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Abstract

The kappa-opioid receptor (KOR)/dynorphin (DY N) system is involved in dysphoria and

negative emotional states. Dysregulation of KOR function promotes maladaptive behavioral
regulation during withdrawal associated with alcohol dependence. Mesolimbic dopaminergic (DA)
projections from the ventral tegmental area (VTA) innervate the extended amygdala circuitry and
presynaptic KORs attenuate DA in these regions leading to an excessive alcohol consumption

and negative affective-like behavior, whereas mesocortical KOR-regulated DA projections have
been implicated in executive function and decisionmaking. Thus, the neuroadaptations occurring
in KOR/DYN systems are important aspects to consider for the development of personalized
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therapeutic solutions. Herein, we study the contribution of the VTA dopaminergic neuron Oprk1
(KOR gene) in excessive alcohol consumption, negative emotional state, and executive function.
To do so, OprkI mRNA expression and KOR function were characterized to confirm alcohol
dependence-induced dysregulation in the VTA. Then, a transgenic Cre-Lox rat model (male

and female TH::Cre rats) was used to allow for conditional and inducible overexpression of
Oprk1 in VTA DA neurons. The effect of this overexpression was evaluated on operant alcohol
self-administration, negative emotional states, and executive function. We found that VTA Oprkl
overexpression recapitulates some phenotypes of alcohol dependence including escalated alcohol
self-administration and depressive-like behavior. However, working memory performance was not
impacted following VTA Oprkl overexpression in TH::Cre rats. This supports the hypothesis that
dysregulated KOR signaling within the mesolimbic DA system is an important contributor to
symptoms of alcohol dependence and shows that understanding OprkZ-mediated contributions to
alcohol use disorder (AUD) should be an important future goal.

Keywords

alcohol use disorder; alcohol self-administration; dopamine; dynorphin; elevated plus-maze;
ethanol vapor exposure; forced swim test; kappa opioid receptor; mesolimbic; mesocortical;
Oprk1 ; TH::Cre rats; ventral tegmental area

Introduction

Alcohol use disorder (AUD) involves an impaired ability to stop or control alcohol use
despite the negative social, occupational and health consequences and is the third-most
preventable cause of death in the United States (Mokdad et al., 2004). Furthermore, the costs
of AUD for society are profound and routinely surpass over 200 billion USD annually
(Sacks et al., 2015). In 2019, 14.5 million people were diagnosed with AUD which
represents 5.3% of the US adults (SAMHSA, 2019), but current therapies are marginally
effective (Akbar et al., 2018; Edwards et al., 2011; Heilig and Egli, 2006; Walker et al.,
2012). AUD is associated with increased risk of injuries and disease including affective
disorders such as anxiety and depression (Boden and Fergusson, 2011; Driessen et al.,
2001; Sanchez-Pefia et al., 2012; Weiss et al., 2001). One explanation for continuous use
despite negative consequences is that alcohol’s positive reinforcing effects are reduced over
time and negative reinforcement mechanisms during dependence and withdrawal become
prominent. A negative emotional state during withdrawal can promote excessive drinking
through self-medication processes via alcohol’s negative reinforcing effects (Khantzian,
1990; Koob and Le Moal, 1997, 2008; Markou et al., 1998; Walker, 2012).

The endogenous opioid peptide system is involved in the regulation of motivation and
emotion and has been linked to the consumption of drugs of abuse (Bodnar, 2022).
Classically, several opioid receptors were identified, each with a preferred endogenous
ligand and include the mu-, delta-, and kappa-opioid receptors (MOR, DOR, and KOR) that
preferentially bind B-endorphin, enkephalin and dynorphin (DYN), respectively (Chavkin
etal., 1982; Fowler and Fraser, 1994). Subsequently, the nociceptin opioid receptor (NOP)
and its ligand, nociceptin/orphaninFQ (N/OFQ) were included as a fourth opioid receptor /
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peptide system (Meunier et al., 1995; Mollereau et al., 1994; for review, see Toll et al.,
2016). Endogenous opioid peptide release and receptor activation can have opposing effects
on neurotransmission and behavior within motivational / emotional domains. For instance,
in the conditioned placed preference paradigm (CPP) activation of the MOR and DOR is
rewarding (Amalric et al., 1987; Herz, 1997; Mucha and Herz, 1985) whereas activation of
KORs produces place aversions (Burgdorf et al., 2001; Mucha and Herz, 1985; Shippenberg
and Herz, 1986) with these opposing behaviors involving opposing dopaminergic signaling
in the nucleus accumbens (Acb) that is increased by MOR agonists and decreased by KOR
agonists (Pan, 1998; Spanagel et al., 1992). Acute alcohol intake induces endogenous opioid
peptide release in humans and rats (Dai et al., 2005; Gianoulakis et al., 1996; Marinelli et
al., 2005; Marinelli et al., 2006; Marinelli et al., 2003, 2004) while chronic alcohol exposure
has been shown to trigger changes in the levels of the opioid peptides (Gianoulakis et

al., 1996; Lindholm et al., 2000), receptor densities/function (Chen and Lawrence, 2000;
Economidou et al., 2008; Kissler et al., 2014; Turchan et al., 1999; Wei et al., 2022), as

well as modifications of mMRNA coding for both the peptides and receptors (Aujla et al.,
2013; Cowen and Lawrence, 2001; Przewlocka et al., 1997; Rosin et al., 1999) that are
often reflective of a compensatory response to the acute effects of alcohol (Walker et al.,
2012). Collectively, these alcohol-induced alterations could explain the shift from primarily
hedonic opioid peptide signaling to more prominent KOR-mediated aversive signaling in
AUD (Walker et al., 2012).

The endogenous opioid system has long been a target in the treatment of AUD (June et

al., 1998; Volpicelli et al., 1992). For example, nalmefene, an opioid receptor ligand with
both MOR antagonist and KOR partial agonist effects, was shown to decrease alcohol self-
administration in non-dependent and alcohol-dependent rats (Kissler et al., 2014; Nealey
et al., 2011). However, in recent years, it has become apparent that the link between the
KOR/DY N system and alcohol’s negative reinforcing effects could play a major role in the
treatment of AUD (Walker et al., 2012). Indeed, contrary to nalmefene, the selective KOR
antagonist nor-binaltorphimine (nor-BNI) was shown to reduce alcohol self-administration
in dependent animals but not in non-dependent animals (Kissler et al., 2014; Nealey et al.,
2011; Walker and Koob, 2008). This was the first evidence showing a specific role for the
KOR/DY N system in alcohol dependence and its potential as an AUD therapeutic. Indeed,
KOR activation is involved in aversion and dysphoria (Al-Hasani et al., 2015; Koob, 2014;
Land et al., 2008; McLaughlin et al., 2003) and has been shown to promote depressive-like
behavior (Bruchas et al., 2010; Carlezon et al., 2006; Carlezon and Miczek, 2010; Knoll
and Carlezon, 2010; Nestler and Carlezon, 2006; Todtenkopf et al., 2004), while KOR
antagonists have antidepressant properties (Bruchas et al., 2011; Carr et al., 2010; Mague
et al., 2003; Pliakas et al., 2001) and dysregulation of the KOR/DYN system is involved in
motivational, negative emotional and executive function psychopathologies associated with
AUD (for reviews, see Karkhanis and Al-Hasani, 2020; Sirohi et al., 2012; Walker et al.,
2012).

