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Abstract

Alcohol use disorders (AUD) have a strong component of heritability; however, the
neurobiological mechanisms mediating the propensity to consume excessive amounts of alcohol
are still not well understood. Pituitary adenylate cyclase-activating polypeptide (PACAP), a highly
conserved neuropeptide which exerts its effects mainly through the PAC1 receptor (PACLR), has
been suggested to be one of the mediators of the effects of drugs of abuse and alcohol. Here,

we investigated the role of the PACAP/PAC1R system in excessive alcohol drinking in alcohol-
preferring rats, an established animal model of AUD. Intracerebroventricular (i.c.v.) administration
of the PAC1R antagonist PACAP(6-38) blocked excessive alcohol drinking and motivation

to drink in Sardinian alcohol-preferring (Scr:sP) rats, without affecting water, saccharin, or
sucrose intake. Notably, PACAP(6-38) did not affect ethanol responding in outbred Wistar rats.
PACAP(6-38) also significantly reduced alcohol-seeking behavior under a second-order schedule
of reinforcement. Using immunohistochemistry, a significant increase in the number of PAC1R
positive cells was observed selectively in the nucleus accumbens (NAcc) Core of Scr:sP rats,
compared to Wistar rats, following alcohol drinking. Finally, excessive drinking in Scr: sP rats was
suppressed by intra-NAcc Core, but not intra-NAcc Shell, PACAP(6-38), as well as by virally-
mediated PAC1R knockdown in the NAcc Core. The present study shows that hyperactivity of

the PACAP/PACLR system specifically in the NAcc Core mediates excessive drinking of alcohol-
preferring rats, and indicates that this system may represent a novel target for the treatment of
AUD.
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1. Introduction

Alcohol use disorder (AUD) is a severe and debilitating disorder which results in 3.3
million deaths worldwide each year (Jones et al., 2015; Kranzler and Soyka, 2018). AUD is
characterized by uncontrolled heavy drinking as well as craving and seeking (Association,
2013; Domi et al., 2021; Koob and Volkow, 2016a). Its etiology is complex, as heritable
susceptibility factors contribute 50-60% of the disease risk and interact with environmental
factors that produce and maintain the disorder (Goldman et al., 2005; Jones et al., 2015;
Prescott and Kendler, 1999). Furthermore, many of the same molecular correlates of the
genetic propensity to drink can also be generated environmentally by ethanol exposure (Bell
et al., 2013; Heilig and Koob, 2007; Sabino et al., 2009). In this investigation, a line of
alcohol-preferring rats genetically selected for alcohol preference and consumption were
used to investigate the neurobiological factors underlying the predisposition to consume
excessive quantities of alcohol (Ciccocioppo and Hyytia, 2006; Crabbe, 2014; Gessa, 2016;
McBride et al., 2014; Timme et al., 2020).

The focus of the present study was the neuropeptide pituitary adenylate cyclase-activating
polypeptide (PACAP) and its receptor, PAC1R. Originally isolated from the ovine
hypothalamus (Miyata et al., 1989), PACAP is encoded by the Adcyap (PACAP) gene

and exists in two different isoforms, PACAP-27 and PACAP-38, the latter representing more
than 90% of the PACAP found in the brain (Masuo et al., 1993; Miyata et al., 1989; Piggins
et al., 1996). This neuropeptide belongs to a superfamily that includes growth hormone-
releasing hormone (GHRH), secretin, and vasoactive intestinal peptide (VIP) (Sherwood et
al., 2000). PACAP binds to three different receptors; two of them, VPAC1 and VPAC2,
recognize both VIP and PACAP with equally high affinity, while the third, PAC1R, is a
PACAP-selective receptor (reviewed in (Harmar et al., 2012)). The PACAP/PAC1R system
has been shown to regulate food intake, energy metabolism, body temperature, and neuronal
survival (Gray et al., 2002; Hawke et al., 2009; lemolo et al., 2015; Inglott et al., 2011;
Mounien et al., 2009; Resch et al., 2011). Several groups, including ours, have shown

that the PACAP system is a strong mediator of the body’s multifaceted response to stress
(Agarwal et al., 2005; Dore et al., 2013; Hammack et al., 2009, 2010; lemolo et al., 2016;
Jiang and Eiden, 2016; Mustafa et al., 2015; Ressler et al., 2011; Seiglie et al., 2015, 2019;
Varodayan et al., 2020).

A growing body of evidence has begun to link the PACAP/PACLR system with the effects
of drugs of abuse and alcohol (Gargiulo et al., 2020a; Miles et al., 2019; Stojakovic et

al., 2020). In humans, a single nucleotide polymorphism (SNP) of Adcyap1, rs2856966
(Asp54Gly), with potential relevance to alcohol drinking was identified in a Finnish
population of social drinkers, such that the recessive model of the GG genotype predisposes
individuals to higher levels of intake (Kovanen et al., 2010). Additional evidence from
human studies indicates that a PACI1R variant is associated with problematic alcohol use

in women (Dragan et al., 2017). Studies on the intoxicating and ataxic effects of ethanol

