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Alcohol use disorder (AUD) is a chronic, relapsing disorder whose genetic and
environmental susceptibility components are not fully understood. Neuropeptidergic
signaling has been repeatedly implicated in modulating excessive alcohol drinking,
especially within sub-regions of the striatum. Here, we investigated the potential
involvement of the selective receptor for pituitary adenylate cyclase-activating
polypeptide (PACAP), PAC1R, in the nucleus accumbens shell (NAcc Shell) in excessive
alcohol drinking in alcohol-preferring rats, an established animal model of the genetic
propensity for alcoholism. Scr:sP alcohol-preferring rats were trained to operantly self-
administer alcohol and then either an AAV virus short-hairpin RNA (shRNA) targeted
to knockdown PAC1R, or an AAV control virus were microinfused into the NAcc Shell.
NAcc Shell PAC1R shRNA knockdown virus was confirmed to significantly decrease
PAC1R levels in the NAcc Shell. The effects of NAcc Shell PAC1R shRNA knockdown
on ethanol self-administration were investigated using a Fixed Ratio (FR) 1 and a
Progressive Ratio (PR) schedule of reinforcement. The effect of PAC1R knockdown
on self-administration of an alternative reinforcer, saccharin, was also assessed. The
results showed that the reduction in PAC1R in the NAcc Shell led to excessive ethanol
drinking, increased preference for ethanol, and higher motivation to drink. NAcc Shell
PAC1R shRNA knockdown did not comparably increase saccharin self-administration,
suggesting selectivity of action. These data suggest that NAcc Shell PAC1R may serves
as a “brake” on alcohol drinking, and thereby the loss of function of PAC1R leads to
excessive alcohol consumption. Therefore, the PACAP/PAC1R system may represent a
novel target for the treatment of AUD.

Keywords: ethanol, self-administration, alcohol use disorder (AUD), PAC1R, pituitary adenylate cyclase activating
polypeptide (PACAP), compulsive, addiction, neuropeptide
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INTRODUCTION

Alcohol use disorder (AUD) is a chronic, relapsing disorder
that affects over 14 million adults in the US (Substance
Abuse and Mental Health Services Administration (SAMHSA),
2019), and is estimated to be responsible for 5.3% of global
deaths (Shield et al., 2020). Both environmental and genetic
factors contribute to AUD susceptibility, with the hereditability
estimated at 50–60% of the total phenotypic variability (Reilly
et al., 2017). Animal models of hereditary preference for
alcohol are an invaluable tool for investigations into the genetic
component of AUD (Ciccocioppo and Hyytia, 2006; Crabbe,
2014; Gessa, 2016). One such model, a line of alcohol-preferring
rats genetically selected for heavy alcohol consumption, the
Sardinian alcohol-preferring rats, was utilized in this study
(Colombo et al., 2006; Sabino et al., 2007, 2011, 2013a,b;
Blasio et al., 2015).

The neuropeptide pituitary adenylate cyclase activating
polypeptide (PACAP) belongs to the neuropeptide superfamily
that includes vasoactive intestinal peptide (VIP), growth
hormone-releasing hormone (GHRH), and secretin (Sherwood
et al., 2000). PACAP has been implicated in a large variety
of homeostatic systems within the body, including energy
metabolism, food intake, body temperature, neuronal survival,
reproduction (Gray et al., 2002; Inglott et al., 2011; Resch et al.,
2011, 2014; Iemolo et al., 2015; Ross et al., 2018), as well as
in the body’s response to stress and in several neuropsychiatric
disorders (Hammack et al., 2009, 2010; Ressler et al., 2011; Dore
et al., 2013; Mustafa et al., 2015; Seiglie et al., 2019; Ross et al.,
2020; Varodayan et al., 2020, reviewed in Hammack and May,
2015; Lutfy and Shankar, 2019).

