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Abstract
There is increasing evidence for a daily rhythm of µ-opioid receptor (MOR) efficacy 
and the development of alcohol dependence. Previous studies show that β-arrestin 
2 (bArr2) has an impact on alcohol intake, at least partially mediated via modulation 
of MOR signaling, which in turn mediates the alcohol rewarding effects. Considering 
the interplay of circadian rhythms on MOR and alcohol dependence, we aimed to 
investigate bArr2 in alcohol dependence at different time points of the day/light cycle 
on the level of bArr2 mRNA (in situ hybridization), MOR availability (receptor autora-
diography), and MOR signaling (Damgo-stimulated G-protein coupling) in the nucleus 
accumbens of alcohol-dependent and non-dependent Wistar rats. Using a microarray 
data set we found that bArr2, but not bArr1, shows a diurnal transcription pattern in 
the accumbens of naïve rats with higher expression levels during the active cycle. In 
3-week abstinent rats, bArr2 is up-regulated in the accumbens at the beginning of the 
active cycle (ZT15), whereas no differences were found at the beginning of the inac-
tive cycle (ZT3) compared with controls. This effect was accompanied by a specific 
down-regulation of MOR binding in the active cycle. Additionally, we detect a higher 
receptor coupling during the inactive cycle compared with the active cycle in alcohol-
dependent animals. Together, we report daily rhythmicity for bArr2 expression linked 
to an inverse pattern of MOR, suggesting an involvement for bArr2 on circadian regu-
lation of G-protein coupled receptors in alcohol dependence. The presented data may 
have implications for the development of novel bArr2-related treatment targets for 
alcoholism.
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β-arrestin 2, β-arrestin 2 overexpression virus, µ-opioid receptor, animal model of alcoholism, 
circadian regulation, receptor autoradiography

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of International Society for Neurochemistry.

mailto:﻿
https://orcid.org/0000-0003-1821-3920
mailto:anita.hansson@zi-mannheim.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjnc.15559&domain=pdf&date_stamp=2022-01-04


    |  455MEINHARDT et al.

1  |  INTRODUC TION

Excessive alcohol consumption remains to be a serious public health 
issue accounting for over 3 million deaths per year globally (WHO, 
2018). Alcohol has a strong ability to induce neuroadaptations that 
promote its incentive salience, formation of strong consumption 
habits, and addictive behaviors, often leading to the development 
of alcohol use disorder (AUD). The condition is highly prevalent, es-
pecially in industrialized countries; nevertheless, AUD is among the 
most under-recognized and under-treated health conditions (Shield 
& Rehm, 2019). Only a few medications are widely approved for 
the treatment of AUD, among them the non-selective opioid an-
tagonists naltrexone and nalmefene, which in fact demonstrated 
proof-of-concept for a neuropharmacologic intervention to relapse 
prevention (Volpicelli et al., 1992). However, these medications have 
a modest overall effect size, with a wide range of individual treat-
ment responses (Jonas et al., 2014). So far, the source of this high 
heterogeneity of clinical outcomes in AUD is not well understood 
and generates a strong incentive for research to better understand 
the mechanisms of action of existing medications to improve phar-
macotherapeutic treatment strategies (Heilig et al., 2019).

Among the numerous physiologic effects that alcohol consump-
tion has, and which it shares with most other drugs of abuse, the 
disruption of the circadian rhythmicity that is observed at different 
levels such as sleep disturbances, for example, changes in latency 
(the time needed for the initiation of the REM phase after falling 
asleep), density (the number of REM phases during a sleeping ses-
sion), and percent REM sleep, leading to anticipated awakening and 
an increased amount of total time spent awake (Feige et al., 2006; 
MacLean & Cairns, 1982; Williams et al., 1983), body temperature 
alterations, such as a shift in rhythmicity and a reduction of the am-
plitude of the body temperature changes throughout the day (Danel 
et al., 2001), and hormonal secretions (Rachdaoui & Sarkar, 2013). 
Similar effects have been observed also for other drugs of abuse 
(Schierenbeck et al., 2008; Vescovi et al., 1992).

Such disruption of the circadian rhythm is most probably caused 
by the effects that alcohol has on the so-called “clock genes”; these 
are a series of genes that code for transcriptional factors (e.g., 
Cryptochromes 1 and 2 [Cry1, Cry2], Periods 1, 2, and 3 [Per1, Per2, 
Per3], Rev-Erbα and Rev-Erbβ) that in turn regulate the rhythmic 
expression of several targets “clock-controlled genes” (CCGs), both 
in the CNS and in the periphery (Partch et al., 2014). It has been 
demonstrated that exposure to drugs of abuse profoundly affects 
the expression of clock genes in the brain of rodents and humans 
(Halbout et al., 2011; Logan et al., 2014; Perreau-Lenz & Spanagel, 
2008), while the modulation of clock gene expression has a strong 
impact on the manifestation of drug-related responses. In turn, al-
tered circadian rhythmicity can affect the expression of genes in the 
central nervous system (Manev & Uz, 2006).

Together, there is an extensive body of evidence in both an-
imals and humans indicating bidirectional relationships between 
the circadian system and drugs of abuse (for review, see Spanagel 
et al., 2005), ultimately leading to profound health consequences, 

including the development and progression of addiction. Patients 
with AUD display disrupted rhythms (Conroy et al., 2012; Fakier & 
Wild, 2011; Kovanen et al., 2010; Sjoholm et al., 2010; Vescovi et al., 
1992), and chronic disruption has been found to increase the risk for 
substance abuse and relapse (Brower, 2003; Brower et al., 2001).

A key brain region for the control of motivated behaviors is the 
nucleus accumbens (Acb), where many signals for various sources 
are integrated including interactions of dopamine and opioid sys-
tems. These interactions play a particular role in the mediation of 
alcohol reward and are profoundly disturbed in alcohol use disorder 
(for review, see Hansson et al., 2019). Experiments in animals and 
humans have shown that opioid peptides with activity at µ-opioid re-
ceptors (MORs) are released by alcohol intake (Mitchell et al., 2012) 
and contribute to alcohol reward by activating the mesolimbic dopa-
mine system and leading to dopamine release in the Acb (Hansson 
et al., 2019; Imperato & Di Chiara, 1986; Johnson & North, 1992; 
Ramchandani et al., 2011; Spanagel & Weiss, 1999).