in Drosophilaled to the identification of a mutant (named “ Cheapaate”) with higher
sensitivity to ethanol-induced ataxia, due to an allele of the gene that encodes PACAP
(Feany and Quinn, 1995); this suggests that PACAP signaling may mediate the response that
produces the acute tolerance to ethanol-induced ataxia, diminishing the intoxicating actions
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of ethanol. Since lower impairment during the early stages of drinking is linked to a greater
risk of long-term alcohol addiction (Schuckit, 1994, 1998), high amounts of PACAP may
lead to a higher preference for self-administering alcohol. Moreover, acute ethanol has been
shown to increase PAC1R mRNA levels via Receptor For Activated C Kinase 1 (RACK1) in
cell lines (He et al., 2002) and PACAP has also been reported to modulate the hypothermic
effects of ethanol (Szabd et al., 1998; Tanaka et al., 2004). A role for the PACAP/PACI1R
system of the bed nucleus of the stria terminalis (BNST) in the excessive alcohol intake
that results from chronic intermittent alcohol exposure (Ferragud et al., 2021) and an effect
of PACAP-27 and PACAP-38 on home cage alcohol drinking (Gargiulo et al., 2020b) have
been shown, suggesting a potential key role for this peptide system in the regulation of
alcohol drinking.

The nucleus accumbens (NAcc) is a key node in the circuitry mediating reinforcement and
some behavioral effects of addictive drugs (Koob, 2014; Koob and Volkow, 2010, 2016b).
The loss of PACAP/PACLR signaling in the NAcc Shell has recently been shown to increase
alcohol drinking in the Scr:sP alcohol-preferring rat line used here (Minnig et al., 2021); this
suggests that this system in the NAcc Shell provides a brake on alcohol drinking, in line
with the notion that corticostriatal projections to this subregion are part of a “stop” circuitry
that leads to decreased drug and alcohol seeking (Koob and Volkow, 2016a; LaLumiere et
al., 2012). In contrast, the NAcc Core is a mediator of Pavlovian influences on instrumental
action, and corticostriatal projections to the NAcc Core pathway are thought to represent a
“go” system involved in drug craving (Corbit et al., 2001, 2016; Koob and Volkow, 2016a;
LaLumiere et al., 2012). Neuroadaptations in the NAcc Core following alcohol (and drug)
consumption over extended periods of time have been shown, suggesting that neuroplasticity
in this region may mediate the effects of long-term alcohol (Feduccia et al., 2014; Malinen
and Hyytia, 2008; Willuhn et al., 2014). The NAcc Core expresses high levels of PACAP
and PAC1R (Ghatei et al., 1993; Palkovits et al., 1995; Zhang et al., 2021). Whether
alterations of the PACAP/PACIR system contribute to the predisposition to excessively
consume alcohol is currently unknown. Here, we hypothesized that PAC1R hyperactivity,
specifically in the NAcc Core, is involved in excessive drinking in alcohol-preferring rats.

2. Materials and methods

Please see Supplementary Material for additional details on the procedures used.

2.1. Subjects

Subjects used were male Wistar rats, weighing 225-250 g upon arrival (Charles River,
Wilmington, MA, USA), and male rats derived from the TSRI Sardinian alcohol-preferring
(sP) rats (Scr:sP, 29-30th generation, http://rgd.mcw.edu/rgdweb/report/strain/main.html?
1d=2302666) maintained at Boston University without further selective breeding. Rats were
housed in an AAALAC-approved humidity- and temperature-controlled vivarium on a 12-h
reverse light—dark cycle (lights off at 09:00) with water and regular rodent chow available
ad libitum. Experiments were conducted during the rats’ dark cycle. Procedures adhered to
the National Institutes of Health Guide for the Care and Use of Laboratory Animals and
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the Principles of Laboratory Animal Care and were approved by Boston University Medical
Campus Institutional Animal Care and Use Committee.

2.2. Drugs and viral constructs

Ethanol solution (10% w/1) was prepared using 95% ethyl-alcohol and tap water. Saccharin
solution (0.02% w/V) was prepared using saccharin sodium salt hydrate (Sigma Aldrich, St.
Louis, MI) and tap water. Sucrose solution (1.5% training, 5% w/iy maintenance and testing)
was prepared using sucrose (Sigma Aldrich, St. Louis, MI) and tap water. PACAP(6-38)
was purchased from the American Peptide Company (Sunnyvale, CA). The peptide was
dissolved in sterile isotonic saline in the presence of 1% bovine serum albumin (Sigma
Aldrich, St. Louis, MI). A PAC1R short-hairpin knockdown adeno-associated virus (AAV1-
CAG-rADCYAPIR1-shRNAmIr-GFP, Vigene Biosciences, Rockville, MD, “AAV-PAC1R-
KD”), and a control virus (AAV1-CAG-GFP, Addgene, Watertown, MA, “AAV-CTRL")
were used for the NAcc Core Adcyapiri gene (i.e. PAC1R) knockdown experiment.

2.3. Self-administration procedure: fixed ratio (FR)-1 schedule of reinforcement

Scr:sP and Wistar rats (n = 8/genotype for i.c.v. microinfusions; separate cohort of n =
7/brain area Scr:sP rats for intra-NAcc microinfusions) were trained to self-administer 10%
w/vethanol, as previously reported (Sabino et al., 2011), under a continuous FR1 schedule
of reinforcement, wherein each response resulted in the delivery of 0.1 ml of liquid. Training
culminated in daily ethanol self-administration sessions that were 30 min in duration as
previously described (Sabino et al., 2006). During all sessions, rats were also allowed to
press for water (0.1 ml) on the alternative lever. Drug testing began after approximately 6
weeks of daily 30 min alcohol FR1 sessions. For saccharin self-administration, Scr:sP rats (n
= 6) were trained to self-administer a saccharin solution (0.02% w/V) under an FR1 schedule
during 30 min sessions (Sabino et al., 2009). Drug testing began after approximately 4
weeks of daily sessions.