The PACAP system has recently been implicated in substance
use disorders more generally, and in AUD specifically (for
review, see Gargiulo et al., 2020; Stojakovic et al., 2020). Acute
ethanol leads to an increase in the mRNA levels of the PACAP-
selective receptor, PAC1R, via the Receptor for Activated C
Kinase 1 (RACK1) scaffolding protein in cell lines (He et al.,
2002). PACAP modulates the hypothermic effects of alcohol
(Szabó et al., 1998; Tanaka et al., 2004), and tolerance to acute
ethanol-induced ataxia (Moore et al., 1998). Recent reports
provide evidence that PACAP-27 and PACAP-38 administration
modulate home cage alcohol drinking (Gargiulo et al., 2021),
and that ethanol exposure increases PACAP expression in the
paraventricular nucleus of the thalamus (Gupta et al., 2018)
and in the bed nucleus of the stria terminalis (Ferragud et al.,
2021). In human studies, a single nucleotide polymorphism
of the gene coding for PACAP, ADCYAP1, was linked to
higher levels of alcohol intake in a Finnish population of social
drinkers (Kovanen et al., 2010), and a variant of PAC1R was
found to be associated with problematic alcohol use in women
(Dragan et al., 2017).

The nucleus accumbens (NAcc) Shell is a key substrate
for the actions of drugs and alcohol, playing a critical role
in the establishment of their acute reinforcing effects and in
incentive salience (Koob and Volkow, 2010). The NAcc Shell
receives input from a number of other limbic and midbrain
structures, including the infralimbic (IL) subregion of the medial

prefrontal cortex, a projection proposed to be part of a “stop”
circuitry in the context of drug and alcohol seeking (Koob
and Volkow, 2016). Interestingly, immunoreactivity for PACAP
is found in the NAcc Shell, as well as expression of PAC1R
(Cauvin et al., 1991; Ghatei et al., 1993; Palkovits et al., 1995;
Zhang et al., 2021).

This study aimed to investigate a potential contribution of the
PAC1R specifically in the NAcc Shell in alcohol drinking in rats,
using a viral vector-mediated knockdown.

MATERIALS AND METHODS

Animals
Subjects in this study were male rats derived from TSRI
Sardinian alcohol-preferring rats (Scr:sP, 29–30th generation1)
which were derived through intra-line breeding at The Scripps
Research Institute from sP rats (32nd generations of selective
breeding, courtesy Prof. G.L. Gessa, University of Cagliari,
Italy). These animals were maintained without further selective
breeding at Boston University, and housed in an AAALAC-
approved vivarium with a 12 h light-dark cycle. Experiments
were performed during the dark cycle. Regular rodent chow and
water were available ad libitum. All procedures were approved
by Boston University Medical Campus Institutional Animal Care
and Use Committee and followed National Institutes of Health
Guide for the Care and Use of Laboratory Animals and Principles
of Laboratory Animal Care guidelines.

Drugs
Ethanol (10% w/v) and saccharin (0.02% w/v) solutions were
prepared in tap water using 95% ethyl alcohol and saccharin
sodium salt hydrate (Sigma Aldrich, St. Louis, MO), respectively.
Adeno-associated viruses (AAV) containing either a custom-
designed PAC1R short-hairpin RNA for PAC1R with a green
fluorescent protein or only a green fluorescent protein were:
AAV1-CAG-rADCYAP1R1-shRNAmir-GFP (“AAV-PAC1R
KD,” Vigene Biosciences, Rockville, MD) and AAV1-CAG-GFP
(“AAV-CTRL,” Addgene, Watertown, MA).

Intracranial Surgery
Animals were intracranially injected bilaterally with either an
AAV-PAC1R KD or an AAV-CTRL, via a 2 µl, 22-gauge
syringe (Hamilton, Reno, NV). Coordinates used for the NAcc
Shell injections were (in mm): AP: +1.45, ML: ±2.5 (6-degree
angle), DV: −7.1, and a volume of 500 nl per side was
infused. For all surgeries, the incisor bar was set to −3.3 mm
from the interaural line (flat skull), as per the Paxinos atlas
(Paxinos and Watson, 2007).