MOR is a G-protein-coupled receptor (GPCR) shown to be cir-
cadian regulated, with varying expression levels throughout the day 
(Mitchell et al., 1998; Takada et al., 2013). As a GPCR, MOR lev-
els and function are modulated, among the others, by a series of 
protein–protein interactions with adaptors or scaffolding proteins 
such as β-arrestins (Bjork & Svenningsson, 2011; Bockaert et al., 
2010; Porter-Stransky & Weinshenker, 2017; Shenoy & Lefkowitz, 
2011). β-arrestins are strongly expressed in the Acb and have been 
shown to facilitate rapid MOR endocytosis upon stimulation in stri-
atal neurons (Haberstock-Debic et al., 2005). From the two known 
variants of β-arrestins (bArr1 and bArr2), bArr2 has a higher affinity 
for MOR, making it a likely candidate for modulating the effects of 
drugs of abuse (Oakley et al., 2000).

Indeed, several lines of evidence link bArr2 to alcohol reward. 
For instance, rats selectively bred for alcohol preference show ele-
vated levels of bArr2 mRNA in the Acb, dorsal striatum, and hippo-
campus compared with alcohol-avoiding rats, while bArr2-knockout 
mice voluntarily consume less alcohol (Bjork et al., 2008). High lev-
els of bArr2 thus lead to increased alcohol intake, whereas elimi-
nating the protein reduces alcohol consumption. When specifically 
assessing the rewarding properties of alcohol, bArr2-KO mice also 
display an enhanced conditioned place preference for low doses of 
alcohol (Li et al., 2013), a sensitized dopamine release in the Acb, an 
increased reward upon low doses of alcohol (Bjork et al., 2013), and 
altered excitability of accumbal D2 receptor medium spiny neurons 
(Porter-Stransky et al., 2020). Despite these observations, the role of 
bArr2 in the development of AUD is less clear.

Arrestin in the visual system is a member of the same bArr2 
family and is known for having a diurnal and possibly a circadian 
regulation (Battelle et al., 2000; Bowes et al., 1988; Craft et al., 
1990; McGinnis et al., 1992). This indicates a possible circadian 
regulation also for the non-visual bArr2 and therefore a possi-
ble effect on the regulation of MOR levels. Furthermore, bArr1 
was also found to show a circadian expression pattern in humans 
(Tomita et al., 2019). However, it is not known whether the circa-
dian rhythm regulates the expression of bArr2 in the brain and 
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if this mechanism is altered in alcohol dependence, which might 
have an impact on MORs, and consequently on dependence and 
treatment effects.

Therefore, the present study aimed to evaluate possible circa-
dian effects on bArr2 and MOR transcription in alcohol-dependent 
and non-dependent Wistar rats. We used a well-established rodent 
model of alcohol dependence that leads to intoxication levels similar 
to those seen in clinical AUD by chronic intermittent ethanol vapor 
exposure (CIE) (Goldstein & Pal, 1971; O'Dell et al., 2004; Rimondini 
et al., 2002; Rogers et al., 1979). The procedure induces long-lasting 
behavioral and pronounced molecular changes in all major domains 
of the addiction circuitry, that is, in motivational, emotional, and cog-
nitive neuronal circuitries (Meinhardt & Sommer, 2015). Three-week 
abstinent rats were used to study bArr2 transcripts as well as MOR 
availability and MOR G-protein coupling.

2  |  MATERIAL S AND METHODS

2.1  |  General experimental procedures

Experiments 1–3 were conducted in male Wistar rats 
(RRID:RGD_737929) obtained from Charles River (Sulzfeld). Rats 
were 8  weeks of age at the beginning of the experimental proce-
dures (initial weight 220–250 g). For Experiment 4, Sprague-Dawley 
(SD) rats were used (n = 4, male, adult, mean body weight 440 g).

All rats were group-housed (four animals per Makrolon type 4 
cage) under a 12-h light/dark cycle with ad libitum access to water 
and food.

Brain collection was performed after decapitation, the brains 
were then extracted and snap-frozen by immersion in −40°C liquid 
isopentane, then stored at −80°C until further processing.

The complete study was designed according to the 3R an-
imal welfare principles, and all experiments were approved by 
the institutional Committees on Animal Care and Use and by the 
Regierungspräsidium Karlsruhe (AZ 35–9185.81/G-183/09 and AZ 
35–9185.81/G-245/12) and were performed in accordance with the 
European and German national guidelines.

2.2  |  Experiment 1. Circadian regulation of bArr2 
in the nucleus accumbens

2.2.1  |  Animals and general 
experimental procedures

For this experiment, a total of 24 rats (N = 6 per time point) were 
used. The animals were kept in their home cages for 8 weeks after 
which they were sacrificed at different time points throughout the 
day according to the Zeitgeber (ZT) notation (lights on from 00 until 
12 h and lights off from 12 until 24 h). The time points used were 05, 
11, 17, and 23 h referred to as ZT05, ZT11, ZT17, and ZT23, respec-
tively. Collections at time points ZT17 and ZT23 were performed 

under red light to maintain the circadian rhythm. Six rats per time 
point were used (Figure 1).

2.2.2  |  Microarray experiment to evaluate circadian 
effects for bArr2

The frozen rat brains were cut into 120-µm-thick coronal slices at an 
ambient temperature of −20°C in a Leica CM 3000 Cryostat (Leica). 
The nucleus accumbens was identified according to images from a 
rat brain atlas (Paxinos & Watson, 1998) and extracted with 0.75–
1.5  mm diameter tissue punches (Stoelting). RNA was isolated by 
phenol–chloroform extraction (Chomczynski & Sacchi, 1987). One 
milliliter of TRIzol Reagent (Life Technologies), a monophasic solu-
tion of phenol, and the chaotropic agent guanidinium thiocyanate 
were added to the punched tissue samples, and the suspensions 
were homogenized by multiple passages through a 22-gauge nee-
dle. Samples were filled up with 200 µl of chloroform, mixed, and 
centrifuged to obtain a separation of the aqueous upper and the 
organic lower phase. The RNA-containing upper phases were care-
fully collected and purified with an RNeasy MinElute Cleanup Kit 
(Qiagen) according to the manufacturer's instructions. The concen-
tration and purity of the RNAs were analyzed with a Nanodrop 1000 
Spectrophotometer (Peqlab). All samples had a ratio of absorption 
at 260  nm versus 280  nm in the range of 1.8–2.2, signifying low 
contamination with leftover proteins. RNA integrity was further 
analyzed with an Agilent 2100 Bioanalyzer (Agilent Technologies). 
All samples had RNA integrity number (RIN) values above eight. 
RNA samples were treated with the Illumina TotalPrep RNA 
Amplification Kit (Life Technologies) following the manufacturer's 
protocol. The cRNA was hybridized on the microarrays using the 
RatRef-12 Expression BeadChip Kit (Illumina) following the manu-
facturer's protocol. In brief, 750 ng cRNA per sample were hybrid-
ized on RatRef-12 Expression BeadChips and incubated for 14 h on 
a rocker mixer. BeadChips were subjected to two washing steps ac-
cording to the manufacturer's protocol to remove unbound cRNA. 
BeadChips were then stained with Cyanine 3 coupled to strepta-
vidin which binds to the biotinylated UTPs of the cRNA. This was 
followed by another washing step. BeadChips were scanned on an 
Illumina BeadArray Reader using Bead Scan Software (Illumina) and 
read out as text files. The most up-to-date Illumina annotation for 
the RatRef-12 Bead Array was used (V1 0 R5 11222119 A).