Within nuclei of the extended amygdala (Alheid and Heimer, 1988; Koob and Volkow,
2016), a functionally interconnected brain network comprised of the Acb shell, central
nucleus of the amygdala (CeA) and bed nucleus of the stria terminalis (BNST), alcohol
can increase DYN release and induce neuroadaptations in the DY N/KOR system with
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site-specific Acb, CeA and BNST KOR antagonism ameliorating alcohol dependence and
withdrawal-induced escalation of alcohol self-administration (Erikson et al., 2018; Kissler
et al., 2014; Kissler and Walker, 2016; Lindholm et al., 2000; Marinelli et al., 2006;
Nealey et al., 2011; Olive et al., 2001; Przewlocka et al., 1997). One common feature of
these extended amygdala nuclei is their innervation by mesolimbic DA initiating in the
ventral tegmental area (VTA). The mesolimbic dopaminergic pathway connects the VTA
to limbic nuclei including those of the extended amygdala (Beier et al., 2015; Volkow and
Morales, 2015) and is involved in appetitive / aversive motivational processes (Koob and
Nestler, 1997; Mogenson et al., 1980) and the reinforcing / rewarding properties of drugs
of abuse (Hipolito et al., 2015; Koob and Nestler, 1997; Oliva and Wanat, 2016; Salamone
and Correa, 2012; Volkow et al., 2017; Walker and Ettenberg, 2005). Within mesolimbic
DAergic circuitry, KORs are anatomically positioned to presynaptically inhibit DA release,
whereas KORs within VTA-originating mesocortical circuitry have been shown to have
both somatic and presynaptic DA regulatory properties (Margolis et al., 2003; Margolis et
al., 2006a; Morales and Margolis, 2017; Siciliano et al., 2016; Tejeda et al., 2013) with
mesocortical DA and cortical KORs in the medial prefrontal cortex (mPFC) shown to be
involved in cognitive control and executive functions such as working memory (Abraham et
al., 2021; Liu et al., 2014; Miller, 2000; Tejeda et al., 2013; Tejeda et al., 2021; Wei et al.,
2022).

While alcohol dependence-induced dysregulation of KOR/DY N in the mesocorticolimbic
circuit terminal regions has been shown to promote motivational, negative- emotional and
executive function phenotypes of alcohol withdrawal, the role of VTA KORs on AUD-
related phenotypes remains elusive. In the present study, we characterized VTA KOR gene
(OprkI) mRNA levels and KOR function in alcohol-dependent Wistar rats and subsequently
tested the hypothesis that dysregulation of OprkZ expression levels in the VTA contributes to
phenotypes of AUD such as escalated alcohol self-administration, depressive-and/or anxiety-
like symptoms and altered working memory. To do so, we leveraged Cre-lox technology

and utilized TH::Cre (Cre-recombinase inserted at tyrosine hydroxylase promotor region)
transgenic rats (Witten et al., 2011) in combination with site-specific intra-VTA floxed
(flanked by lox P sites to promote recombination in the presence of Cre-recombinase)

Oprk1 adeno-associated viral infusions to conditionally (selectively in tyrosine hydroxylase
positive neurons) and inducibly (once the TH::Cre rats had developed into adults and learned
to self-administer alcohol) increase OprkI expression. We found that OprkI mRNA was
increased in VTA of alcohol-dependent rats, concomitant with increased KOR function.
When replicating such a VTA Oprk1 profile in non-dependent TH::Cre rats through

floxed Oprk1 viral infusions, VTA overexpression of OprkI mRNA in the VTA of non-
dependent rats was sufficient to trigger phenotypes of alcohol dependence such as escalated
alcohol self-administration and depressive-like states. These results support that VTA KOR
dysregulation is a central component of AUD phenomenology and should be considered an
important target for AUD therapeutic development.
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2. Methods and Materials

2.1. Animals

Twenty-two adult (>PND 70) male Wistar rats (Charles River Labs, Raleigh, NC) and

142 male and female adult (>PND 70) heterozygous TH::Cre rats (Witten et al., 2011; LE-
Tg(TH-Cre)3.1Deis; courtesy of Karl Deisseroth via RRRC, Columbia, MO) were housed
(2-3 rats / cage) in an environmentally controlled vivarium on a 12-hr reverse light cycle
(lights off at 6 AM; all behavioral tests were conducted during the dark cycle) with food

and water provided ad /ibitum (unless specified below). All work complied with the National
Research Council’s Guide for the Care and Use of Laboratory Animals (2011) and the
Institutional Animal Care and Use Committee guidelines.

2.2. Experiment 1: Oprkl mRNA and KOR function in alcohol dependence

2.2.1. Chronic intermittent ethanol vapor exposure—Chronic intermittent ethanol
vapor exposure (14 h on/10 h off; 7 days/week) was carried out in custom designed vapor
chambers for 12 weeks. 95% ethanol was vaporized and mixed with the airflow of the sealed
environmental chambers in which animals were housed. The rate of 95% ethanol vaporized
was controlled by the experimenter such that the blood alcohol level (BAL) of the animals
was titrated within a desired range (175-250mg%). The BAL was determined by collecting
blood from the tails ("50 pl) twice a week. After centrifugation, plasma samples were tested
for alcohol content using the Analox GL5 (Analox Instruments, Lunenburg, MA).

