). Nevertheless, based on the pre-
sent findings and previous studies, we hypothesize that the
dopamine deficiency consistently found in AUD patients
(Ravan et al., 2014) might be induced by chronic excessive
alcohol drinking rather than reflecting an underlying vulnera-
bility factor contributing to the development of AUD. This
suggestion is supported by the fact that the outbred rats in
these studies were randomized to alcohol drinking or alcohol-
na€ıve control groups and thus, most likely, lacked prevailing
differences in D2R expression at the start of the experiment.
The present results showing no effect of alcohol drinking on

DNA methylation of any CpG within a short sequence of the
exon 1 of theDrd2 gene indicate that the epigenetic mechanism
of DNAmethylation seems not to be responsible for the found
alcohol-induced reduction onDrd2 gene expression at least for
the sequence analyzed. Exon 1 was chosen for analysis based
on a previous study showing that methylation levels of a large
sequence spanning between exon 1 and part of intron 1 corre-
lated with mRNA levels (Rodrigues et al., 2012). However, in
the present study, none of the CpG positions analyzed corre-
lated with mRNA expression levels. Therefore, the observed
effects on gene expression could be caused by changes in
methylation of CpGs outside the sequence analyzed or

Fig. 4. Effects of long-term voluntary alcohol drinking on dopamine
Drd2 gene methylation in the nucleus accumbens. Wistar rats were
exposed to intermittent access to 20% ethanol (alcohol) or 2 bottles of
water (age-matched alcohol-na€ıve control) for 5 months. Individual alcohol
intake was determined as mean g/kg/24 h alcohol intake over the last
7 weeks. Individuals included in the CpG analysis are the same as the
ones included in the expression analysis (n = 12 alcohol-drinking, n = 7
alcohol-na€ıve rats). Effects of alcohol drinking on methylation levels of a
sequence within a CpG island in exon 1 of the Drd2 gene (see sequence
above) in the NAc were quantified using bisulfite pyrosequencing. Alcohol-
drinking rats showed no changes in methylation levels of any CpG ana-
lyzed compared to alcohol-na€ıve controls (unpaired Student’s t-test).

Fig. 5. D2R-D2R homoreceptor and A2AR-D2R and sigma1R-D2R heteroreceptor complexes in the striatum of alcohol-na€ıve and alcohol-drinking
rats. These panels provide representative examples of the changes in the density of D2R-D2R homoreceptor (A), the A2AR-D2R (B), and sigma1R-D2R
(C) heteroreceptors complexes in the nucleus accumbens (NAc) shell (left panels), core (center panels), and the dorsal striatum (right panels) after at
least 12 weeks of voluntary alcohol drinking in the intermittent access to 20% ethanol paradigm (lower panels) compared to control (upper panels). Using
the in situ proximity ligation assay (in situ PLA) technique (Borroto-Escuela et al., 2013; Fuxe et al., 2014a), together with confocal laser microscopy,
receptor complexes were identified and visualized as red blobs (clusters, white arrows). PLA blobs were found in high densities per cell in a large number
of nerve cells (picture: 25 9 25 lm, nuclei shown in blue by DAPI, 20 z-layers) in frontal sections of the rat ventral and dorsal striatum (Bregma level:
1.00 mm). No specific PLA blobs were found in the anterior commissure and corpus callosum regions for either complex.
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through other mechanisms regulating gene expression, for
example, histone modifications or miRNAs.

In the dorsal striatum, there was no significant difference
in the mRNA levels of the long or short isoform of the D2R
between long-term drinking and alcohol-na€ıve rats. Further-
more, the gene expression of the long or short isoform of the
D2R did not correlate with individual alcohol intake levels.
These results indicate that alcohol drinking does not affect
Drd2 gene expression in the dorsal striatum. However, the
present findings that A2AR-D2R and sigma1R-D2R
heteroreceptor complexes were changed by alcohol drinking
in the dorsal striatum indicate that alcohol-induced
dopaminergic receptor changes do occur and might con-
tribute to a hypodopaminergic state. In fact, it has recently
been shown that cycles of excessive alcohol consumption and
withdrawal in mice induce changes in synaptic strength serv-
ing to inhibit the D2-positive dorsal striato-pallidal GABA
neurons and that inhibition and excitation of these cells, pro-
motes, and reduces alcohol consumption, respectively
(Cheng et al., 2017).

The present results suggest, to our knowledge for the first
time, that a reorganization of the D2R homo- and A2AR-
D2R heteroreceptor complexes could take place following
long-term alcohol drinking and potentially contribute to the
results in studies showing a reduction in D2R radioligand
binding in AUD (Ravan et al., 2014). Thus, targeting specific
receptor complexes might provide a novel treatment strategy
in AUD. In fact, it has previously been suggested that speci-
fic blockage of the A2AR protomer within the A2AR-D2R
heteroreceptor complex could increase D2R function and
thereby compensate for a dysfunctioning dopamine system
during dependence disorders (Filip et al., 2012; Kravitz
et al., 2015). Furthermore, it was recently shown that
chronic cocaine self-administration, similar to the present
results in long-term drinking rats, increased the density of
A2AR-D2R heteroreceptor complexes in the NAc shell,
decreased the density of sigma1R-D2R heteroreceptor com-
plexes in the dorsal striatum, and had no effect on the density
of either receptor complex in the NAc core. In contrast to
the present results, cocaine self-administration increased the
density of sigma1R-D2R heteroreceptor complexes in the
NAc shell and caused a nonsignificant reduction in the den-
sity of the A2AR-D2R heteroreceptor complexes in the dor-
sal striatum (Borroto-Escuela et al., 2017).