2.3  |  Experiment 2. Effects of alcohol dependence 
on bArr2 and MOR during the active cycle

2.3.1  |  Induction of alcohol dependence

To induce alcohol dependence, 16 rats were exposed to chronic in-
termittent alcohol vapor (CIE) as described previously (Rimondini 
et al., 2002). Briefly, rats were exposed to ethanol vapor for a 
total exposure period of 7  weeks. Every week the animals were 
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exposed to alcohol vapor for 5 days (from Monday to Friday) com-
bining daily intoxication sessions of 14  h of ethanol vapor with 
10 h of withdrawal sessions (in which no alcohol vapor was deliv-
ered), daily intoxication sessions started at the beginning of the 
active cycle. No alcohol vapor was delivered during the weekends. 
Vapor exposed animals did not receive any loading dose or pyra-
zole treatment throughout the procedure. Control rats were in-
stead exposed to normal airflow for the entire period, obtaining 
in this way two independent groups. The alcohol was delivered 
by dosing pumps (Knauer) into electrically heated stainless-steel 
coils (60°C) connected to an airflow of 18  L/min. Blood alcohol 
concentration (BAC) was controlled twice per week immediately 
after the end of the intoxication session and maintained between 
150 and 250 mg/dl. These induced BAL values have been shown 
appropriate to induce dependence in male rats (Hirth et al., 2016; 
Meinhardt & Sommer, 2015; Rimondini et al., 2002). Signs of mild 
withdrawal, such as tail stiffness and piloerection, were observed 
during the off-intervals by the end of the 7-week exposure pe-
riod, but withdrawal intensity never reached seizure levels (Hirth 
et al., 2016; Rimondini et al., 2002). After the last exposure cycle, 
exposed rats were kept in abstinence for 3  weeks. Finally, both 
dependent (n = 8) and control (n = 8) groups were sacrificed by 
decapitation at the beginning of the active cycle (ZT15–ZT16) 
(Figure 1). Brains were snap-frozen in −40°C isopentane and 
stored at −80°C until further processing.

G*Power analysis (two-tailed unpaired t test; α  =  0.05; 
power  =  0.80) conducted in previous CIE rats (Hirth et al., 2016; 
Meinhardt et al., 2021; Sommer et al., 2008; Uhrig et al., 2017) sug-
gested a total of 16 rats (N = 8/group) with an effect size of Cohen's 
d = 1.5.

2.3.2  |  In situ hybridization on rat brain sections

Fixation
For fixation, 12  µm coronal brain sections were warmed to room 
temperature and incubated in 4% paraformaldehyde (PFA) in PBS 
for 15 min, washed for 10 min in PBS, and twice in sterile water for 
5  min. After treatment with 0.1  M HCl for 10  min and two times 
5 min with PBS, brain sections were incubated in 0.1 M triethanola-
mine (pH 8) and 0.25% acetic anhydride for 20 min in order to acety-
late proteins. Subsequently, sections were washed twice in PBS for 
5 min, once in sterile water for 1 min, and dehydrated in a graded 
series of ethanol (70%, 80%, and 99%; 2 min each). After air-drying, 
sections were stored at −80°C in sealed boxes with silica gel to avoid 
moisture.

Probe generation
Gene-specific riboprobes for bArr2 were designed from RefSeq 
NM_012911.1 in from the position 1238 to 1679 are described in 
Bjork et al. (2008) and were generated by PCR. Radioactively labeled 
riboprobes were generated by in vitro transcription. For this, 200 ng 
DNA was incubated with 1x transcription buffer, 12.5 nmol ATP, CTP, 
GTP, 50  pmol UTP, and 125  pmol Uridine 5-(α-thio)triphosphate-
[35S] (Perkin Elmer #NEG739H001MC, 2015), 1 U RNase inhibitor, 
and 1 U polymerase for 90–120 min at 37°C. Afterward, the DNA 
template was digested by DNAase (20 min, 37°C), and riboprobes 
were purified using IllustraTM MicrospinTM S-200 HR Columns.

Probe hybridization and washing
Fixed tissue sections were incubated in prehybridization buffer 
(100  mM Tris–HCl, pH 7.6, 5  mM EDTA, 5x Denhardt's solution, 

F I G U R E  1  Timeline presentation of conducted experiments
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1.25 mg/ml yeast tRNA, 40 mM NaCl) diluted 1:1 with deionized for-
mamide for 2–4 h at 37°C followed by incubation with hybridization 
mix containing 10 000 CPM/µl at 55°C overnight. The hybridization 
mix consisted of 50% deionized formamide, 150 mM DTT, 330 mM 
NaCl, and 10% dextran sulfate, 1x basic mix (10x basic mix: 200 mM 
Tris–HCl, pH 7.6, 10  mM EDTA, 10x Denhardt's solution, 5  mg/ml 
yeast tRNA, 1 mg/ml polyadenylic acid). Sections were washed once 
for 40  min followed by two washing steps for 30  min in 1x SSC at 
42°C. If necessary, sections were incubated in formamide (1:1 diluted 
with 1x SSC) for 1 h followed by two times 1x SSC. RNase treatment 
(2  mg/100  ml RNase buffer) was carried out at 37°C for 1  h. The 
enzyme reaction was stopped by washing the sections in 1x SSC at 
55°C twice for 30 min. Sections were dipped in water for 2 min and 
dehydrated in a graded series of ethanol (70%, 80%, 99%; 2 min each). 
Fujifilm BAS imaging plates were exposed to sections for 1 week.