2.2.2. Reverse transcription quantitative polymerase chain reaction (RT-
qPCR)—At a time-point consistent with acute withdrawal for the vapor-exposed animals
(i.e., 6-10 hours after the daily vapor-exposure terminated), both air- and vapor-exposed rats
(n=8/grp) had their brains extracted following decapitation and immediately snap frozen in
2-methylbutane cooled by dry ice. Snap-frozen brains were stored at —80°C until histology
examination was carried out. As described previously (Erikson et al., 2018), the VTA was
bilaterally micropunched (1.0 mm diameter) and placed in RNA later (50ul) in 4°C for

24 hours , then stored in —80°C freezer until RNA extraction occurred according to the
Purelink RNA extraction protocol (Life Technologies, Carlsbad, CA). The quantity of the
RNA extracted was measured using a NanoDrop (Thermo-Fisher Scientific, Waltham, MA)
system whereas the RNA quality was assessed using a total RNA fragment analysis (Agilent
5200 Fragment Analyzer, Santa Clara, CA) Advanced Technologies, Ankeny, IA). Only
samples with RNA quality greater or equal to 9.0 were used for RT-gPCR assessment of
OprkI mRNA expression. The primers for Gapadhand OprkI were taken from (Vats et

al., 2008) or designed using Primer3 (Untergasser et al., 2012) and the specificity verified
using NCBI BLAST (Altschul et al., 1990). To evaluate the primers through amplification
efficiency, five different concentrations were used in triplicate. The melt curves were also
analyzed to confirm the absence of primer-dimerization. RNA was transcribed into cDNA
using the Invitrogen Superscript IV VILO Master Mix protocol (Thermo Fischer Scientific,
Waltham, MA). The quantification and relative expression of the gene transcripts were
calculated using the comparative CT method (Livak and Schmittgen, 2001).
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2.2.2. GTP+yS Assay—The assay was conducted as described previously (Kissler et

al., 2014) and measures guanine nucleotide exchange at G proteins in response to ligand
binding to G protein-coupled receptors. The principle relies on monitoring the accumulation
of a radiolabeled, [3°S] GTPyS in the presence of unlabeled GDP, as described in

detail elsewhere (Harrison and Traynor, 2003). Snap-frozen rat VVTA tissue from air- and
intermittent ethanol vapor-exposed (n = 3/grp, in triplicate) animals was micro-dissected
using a brain matrix and tissue punches at —20°C according to the coordinates of Paxinos
and Watson (2005) and homogenized in 1.5 ml of membrane buffer (pH 7.4, 50.0-mM
Tris—HCI, 3.0-mM MgCI2 and 1.0-mM EGTA). The homogenate was centrifuged (21,000 g,
4°C for 30 min), resuspended in 1.5 ml of membrane buffer, homogenized, and centrifuged
again. The pellet was re-homogenized in 1.5 ml of assay buffer (pH 7.4, 50.0-mM Tris—HCI,
3.0-mM MgCI2, 0.2-mM EGTA, 100.0-mM NacCl). The estimation of protein concentration
was assessed using a BCA protein assay (Pierce). Prior to the addition of 3 ug of protein
homogenate, the samples were homogenized. DYN A (0.0-1.0 pM) was purchased from
Tocris Biosciences (Minneapolis, MN) and incubated in assay buffer in triplicate (90 min;
25°C) with 10 gM GDP and 0.05 nM [35S] GTPyS in 1.0-ml. The reaction was terminated
by filtration using a cell harvester, washed three times in phosphate buffer (pH 7.2) and
liquid scintillation spectrophotometry was used to quantify filter disc bound radioactivity.

2.3. Experiment 2: Viral optimization and effect of VTA Oprkl overexpression on alcohol
self-administration

2.3.1. Transgenic TH::Cre rat operant alcohol self-administration—Male and
female TH::Cre rats were trained to self-administer a 10% ethanol (w/v) solution using

a sweetener-fade method during 30-min sessions (Walker and Koob, 2007). Standard two-
lever operant chambers (Med Associates, St. Albans, VT) were utilized with custom dual
fluid receptacles (Behavioral Pharma, La Jolla, CA), allowing the animals to press a single
lever and receive 0.1 ml of the solution or water. Stability of responding, corresponding

to three days with a maximum of 10% deviation on the ethanol-paired lever, was required
prior to advancement to subsequent experimental phases. Two experiments were conducted:
The first experiment was a TH::Cre phenotyping experiment involving air and ethanol

vapor exposure (see section 2.2.1) to confirm that male and female TH::Cre rats (N=36)
self-administered alcohol normally when non-dependent and showed typical escalation

once alcohol-dependent and in withdrawal. For the alcohol dependence and withdrawal
component of this first experiment, rats were tested in the operant chambers for alcohol self-
administration during daily 30-min self-administration sessions twice weekly (Mon/Thurs or
Tues/Fri) at a time-point consistent with acute withdrawal (6 h following the termination

of the daily vapor exposure for the vapor-exposed animals). The second experiment
involved non-dependent male and female TH::Cre rats (N=36) receiving a floxed Oprk1
viral construct or control viral construct (see section 2.3.2) to assess operant alcohol self-
administration following intra-VTA OprkI overexpression. The non-dependent viral-infused
animals resumed 30-min operant alcohol/water self-administration sessions following 28
days of viral incubation and were tested Mon-Fri for two weeks.

2.3.2. Stereotaxic Viral infusions—All surgeries were conducted under 2% isoflurane
gas anesthesia. Viral infusions targeted the VTA with the following coordinates from bregma
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(AP: -6 & ML.: £0.5 for both males and females, and DV: —8.3 and —7.9 for females and
DV: -8.5 and —8.1 for males). 0.3 ul of either the active Oprki (AAV5-Efla-OPRKI1-DIO-
EYFP; 2.05E12 vg/ml titer, adapted from (Nygard et al., 2016), courtesy of Dr Michael R,
Bruchas) or control construct (AAV5-Efla-DIO-EYFP, UNC Viral Core, Chapel Hill, NC)
was infused at a rate of 0.15ul/min. Initial pilot studies to optimize the infusion parameters
utilized unilateral infusions. A subsequent pilot experiment to determine viral efficacy

by RT-qPCR in male and female TH::Cre rats (N=18), as well as the full experiments
(described below) utilized bilateral viral infusions, at two different depths per hemisphere
(see above for the coordinates), amounting to 1.2 ul per animal. Microinjectors were left
in place for 5 min after each injection to allow for diffusion. A postoperative analgesic
(Flunixin) was administered daily for 5 days following surgery. Following 28 days of viral
incubation, animals were tested in the behavioral paradigms as described.

2.3.3. Viral site- and cell type fluorescent microscopy—The fluorescent
immunohistological approach was adapted from Witten et al. (2011) and Kissler et al.
(2014). In brief, rats were anesthetized with isoflurane and perfused for 5 min with
phosphate buffer saline (PBS, 137 mM NaCl, 2.7 mM KCI, 8 mM Na2HPO4, and 2

mM KH2PO4, pH 7.4) followed by 5 min of 4% paraformaldehyde perfusion. The whole
brains were immediately extracted and stored in 4% paraformaldehyde at 4 °C overnight.
Subsequently, the brains were transferred to 30% sucrose in PBS and stored in 4 °C until
the brains sank to the bottom of the collection tubes before slicing occurred. The brains
were sliced (40 pm thickness) using a cryostat (Leica 1850, Bannockburn, IL) and washed
with PBS 3 times and blocked for 1h in 1% serum with PBS and 0.1% Triton X-100. After
blocking, the sections were incubated with the primary antibody (anti-Tyrosine hydroxylase
(TH), 1:1000, Aves Labs, Davis, CA, ref: TYH) and 1% serum overnight at 4 °C. On

the next day, the sections were washed 3 times in PBS + 1% Serum and incubated in

the secondary antibody (goat anti-chicken antibody coupled to Alexa fluor 568, 1:1000;
ThermoFisher Scientific, Waltham, MA, ref: A-11041) for 1 h at room temperature. Finally,
sections were washed and mounted on slides using an anti-fade mounting medium and
coverslipped. The coverslip edge was ringed with clear fingernail polish and the slides were
examined under a microscope using the corresponding fluorescent filters (i.e., red = TH and
green = EYFP) using an Olympus BX53 upright microscope with a U-HGLGPS fluorescent
light source.