Apparatus for Operant Oral
Self-Administration
The test chambers used for operant oral self-administration
(Med Associates, Inc., St. Albans, VT) were located in

1http://rgd.mcw.edu/rgdweb/report/strain/main.html?id=2302666
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sound-attenuating, ventilated cubicles (66 × 56 × 36 cm)
(Blasio et al., 2015; Ferragud et al., 2021). Syringe pumps (Med
Associates, St. Albans, VT) dispensed ethanol (or saccharin)
and water into two stainless steel drinking cups mounted 2
cm above the grid floor in the middle of one side panel.
Two retractable levers were located 3.2 cm to either side of
the drinking cups. Fluid delivery and operant responses were
controlled by microcomputers with 10 ms resolution.

Fixed Ratio-1 Schedule
Self-Administration Procedure
FR-1 Training: Rats (n = 8/group) were first allowed continuous
(24-h/day) home cage two-bottle choice access to ethanol
(10% w/v, prepared using ethyl-alcohol and tap water) for 1
week, and then moved to limited access (2 h/day) for 4 days.
During two-bottle choice training, rats always had access to
both ethanol and water. Rats then were allowed two-choice
operant self-administration access to ethanol and water for 1–
3 overnight sessions (16 h, with food available ad libitum)
until they reached approximately 100 lever presses for ethanol
within a session. Subsequently, animals performed daily self-
administration sessions (30 min) until stable responding was
reached (<20% variation across three consecutive sessions).
Across all sessions, lever presses had no scheduled consequences
for 2.01 s after the activation of the pumps to avoid double-lever
hits (Sabino et al., 2006, 2009).

FR-1 following AAV Infusion: Following stable performing in
FR-1 operant sessions as described above, rats were matched
based on baseline alcohol intake and body weight into two
groups. Either AAV-PAC1R or AAV-GFP virus was infused
into NAcc Shell bilaterally as described above. After 3 weeks
of viral incubation, a time-course commonly used in rodent
brain tissue to ensure sufficient viral infection (Reimsnider
et al., 2007; Aschauer et al., 2013), 30 min self-administration
sessions resumed for a total of 14 post-injection sessions
(2 weeks). The preference for ethanol reported from these self-
administration sessions is calculated as (total infusions (ml) for
ethanol/[total infusions (ml) for ethanol + total infusions (ml)
for water])× 100.

Progressive Ratio Schedule
Self-Administration Procedure
Following FR-1 self-administration, rats were allowed to
self-administer 10% w/v ethanol under a PR schedule of
reinforcement, where the number of responses required to
deliver an ethanol reinforcer increases with successive deliveries
[progression: response ratio = 4 × (e#of reinforcer ×0.1) − 3.8,
rounded to the nearest integer (Sabino et al., 2011)]. The session
began with the completion of the first ratio, with the latency to
complete the first ratio set to a maximum of 2 h or when rats had
not completed a ratio for 14 min, as previously reported (Gilpin
et al., 2008; Sabino et al., 2011). Three responses were required to
start the session to avoid unintentional starts (PR schedule: 3, 1,
2, 2, 3, 3, 4, 5, 6, 7, 8, 9, 11, 12, 14, 16, 18, 20, 23, etc.). The last
completed ratio was defined as the breakpoint. Responses on the
inactive lever were also recorded.

Fixed Ratio-1 Saccharin
Self-Administration Procedure
At the end of the PR ethanol self-administration experiment, rats
were allowed to perform self-administration sessions as described
above, but with a choice between a saccharin solution (0.02% w/v)
and water. This concentration was chosen because it maintains
responding rates that are the same as 10% w/v ethanol. One
rat had to be euthanized prior to saccharin intake, reducing the
PAC1R KD group to n = 7.