2.3.3  |  Receptor autoradiography

Receptor autoradiographies with [3H]-Damgo were performed under 
saturated conditions as described by Bork et al. (2013) and Hermann 
et al. (2017). Kd values, the dissociation equilibrium constant describ-
ing the affinity for a specific receptor, and Bmax values, describing the 
maximum density of the receptor, were as follows: Kd 0.7 ± 0.1 nM 
and Bmax 10.3 ± 1.8 fmol/mg (Sharif & Hughes, 1989). Sections were 
preincubated in 50 mM Tris, pH 7.4, 5 mM MgCl2, and 1 mM EDTA 
twice for 15 min. Afterward, incubation buffer containing 1 nM or 
8 nM [3H]-Damgo (Damgo, [Tyrosyl-3,5-3H(N)]-, spec. activity 50–
51 Ci/mmol, Perkin Elmer #NET902250UC, 2015) was applied onto 
sections and incubated for 2 h at 30°C. Incubation buffer consisted 
of 50 mM Tris, pH 7.4, 5 mM MgCl2, 1 mM EDTA, 0.1 mM Bacitracin, 
and 0.1% bovine serum albumin. For measuring non-specific binding 
on adjacent sections, 1 µM CTOP (Tocris, PubChem ID: 90479805) 
was added. Sections were washed three times for 2 min at 4°C in 
50 mM Tris–HCl, pH 7.4, dipped in ice-cold water and dried in a cold 
air stream.

2.3.4  |  G-protein coupling of MOR assessed by 
[35S]-GTPγS assays

Sections were washed in 20  mM Tris–HCl, pH 7.4, 5  mM MgCl2, 
and 1 mM EDTA twice for 15 min and then pretreated in incubation 
buffer containing 1 mM GDP. Incubation buffer contained 20 mM 
Tris–HCl, pH 7.4, 5 mM MgCl2, 1 mM EDTA, 100 mM NaCl, 1 mM 
DTT, and 0.1% bovine serum albumin. G-protein coupling of MOR 
was determined by adding 10 mM GDP, 80 pM [35S]-GTPγS (Perkin 
Elmer #NEG030H250UC, Massachusetts, 2016), and the MOR-
specific agonist Damgo (1 µM, Tocris). Basal G-protein coupling was 
measured in the absence of Damgo but in the presence of the vehicle 
(acetonitrile). Incubation took place at 30°C for 1 h. Sections were 
then washed in 20 mM Tris–HCl and 100 mM NaCl two times for 
2 min, rinsed in ice-cold water and air-dried.

2.3.5  |  Autoradiographic image analysis

After performing in situ hybridizations, receptor bindings or [35S]-
GTPγS autoradiographies, Fujifilm BAS imaging plates (Fujifilm) were 
exposed to the sections. The plates were then scanned with a phos-
phoimager (Typhoon FLA 700, GE Healthcare). Mean density val-
ues were measured using the MCID software (MCID Image Analysis 
Software Solutions for Life Sciences). For in situ hybridization ex-
periments, a sense probe was generated to measure unspecific bind-
ing that was subtracted from antisense signals. In [35S]-GTPγS assay 
studies, basal and stimulated (in the presence of a specific agonist) 
was measured on adjacent sections, and the percentage of stimu-
lated after agonist application was calculated for every sample. Total 
and non-specific binding (in the presence of a specific blocker) were 
determined for receptor-binding assays on adjacent sections and 
the non-specific signal was subtracted from the total signal (Bjork 
et al., 2013; Hermann et al., 2017). Based on the known radioactiv-
ity in 14C standards, image values of in situ hybridization and [35S]-
GTPγS assay measurements were converted to nanocurie per mg 
tissue (nCi/mg). Values of measurements of the autoradiographies 
were converted to femtomolar per mg tissue (fmol/mg) based on 3H 
standard values and the specific activity of the tritiated ligand, its 
Kd and Bmax values as described previously (Hermann et al., 2017; 
Hirth et al., 2016; Sommer et al., 2014). These values were used for 
statistical analysis.

2.4  |  Experiment 3. Effects of alcohol dependence 
on bArr2 and MOR during the inactive cycle

Everything was repeated exactly as in Experiment 2, the only differ-
ence was the time point of the day in which the alcohol-dependent 
(n = 8) and the control (n = 8) groups were sacrificed, which was at 
the beginning of the inactive cycle (ZT2-3) (Figure 1).

2.5  |  Experiment 4. Site-specific effects of bArr2 
overexpression on MOR availability in the nucleus 
accumbens core

2.5.1  |  AAV vector injection

Injection of bArr2 overexpressing adeno associated viral vector 
(AAV) was performed on naïve SD rats (n = 4) in the nucleus accum-
bens core (AcbC) (Figure 1). To minimize animal suffering, rats were 
treated with Carprofen (5 mg/kg, s.c.) 1-h prior surgery, lidocaine (1–
2%) was applied on ear bars during surgery and metamizole (3 g/L) in 
the drinking water for 3 days post-surgery. Isoflurane was used as an 
anesthetic during surgery because of its speed of induction and re-
covery. Briefly, anesthesia was induced via a 4% isoflurane–oxygen 
mixture inhalation, after the induction the animals were kept under 
anesthesia with 2–2.5% isoflurane–oxygen mixture throughout the 
operation (flow rate: 1 l/min).
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A WPI microinjection pump with a 33-gauge blunt needle was 
used to deliver 1 μl of bArr2 overexpressing virus (1540 μg/μl) into 
the AcbC of the left hemisphere and 1 μl of control virus (1564 μg/
μl) into the AcbC of the right hemisphere following the atlas of 
Paxinos and Watson (Paxinos 1998) coordinates (M/L[x]: +1.6 and 
−1.6 mm; A/P[y]: +1.6 and +1.6 mm; D/V[z]: −7.4 and −7.4 mm; rel-
ative to Bregma), at a speed rate of 100  nl/min and leaving the 
needle in place for 5 min after the end of the injection to avoid 
backflow.

After surgery, the rats were kept single housed for 5 weeks, 
they were then sacrificed by decapitation during the active cycle. 
Brains were finally extracted and snap-frozen by immersion 
in −40°C liquid isopentane, then stored at −80°C until further 
processing.

bArr2  mRNA levels and MOR availability were assessed as al-
ready described under Experiment 2.

2.5.2  |  AAV vector construction

The injected bArr2 overexpressing AAV1/2 was created based on 
the vector AAV phSyn1(S)-FLEX-EGFP-WPRE, which was a kind gift 
from Hongkui Zeg (Addgene plasmid # 51504; http://n2t.net/addge​
ne:51504; RRID:Addgene_51504); a synthetic Arrb2-T2A fragment 
produced by Invitrogen (containing Rattus norvegicus Arrb2 cDNA; 
NIH_MGC_254) was inserted, and a FLEX switch of the Arrb2-T2A-
eGFP sequence was induced in vitro allowing for constitutive neu-
ronal expression under the control of the synapsin promoter, shortly: 
frozen EL350 cells induced for Cre expression by prior growth in an 
arabinose-containing medium were used for inverting the floxed ex-
pression cassette of the FLEX AAV vector. A 10-mL overnight culture 
of EL350 cells was added to 500 ml of LB broth in a 2 L flask. The 
culture was placed in a water bath shaker at 32°C until OD600 = 0.4 
(2.0  h, 180  rpm). Then 5  ml of 10% L(+)arabinose (Sigma A-3256) 
in H2O was added to the culture to a final concentration of 0.1% 
and shaken at 32°C for another hour. Cells were collected, cell pel-
lets were washed and frozen. Next, 1 ng of plasmid DNA was elec-
troporated into 50 μl of frozen competent cells. Then 1.0 ml of LB 
broth was added to the electroporation cuvette; 10–100 μl of the 
cells were subsequently plated on an ampicillin plate and incubated 
at 32°C overnight. Single colonies were picked from the plate and 
screened for Cre recombination/inversion of the floxed expression 
cassette by restriction digestion.