2.4. Experiment 3: Overexpression of VTA Oprk1, somatic signs of withdrawal and
negative affective-like behavior

2.4.1. Experiment 3 test parameters—Three behaviors were measured in male
and female TH::Cre rats (N=36) in this experiment: somatic signs reflecting dependence/
withdrawal-like behavior, anxiety-like behavior using the elevated plus-maze (EPM), and
depressive-like behavior using the forced swim test (FST). The order of testing was not
counterbalanced but was instead scheduled based on an assessment of stress-inducing
impact on the animals with the least stressful tests occurring on the first day of testing
(somatic signs + EPM) and the FST occurring on following an intervening day. This was
to avoid the potential confound of swim stress-induced bias (Bruchas et al., 2007) on
somatic signs and EPM performance. Twenty-eight days after intra-VVTA viral infusions
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using the established coordinates, male and female TH::Cre rats were transported to the test
room in a container identical to their homecage and tested for somatic signs reflective of
withdrawal and then tested in the EPM apparatus. Following an intervening day, testing in
the FST occurred with subsequent brains extraction, snap frozen and histological assessment
for VTA-specific viral infusions (see histology section below) and then micropunched for
RT-gPCR to assess OprkI mRNA over-expression (see above).

2.4.2 Somatic signs of alcohol withdrawal—Somatic signs of alcohol withdrawal

as those previously observed in alcohol dependent animals (Schulteis et al., 1995; Williams
et al., 2012), were assessed in active viral- or control-infused TH::Cre animals using the
following methods. Four behaviors were assessed and scored on a scale of 0-2 (2 indicating
severe or persistent presence of the symptom): 1) hyperirritability upon touch, 2) presence of
the ventromedial distal flexion response (measured by gently grasping the rat by the scruff
of the neck and checking the retraction of the limbs towards the body), 3) tail stiffness/
rigidity, and 4) abnormal posture or gait. Animals were observed for 3 min and given scores
for all symptoms that were added to obtain a single final score for physiological withdrawal
symptoms that can range from 0 to 8.

2.4.3. Elevated plus-maze—The EPM apparatus consists of a raised platform (50 cm
high) with two open arms and two closed arms of equal length (47x10 cm each) and a
10x10-cm center platform. The floors and the walls of the closed arms were opaque (40 cm
high). Each animal was placed in the center of the platform facing the same direction and
allowed to explore the maze for 5 min. lllumination in all arms was approximately 50 lux.
Each animal was recorded by video and the AnyMaze video tracking software (Stoelting
Co,Wood Dale, IL) was used to score the amount of time spent in the open arm, closed arm,
and center platform as well as entries into and distance traveled in those regions. The maze
was cleaned with Oxivir® and dried between each animal.

2.4.4. Forced swim test—The FST apparatus was a custom-built clear Plexiglas®
cylinder (diameter= 34 cm, height= 79.5 cm). The cylinder was filled to 53 cm with water
temperature at 24+2 °C. The illumination at the surface of the water was 25 lux. Animals
were gently placed in the water and a 5 min video was recorded and analyzed with AnyMaze
video tracking software (Stoelting Co, Wood Dale, IL). Swimming was defined as active
movement of the animals with all four paws while immobility was defined as a lack of active
swimming with animals floating to maintain the head above water with only minor paw
movement.

2.5. Experiment 3: Overexpression of VTA Oprkl and working memory performance

The delayed non-matching-to-sample task (DNMST) used in the current experiment
employed a T-maze apparatus (see Wei et al., 2022) to assess working memory performance
in male and female TH::Cre rats (N=16). The walls of the T-maze were made of grey
Plexiglas with three removable guillotine doors. One door separated the 30-cm compartment
of the start arm and the two other doors marked the entrance of each goal arm. All animals
were food restricted to 80%-85% of normal body weight as described previously (George

et al., 2008). DNMST training was as follows: First, animals were habituated to the T-maze
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10 min/day and could freely explore and eat the sucrose pellet in the two goal boxes.

Once habituated, rats were trained for five trials/session. Each trial consisted of two runs:
one forced choice run (which side was defined randomly), and one free choice run (with
reinforcement dependent on an opposite arm entry). This was continued until the acquisition
criteria (>80% correct choices during two consecutive days) were met. For the DNMST
testing, a variable delay (0, 10, 70, 130 and 190 second) was introduced between the forced
and free runs, with the delay sequence appearing at random with equal representation in
each session. The number of trials to acquisition criterion and correct choices were recorded.

2.6. Post-behavioral viral histology and RT-gPCR

For all behavioral experiments involving viral infusions, assessment of the position of viral
infusions was conducted after the brains were removed and immediately snap frozen in
2-methylbutane cooled by dry ice. Frozen brains were stored at —80°C until histology
examination was carried out. On the day of histological examination, the brains were
brought to —20°C and mounted on specimen discs to be sliced using a cryostat 1850 (Leica,
Bannockburn, IL). 40 mm sections were obtained, mounted on slides and the viral injection
sites indicated by fluorescent protein luminescence were evaluated for appropriate VTA
placement with an Olympus BX53 with U-HGLGPS fluorescent light source. Following
brain section collection indicating the position of infusion, the brain was micropunched at
-20°C and RT-gPCR subsequently conducted (as described above) to evaluate post-viral
infusion OprkI mRNA expression levels.