For sucrose self-administration, Scr:sP rats (n = 9) were trained under an FR1 schedule

as above, first with 1.5% w/v sucrose, then with 5% w/\/sucrose until stabilization. These
concentrations of saccharin and sucrose were such to maintain response rates equivalent to
those elicited by 10% w/v ethanol (see Results section) (see Supplementary Material for
additional details).

2.4, Self-administration procedure: progressive ratio (PR) schedule of reinforcement

Scr:sP and Wistar rats (n = 11-12/genotype) were trained to self-administer 10% w/A/
ethanol under a Progressive Ratio (PR) schedule of reinforcement. Under this schedule,

the number of responses required to produce one delivery of ethanol (10% w/V) increased
with successive deliveries as in (Sabino et al., 2011). Sessions ended when subjects had not
completed a ratio for 14 min or after 2 h, as we and others have previously reported (Gilpin
and Koob, 2010; Sabino et al., 2011; Walker and Koob, 2007), with the last completed ratio
defined as the breakpoint. Responses on the inactive lever were also recorded. Drug testing
began after approximately 4 weeks of daily PR sessions (see Supplementary Material for
additional details).
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2.5. Alcohol-seeking procedure: second-order schedule of reinforcement

Scr:sP rats (n = 10) were trained under a second-order schedule of alcohol reinforcement
adopted and modified from (Giuliano et al., 2012). Subjects were first trained to press a
lever to acquire 0.05 ml of 10% w/v ethanol solution under a fixed ratio 1 (FR1) schedule

of reinforcement; lever presses on the active lever resulted in ethanol solution delivery and
illumination of a conditioned stimulus (CS) light above the active lever for 20 s, followed by
lever retraction. The session ended when subjects reached 30 rewards or after 2 h, whichever
occurred first. Subsequently, a fixed interval (FI) schedule of reinforcement was introduced,
the interval increasing daily from FI1 min, to FI2, FI4, FI8, and FI110 min before stabilizing
at FI15 min. After timing out of the FI, a single press on the active lever resulted in solution
delivery. The volume of solution delivered after the FI progressively increased from 0.05

to 0.12 ml according to the FI schedule, and the session ended when subjects received 30
reinforcers or after 2 h. Finally, subjects were moved to a second-order schedule comprised
of two intervals. During the FI15min, every 10th active lever press resulted in a brief CS
presentation for 1 s above the active lever (FI15(FR10:S)); after the FI15 min, the 10th
active lever press resulted in their first delivery of 0.12 ml of ethanol solution and CS
presentation for 20 s. The session ended when subjects completed a second interval (after
alcohol had been delivered) or after 40 min, whichever occurred first. Drug testing began
after approximately 3 weeks of daily second-order schedule sessions (see Supplementary
Material for additional details).

2.6. Intracranial surgeries

The surgical procedures were performed stereotaxically, as previously described (Dore

et al., 2013; lemolo et al., 2012). For microinfusion studies, rats underwent unilateral

(for intracerebroventricular (i.c.v.) experiments) or bilateral (for NAcc Core and NAcc
Shell) implantation of 24-gauge stainless steel cannulas (Plastics One, Roanoke, VA) under
stereotaxic control (Kopf Instruments, Tujunga, CA), using the following coordinates (mm
from bregma, DV from skull): i. c.v.: AP: — 1.0, ML: £1.5, DV: — 2.3. NAcc Core: AP: +1.4,
ML: £2.4 (6-degree angle), DV: - 5.6; NAcc Shell: AP: +1.06, ML: £0.75, DV: - 5.7. For
the NAcc Core PAC1R knockdown study, AAV-PAC1R-KD or AAV-CTRL viral constructs
were infused via a 22-gauge Hamilton syringe bilaterally into the NAcc Core, using the
following coordinates (mm from bregma, DV from dura): AP: +1.4, ML: +2.5 (10° angle),
DV: - 5.8. A total volume of 0.5 pl per side was used. The incisor bar was set at — 3.3

mm from the interaural line (flat skull) for all surgeries, according to Paxinos (Paxinos and
Watson, 2007). Only data from animals with correct viral/cannula placement were included
in the data analysis.

2.7. Cannula microinfusion procedures

Drug testing began when daily lever pressing performance in each schedule of reinforcement
stabilized (<20% variation across three consecutive sessions). PACAP(6-38) (i.c.v.: 0, 3.75,
7.5 pg/rat in 5 pl/rat, intra-NAcc: 0, 0.5, 1.25 pg/side in 0.5 pl/side) was administered 30 min
before the session; all experiments followed a Latin square within-subject design and at least
two treatment-free days were allowed between treatment days (doses were chosen based on
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previous reports (Burgos et al., 2013; Ferragud et al., 2021; Gargiulo et al., 2020b; Nguyen
et al., 2020; Seiglie et al., 2019)).

2.8. NAcc core AAV-shRNA PAC1R knockdown

A cohort of Scr:sP rats (n = 17) was trained to self-administer alcohol in an FR1 schedule
as described above. Once stable performance during the 30 min self-administration sessions
was reached (<20% variation across three consecutive sessions), rats were matched based
on baseline ethanol intake and body weight into two groups. Either AAV-PAC1R or
AAV-CTRL virus was infused bilaterally into the NAcc Core as described above. Daily
self-administration sessions were resumed 3 weeks after intracranial infusion, to allow for
viral expression.