The packaging of the AAV vector was performed in HEK 293T 
cells, which were co-transfected with the mentioned Arrb2-T2A 
containing plasmid, and with the three helper plasmids pFdelta6, 
pNLrep, pH21, via calcium phosphate; cells were then harvested, 
enzymatically lysed, and AAV1/2 vectors were finally purified with 
heparin columns (Monory et al., 2006). The control virus was created 
in the same fashion but the Arrb2-T2A sequence was not inserted. 
The construction of the AAV construct and the packaging were 
performed at the Institute of Psychopharmacology at the Central 
Institute of Mental Health (ZI), Mannheim.

2.6  |  Statistics

For Experiment 1, microarray data were statistically analyzed using 
LibreOffice 3 and R statistical programming language version 2.15.0. 
For Experiments 2 and 3, data were analyzed by two-way ANOVA 
using region (AcbC/AcbS) and treatment (control/dependence) as in-
dependent factors (using Statistica11 [StatSoft] program), and after 
verification of normal distribution by Shapiro-Wilk test. Additionally, 
the G-protein-coupling data of the dependent animals were ana-
lyzed separately by two-way ANOVA after normalization over the 
inactive cycle using region (AcbC/AcbS) and cycle (active/inactive) 
as independent factors.

The alpha level was set to α <5%. For visualization purposes, data 
in Figure 3 are expressed in percentage. The levels of control rats are 
expressed as 100% and changes in the dependent (CIE) group are 
presented in relation to the control group. Experiment 4 data were 
analyzed by a two-tailed unpaired t test.

We used box plots to describe the distribution of the data and to 
identify outliers. In detail, we defined the 25th (lower quartile “Q1”) 
and 75th (upper quartile “Q3”) percentiles as well as the interquartile 
range (IQ). Data points were considered as outliers in case they were 
found beyond the lower (Q1−3*IQ) or upper outer fence (Q3 + 3*IQ). 
Using this procedure, the following data point were excluded: bArr2 
in situ: two controls for AcbS-inactive, one CIE for AcbC-active and 
AcbS-active; MOR binding: two controls for AcbC-active and AcbS-
active, two CIE for AcbC-active and AcbS-active, three CIE for AcbS-
inactive; [35S]-GTPγS: two controls for AcbC-inactive, AcbC-active 
AcbS-inactive, AcbS-active, three CIE for AcbC-active and AcbC-
inactive, one CIE for AcbS-inactive.

3  |  RESULTS

To investigate a possible circadian rhythm for β-arrestins in the Acb 
under normal physiologic conditions, we assessed the expression 
levels at four different time points throughout 1 day to obtain time-
dependent gene expression profiles (ZT05, ZT11, ZT17, and ZT23) 
(Figure 2). The terminology of time points is according to a stand-
ardized notation, the so-called “zeitgeber time” where ZT00 is the 
beginning of the light phase and ZT12 is the beginning of the dark 
phase (Gerstner & Yin, 2010). These time points were selected to 
present the mid of the light phase, the end of the light phase, the 
mid of the dark phase, and the end of the dark phase. All time points 
were 1 h before the actual mid-time points (ZT06, ZT12, ZT18, and 
ZT24) to allow for the consecutive termination of six animals before 
the start of the next quarter of the day (Figure 2a). bArr2 undergoes 
a diurnal expression pattern with significantly increased expression 
in the active cycle at ZT17 in the Acb (repeated measure ANOVA 
F3,15 = 30.43, p < 0.001). bArr1 by contrast did not show such a pat-
tern F3,15 = 1.33, p = 0.31 (Figure 2b, c).

Next, we determined if the expression of bArr2 is altered in alco-
hol dependence (Figure 3b and d). Alcohol dependence in rats was 
induced by 7 weeks of CIE and brains were analyzed after 3 weeks 

http://n2t.net/addgene:51504
http://n2t.net/addgene:51504
info:x-wiley/rrid/RRID:Addgene_51504
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of abstinence in the active and inactive cycle. Interestingly, transcript 
levels of bArr2 studied by in situ hybridization were significantly up-
regulated in ventral striatal brain region by 52% (nucleus accumbens 
shell [AcbS]: F1,13 = 33.41, p < 0.001) and 54% (nucleus accumbens 
core [AcbC]: F1,13 = 12.97, p < 0.01) during the active cycle of alcohol-
dependent rats compared with controls, whereas no significant differ-
ences were found in the inactive phase (Figure 3d). Since the adaptor 
protein bArr2 is known to influence MOR function and trafficking 
(Bjork et al., 2013; Li et al., 2013), MOR cell surface receptor availability 
was assessed in alcohol-dependent rats. MOR binding sites as mea-
sured by saturated [3H]-Damgo receptor autoradiography were signifi-
cantly reduced in the active cycle by about 10% specifically in regions 
with increased bArr2 transcript levels (AcbS: F1,10 = 6.24, p < 0.05 and 
AcbC: F1,10 = 7.15, p < 0.05, Figure 3e). In accordance with bArr2, stria-
tal MOR-binding sites in the inactive cycle were not altered compared 
with controls (mean control: 80.4  ±  4.54; mean alcohol dependent: 
69.4 ± 5.37; F1,10 = 2.46, p = 0.15), confirming a circadian-regulated 
mechanism for both bArr2 and MOR.