2.7 Statistics

IBM SPSS Statistics 27.0.1 was used to conduct all statistical analyses. In experiment 1,
intra-VVTA air- and ethanol vapor-exposed OprkI mRNA AACt values in the RT-qPCR assay
and percent basal [3°S] coupling in the DYN A-stimulated GTPyS assay were compared
with a univariate analysis of variance (ANOVA) with exposure condition as the between-
groups variable. For experiment 2, pilot viral infusion VTA OprkI mRNA AACt values were
assessed in the RT-gPCR assay using two-way ANOVA with sex and viral condition as

the between-group factors. In addition, for the TH::Cre alcohol self-administration (g/kg)
phenotyping, a three-way mixed model ANOVA was used with sex and exposure condition
(air vs vapor) as the between-group factors and session (i.e., pre- vs post-exposure) as

the within-subject variables. Furthermore, alcohol self-administration (g/kg) was evaluated
using a three-way mixed-model ANOVA with sex and viral condition as the between-group
variables and session as the within-subject variable with VTA OprkI mRNA AACt values
assessed the same animals. Experiment 3 used a multivariate ANOVA to compare the FST,
EPM and somatic dependent variables with sex and viral condition as the between-group
factors with VTA OprkI mRNA AACt values assessed the same animals. Finally, experiment
4 used a three-way mixed-model ANOVA to assess working memory performance in the
DNMST with sex and viral condition as the between-group factors and delay as the within-
subject variable with VTA OprkI mRNA AACt values assessed the same animals.
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3. Results
3.1 Experiment 1: Oprkl mRNA and KOR function in alcohol dependence

Wistar rats were exposed to air or ethanol vapor for twelve weeks and the expression of
OprkI mRNA and KOR function in the VTA was assessed. Data from three animals was
excluded from the analysis: two animals from the vapor-exposed RT-PCR group did not
meet the fragment analysis inclusion threshold for the RT-qPCR experiment resulting in
n=6-8/exposure condition for the RT-gPCR experiment. The univariate ANOVA showed that
Oprk1 mRNA expression was significantly higher in the VTA of vapor-exposed group than
in the air-exposed group (F (1,12) = 23.881, p = 0.000374; see Fig. 1A). The mixed-model
ANOVA showed that DYN A-stimulated GTP+yS coupling increased as the concentration
of DYN increased (F (2,8) = 5.324, p = 0.034) and when comparing the ethanol vapor-
exposed and air-exposed groups there was a trend towards a DYN A x Exposure Condition
interaction (F (2,8) = 4.312, p = 0.054, see Fig. 1B) indicating that DYN A-stimulated KOR
function was differentially increased in ethanol vapor-exposed animals as the concentration
of DYN increased. These results show that chronic alcohol exposure led to increased Oprk1
MRNA expression and strong trend towards increased KOR function.

3.2. Experiment 2: TH::Cre phenotyping, viral optimization, and effect of VTA Oprk1
overexpression on alcohol self-administration

In the TH::Cre alcohol phenotyping assessment, three females (two air-exposed and one
vapor-exposed) were unable to complete the entire regimen which resulted in n=16 and n=17
for the air-and vapor-exposed conditions respectively. Both male and female TH::Cre rats
acquired alcohol self-administration and showed ‘typical’ ethanol vapor-induced escalation
(Williams et al., 2012; main effects of Session (F (1, 29) = 18.932, p = 0.000153), Exposure
(F (1, 29) = 6.849, p = 0.014), and an Exposure x Session interaction (F (1, 29) = 12.725,

p = 0.00127), but no sex differences (F (1, 29) = 1.479, p = 0.23; see Supplemental

Fig. S1). In the pilot viral infusion and efficacy experiments, to initially confirm VTA-
specific TH+/AAV colocalization, unilateral intra-VTA viral infusions were conducted, and
fluorescent immunohistochemistry and microscopy were utilized to visualize TH+ neurons
(red) with viral infection (green) that showed colocalization (yellow) when overlayed (see
Fig. 2). Once the VTA viral infusion parameters were established, male and female TH::Cre
rats were bilaterally infused with an active (AAV5-Ef1a-OPRK1-DIO-EYFP) or control
(AAV5-Ef1a-DIO-EYFP) viral construct in the VTA so that OprkI mRNA expression could
be assessed by RT-gPCR. Two males (one from each viral condition) were lost during
surgery yielding n = 7-9/sex. A significant main effect of Viral Condition (F (1, 12) =
47.943, p = 0.00016; see Supplemental Fig. S2) was observed in which the active viral
construct increased OprkI mRNA expression with no sex differences in OprkI mRNA
expression (F (1,12) = 0.942, p = 0.35).

Of the animals that completed the entire OprkZ overexpression and alcohol self-
administration experiment regimen (N=32; two males and two females were lost due to
complications during surgery or prior to the sixth week post-virus infusion experimental
completion point), the histological assessment resulted in five males infused with the active
viral construct being removed from the analysis due to infusion misplacement outside
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of the VTA, but those misplacement animals were included as a negative control in the
behavioral data. Following histological removal, both male (n=6) and female (n=7) TH::Cre
rats receiving the active viral construct in the VTA showed a significant increase in Oprk1
MRNA in the VTA compared to the male (n=6) and female (n=8) TH::Cre rats that received
the control virus (F (1,23) = 447.421, p = 1.42xE~16; see Fig. 3A) with no sex differences
(F (1,27) = 9.0xE5, p=0.998) or Viral Condition x Sex interaction F (1,23) = 0.043, p =
0.837). The complementary self-administration of the animals showed that after 28 days of
viral incubation and testing during the fifth and sixth week, as apparent in Fig. 3B, alcohol
self-administration was significantly increased in the active viral vs control viral infusion
group as confirmed by the mixed-model ANOVA showing main effects of Session (F (9,
207) = 2.521, p = 0.009) and Viral Condition (F (1, 23) = 7.259, p = 0.013), as well as a
trend towards a Session x Viral Condition interaction (F (9, 207) = 1.905, p = 0.053) which
indicated that the active viral group increased their self-administration over the sessions
differentially from the control condition. Interestingly, there was a main effect of Sex (F
(1,23) = 11.245; p = 0.006) on alcohol self-administration, but no Sex x Viral Condition
interaction (F (1,27) = 2.034, p = 0.167) indicating that overall, females self-administered
more alcohol (see Supplemental Fig. S3), but not when accounting for viral condition. When
assessing water self-administration under the same parameters, the mixed model ANOVA
showed there were no main effects or interactions (see Supplemental Fig. S4) due to viral
condition or sex over the post-viral self-administration sessions. Taken together, these data
indicate that VTA OprkI overexpression can induce escalated alcohol self-administration in
non-dependent animals.