Immunohistochemistry
One hour after the final operant session, rats were deeply
anesthetized with isoflurane and perfused transcardially with
cold phosphate-buffered saline (PBS), followed by ice cold 4%
paraformaldehyde (PFA). The brains were dissected, stored in
4% PFA overnight, and then placed in a 30% sucrose solution
for 48 h. Coronal brain sections were cut at 40 µm using a
cryostat. Every 6th section through the NAcc Shell (range: +2.28
to +0.84) was collected and used for immunohistochemistry to
verify protein knockdown in a semi quantitative manner (non-
calibrated to known protein concentration), as done previously
(Musatov et al., 2006; Scheimann et al., 2019; You et al.,
2019). Following Tris buffered saline (TBS) washes, sodium
citrate buffer antigen retrieval was performed at 95 ◦C for
10 min. Sections were then incubated in a blocking solution for
1 h (5% normal goat serum, 0.2% Triton X-100 in TBS) and
then incubated in primary antibodies in blocking solution for
48 hr at 4 ◦C (rabbit anti-PAC1R, AVR-003, 1:250, Alomone
Labs, Jerusalem, Israel; chicken anti-GFP, ab13970, 1:1,000,
Abcam, Cambridge, MA; for immunizing peptide validation
see Supplementary Figure 1 in Varodayan et al. (2020). After
TBS washes, secondary antibody incubation (anti-rabbit AF555,
A21429 1:500, Invitrogen, Carlsbad, CA; anti-chicken AF488,
103-545-155 1:500, Jackson ImmunoResearch, West Grove, PA)
was performed for 2 h at room temperature. Sections were
then mounted and coverslipped with DAPI Hardset mounting
medium (Vector Laboratories, Burlingame, CA).

Quantification of Immunohistochemistry
Representative images of staining were taken at a 20×
magnification on an Olympus BX-51 microscope. On a subset
of rats (n = 6/group), unbiased stereological counts of cells
expressing PAC1R, GFP, or both in the NAcc Shell were
performed as previously described (Dore et al., 2013; Ferragud
et al., 2021). The area was outlined using an Olympus PlanApo
N x2 objective with numerical aperture 0.08, and counting
was performed with an Olympus UPlanFL N x20 objective
with numerical aperture 0.75. Cells were counted by an
experimenter blind to experimental group using the Optical
Fractionator Workflow module in Stereo Investigator software
(MBF Biosciences, Williston, VT). In this workflow, the following
parameters were used: the grid frame and counting frame were
250× 250 µm, the guard zone was 2 µm and the dissector height
was 20 µm. The Stereo Investigator software was used to estimate
the average mounted thickness of sections, and this value was
used to estimate the total volume of the counted region, as well as
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the total number of PAC1R+ cells. GFP staining of viral injection
site was imaged at 2× on an Olympus BX-51 microscope for viral
placement verification. One animal was excluded for incorrect
placement (unilateral injection). The center of injection sites is
included below in Figure 1, all included animals had expression
contained to the NAcc Shell.

Statistical Analysis
Data from FR-1 and PR experiments were analyzed using two-
way split plot analyses of variance (ANOVAs), with Group as a
between-subjects factor, and Session as a within-subject factor.
Pairwise post hoc comparisons were made using the Student–
Newman–Keuls tests, Student’s t-test was used when comparing
two groups. Significance was set at p≤ 0.05. The software/graphic
packages used were Statistica 7.0, and GraphPad 9.2.

RESULTS

NAcc Shell PAC1R shRNA Knockdown
Induces Excessive Drinking in Scr:sP
Alcohol-Preferring Rats
Following the FR-1 ethanol training sessions, rats were split
into two groups, matched for body weight and average ethanol
intake over the final three sessions before surgery [baseline:
AAV-CTRL group 1.1 ± 0.1 g/kg, AAV-PAC1R KD group
1.0 ± 0.1 g/kg, t(14) = 0.07, p = 0.95]. Body weight remained
relatively stable across sessions, and percent bodyweight change
did not differ between groups [AAV-CTRL: 7.7 ± 1.56%, AAV-
PAC1 KD: 5.1 ± 1.57%, t(14) = 0.26, n.s.]. Scr:sP rats with
virally mediated NAcc Shell PAC1R shRNA knockdown drank
significantly more ethanol [Figure 2A, Group: F(1, 14) = 11.82,
p ≤ 0.01, Group∗Session: F(13, 182) = 1.03, n.s.] and displayed a

FIGURE 1 | Center of AAV injection sites in AAV-CTRL and AAV-PAC1R KD
groups. All injections were restricted to the NAcc Shell.