Next, we studied the MOR function again in both the ac-
tive and the inactive cycle. When comparing the accumulation of 
[35S]-GTPγS, representing coupling of the receptor to intracel-
lular G-proteins, the DAMGO stimulated [35S]-GTPγS signal was 
increased in dependent animals compared with controls in both 
the active (249%, F1,21 = 16.71, p < 0.001) and the inactive (67%, 
F1,20 = 136.91, p < 0.001) cycle (Tables 1–2). In both cycles, we found 
increased coupling in the AcbS compared with the AcbC (main effect 
of region: active [F1,21  =  17.97, p  <  0.001], inactive [F1,20  =  52.89, 
p < 0.001]). When analyzing the G-protein coupling data specifically 
in dependent animals, we found significantly lower coupling during 
the active cycle compared with the inactive cycle (main effect of 
cycle [F1,21 = 11.24, p < 0.01], Figure 3g), thus confirming the results 
observed with DAMGO receptor autoradiography. We also found a 
significant main effect of region (F1,41 = 24.14, p < 0.001) with higher 
coupling within the AcbC of alcohol-dependent animals, and no 
cycle x treatment interaction.

To test the hypothesis whether bArr2 could have a direct impact 
on MOR levels, we locally injected a recombinant AAV virus over-
expressing bArr2 in the AcbC of naïve rats (n = 4). After a period of 
5 weeks to allow for the expression of the transgene, rats were sac-
rificed in the active cycle (ZT 14) and measured for both the levels 
of bArr2 mRNA and MOR availability (Figure 4) with the same tech-
niques (in situ hybridization and saturated [3H]-DAMGO-binding 
assay) used for the previous measurements. As expected, we found 
a strong increase of bArr2 mRNA (172%, p = 0.001, Figure 4c) com-
pared with the contralateral injected control virus site. In the same 
area, we observed a significant down-regulation of MORs (−44%, 
p = 0.006) after overexpressing Arrb2 (Figure 4c and d).

4  |  DISCUSSION

The presented data suggest a so far unrecognized diurnal rhythm of 
bArr2 in the brain, resulting in increased transcript levels within the 
ventral striatum during the active cycle. This circadian bArr2 is dis-
rupted in alcohol dependence showing an up-regulation in the active 
phase. The altered expression of bArr2 in alcohol dependence is ac-
companied by a down-regulation of MOR availability and functions. 
Using a genetic overexpression technique, we established a causal 
link between bArr2 abundance and the internalization of MOR.

Here we show that bArr2, but not bArr1, has a daily oscillating 
expression, with a peak at the beginning of the active cycle, along 
with several other core clock genes (published in Stählin, 2013). 
So far, it has not been known that bArr2 is regulated by the circa-
dian clock. Both bArr1 and bArr2 genes could potentially be mod-
ulated by some of the clock genes’ products, for example, Bmal1 
(Arntl), which binds to an E-box motif (sequence: CACGTG). Using 
the Eukaryotic Promoter Database (EPD) and JASPAR (a database 
of transcription factors binding motifs), we predicted at least two 
possible Bmal1-binding sites in both the Arrb1 promoter (at −262 
and at −240 bp) and Arrb2 promoter (at −430 and −17 bp) of the 

F I G U R E  2  bArr2 transcript levels show a diurnal expression pattern in the nucleus accumbens. (a) Time points of brain collection from 
rats throughout the circadian rhythm in zeitgeber time (ZT) notation with lights on from 00 h to until 12 h and lights out from 12 h to until 
24 h. The gray-shaded areas correspond with the four time slots for collection starting at 05, 11, 17, and 23 h. Daily expression patterns 
of bArr1 (b) and bArr2 (c) mRNA levels in the Acb were measured by Illumina microarray and are presented as logarithmic values of the 
normalized expression intensities (N = 6 rats/ZT). Each black dot represents one animal. bArr2 shows opposed to bArr1 a diurnal expression 
pattern in the accumbens region
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rat genome (Rattus norvegicus), using a cut-off (p value) of 0.001. 
The E-box in position −262 of Arrb1 promoter and the E-box in 
position −430 of Arrb2 promoter were also identified as possible 
binding sites for Clock protein using the same cutoff. Considering 
that Bmal1 and Clock often work together forming the heterodi-
mer CLOCK::BMAL1 (Huang et al., 2012), these two E-box motifs 
represent potential binding sites for Bmal1 and Clock. Clearly, the 
mere presence of such motifs does not mean that CLOCK::BMAL1 
actually recognizes and binds them in vivo, this needs to be ver-
ified via specific experimental procedures (e.g., Chip-Seq), as a 
prediction of transcription factor binding has a high rate of false 
positives. It is also important to consider that CLOCK::BMAL1 can 
also bind to different regions than promoters (e.g., cis-acting ele-
ments localized within introns or far away from the promoter) and 
can recognize and bind non-canonical E-box sequences (Yoshitane 
et al., 2014). Furthermore, CLOCK::BMAL1 complex has been 

recently proposed to be mainly involved not in direct activation 
of target genes but rather in indirect activation/repression of tar-
get genes through modification of the chromatin state, allowing 
for “secondary” modulatory proteins to intervene (Trott & Menet, 
2018). This would explain why many CCGs, even though they are 
bound by CLOCK::BMAL1 within the same time window in almost 
all tissues, are differentially regulated and, in our specific case, 
it would give a plausible explanation for why, even though both 
Arrb1 and Arrb2 seem to have E-box motifs, only bArr2 shows a 
diurnal expression pattern in the Acb. This is not new, as other 
studies have found the same protein to have or not have a diurnal 
expression pattern depending on the tissue analyzed: in a recent 
study by Mavroudis et al. (2018), for example, in which a math-
ematical tool (JTK_CYCLE algorithm) used to recognize circadian 
patterns was applied on microarray data taken from four different 
rat tissues (lung, muscle, adipose, and liver), both bArr1 and bArr2 

F I G U R E  3  MOR-binding sites are significantly decreased in regions with increased bArr2 transcript levels in the active cycle along with 
decreased coupling of MOR in the active cycle within the nucleus accumbens. (a) Schematic illustration of coronal rat brain sections with 
regions analyzed according to Paxinos and Watson (1998). Representative autoradiogram showing the expression pattern of bArr2 mRNA 
(b) and MOR-binding sites (c) in the striatal region. (d) bArr2 mRNA levels were measured by in situ hybridization and are presented as % 
control ± SEM (N = 8/group). Levels are strongly increased in the nucleus accumbens shell (AcbS) and core (AcbC) of alcohol-dependent 
animals. In the same region, a significant reduction of MOR (e) was detected indicating a role of bArr2 in MOR regulation. MOR-binding sites 
were measured by [3H]-Damgo receptor autoradiography and are here represented as normalized data compared with control animals (% 
control ± SEM). (f) The specific distribution of [35S]-GTPγS accumulation in the presence of Damgo stimulation in the striatum (left image) 
and without stimulation (right image) is shown in the representative autoradiogram. (g) G-protein coupling of the MOR is significantly lower 
in the active cycle compared with the inactive cycle in dependent rats. Graphs in d and e: dots colored in blue ( ) represent the control 
group, dots colored in red ( ) represent dependent rats; in (g): dots colored in green ( ) represent alcohol-dependent rats in the inactive 
cycle; dots colored in orange ( ) represent dependent rats in the active cycle. Asterisks indicate the main effect of treatment analyzed by 
two-way ANOVA (**p < 0.01, ***p < 0.001)
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were found to show a circadian expression pattern in the lung tis-
sue but not in the others.