3.3. Experiment 3: Overexpression of VTA Oprk1, somatic signs of withdrawal and
negative affective-like behavior

Following viral infusion and a 28-day incubation period, male and female TH::Cre rats
were tested for somatic signs of withdrawal, as well as depressive-like and anxiety-like
behavior in the FST and EPM, respectively. Four animals (two males and two females

from the control conditions) did not survive the viral infusion surgery or were removed due
to post-surgical complications. Upon completion of the behavioral testing, the multivariate
ANOVA assessment of RT-gPCR VTA OprkI mRNA AACt values indicted that the active
viral (n=18) group showed significantly elevated OprkI mRNA expression when compared
to the control infusion (n=14) group (F (1, 28) = 824.69, p = 2.57xE~22; see Fig. 4A)

with no sex differences in viral efficacy (F (1, 28) = 0.297, p = 0.59). The assessment

of somatic signs of withdrawal showed a lack of a Viral Condition-mediated main effect

(F (1, 28) = 0.13, p=0.721; see Fig. 4B) and no effect of sex or a Sex x Viral Condition
interaction (F (1, 28) = 1.370, p=0.252 and F (1, 28) = 0.338, p= 0.566, respectively). In the
FST examination, significant increases in immobility were substantiated using a multivariate
ANOVA by the main effect of Viral Condition on immobility (F (1, 28) = 4.843, p = 0.036;
see Fig. 4C), but no differences in distance traveled (F (1, 28) = 0.003, p=0.957) and no

sex differences in immobility (F (1,28) = 2.18, p=0.15) were observed. Although the total
distance traveled was not affected by viral condition, there was a main effect of Sex on
distance traveled (F (1, 32) = 12.168, p = 0.002) reflecting female TH::Cre rats showing
more total distance traveled than male TH::Cre rats (see Supplemental Fig. S5). Finally,
when tested in the EPM, the multivariate ANOVA showed that rats infused with the active
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virus had no differences in percent open-arm time, open-arm entries or closed-arm entries
(F (1, 28) = 0.166, p = 0.687; F (1, 28) = 0.624, p = 0.436; F (1, 28) = 0.043, p = 0.836,
respectively; see Supplemental Fig. S6), although there was a significant decrease in the
total distance traveled (F (1, 28) = 16.881, p = 0.000314; see Fig. 4D). In the EPM, there
were no sex differences in percent open-arm time, open-arm entries, closed-arm entries or
distance traveled (F (1, 28) = 0.366, p = 0.550; F (1, 28) = 0.138, p = 0.713; F (1, 28)
=2.194, p = 0.150; F (1,28) = 1.517, p= 0.228, respectively) or Sex x Viral Condition
interactions (F (1, 28) = 0.027, p = 0.871; F (1, 28) = 1.418, p = 0.244; F (1, 28) = 2.526,
p =0.123; F (1,28) = .049, p= 0.827, respectively). These data support the interpretation
VTA Oprk1 overexpression-induced increased depressive-like behavior in the FST, but not
anxiety-like behavior in the EPM, in non-dependent TH::Cre rats.

3.4. Experiment 3: Overexpression of VTA Oprkl and working memory performance

When evaluating whether overexpression of OprkZ in the VTA could impact executive
function and induce a change in working memory performance, three rats (one male and
two females) from the control viral group did not complete the experimental regimen due
to surgical or post-surgical complications which resulted in n=8 for the active viral group
and n=5 for the control group. The two-way ANOVA utilized to assess VTA OprkI mRNA
expression showed a main effect of Viral Condition (F (1, 9) = 10.694, p = 0.01; see Fig.
5A) with no effect of Sex (F (1, 9) = 0.061, p = 0.81). When assessing working memory
performance, there were no Viral Condition or Sex differences in the number of sessions to
reach criterion (F (1, 9) = 0.388, p = 0.549 and F (1,9) = 0.002, p = 0.963, respectively)

for advancing to the multiple delay challenge. There was a main effect of Delay (F (4, 36)
=4.419, p = 0.005; see Fig. 5B) reflecting that as the delays between the forced and free
choice runs increased, both control and active virus groups showed a decrease in correct
responses. However, there were no main effects of Viral Condition (F (1, 9) = 0.866, p =
0.376) or Sex (F (1, 9) = 0.283, p = 0.608) or interactions on performance for any of the
delays. These data imply that VTA OprkI expression levels are not involved in working
memory performance.

4. Discussion

Mesocorticolimbic DA projections originating in the VTA are heavily involved in
motivation, emotion, and executive function and are a substrate of addictive behaviors
(Morales and Margolis, 2017). These mesocorticolimbic DA pathways can be regulated
by KORs through presynaptically and somatodendritic mechanisms (Margolis et al., 2003;
Margolis et al., 2006a; Rose et al., 2016; Spanagel et al., 1992) and have been implicated
in alcohol use disorder (Karkhanis et al., 2017; Sirohi et al., 2012; Walker et al., 2012).

To test the hypothesis that VTA KORs could be dysregulated in alcohol dependence and
putatively contribute to the expression of AUD phenotypes, alcohol dependence was induced
using chronic intermittent ethanol vapor exposure (O’Dell et al., 2004; Rogers et al., 1979;
Williams et al., 2012). To accomplish this, the VTA collected during acute withdrawal from
air- and vapor-exposed male rats and OprkZ mRNA expression and KOR function were
assessed using RT-gPCR and DYN A-stimulated GTP+yS assays, respectively. OprkI mRNA
expression was significantly increased in the VTA of vapor-exposed animals compared to
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air-exposed animals (Fig. 1A) with a concomitant trend towards increased DYN A-induced
[35S] GTPyS coupling (Fig. 1B). This indicates that both OprkZ gene expression and KOR
function were enhanced in alcohol dependence. It must be noted that these VTA Oprk1
mRNA and KOR function data were only determined in male rats and that it is unknown
whether such increases also occur in female alcohol-dependent rats during withdrawal.
However, given that effects observed in the present experiments tested hypotheses related
to intra-VTA Oprk overexpression in both males and females and saw complementary
significant effects, one could assume that the changes observed in the VTA of male rats
would also be observed in female rats.

To investigate the functional implications of increased intra-VTA OprkI mRNA expression
in alcohol dependence-like phenotypes, namely altered motivational, emotional/negative
affective and executive function domains that are hallmarks of alcohol dependence (Erikson
et al., 2018; Kissler et al., 2014; Nealey et al., 2011; Walker and Koob, 2008; Wei

et al., 2022), we leveraged Cre-Lox gene manipulation technology. More specifically,

to attempt to recapitulate phenotypes of alcohol dependence we utilized non-dependent
transgenic TH::Cre rats in combination with VTA-specific infusions of a floxed OprkZ1 viral
construct (AAV5-Ef1a-OPRK1-DIO-EYFP) that overexpressed Oprk1 in the presence of
Cre-recombinase that is specifically located in neurons containing the TH promotor region
(e.g., in the VTA, dopamine neurons). Use of this approach allows for conditional (cell type
specific based on presence of TH) and inducible (initiation of transcriptional regulation upon
adulthood once viral construct is infused) regulation of gene expression.