At the end of the experiment, rats were euthanized, and brains collected as described

above. Immunohistochemistry for PAC1R and GFP in the NAcc Core was performed.
Unbiased stereological counts by an experimenter blind to treatment groups were performed
on a subset of rats (n = 6/group) as previously described (Ferragud et al., 2021) (see
Supplementary Material for additional details).

2.9. PACI1R immunohistochemistry

Subjects of these experiments were two cohorts of Scr:sP and Wistar rats, ethanol naive and
ethanol experienced (n = 7/group and 4-5/group, respectively). Resulting ethanol intake in
the ethanol experienced group were comparable to those of the pharmacological and viral
experiments (see Results section). The ethanol-naive cohort was never exposed to ethanol,
while the ethanol-experienced cohort was trained to self-administer 10% w/v ethanol

daily, first with home-cage access as described above, and then under an FR1 schedule

of reinforcement for 4 weeks in 30 min sessions as described above and subsequently
euthanized 1 h after the last operant session. Rats were perfused transcardially with
phosphate-buffered saline and 4% paraformaldehyde (PFA); coronal brain sections, cut at
40 pm and including the NAcc Core and Shell (range: +2.52/+1.08 mm from bregma, every
6th section), were used for immunohistochemistry (IHC) for PAC1R by incubating them

in anti-PAC1R primary antibody for 48 h at 4 °C and then in secondary antibody for 2

h at room temperature. PAC1R-labeled cell bodies were then counted by an experimenter
blind to groups, after areas were outlined according to the Paxinos rat brain atlas (40) (see
Supplementary Material for additional details).

2.10. Statistical analysis

Data from i.c.v. administration of PACAP(6-38) in FR1 and progressive ratio schedule

of reinforcement were analyzed using two-way analyses of variance (ANOVAS), with
Genotype as a between-subjects factor and Dose as a within-subject factor. Data from

the saccharin and sucrose intake, and site-specific administration of PACAP(6-38) in

FR1 (Scr:sP only) were analyzed using one-way ANOVAs, with Dose as a within-subject
factor. Data from the second-order schedule of reinforcement were analyzed using two-way
ANOVAs with Interval and Dose as a within-subject factors. Data from self-administration
following AAV-shRNA PAC1R knockdown were analyzed using two-way ANOVAs with
Virus as a between-subjects factor and Day as a within-subject factor. Data not normally
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distributed were analyzed using the non-parametric Friedman’s test. Pairwise post-hoc
comparisons were made using either the Dunnett’s (one-way ANOVA) or the Duncan (two-
way ANOVAS) test; Student’s #test was used when comparing two groups. Significance was
set at p < 0.05. The software/graphic packages used were Systat 11.0, InStat 3.0, Statistica
7.0, and Graphpad Prism 9.2.

3. Results

3.1. l.c.v. PAC1R antagonist PACAP(6—38) blocks excessive ethanol self-administration in
alcohol-preferring, but not in outbred rats

As shown in Fig. 1, Scr:sP rats responded excessively for ethanol compared to outbred
Wistar rats under a FR1 schedule of reinforcement (Fig. 1A; Genotype: A1,13) = 4.95,
p<0.05). l.c.v. administration of the PAC1R antagonist PACAP(6-38) selectively and
dose-dependently reduced the higher level of ethanol self-administration in Scr:sP rats, but
not in outbred Wistar rats (Fig. 1A; Genotype*Dose: A2,26) = 3.96, p< 0.05; Dose: H2,26)
=5.51, p<0.01, see also Suppl. Fig 2A for lever press data); post hoc analysis revealed a
significant effect of the highest dose (7.5 ug) in Scr:sP compared to vehicle condition (40%
reduction). At the highest dose microinfused, PACAP(6-38) fully blocked the excessive
ethanol intake of Scr:sP rats as compared to vehicle-treated Wistar rats (o= 0.70). As
shown in Fig. 1B, responding for water was not reliably affected by PACAP(6-38) in either
genotype (Genotype*-Dose: A2,26) = 0.23, n. s.; Dose: A2,26) = 0.44, n. s., see Suppl Fig.
2B for lever press data).

3.2. l.c.v. PAC1R antagonist PACAP(6—38) reduces the motivation to drink ethanol in
progressive ratio in alcohol-preferring, but not in outbred rats

Scr:sP rats showed increased breakpoint and total number of responses for ethanol compared
to outbred Wistar rats under a progressive ratio schedule of reinforcement (breakpoint: Fig.
1C; Genotype: A1,21) = 17.4, p< 0.001). I. c.v. administration of the PAC1R antagonist
PACAP(6-38) decreased the breakpoint for ethanol in Scr:sP rats, but not in outbred Wistar
rats (Fig. 1C; Genotype*Dose: H2,42) = 3.91, p< 0.05; Dose: A2,42) =1.97,n.s.).
PACAP(6-38) also reduced the total responses for ethanol on the active lever selectively in
Scr:sP rats (Fig. 1D; Genotype*Dose: A2,42) = 4.49, p< 0.05; Dose: A2,42) =2.34,n.5s.).
Post-hoc analysis showed that the highest dose of PACAP (6-38) significantly reduced the
breakpoint (25% of reduction vs. vehicle condition) and the number of active lever presses
(32% of reduction vs. vehicle condition) in Scr:sP rats. The antagonist treatment had no
effect on the number of inactive lever presses (Fig. 1E; Genotype*Dose: AH2,42) = 0.42, n.
s.; Dose: A2,42) =1.30,n.s.).