higher ethanol preference [Figure 2E, Group: F(1, 14) = 12.69,
p ≤ 0.01, Group∗Session: F(13, 182) = 0.27, n.s.], compared
to rats infused with a control virus. This higher drinking was
evident when comparing the cumulative alcohol intake across
all sessions [Figure 2B, t(14) = 3.44, p ≤ 0.01], and the average
preference across all sessions [Figure 2F, t(14) = 3.56, p ≤ 0.01].
Correspondingly, the AAV-PAC1R KD rats pressed for ethanol
a greater number of times per session compared to AAV-
CTRL [AAV-CTRL: 37.9 ± 3.51, AAV-PAC1 KD: 56.1 ± 5.46,
t(14) = 3, 38, p ≤ 0.01, data not shown]. NAcc Shell AAV-
PAC1R KD rats drank significantly less water than AAV-CTRL
rats across sessions [Figure 2C, Group: F(1, 14) = 6.25, p ≤ 0.05,
Group∗Session: F(13, 182) = 0.48, n.s.], and cumulatively
[Figure 2D, t(14) = 2.500, p ≤ 0.05]. This decreased water
drinking did not compensate for the high levels of ethanol intake
by NAcc Shell PAC1R shRNA knockdown rats in terms of total
fluid intake, which was, therefore, also increased compared to
controls [Group: F(1, 14) = 9.54, p≤ 0.001, Group∗Session: F(13,
182) = 0.85, n.s., data not shown].

NAcc Shell PAC1R shRNA Knockdown
Increases Motivation of Scr:sP Rats to
Drink Alcohol
As shown in Figure 3, NAcc Shell PAC1R knockdown increased
the motivation to drink ethanol, as measured by breakpoint in a
PR schedule of reinforcement [Figure 3A, Group: F(1, 14) = 6.95,
p ≤ 0.05, Group∗Session: F(2, 28) = 1.24, n.s., Figure 3B,
t(14) = 2.36, p ≤ 0.05]. The total ethanol lever presses were also
significantly higher in NAcc Shell PAC1R KD rats, compared to
AAV-CTRL rats [Figure 3C: Group: F(1, 14) = 6.15, p ≤ 0.05,
Group∗Session: F(2, 28) = 0.85, n.s., Figure 3D, t(14) = 2.48,
p ≤ 0.05]. The AAV-CTRL rats pressed the inactive lever more
frequently than the AAV-PAC1 KD rats [Figure 3E, Group:
F(1, 14) = 5.36, p ≤ 0.05, Group∗Session: F(2, 28) = 0.70, n.s.,
Figure 3F: t(14) = 2.32, p ≤ 0.05].

NAcc Shell PAC1R shRNA Knockdown
Does Not Affect Saccharin
Self-Administration in Scr:sP Rats
Saccharin intake was not affected by NAcc Shell PAC1R shRNA
knockdown, as shown in Figure 4A [Group: F(1, 13) = 1.75,
n.s., Group∗Session: F(4, 52) = 1.83, n.s.]. Cumulative saccharin
intake across all session was also unaffected [Figure 4B,
t(13) = 1.32, n.s.], as well as lever presses for saccharin [AAV-
CTRL: 26.8 ± 4.30, AAV-PAC1 KD: 43.3 ± 11.00, t(13) = 1.47,
n.s., data not shown]. Water intake during saccharin self-
administration sessions also did not differ between groups
[Figure 4C, Group: F(1, 13) = 1.26, n.s., Group∗Session: F(4,
52) = 0.79, n.s., Figure 4D, t(13) = 1.12, n.s.].