The finding that the density of A2AR-D2R heteroreceptor
complexes was increased in the NAc shell, but not in the
NAc core, indicates that long-term alcohol consumption

induces different effects in these subregions. This suggestion
is in line with studies showing that drugs of abuse preferen-
tially induce dopamine release in the NAc shell compared to
the core (Pontieri et al., 1995) and that alcohol is self-
administered into the NAc shell, but not NAc core (Engle-
man et al., 2009). Furthermore, the finding that A2AR-D2R
heteroreceptor complexes were increased, whereas D2R-
D2R homoreceptor complexes were decreased could indicate
that the A2AR-D2R increase is driven by changes in the
A2AR. However, our present results, showing no effect on
Adora2a gene expression, indicate that the observed changes
are related to a reorganization of the heteroreceptor com-
plexes studied. However, subregion-specific changes of
Adora2a gene expression might have been missed, because it
is not possible to differentiate between NAc subregions using
brain dissection. Nevertheless, to the best of our knowledge,
no differences between NAc core and shell have been
reported for A2AR levels.

The significantly increased density of A2AR-D2R
heteroreceptor complexes in the NAc shell and dorsal stria-
tum of the long-term alcohol drinking rats in the present
study could possibly indicate that alcohol indirectly may
have induced conformational changes in the A2AR and/or
D2R, enhancing the affinity between these 2 receptors. Such
changes could lead to increased antagonistic allosteric
A2AR-D2R receptor–receptor interactions (Borroto-Escuela
et al., 2017). Due to the role of the sigma1R as an adaptor
protein in receptor complexes (Navarro et al., 2013), the sig-
ma1R could be part of the A2AR-D2R heteroreceptor com-
plex (Borroto-Escuela et al., 2016). The formation of higher
order complexes (A2AR-D2R-sigma1R) contributes to con-
formational changes, as well as to an altered balance and
expression level of multiple complexes. Thus, the higher den-
sity of the D2-sigma1 heteroreceptor complexes in the NAc
shell and dorsal striatum, compared to the NAc core
(Fig. 6), could potentially contribute to the present region-
specific alcohol-induced increase in the A2AR-D2R
heteroreceptor complexes via the formation of the A2AR-
D2R-sigma1R complex.

It could be argued that the stronger staining in the cortex
in relation to the striatum (Fig. S5) could be due to unspeci-
fic binding of the A2A antibody. Nevertheless, the present
level of A2AR immunoreactivity distribution in the striatum
is in line with previous publications on striatal A2AR
immunoreactivity (Durieux et al., 2009; Trifilieff et al.,
2011). It should, however, be considered that cortical, but
not striatal, A2AR immunoreactivity could potentially be

Fig. 6. Effects of voluntary alcohol drinking on striatal density of the D2R-D2R homoreceptor, A2AR-D2R, and sigma1R- D2R heteroreceptor com-
plexes. Rats were exposed to intermittent access to 20% ethanol (alcohol, 4.7 � 0.4 g/kg/24 h) or 2 bottles of water (age-matched alcohol-na€ıve control),
respectively, for at least 12 weeks. Effects of alcohol drinking on the density of D2R complexes in the nucleus accumbens (NAc) core and shell and the
dorsal striatum (STR) were quantified using in situ proximity ligation assay (PLA). Data were analyzed using 2-way ANOVA followed by Bonferroni post
hoc with brain region and drinking condition as factors (n = 3 to 4, per group). There was a significant effect of alcohol drinking on D2R-D2R homorecep-
tor complexes, but no drinking condition*brain region interaction (A). Alcohol drinking significantly increased the density of A2AR-D2R heteroreceptor
complexes in the NAc shell and the dorsal striatum, but not in the NAc core (B). Alcohol drinking significantly decreased the density of sigma1R-D2R
heteroreceptor complexes in the dorsal STR, but not in the NAc core or shell (C). Values represent group mean�SEM number of positive PLA dots per
nuclei/sample field, for each rat given asmean values of 3 pictures (40 9 40 lm). **p < 0.01 compared to corresponding alcohol-naı̈ve controls.
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higher in rat than that observed in previous work in mice
(Durieux et al., 2009; Trifilieff et al., 2011). An unspecific
immunoreactivity with the commercial A2AR antibodies
used is therefore possible. However, such an unspecific pro-
tein staining, if at all present in the striatum, will most likely
not physically interact with striatal D2R and form a hetero-
mer, which is visualized with PLA, as is the case for the
A2AR. Thus, PLA clusters will not appear between an
unspecifically stained protein and D2Rs because they proba-
bly do not physically interact with each other.
In conclusion, the present study demonstrates that long-

term voluntary alcohol consumption induces changes of the
D2R in the striatum, including gene expression and receptor
complexes in Wistar rats. Together with our previous micro-
dialysis study (Feltmann et al., 2016), these findings are in
line with the dopamine deficiency hypothesis in AUD
(Ravan et al., 2014) and might contribute to novel treatment
strategies in dependence disorders (Filip et al., 2012; Kravitz
et al., 2015).
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