3.3. lL.c.v. PAC1R antagonist PACAP(6—38) decreases alcohol-seeking behavior in alcohol-
preferring rats
As shown in Fig. 2A, PACAP(6-38) decreased alcohol-seeking behavior in Scr:sP rats
in both intervals, i.e. both before and after alcohol delivery (Interval: A1,9) =7.04, p<
0.05; Dose: AH2,18) = 4.69, p< 0.05) of a second-order schedule of reinforcement, in
which alcohol-seeking behavior is maintained by both the self-administered alcohol and the
response-contingent presentation of an alcohol-associated CS. The highest dose of PACAP
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(6-38) significantly decreased the number of lever presses during both the first pre-ingestive
first interval (43% reduction, Fig. 2A) and the post-ingestive second interval (57% reduction,
Fig. 2A). The treatment had no effect on inactive lever presses in either interval (Interval:
A1,9) =20.41, n. s.; Dose: A2,18) =1.19, n. s.; Fig. 2B).

3.4. l.c.v. PAC1R antagonist PACAP(6—38) has no effect on saccharin or sucrose intake in
alcohol-preferring rats

As shown in Fig. 2C, ic v. administration of the PAC1R antagonist PACAP(6-38) did

not affect lever pressing for saccharin solution in Scr: sP rats in an FR1 schedule

of reinforcement (A2,10) = 0.13, n. s.; lever press data in Fig. 3A). As desired, the
concentration of saccharin chosen (0.02% w/V) maintained levels of responding under
vehicle conditions that matched those obtained with ethanol (37.3 + 4.3 and 39.3+ 7.9
average of lever presses for ethanol and saccharin, respectively). PACAP (6-38) had no
effect on concurrent water intake (A2,10) = 0.71, n. s.) (data not shown, Veh: 0.28 + 0.20
ml/kg, 3.75 mg/kg dose: 0.12 + 0.08 ml/kg, 7.5 mg/kg dose: 0.40 £ 0.23 ml/kg).

I.c.v. administration of the PAC1R antagonist PACAP(6-38) in Scr:sP rats did not affect
sucrose self-administration under an FR1 schedule of reinforcement (Fig. 2D; A2,16) =
0.52, n. s.; lever press data in Fig. 3B). The sucrose concentration (5% w/V) was chosen

so that the caloric intake matched that of the ethanol solution (10% w/) in the ethanol
self-administration experiment (2.61 + 0.30 and 2.34 + 0.14 average kcal per session for
ethanol and sucrose, respectively). PACAP(6-38) had no effect on concurrent water intake
during sucrose testing (F(2, 16) = 0.98, n. s.) (data not shown, Veh: 0.31 + 0.14 ml/kg, 3.75
mg/kg dose: 0.27 £ 0.10 ml/kg, 7.5 mg/kg dose: 0.11 + 0.06 ml/Kkg).

3.5. PACIR levels are increased in NAcc core of alcohol-preferring rats following alcohol

exposure

No differences in PAC1R immunoreactivity (PAC1R positive cells) were observed between
alcohol naive Scr:sP rats and alcohol naive Wistar rats in the NAcc Core (412) = 0.94, n. s.,
Fig. 3A), or in the NAcc Shell (412) = 0.60, n. s., Fig. 3B). Interestingly, following exposure
to alcohol, as shown in Fig. 3A, significantly higher levels of PAC1R-labeled cells were
observed in the NAcc Core of ethanol-experienced Scr:sP rats compared to Wistars (£7)
=2.94, p<0.05). Again, no significant differences in PAC1R levels were observed in the
NAcc Shell (¢(7) = 2.36, n. s.) (Fig. 3B). Since the two experiments assessing PAC1R levels
in the cohorts of alcohol naive vs. alcohol experienced rats were performed independently

at different times, we were unfortunately unable to directly compare the effects of alcohol
exposure on PACLR in each genotype.

3.6. PACI1R antagonist PACAP(6—38) microinfusion in the NAcc core blocks excessive
alcohol drinking in alcohol-preferring rats

Microinfusions of the PAC1R antagonist PACAP(6-38) into the NAcc Core significantly
decreased excessive ethanol intake in Scr:sP rats, as shown in Fig. 4A (A2,12) = 25.73,
p<0.001; lever press data in Suppl. Fig. 4A). Post hoc analysis revealed that both doses
of PACAP (6-38) significantly reduced ethanol intake (0.5 pg/side: 30%, 1.25 pg/side:
41%, compared to vehicle). In contrast, no effects were observed when PACAP(6-38) was
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microinfused into the NAcc Shell, as shown in Fig. 4C (H2,12) = 1.37, n. s.; lever press
data in Suppl. Fig. 4C), supporting the immunohistochemical findings that the NAcc Core
PAC1Rs are those involved in the control of excessive alcohol drinking in Scr:sP rats

(see Sup. Fig. 1 for cannula placements). Water intake was not affected by PACAP(6-38)
microinfusion in either subregion of the NAcc (non-parametric data, Core: /1/2(2, N=T)=
0.50, n. s.; Shell: ;(2(2, N=7)=1.68n.s., Fig. 4B and D; lever press data in Suppl. Fig. 4B
and 4D).