Confirmation of NAcc Shell PAC1R
shRNA Knockdown
As shown in Figure 5, NAcc Shell PAC1R knockdown was
successful in reducing the number of PAC1R+ cells in the
NAcc Shell [Figure 5C, t(9) = 6.54, p ≤ 0.001]. The number of
cells expressing PAC1R that were virally infected (GFP+) was
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FIGURE 2 | Effect of AAV-mediated short-hairpin virus knockdown of PAC1R in the NAcc Shell in Scr:sP rats on ethanol self-administration in an FR-1 schedule of
reinforcement (n = 8/group). (A,B) Rats with NAcc Shell PAC1R shRNA knockdown (“AAV-PAC1R KD”) drank significantly more ethanol than control AAV rats
(“AAV-CTRL”). (C,D) NAcc Shell AAV-PAC1R KD rats drank less water in later sessions. (E,F) NAcc Shell AAV-PAC1R KD rats also showed a higher preference for
ethanol compared to AAV-CTRL rats. Data represent Mean ± SEM. ∗p ≤ 0.05, ∗∗p ≤ 0.01.
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FIGURE 3 | Effect of NAcc Shell PAC1R shRNA knockdown on motivation to drink alcohol in a progressive ratio schedule of reinforcement (n = 8/group). (A,B) Rats
with NAcc Shell PAC1R shRNA knockdown (“AAV-PAC1R KD”) showed a higher breakpoint in the PR schedule, compared to control rats (“AAV-CTRL”). (C,D) NAcc
Shell AAV-PAC1R KD rats also displayed higher lever presses for ethanol, compared to AAV-CTRL rats. (E,F) AAV-CTRL rats pressed the inactive lever more often
than NAcc Shell AAV-PAC1R KD rats. Data represent Mean ± SEM. ∗p ≤ 0.05.

also significantly reduced in AAV-PAC1R KD rats compared to
AAV-CTRL [Figure 5D, t(9) = 9.00, p ≤ 0.001].

DISCUSSION

The main findings of this study were that NAcc Shell
PAC1R knockdown via an AAV-shRNA led to: (1) higher

self-administration of, and preference for, alcohol; (2) increased
motivation to drink alcohol; (3) no significant change in
self-administration of the alternative reinforcer saccharin; and
(4) a decrease in PAC1R+ cells as well as in virally infected
cells expressing PAC1R in the NAcc Shell, as compared to a
control virus infusion. These findings suggest an important role
for the PACAP/PAC1R system in the NAcc Shell in the control of
alcohol drinking.
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FIGURE 4 | Effect of NAcc Shell PAC1R shRNA knockdown on saccharin self-administration (FR-1 schedule) (n = 7–8/group). (A,B) Rats with NAcc Shell PAC1R
shRNA knockdown (“AAV-PAC1R KD”) and control rats (“AAV-CTRL”) showed no significant differences in self-administration of the alternative reinforcer saccharin,
or of the concurrently available water (C,D). Data represent Mean ± SEM.

The Scr:sP rat line used in this study descends from the
original Sardinian alcohol-preferring (sP) rat line, which was
selectively bred from Wistar rats for its preference for alcohol,
and it represents an established model of hereditary excessive
alcohol drinking (Colombo et al., 2006; Sabino et al., 2011,
2013a,b; Blasio et al., 2015).

NAcc Shell shRNA PAC1R knockdown in Scr:sP rats led to
significantly higher alcohol drinking and preference for alcohol
in an FR-1 schedule of reinforcement, compared to rats with
a control virus infusion. NAcc Shell PAC1R knockdown rats
drank more and had a higher preference for alcohol compared
to control rats beginning on the second and third daily session,
respectively, and the two groups maintained this difference in
ethanol intake over the course of the 14-day observation period.
It should be noted that the control group started with one
initial self-administration session similar to the shRNA PAC1R
knockdown group following the 3-week AAV incubation period,
and then stabilized at a lower level for the rest of the sessions,

which is consistent with an alcohol deprivation effect, commonly
seen in rats, including alcohol-preferring rats, after a period of
abstinence (Heyser et al., 1997; Rodd et al., 2003; Vengeliene et al.,
2003; Schroeder et al., 2005; Bell et al., 2006).