We could then demonstrate that bArr2 does not only show a 
diurnal rhythm but that bArr2 is up-regulated in the first half of the 
active cycle in alcohol dependence compared with controls. We 
focused on this time period since previous large-scale microarray 
data in the nucleus accumbens, investigating the circadian rhythm 
in short- and long-term alcohol-drinking rats (Stählin, 2013), showed 
that this was the main period of alcohol-induced alterations. The 
finding of up-regulated bArr2 is accompanied by a down-regulation 
of MOR binding in the active cycle as well as a decreased Damgo-
stimulated [35S]-GTPγS accumulation, suggesting a role of bArr2 in 
the development and maintenance of these neuroadaptations.

Unexpectedly, however, we found MOR G-protein coupling to 
be generally increased in alcohol-dependent rats compared with 
controls, suggesting a possible not yet characterized hypersensitiza-
tion state of the MORs during alcohol abstinence which may lead to 
an enhanced MOR response or signaling upon an opioidergic stim-
ulation (arising, for example, from an alcohol challenge), even with 
reduced MOR availability on the cell surface.

Here we studied alcohol-induced dysregulations in rats with a 
history of alcohol dependence, that is, by exposure to daily cycles 
of intermittent alcohol vapor intoxication and withdrawal, a para-
digm that produces high intoxication with brain alcohol levels above 
200 mg/dl and induces behavioral and molecular changes relevant 
for the pathophysiology of alcoholism in both rats and mice (Becker 

& Lopez, 2004; Hansson et al., 2008; Melendez et al., 2012; O'Dell 
et al., 2004; Rimondini et al., 2002, 2003, 2008; Roberts et al., 2000; 
Rogers et al., 1979; Sommer et al., 2008). Animals derived from this 
procedure are termed “post-dependent” to emphasize the fact that 
neuroadaptations induced through a history of alcohol dependence 
remain even in the absence of continued ethanol intoxication. 
Notwithstanding the apparent lack of face validity, this procedure 
has consistently shown to produce long-lasting “addiction-like” be-
haviors as well as pronounced molecular changes in all major domains 
of the addiction circuitry, that is, in motivational (Hirth et al., 2016), 
emotional (Sommer et al., 2008), and cognitive circuits (Meinhardt 
et al., 2013, 2021). In this sense, post-dependent animals may model 
the increased propensity to relapse in abstinent alcoholic patients 
reviewed in Meinhardt and Sommer (2015).

In our study, we used for the molecular analysis the 3-week 
abstinence time point. In numerous well-cited review articles, we 
have chosen the same time point for both behavioral and molecular 
analyses (Hirth et al., 2016; Meinhardt et al., 2013; Sommer et al., 
2008; Uhrig et al., 2017) and thus can compare present results with 
a wealth of data.

β-Arrestins (bArrs) are known for mediating the desensitization 
and internalization processes of MORs, but the underlying mecha-
nism seems to be dependent on the ligand. For example, DAMGO 
(a selective MOR agonist) can strongly induce rapid internalization 
of MOR, while morphine (also a MOR agonist) does not (Keith et al., 
1998). Our understanding of the molecular role played by bArrs 

Region Cycle
Treatment 
group

[35S]-GTPgS 
baseline (nCi/g)

[35S]-GTPgS
% stimulated N

AcbC Active Control 590.68 ± 30.19 14.40 ± 1.25 6

Dependent 964.85 ± 50.47 49.04 ± 6.82 5

Inactive Control 558.94 ± 10.31 6.30 ± 0.53 6

Dependent 516.82 ± 29.26 27.90 ± 3.22 5

AcbS Active Control 584.14 ± 17.99 50.31 ± 1.54 6

Dependent 656.09 ± 21.73 84.12 ± 11.87 8

Inactive Control 573.95 ± 12.57 17.55 ± 1.55 6

Dependent 550.51 ± 25.33 50.63 ± 2.92 7

Data are expressed as mean ± SEM, N = 5–8/group. For details of treatment, see Materials and 
Methods. AcbC, nucleus accumbens core; AcbS, nucleus accumbens shell; SEM, standard error of 
the mean; N, sample size.

TA B L E  1  DAMGO-stimulated MOR 
signaling in the nucleus accumbens in 
dependent and non-dependent rats

Cycle Factor df MS F p
Partial 
η2

Active Region 1 7652.9 17.97 0.0004 0.46

Treatment 1 7115.66 16.71 0.0005 0.44

Region × Treatment 1 1.04 0.002 1.0 0.0001

Inactive Region 1 1707.99 52.89 0.0000 0.73

Treatment 1 4420.83 136.91 0.0000 0.87

Region × Treatment 1 194.51 6.02 0.02 0.23

The overall effect of two-way ANOVA (treatment, region) for each cycle. Df, degrees of freedom; 
MS, mean square; partial η2, the measure of effect size.

TA B L E  2  Statistical analysis of 
DAMGO-stimulated MOR signaling in 
the nucleus accumbens in dependent and 
non-dependent rats
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mostly comes from in vitro studies on cell lines, these have shown 
that bArrs can induce MOR internalization into endocytotic vesicles 
upon opioid agonists stimulation (Barak et al., 1997; Ferguson et al., 
1996; Lowther et al., 2013; Whistler & von Zastrow, 1998); we also 
know that bArr1, when overexpressed, can enhance the internaliza-
tion process of MORs upon DAMGO stimulation and even induce 
internalization upon morphine stimulation (Whistler & von Zastrow, 
1998), which (as mentioned) does not recruit bArrs under normal 
circumstances; finally, we know that bArr2 has a higher affinity for 
MORs than bArr1 (Oakley et al., 2000). Our bArr2 overexpression 
experiment is the first, to our knowledge, where bArr2–MOR inter-
action was specifically assessed in situ on brain sections. We did not 
expect major differences in bArr2–MOR interaction in the subre-
gion of the accumbens and thus focused on AcbC. Our findings con-
firm that bArr2 mediates MORs internalization in the AcbC, as local 
bArr2 overexpression causes a reduction (1.8 fold) of MOR-binding 
sites in this region. Importantly, the study of Björk et al. (2008) 

showed that elevated bArr2 transcript levels potentially translate 
into increased bArr2 protein. This suggests that besides bArr2 
transcript levels also bArr2 protein levels are increased in alcohol-
dependent animals. Elevated bArr2 protein availability might facil-
itate rapid MOR desensitization and internalization upon receptor 
activation, thereby resulting in reduced cell surface receptors; a po-
tential molecular mechanism that triggers excessive alcohol drinking 
and dependence. This conclusion is supported by the evidence that 
high levels of bArr2 have been shown to lead to increased alcohol in-
take, and eliminating the protein reduces alcohol consumption (Bjork 
et al., 2008). However, future studies need to investigate whether 
modulating accumbal bArr2 has an impact on MOR availability and 
alcohol-related phenotypes in animal models of alcohol dependence 
such as the CIE model.