3.7. Virally-mediated PAC1R short-hairpin RNA knockdown in the NAcc core decreases
excessive alcohol drinking in alcohol-preferring rats

Rats bilaterally infused with a PAC1R short-hairpin RNA knockdown virus into the NAcc
Core (AAV-PAC1R-KD) drank significantly less alcohol than rats injected with an AAV-
CTRL control virus (Virus: F(1,16) = 4.76, p< 0.05, Fig. 5A, and representative image

in Fig. 5C; lever press data in Suppl. Fig. 5A), further supporting the site-specificity of
this effect. This effect became more pronounced over time, with the AAV-PAC1R-KD rats
drinking 25% less than AAV-CTRL in the last 7 sessions (AAV-CTRL, Mean + SEM: 1.41
+ 0.10 g/kg; AAV-PAC1R-KD, Mean + SEM: 1.06 + 0.08 g/kg). PAC1R knockdown in the
NAcc core had no significant effect on water intake (Virus: A1,16) = 0.33, n. s., Fig. 5B;
lever press data in Suppl. Fig. 5B). AAV-PAC1R-KD rats expressed 43.3% fewer PACLR +
cells than AAV-CTRL rats; indeed, as expected, the AAV-PAC1R-KD significantly reduced
the amount of PAC1R immunoreactivity in the NAcc Core (t(10) = 3.19, p<0.01, Fig. 5D
and E), but not in the NAcc Shell (t(10) = — 1.58, n. s., not shown).

4. Discussion

The neuropeptide PACAP has recently been proposed to play a role in the regulation

of alcohol drinking. This series of studies showed that: 1) i. c.v. administration of the
PAC1R antagonist PACAP(6-38) decreased excessive alcohol drinking, motivation to drink,
and cue-maintained alcohol seeking in Scr:sP rats; 2) i. c.v. PACAP(6-38) did not affect
responding for ethanol or water in outbred Wistar rats; 3) ethanol-exposed Scr:sP rats

had higher levels of PACIR in the NAcc Core, compared to outbred Wistar rats; 4)

both pharmacological antagonism and viral vector-mediated ShRNA knockdown of PAC1R
specifically in the NAcc Core reduced alcohol drinking in Scr:sP rats. Overall, our data
strongly implicate the NAcc Core PACAP/PACIR system in regulating excessive ethanol
drinking.

Administration of the PAC1R antagonist PACAP(6-38) i.c.v. dose-dependently and
selectively decreased alcohol drinking in alcohol preferring Scr:sP rats. I.c.v. PACAP(6-38)
not only blocked excessive drinking in Scr:sP rats, bringing intake levels back to those

of control outbred rats, but also reduced the breakpoint under a progressive ratio schedule
of reinforcement, a measure of the motivation to obtain alcohol in which the influence of
local response rates on performance are reduced. Importantly, PAC1R blockade reduced
alcohol-seeking behavior measured in rats responding under a second-order schedule of
reinforcement (Blasio et al., 2015; Domi et al., 2021; Giuliano et al., 2015; Lamb et al.,
2015). This procedure, established initially with psychostimulant and opiate reinforcers
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(Giuliano et al., 2012; Ito et al., 2004), is characterized by the maintenance of responding
by the contingent presentation of drug-paired stimuli acting as conditioned reinforcers prior
to eventual delivery of drug (Everitt and Robbins, 2000). PACAP(6-38) dose-dependently
reduced the number of active lever presses in the second-order schedule and, in particular,
during the first interval of the session, which is unaffected by the pharmacological effects of
recently administered alcohol, suggesting an effect of PACAP (6-38) on alcohol seeking
responses maintained by contingently presented alcohol-associated conditioned stimuli
(Everitt and Robbins, 2000; Giuliano et al., 2012). Since the PAC1R antagonist PACAP(6-
38) is not a small molecule but is instead a peptide, it is therefore unsuitable for systemic
administration, and was thus given i.c.v.

The observation that the PAC1R antagonist PACAP(6-38) did not reduce ethanol self-
administration in outbred control Wistar rats, did not reduce self-administration of water,
and did not reduce intake of either a non-caloric (saccharin) or a caloric (sucrose) alternative
reinforcer shows that PACAP(6-38) does not produce any malaise-like or other non-specific
behavior. It also rules out that PAC1R antagonism reduces caloric intake, in line with the
established anorectic effect of PAC1R agonism (Dore et al., 2013; Hurley et al., 2016, 2019;
lemolo et al., 2015; Krashes et al., 2014). The lack of effect of the antagonist on basal levels
of alcohol drinking in Wistar rats suggests that its effects are selective towards high levels
of drinking. Scr:sP rats descend from Sardinian alcohol preferring rats, which were selected
from outbred Wistar rats to prefer 10% alcohol and represent an established model for AUD,
as they voluntarily drink high volumes of ethanol, have a heritable component, and show
predictive validity for AUD (Bohman et al., 1981; Cloninger et al., 1981; Colombo, 1997;
Colombo et al., 2006; McBride and Li, 1998; Prescott and Kendler, 1999; Sigvardsson et al.,
1996). Wistar rats were used as a control group because Scr:sP (and sP) rats were originally
selected from Wistar rats, and also because using non-preferring rats might raise concerns
about whether observed differences are associated with excessive drinking as opposed to
ethanol aversion, which is associated with very distinct molecular changes (Economidou

et al., 2008; Hansson et al., 2007; Saba et al., 2001; Sabino et al., 2009). Overall, the
specificity of drug treatment effects indicates that this system is recruited and plays a
functional role in Scr:sP rats when the brain reward system is activated by alcohol, or the
anticipation of alcohol, while it plays a limited role under baseline conditions.