Interestingly, NAcc Shell PAC1R knockdown decreased water
intake in the later sessions, which can be interpreted as a
compensatory behavior for the increased ethanol intake to
try and maintain the total fluid intake. The interpretation
that water reduction was not a specific effect is supported by
the data obtained in the saccharin experiment, where water
intake was unaffected by the NAcc Shell PAC1R knockdown.
Similar compensatory adjustments in water intake have been
previously shown for several other drugs which modulate
concurrent alcohol intake (Ericson et al., 1998; Rezvani et al.,
2007; Steensland et al., 2007; Suchankova et al., 2013). In
addition, we observed that NAcc Shell PAC1R knockdown
increased the motivation to drink alcohol in a PR schedule.
Under PR reinforcement schedules, ratio requirements increase
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FIGURE 5 | Effect of NAcc Shell PAC1R shRNA knockdown on PAC1R levels in the NAcc Shell of rats (n = 6/group). (A,B) Representative images of PAC1R (red)
and GFP (green) expression in the NAcc Shell of AAV-CTRL and AAV-PAC1R KD rats (C) NAcc Shell PAC1R shRNA knockdown rats (“AAV-PAC1R KD”) showed a
significant reduction in the number of PAC1R positive cells in the NAcc Shell, compared to AAV controls (“AAV-CTRL”). (D) NAcc Shell PAC1R shRNA knockdown
also significantly reduced the number of PAC1R positive cells specifically in virally infected cells (GFP-labeled cells). White arrows point to example PAC1R-labeled
cells. Scale bars represent 100 µm. Data represent Mean ± SEM. ∗∗∗p ≤ 0.001.

with subsequent reinforcer deliveries and the influence of local
response rates on performance are reduced. NAcc Shell PAC1R
knockdown reduced the break point, an objective measure of the
effort an animal will expend to obtain a reinforcer that is sensitive
both to the subjects’ incentive state and to the reinforcer’s
stimulus properties (Walker et al., 2008).

In contrast to alcohol drinking, NAcc Shell shRNA PAC1R
knockdown did not alter self-administration of an equally
reinforcing saccharin solution. Saccharin is often used as an
alternative reinforcing solution to assess the selectivity of the
effects of a manipulation on alcohol intake vs. a more general
one on all reinforcing substances (Sabino et al., 2009, 2011, 2013b;
Valenza et al., 2016; Torruella-Suárez et al., 2020; Benvenuti et al.,
2021; Kwok et al., 2021). An alternative interpretation of our
findings could be that NAcc Shell shRNA PAC1R knockdown
increases the palatability of alcohol, as prior reports have shown
that PACAP administration in the NAcc reduces appetitive
orofacial responses to sucrose and hedonic eating, although this
finding was unique to the NAcc Core (Hurley et al., 2016,
2019). However, this is unlikely due to the similar saccharin
self-administration in AAV-PAC1R KD and AAV-CTRL rats.

As saccharin is not caloric, it is possible that the NAcc Shell
shRNA PAC1R knockdown drives animals to increase caloric
intake, although this seems unlikely in light of the fact that
PACAP effects on hunger are mediated by hypothalamic regions
(Resch et al., 2011, 2014; Hurley et al., 2019). Further, it has
been previously reported that PACAP administration in the NAcc
Shell does not affect sucrose intake (Gargiulo et al., 2021), further
supporting the notion that the NAcc PACAP/PAC1R system
plays a selective role in the effects of alcohol. Future studies
may directly address the question of whether NAcc Shell PAC1R
knockdown increases caloric intake.

PACAP does not appear to be synthetized within the NAcc
(mRNA not found locally), and therefore an upstream source of
PACAP onto NAcc PAC1R containing neurons is hypothesized
(Köves et al., 1991; Masuo et al., 1993; Zhang et al., 2021). Major
inputs to the NAcc originate from the medial prefrontal cortex
(mPFC), which in the rat is comprised of dorsal (prelimbic;
PrL) and ventral (infralimbic; IL) areas (Ongür and Price,
2000; Heidbreder and Groenewegen, 2003), that project to the
NAcc Core and Shell, respectively (Barker et al., 2015; Koob
and Volkow, 2016; Ma et al., 2020; Zinsmaier et al., 2021).

Frontiers in Behavioral Neuroscience | www.frontiersin.org 8 December 2021 | Volume 15 | Article 787362

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-15-787362 November 30, 2021 Time: 15:22 # 9

Minnig et al. NAcc Shell PAC1R and Alcohol

These differential glutamatergic inputs are thought to provide
functional specialization to striatal sub-regions (Cox and Witten,
2019), and a “Stop and Go” system has been proposed, wherein
the PrL to the NAcc Core pathway may mediate drug craving and
habit formation, while an opposing pathway from the IL to the
NAcc Shell may act as a brake on drug and alcohol intake, by
exerting inhibitory control over this Go pathway (Peters et al.,
2008; LaLumiere et al., 2012; Meinhardt et al., 2013; Ma et al.,
2014; Koob and Volkow, 2016; George and Hope, 2017). In this
framework, we might interpret our results as a loss of control over
drinking caused by an impaired ability of PACAP projections to
the NAcc Shell to inhibit alcohol drinking. This relevant upstream
source may be the IL, as PACAP is abundantly expressed there
(Zhang et al., 2021), but further studies would be required to
confirm this hypothesis.