The initial behavioral phenotyping of male and female TH::Cre rats showed that they
acquired alcohol self-administration and displayed escalated alcohol self-administration
during acute withdrawal following alcohol dependence induction using an intermittent
ethanol vapor exposure paradigm (Fig. S1) at levels consistent with the literature (e.g.,
Williams et al., 2012). Furthermore, when TH::Cre rats were infused in the VTA (using
the parameters identified in the pilot VTA infusion targeting experiments; Fig. 2) with

the active (AAV5-Efla- OPRKI-DIO-EYFP) or control (AAV5-Ef1a-DIO-EYFP) viral
constructs, significant overexpression of OprkI mRNA was observed in the VTA (see
Supplemental Fig. S3). These bilateral infusion parameters were used in the subsequent
experiments evaluating whether VTA OprkI overexpression could recapitulate phenotypes
of alcohol dependence in the form of escalated alcohol self-administration, increased
negative emotional / affective-like behavior and compromised executive function /in non-
dependent TH::Cre rats. Although the correlation between mMRNA and receptor protein
levels can vary, with some estimates suggesting up to 40% of protein production can be
correlated with mRNA levels, specific mRNA’s coding for a particular protein are typically
considered an excellent representation for the coded protein (Mogel and Marcotte, 2012).
Therefore, the viral infusions carried out in these experiments should have translated into
observable phenotypes if VTA OprkI mRNA expression underlies specific phenotypes of
alcohol dependence.

After initial operant alcohol self-administration training and acquiring stability, male and
female TH::Cre rats were stereotaxically infused with either an active floxed OprkI or
control viral construct. Four and five weeks after viral infusion the animals resumed limited

Neuropharmacology. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lepreux et al.

Page 14

access (30-min) operant alcohol self-administration sessions. As there were no Sex x Viral
Condition interactions, male and female data for the different viral conditions was pooled.
Compared to the control infused TH::Cre rats, the floxed OprkZ group showed a progressive
escalation of operant alcohol self-administration (Fig. 3B) that directly parallels plasticity-
dependent operant self-administration test sessions conducted during acute withdrawal after
alcohol dependence induction in rats (Smith et al., 2011; see Walker, 2012 for detailed
review). Of interest was the inclusion of a negative control group of TH::Cre rats that

had misplaced (outside of the VTA) active viral construct infusions and displayed a
self-administration profile consistent with the control viral group and indicates the site-
specificity of the VTA OprkI overexpression effect. Furthermore, OprkI overexpression in
the VTA did not impact water self-administration when comparing the active and control
levels (Fig. S4). When evaluating VTA OprkI mRNA expression following the completion
of the self-administration component, the active viral group showed significantly increased
Oprkl1 expression compared to control (Fig. 3A). Therefore, when non-dependent animals
have Oprk1 overexpressed selectively in the VTA to mimic the OprkZ profile produced

by intermittent ethanol vapor-exposure (Fig. 1A), they behave in an alcohol dependence-
like manner. However, it must be noted that in the present experiments, the level of
viral-induced increases in OprkI exceeded that identified in alcohol dependent Wistar rats
during withdrawal. That said, the overarching hypothesis that increased OprkZ expression
in the VTA can underlie certain phenotypes of alcohol dependence was supported, although
future work using multiple dilutions of the viral construct could be conducted to achieve
overexpression levels with greater consistency. Moreover, when using KOR antagonists
centrally or in mesolimbic DA terminal regions of the extended amygdala in alcohol
dependent rats during acute withdrawal, escalated alcohol self-administration is completely
ameliorated (Erikson et al., 2018; Kissler et al., 2014; Nealey et al., 2011; Walker and Koob,
2008).

AUD and depression are highly comorbid (Boden and Fergusson, 2011). KOR/DYN
signaling can have pro-depressive effects (Berger et al., 2013; McLaughlin et al., 2003)

and alcohol dependence dysregulation of KOR/DYN is involved in depressive-like behavior
(Jarman et al., 2018). Thus, using the forced swim test, we looked at a depressive-like
phenotype following Oprk1 overexpression (Lucki, 1997). Male and female TH::Cre rats
receiving the active viral construct showed increased immobility during a 5-minutes test
(Fig. 4C). This increased immobility was not confounded by a viral OprkZ-mediated
reduction in distance traveled although a sex difference was found with females traveling
an overall greater distance than males regardless of the viral condition. Thus, we concluded
that the increased immobility induced by the overexpression of OprkZ in the VTA was a
sign of a depressive-like state (Duman, 2010). When tested for anxiety-like behavior in the
EPM (Pellow et al., 1985) we found that there were no viral condition-induced changes

in percentage open-arm time, open-arm entries or closed-arm entries (Fig. S6), but there
was a reduction in distance traveled for animals receiving the active viral construct (Fig.
4D). Given that KOR agonists have been shown to reduce locomotor activity in rats (e.g.,
Leyton and Stewart, 1992) there was a concern about the potential of non-specific locomotor
effects from increasing OprkZ in the VTA. However, the distance traveled during the FST
was not different between active viral and control groups (Fig. S5) and more importantly,
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those TH::Cre rats infused with the active virus /ncreased alcohol self-administration, which
requires active participation of the animals to press the levers. Collectively, this evidence
suggests that general locomotion was not impaired by the increased OprkZ expression and
putative increase in KOR signaling. Therefore, it could be that the reduction in distance
traveled in the EPM in the active viral group could instead be reflective of an anxiety-like
behavioral state (i.e., analogous to minor freezing behavior), although this is speculative.
Taken together we concluded that an overexpression of VTA OprkI in non-dependent
animals was sufficient to induce depressive-like, but not necessarily anxiety-like, behavior
and that this effect was modest. Further tests could be conducted in the future to more
broadly assess Oprk1 overexpression-induced increases in negative affective-like behavior
(comprising both depressive- and anxiety-like behavior) that have been observed in alcohol-
dependent animals (Baird et al., 2021; Boden and Fergusson, 2011; Williams et al., 2012).

Somatic signs of withdrawal can be used as a marker of alcohol dependence (Schulteis
etal., 1995, Williams et al., 2012). Dependent animals show higher withdrawal scores

than non-dependent animals (Williams et al., 2012, Wei et al 2022). Evidence has been
shown that dissociates KOR-mediated contributions to somatic vs psychiatric symptoms of
dependence and withdrawal depending on the brain site. For example, in the CeA, KOR
signaling dissociated motivational from somatic signs of withdrawal (Kissler and Walker,
2016), whereas in the BNST that dissociation was less evident (Erikson et al., 2018).

With that being said, since both of those extended amygdala regions are innervated by
mesolimbic DA projections originating in the VTA, it was important to assess VTA Oprk1
overexpression on somatic withdrawal signs. Although the animals for which VTA Oprk1
was overexpressed showed a negative emotional / affective-like state, they did not show
signs of somatic withdrawal (Fig. 4B). This is consistent with the fact that KOR antagonism
in alcohol dependent animal failed to ameliorate a somatic withdrawal state (Kissler et

al 2016) but ameliorated dependence-induced escalation of self-administration. Therefore,
in the present study, motivational and negative affective-like behavior is dissociated from
somatic withdrawal signs following OprkI overexpression in the VTA.