The observed selective effect of the PACLR antagonist in alcohol-preferring Scr:sP rats

led us to hypothesize that alterations in PAC1R levels could be involved in the excessive
drinking phenotype observed. Using immunohistochemistry, we found no difference in the
levels of PAC1R positive cells in the NAcc Core or NAcc Shell of Scr:sP rats, compared

to outbred Wistar rats, prior to any ethanol exposure. We found significantly higher levels
(188.3 £ 20.2% increase) of PAC1R in the NAcc Core of ethanol experienced Scr:sP

rats, compared to Wistars, following 4 weeks of ethanol self-administration. Since the two
experiments assessing PACLR levels in the cohorts of alcohol naive vs. alcohol experienced
rats were performed independently, we were unable to directly compare the effects of
alcohol exposure on PACLR in each of the genotypes, and we recognize this is a significant
limitation of the current study because of possible effects of environmental conditions on the
analysis. Since Scr:sP rats consume more ethanol than Wistars, and considering that the two
genotypes did not differ in NAcc Core PACLR levels prior to ethanol exposure, it is likely
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that differences in PAC1R levels are a result of the greater alcohol consumption (or of a
gene by environment interaction) in Scr:sP rats, which may upregulate PAC1R. This, in turn,
may underlie the increased sensitivity of drinking to the PAC1R blockade. It cannot be ruled
out, however, than the differences observed between genotypes are instead a compensatory
mechanism to counteract a different pathway upregulated by alcohol intake in alcohol-
preferring rats, such as the Map- or Cam-kinase pathways (Hansson et al., 2008; Rosas et
al., 2014; Sommer et al., 2006). Even though it is considered a semi-quantitative technique
(Cregger et al., 2006; Taylor and Levenson, 2006), immunchistochemistry was used in

this study, instead of a technique requiring tissue punches, as it allows analysis of any
differences with regional specificity, which is important as adjacent brain regions frequently
play different, or even opposite, roles in behavior. Collectively, these immunohistochemical
findings support the antagonist action of PACAP(6-38) at PAC1R, rather than VPAC
receptors (Ferragud et al., 2021; Seiglie et al., 2019) and point to the NAcc Core as a key
site at which PACL1R activation may drive high levels of alcohol drinking. PACAP(6-38) has
been reported to also act as an agonist of MrgB3 receptors (Pedersen et al., 2019); however,
the observation that, in the NAcc Core, PAC1R levels are higher in alcohol-preferring rats
and that PAC1R knockdown also reduces ethanol intake strongly discount the potential
alternative interpretation that the effects of PACAP(6-38) are mediated by the activation of
MrgB3 receptors (Pedersen et al., 2019).

A relationship between alcohol and PACAP had been suggested by Moore and colleagues
who showed increased sensitivity to alcohol in the Drosophila mutant cheapdate, which
carries a mutation of a PACAP-like gene (Moore et al., 1998). Furthermore, in a series

of previous investigations, whole body PACAP knockout mice had been shown to display
reduced sensitivity to some effects of alcohol, but higher preference for it (Tanaka et al.,
2004, 2010). This study did not report direct differences in alcohol intake between wildtype
and knockout animals (Tanaka et al., 2010). It is conceivable that the higher ethanol
preference in these mice could be due to the reduced sensitivity to its effects, which would
be parsimonious with our finding that reducing PACAP action at the PAC1R reduces alcohol
intake/effects. However, direct comparisons across species and in home-cage access vs.
operant conditions is always difficult, and in this case possible compensatory mechanisms
occurring in whole-body knockout animals should also be considered.

We recently reported an increase in self-administration of alcohol, and motivation to
drink specifically in Scr:sP rats following long-term PAC1R knockdown in the NAcc
Shell (Minnig et al., 2021), which supports a role for this system in the NAcc Shell

to decrease alcohol drinking, perhaps involving upstream afferents from the infralimbic
cortex (Koob and Volkow, 2016b; LaLumiere et al., 2012). In the present study, however,
acute pharmacological antagonism of PAC1R in NAcc Shell did not affect ethanol self-
administration; this discrepancy with the previous findings could be due to the chronic vs.
acute manipulation, i.e. that acute pharmacological antagonism of PAC1R in the Shell in
this study could be insufficient to reverse plastic changes which may occur downstream
of PAC1R. Interestingly, in this study, we also saw no differences in the number of PAC1R-
positive cell numbers in the NAcc Shell between Scr:sP and Wistar rats either before or
after ethanol exposure. This result doesn’t rule out that removing the NAcc Shell PAC1R
“brake” via its long-term downregulation (i.e. knockdown) cannot affect drinking. More
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studies will be needed to better understand the intricacies of these circuits in the context of
the PACAP/PACLR system.