The exact mechanism whereby functional deletion of PAC1R
in the NAcc Shell leads to an increase in alcohol intake
is unknown. The PACAP/PAC1R has been shown to affect
glutamatergic and GABAergic signaling in other brain areas,
through pre- or post-synaptic mechanisms (Macdonald et al.,
2005; Costa et al., 2009; Varodayan et al., 2020). PACAP is also
capable of exerting effects on neuronal excitability in the absence
of glutamatergic or GABAergic input (May et al., 2021). This
highlights the need for follow-up electrophysiological studies
to further understand the specific actions of PAC1R activation
in the NAcc Shell.

PACAP has two isoforms, PACAP-38, which represents the
vast majority of PACAP in the brain, and PACAP-27 (Miyata
et al., 1989; Piggins et al., 1996). Our data are in agreement with a
recent report showing that administration of the peptide agonist
PACAP-27 in the NAcc Shell decreases ethanol drinking in Long-
Evans rats, while PACAP(6–27) antagonism of PAC1R acutely
increases ethanol drinking (Gargiulo et al., 2021). Interestingly
though, in that study, PACAP-38 and PACAP(6–38) had no effect
when infused in the NAcc Shell, suggesting that the increase in
alcohol drinking following knockdown of PAC1R we observed
here may reflect a PACAP-27 dependent mechanism, although
PACAP-38 is known to represent over 90% of the total PACAP
present in the brain (Piggins et al., 1996). Further, this previously
published study has suggested that the sub-region of the NAcc
Shell along the rostro-caudal axis targeted is important for
the effects of PACAP, as PACAP administration in the rostral
shell decreased ethanol drinking, while in the caudal shell it
increased drinking (Gargiulo et al., 2021). In our study, the
AAV-PAC1R KD virus was targeted to the rostral portion of
the NAcc, therefore our findings are in line with this previous
report. We add to this previous study by showing a PAC1R-
dependent mechanism, as the antagonists used above [PACAP(6–
27), PACAP(6–38)] have been shown not to be selective for
PAC1R, as they also bind VPAC2R (Dickinson et al., 1997).
Indeed, RNA interference is a very useful technique for long
term tissue-specific knockdown of precise targets, and it also
has potential for translational use in the treatment of human
disease (Shan, 2010; Takizawa et al., 2010). Importantly, the AAV-
PAC1R-KD virus used in this study leads to a knockdown of all
PAC1R isoforms (Blechman and Levkowitz, 2013), as different
isoform expression has been proposed to fluctuate over the course

of alcohol use (Gargiulo et al., 2020). Future studies focused on
the expression of specific PAC1R variants in alcohol-preferring
and wildtype animals prior to and during ethanol exposure are
of great interest.

One limitation of this study is that the experiments were
performed solely on male rats. Interestingly, it has been shown
that there are no differences in lever-pressing between male and
female sP rats (Lorrai et al., 2019) and no sex differences in
the effect of PACAP administration in the NAcc Shell on home
cage alcohol drinking in Long-Evans rats (Gargiulo et al., 2021).
However, future studies will have to be performed in female
animals, considering the sex differences seen in NAcc physiology
and morphology, as well as those in alcohol drinking (Kovanen
et al., 2010; Dragan et al., 2017; Liu et al., 2020; Radke et al., 2021;
Townsley et al., 2021).

Overall, this study provides evidence that the loss of function
of PAC1R in the NAcc Shell leads to excessive drinking and
heightened motivation to drink, and therefore suggests that the
PACAP/PAC1R system in this area may work as a “brake” on
excessive alcohol drinking.
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