Increased MOR internalization has also been linked to elevated 
bArr2 immunoreactivity in rats after natural reward (Garduno-
Gutierrez et al., 2013). However, the regulation of GCPRs by Arrb2 is 

F I G U R E  4  AAV-induced bArr2 overexpression causes a reduction of MOR levels. Two different viruses were injected in the right and left 
AcbC of naïve SD rats (n = 4): (a) bArr2-overexpressing AAV with the bArr2 open-reading frame fragment under the control of a synapsin 
promoter (left hemisphere), and a control virus lacking the bArr2 fragment (right hemisphere). (b) Schematic illustration showing the average 
hole punch locations. (c) Data of bArr2 mRNA levels (upper graph) and MOR-binding sites (lower graph) are presented as percentage 
over control ± SEM, **p < 0.01. Dots in orange indicate single data points. (d) A decrease in MOR density is shown in the left hemisphere 
compared with the right hemisphere. ac, anterior commissure; Sh, nucleus accumbens shell; C, nucleus accumbens core
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highly complex. For example, it has been shown that both the opioid 
and dopamine receptor signaling is influenced by multidimensional 
triggers from various potential  signaling  cascades (Zhou & Bohn, 
2014). Also, we previously found that MOR availability is reduced 
in 3-week abstinent rats (Hansson et al., 2019). Thus, regulation of 
MOR on protein level via bArr2 seems plausible. In the same study 
from Hansson et al. (2019), we found that MOR is dynamically reg-
ulated in the course of the addiction cycle. We thus assume that 
bARR2 is similar but opposite regulated to MOR.

The observed results of down-regulated MOR are in line with 
recent clinical data. Hermann and colleagues observed a reduction 
of MOR-binding sites in post-mortem striatal tissue of alcoholics 
as well as a significant association between low [11C]carfentanil 
positron emission tomography signal in the ventral striatum and 
higher relapse risk of alcoholics (Hermann et al., 2017). The same 
study also provides a meta-analysis of rodent data, including 233 
rats showing a striatal down-regulation of MOR binding during the 
first 3  days of alcohol withdrawal and in protracted abstinence. 
The reduction of MOR binding can be interpreted as an adaptive 
mechanism of the brain in response to increased frequency and 
strength of opioidergic neurotransmission because of chronic al-
cohol consumption. The decreased MOR availability may be re-
sponsible for tolerance to the rewarding effects of alcohol and 
thus leading to further enhanced alcohol intake. In withdrawal 
states, the release of endogenous opioids because of alcohol con-
sumption is suddenly interrupted, whereas MOR function is still 
down-regulated. This deficient µ-opioid system may then con-
tribute to the anhedonic state in early abstinence, characterized 
by dysphoria, increased anxiety, and depressiveness (Heilig et al., 
2010). However, the striking finding of our study is that MOR bind-
ing as well as a function varies within a day and follows a circadian 
rhythm. MOR binding and function were only found to be down-
regulated in the active phase. Interestingly, alcohol consumption 
in rodents is modulated by the animals’ internal clock so that ani-
mals drink more in the active phase (Spanagel et al., 2005) and this 
circadian rhythm of the behavior is lost during the development 
of addictive drinking (Spanagel et al., 2005). Together, increased 
circadian amplitude of MOR expression and decreased coupling 
of MOR at the beginning of the active cycle can be hypothesized 
as an adaptive mechanism, leading to a desensitization of alcohols’ 
rewarding effects, which may further enhance excessive alcohol 
intake to maintain the level of hedonic response.

Other previous studies suggested an interaction between 
alcohol, clock genes, and the µ-opioid system. For example, in  
ß-endorphin-expressing neurons, ß-endorphin being the primary 
endogenous ligand for MOR, prenatal alcohol exposure was able to 
alter the expression of Per2 (Chen et al., 2006). In addition, Per2 
mutant mice are impaired in ethanol-induced ß-endorphin neuron 
activation (Agapito et al., 2010) and mice exposed to alcohol pre-
natally show altered Per2 driven ß-endorphin release during stress 
exposure (Sarkar et al., 2007).

There are several limitations in the current study. One lim-
itation is that we have separately performed experiments during 

the dark and light cycles in Experiments 2 and 3, respectively. 
Combining experiments for both cycles would have been most 
appropriate in order to directly compare cycle effects by three-
way ANOVA. Another limitation is that only male rats were used. 
Since preclinical and clinical evidence suggests that sex influences 
disease trajectories and interventions in alcohol-dependent pa-
tients, it is mandatory to compare both sexes in preclinical re-
search (Hansson & Spanagel, 2021). We also used a small sample 
size (N = 6–8/group) in the absence of a replication experiment of 
a different cohort. Finally, one potential limitation of the viral in-
jection experiment is that injections were not counterbalanced be-
tween the hemispheres. Although here a small sample size (N = 4) 
has been used, we found convincing evidence on a direct link be-
tween bArr2 levels and MOR availability.

Future experiments may involve a behavioral battery exploring 
how the modulation of bArr2 expression might affect MOR in the 
context of alcohol dependence. In addition to our finding on circa-
dian regulation of both bArr2 and MOR, future experiments may 
involve naltrexone treatment responses in abstinent rats during dif-
ferent times of the day. This may explain—at least in part—different 
treatment efficacies in human alcoholics.

Taken together, we conclude that alcohol seems to have a strong 
impact on bArr2, which in turn regulates the availability and ac-
tivity of the MORs, adding further to the complexity of MOR as a 
target for pharmacotherapeutic interventions in alcoholism and is 
likely source of the highly variable outcomes of naltrexone. In fact, 
naltrexone and nalmefene have been reported to have detrimental 
effects on sleep affecting the clinical outcome of AUD treatment 
(Panin & Peana, 2019). Altogether, these data describe a new mo-
lecular mechanism, suggesting a critical role for bArr2 within the 
mesocorticolimbic system in alcohol dependence which may have 
implications for the development of novel bArr2-related treatment 
targets for alcoholism.
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