A recent report also concluded that administration of the PAC1R antagonist PACAP(6-38)
in the NAcc Shell had no effect on alcohol drinking, but microinfusion of the neuropeptide
itself, PACAP-38, into the NAcc Core decreased alcohol intake 30 min later in Long-Evans
rats exposed to 4 weeks of ethanol via home cage two-bottle choice (Gargiulo et al.,
2020b). This finding is in apparent contrast with our data showing no change in alcohol
self-administration following antagonism of PAC1R in another outbred strain, Wistar rats. A
possible explanation for this discrepancy is that the length and method of ethanol exposure
were different in the two studies (e.g. home cage vs. operant, 24 h a day vs. 30 min), or
simply strain differences (Long Evans vs. Wistars). In alcohol-preferring rats specifically,
we observe decreased alcohol self-administration following antagonism of PAC1R, as well
as decreased self-administration following short-hairpin RNA knockdown of PACIR in

the NAcc Core. The disagreement between our finding here and those expected based off
on experiments by Gargiulo et al. may be due to the fact our studies were performed

using alcohol-preferring rats, which reinforces that genetic predisposition vs. environmental
exposure to alcohol may differentially alter the system.

One limitation of our study is that only male animals were used; even though no

sex differences have been reported in self-administration of alcohol in the specific line

of alcohol-preferring rats used here (Lorrai et al., 2019), further investigations of sex
differences in the PACAP/PACIR system in alcohol drinking are warranted, especially in
light of sex-specific findings in models of other neuropsychiatric disorders (Kirry et al.,
2018; Nega et al., 2020; Rajbhandari et al., 2021; Ramikie and Ressler, 2016; Ressler et al.,
2011; Ross et al., 2020), as well as in human studies (Dragan et al., 2017; Kovanen et al.,
2010).

In conclusion, our behavioral and molecular findings provide evidence that PAC1R in the
NAcc Core plays a key role in the vulnerability to drink high levels of alcohol. This research
identifies the PACAP/PAC1R system as a promising therapeutic target for the treatment of
AUD.
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Fig. 1.

A-B: Effect of i.c.v. administration of the PAC1R antagonist PACAP(6-38) (n= 7-8/group)
on (A) ethanol intake and (B) water intake in a fixed ratio-1 schedule of reinforcement,

in Scr:sP rats and Wistar rats. PACAP(6-38) selectively decreased ethanol intake without
affecting water intake, only in Scr:sP rats. Data represent Mean + SEM. ***p < 0.001

vs. Scr:sP vehicle-treated group; #p< 0.05, #p < 0.01 vs. Wistar vehicle-treated group. C—
E: Effect of i.c.v. administration of PACAP(6-38) (7= 11-14/group) on (C) breakpoint,

(D) active lever presses, and (E) inactive lever presses, in a progressive schedule of
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reinforcement in Scr:sP rats and Wistar rats. PACAP(6-38) significantly decreased both
breakpoint and active lever responses selectively in Scr:sP rats. Data represent Mean + SEM.
**p < 0.01, ***p < 0.001 vs. Scr:sP vehicle-treated group; #*p < 0.05, #p< 0.01, ##p<
0.001 (Duncan’s test) vs. Wistar vehicle-treated group.
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Effect of i.c.v. administration of the PAC1R antagonist PACAP(6-38) (n=10) on

the number of (A) active lever presses and (B) inactive lever presses during the first
(pre-ingestive) interval, and during the second (post-ingestive) interval in a second-order
schedule of reinforcement to assess alcohol-seeking behavior in Scr: sP rats. PACAP(6-38)
significantly decreased active lever presses responses without affecting inactive. Effect of
i.c.v. administration of PACAP(6-38) on (C) saccharin intake (/7= 6) and (D) sucrose intake
(n=9) in a fixed ratio-1 schedule of reinforcement in Scr:sP rats. PACAP(6-38) did not
affect saccharin or sucrose intake. Data represent Mean = SEM. *p < 0.05 (Duncan’s test)
vs. vehicle-treated group.
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Fig. 3.

PA?ClR expression in the NAcc Core (A) and Shell (B) of Scr:sP rats vs. Wistar rats

in ethanol-naive (/7= 7/group) and ethanol-exposed (7 = 4-5/group) animals. PAC1R
expression in the NAcc Core and Shell was not significantly different in ethanol-naive
Wistar and Scr:sP rats. A significant increase in PAC1R expression was found in the NAcc
Core in ethanol-exposed Scr:sP rats. No significant difference was found in NAcc Shell

in ethanol-exposed rats. Data represent Mean + SEM intake; *p < 0.05 (#test) vs. Wistar

group.
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Effect of the PAC1R antagonist PACAP(6—38) microinfusion in the NAcc Core (7= 7) on
(A) ethanol intake and (B) water intake, and in the NAcc Shell (7= 7/group) on (C) ethanol
intake and (D) water intake, in a fixed ratio-1 schedule of reinforcement in Scr:sP rats.
PACAP(6-38) significantly reduced ethanol, but not water intake, when microinfused in the
NAcc Core. Data represent Mean = SEM. ***p < 0.001 (Dunnett’s test) vs. vehicle-treated
group. See Sup. Fig. 1 for illustrations of coronal rat brain slices with cannula placement
sites.
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Effect of AAV-mediated short-hairpin RNA PAC1R knockdown in the NAcc Core in Scr:sP
rats on (A) ethanol intake and (B) water intake, as compared to Scr: sP rats injected with

a control virus (7= 8-10/group). (C) Representative viral spread. Confirmation of reduced
PAC1R immunoreactivity in ShRNA knockdown rats (D, E), compared to controls (n= 6/
group). Data represent mean £ SEM. #p< 0.1, *p< 0.05, **p < 0.01 (#test) vs. AAV-CTRL

control group.
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