Executive function can be impaired by chronic ethanol exposure (Ambrose et al., 2001;
Bechara et al., 2001; Noel et al., 2005) and dynorphin release in the PFC was shown

to impair cognitive function (Abraham et al., 2021). Recently, Wei and colleagues (Wei

et al., 2022) showed that working memory in alcohol-dependent rats was compromised
when tested in a DNMST and that KOR/DYN dysregulation was involved and could serve
as a therapeutic target to treat those deficits. Since VTA KORs can inhibit dopaminergic
projection to the mPFC (Margolis et al., 2006b; Morales and Margolis, 2017) and VTA

DA projections to PFC are important for updating working memory (D’Ardenne et al.,
2012), we hypothesized that an exacerbated KOR signaling originating from the VTA could
induce working memory impairment in non-dependent animals by reducing DA release in
the mPFC. However, no difference of performance in the DNMST was measured between
animals infused with active virus in comparison to the control group (Fig. 5B) even though
VTA OprkI mRNA overexpression was confirmed by RT-gPCR (Fig. 5A). This implies that
VTA OprkI-containing DA neurons projecting to mPFC are not involved in the working
memory deficits measured in alcohol dependent animals (Wei et al., 2022). However, DA
acting through D1 receptor subtypes in the mPFC have been shown to be essential in the
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retrieval-induced forgetting process (Gallo et al., 2022). Even though mPFC KORs can alter
place conditioning via alterations in DA (Tejeda et al., 2013), it is possible that mPFC DA
involved with working memory performance is not affected by VTA OprkI overexpression.
Indeed, in the Acb, D2 dopamine receptor were involved in avoidance learning (while D1
were not) and regulated by VTA KOR (Hikida et al., 2013; Robble et al., 2020). Al-Hasani
and colleagues (Al-Hasani et al., 2015) demonstrated that two subpopulations of dynorphin
neurons can promote aversion and reward, showing that circuit and region-specific signaling
can impact KOR-dependent behaviors. Whether such a distinction of receptor subtype
and/or pathway involving VTA OprkI-regulated working memory process takes place here
is currently unknown.

In conclusion we showed that following intra-VTA infusion of a floxed Oprk1 viral
construct, TH::Cre rats displayed increased OprkI mRNA expression consistent with

that observed in alcohol dependence. In non-dependent TH::Cre rats, intra-VTA Oprk1
overexpression induced escalated alcohol self-administration and depressive-like phenotypes
that are observed in individuals suffering from AUD. These findings emphasis the role of
VTA in the expression of AUD phenotypes and show the potential of the KOR/DYN system
as a therapeutic target in the treatment of AUD.
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Highlights:

Chronic intermittent ethanol vapor increased OprkI (kappa opioid receptor
gene) mRNA expression and kappa opioid receptor function in the ventral
tegmental area (VTA) of Wistar rats.

In transgenic TH::Cre rats, inducible and tyrosine hydroxylase-containing
neuron (TH+) conditional overexpression of VTA Oprk resulted in
escalated operant alcohol self-administration without impacting water self-
administration.

Inducible Oprk1 overexpression conditionally in TH+ VTA neurons promoted
increased depressive-like, but not anxiety-like, behavior in TH::Cre rats.

Working memory performance was not impacted by inducible and conditional
VTA Oprk1 overexpression in TH::Cre rats.
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Figure 1: Alcohol dependence-induced modification of Oprk1 mRNA expression and KOR

function in the ventral tegmental area (VTA).

Panel A: Oprk1 mRNA expression in the VTA of air- and vapor-exposed rats as measured by
RT-gPCR. OprkI mRNA showed increased expression in the VTA of ethanol vapor-exposed

rats (***p < 0.01, main effect of exposure condition). Panel B: KOR function in the VTA of

air- and vapor-exposed rats as measured by DY N-A stimulated GTP-yS coupling. There was

a trend towards increased KOR function in ethanol vapor-exposed compared to air-exposed

rats (trend towards a DYN A x Exposure interaction, p = 0.054).
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Figure 2: Viral Expression in TH Positive Neurons.
Unilateral infusion of a floxed OprkZ AAV into the VTA of TH::Cre rats showed

VTA specificity. Panel A: TH positive neurons were visualized using fluorescent
immunochemistry (red color). Panel B: The viral spread was visualized by evaluating YFP
fluorescence (green color). Panel C: The merged images demonstrate specificity in the VTA
that is distinct from the TH positive substantia nigra neurons (SNR).
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Figure 3: Oprk1l mRNA expression and alcohol self-administration in TH::Cre rats following

VTA viral infusions.

Panel A: Oprk1 mRNA expression in VTA of male and female TH::Cre rats. Oprk1

MRNA expression in the VTA of both male and female rats was increased when

exposed to the active AAV5-Ef1la-OPRK1-DIO-EYFP virus when compared to the control
AAV5-Efla-DIO-EYFP virus (main effect of Viral Condition, **p < 0.01). Panel B:
Alcohol self-administration (g/kg) in male and female transgenic TH::Cre rats. Alcohol
self-administration levels following 28 days of viral incubation during the 51 and 6™ week
post-viral infusion demonstrated a significant increase (main effect of Viral Condition, **p
< 0.01) in the active (AAV5-Ef1la-OPRK1-DIO-EYFP) viral infusion group when compared
to the control (AAV5-Efla-DIO-EYFP). The negative control group (NC, misplaced active

virus infusions outside the VTA) was included as a comparison.
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Figure 4: VTA Oprk1 overexpression induces depressive-like behavior in non-dependent TH::Cre

rats.

Panel A: Oprk1 mRNA in the VTA was increased (main effect of Viral Condition, ***p

< 0.001) following infusion of the active viral construct (AAV5-Efla-Oprk1-DIO-EYFP)
compared to the control virus (AAV5-Efla-DIO-EYFP). Panel B: Somatic withdrawal
scores for animals infused with the active virus or control virus showed no differences
between conditions. Panel C: Rats infused with the active viral construct showed increased
immobility when compared to those receiving control viral infusions (main effect of Viral
Condition, *p < 0.05). Panel D: TH::Cre rats infused with the active viral construct
decreased their distance traveled when compared to those receiving control viral infusions

(main effect of Viral Condition, ***p < 0.001).
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Figure 5: Effect of VTA Oprk1 overexpression on working memory performance of non-
dependent TH::Cre rats.

Panel A: Oprk1 mRNA expression in VTA of TH::Cre rats was increased (main effect of
Viral Condition, ***p< 0.001) when exposed to the active virus (AAV5-Efla-Oprk1-DIO-
EYFP) compared to the control virus (AAV5-Efla-DIO-EYFP). Panel B: Four weeks after
viral infusions the animals were tested in the DNMST. Compared with the animals receiving
the control viral infusions, the animals receiving active viral infusion in the VTA showed no
significant difference in working memory performance at any delay tested.
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