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Abstract

Recent evidence implicates endogenous pituitary adenylyl cyclase activating poly-
peptide (PACAP) in the aversive effect of nicotine. In the present study, we assessed
if nicotine-induced conditioned place preference (CPP) or affective signs of nicotine
withdrawal would be altered in the absence of PACAP and if there were any sex-
related differences in these responses. Male and female mice lacking PACAP and
their wild-type controls were tested for baseline place preference on day 1, received
conditioning with saline or nicotine (1 mg/kg) on alternate days for 6 days and were
then tested for CPP the next day. Mice were then exposed to four additional condi-
tioning and were tested again for nicotine-induced CPP 24 hr later. Controls were
conditioned with saline in both chambers and tested similarly. All mice were then,
96 hr later, challenged with mecamylamine (3 mg/kg), and tested for anxiety-like be-
haviors 30 min later. Mice were then, 2 hr later, forced to swim for 15 min and then
tested for depression-like behaviors 24 hr later. Our results showed that male but not
female mice lacking PACAP expressed a significant CPP that was comparable to their
wild-type controls. In contrast, male but not female mice lacking PACAP exhibited
reduced anxiety- and depression-like behaviors compared to their wild-type con-
trols following the mecamylamine challenge. These results suggest that endogenous
PACAP is involved in affective signs of nicotine withdrawal, but there is a sex-related

difference in this response.
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1 | INTRODUCTION

Nicotine dependence is a major public health issue and chronic nico-
tine use remains one of the prime causes of preventable disease and
death around the globe. It has been reported that nearly 50 million
people in the United States continue to use one form of tobacco
products (Fiore, Schroeder, & Baker, 2014). Repeated nicotine use
can lead to addiction, characterized by uncontrollable drug use de-
spite negative consequences. While about 70% of smokers want to
quit, only a small percentage (7%) of them succeed. This is even more
problematic if smokers simultaneously use other drugs, such as al-
cohol (Carmody, Brischetto, Matarazzo, O'Donnell, & Connor, 1985;
DiFranza & Guerrera, 1990; Miller & Gold, 1998; Rimm, Chan,
Stampfer, Colditz, & Willett, 1995), or suffer from neuropsychiatric
disorders (Mackowick, Heishman, et al., 2012; Mackowick, Lynch,
Weinberger, & George, 2012; Picciotto, Brunzell, & Caldarone, 2002;
Picciotto & Zoli, 2002).

One of the major issues in treating drug addiction is the high
rate of relapse (Hunt, Barnett, & Branch, 1971; Oslin, Liberto,
O'Brien, Krois, & Norbeck, 1997). Abstinence from chronic use
of tobacco products in humans induces withdrawal symptoms,
characterized by restlessness, difficulty concentrating, irritability,
anxiety, anhedonia, and weight gain (Hughes & Hatsukami, 1986).
Anxiety- and depression-like behaviors develop following nicotine
withdrawal in rodents as well (Bagosi et al., 2016). The affective
signs associated with nicotine withdrawal serve as negative re-
inforcers and thus are the main precipitating factors for craving
and relapse (Doherty, Kinnunen, Militello, & Garvey, 1995; George
et al., 2007; Kenny & Markou, 2001). Therefore, further research
is needed to fully characterize the neurobiological and molecular
substrates of the negative affective states that develop following
nicotine withdrawal.

Pituitary adenylyl cyclase activating polypeptide (PACAP), exits
in two biologically active forms, PACAP-38 and PACAP-27, and be-
longs to the vasoactive intestinal peptide (VIP)/glucagon/growth
hormone/secretin family with high homology to VIP, was originally
reported to stimulate adenylyl cyclase in the pituitary cells (Miyata
et al., 1989). The PACAP/PAC1 receptor system has been implicated
in physiological responses as well as in neuropsychiatric disorders
such as anxiety, schizophrenia, and depression (Ghatei et al., 1993;
Reglodi, Kiss, Horvath, et al., 2012; Reglodi, Kiss, Szabadfi,
et al., 2012; Reglodi, Tamas, Koppan, Szogyi, & Welke, 2012; Vaudry
et al., 2009). In an earlier report, we found that the aversive effect
of a higher dose of nicotine (1 mg/kg) was reduced in female mice
lacking PACAP, whereas the rewarding action of a lower dose of nic-
otine (0.25 mg/kg) was not altered in the absence of PACAP (Tseng,
Singh, Marquez, Hamid, & Lutfy, 2019). In the present study, we
assessed the role of endogenous PACAP in nicotine-induced condi-
tioned place preference (CPP) and dependence using both male and
female mice. In particular, we determined the role of PACAP in anx-
iety- and depression-like behaviors that develop following nicotine
withdrawal (Bagosi et al., 2016).

Significance

The present study determines the role of pituitary adeny-
lyl cyclase activating polypeptide (PACAP) in nicotine re-
ward and withdrawal precipitated by mecamylamine. We
report here that male, but not female, mice lacking PACAP
exhibited a comparable conditioned place preference fol-
lowing nicotine conditioning to their wild-type controls.
However, male mice lacking PACAP compared to wild-type
mice expressed reduced anxiety-like and depression-like
behaviors following a mecamylamine challenge, suggesting
that endogenous PACAP is involved in affective signs of
nicotine withdrawal, but that this effect is sex dependent.

2 | MATERIALS AND EXPERIMENTAL
METHODS

2.1 | Experimental subjects

A total of 30 male and 28 female mice lacking PACAP and their wild-
type littermates/age- and sex-matched controls, fully backcrossed
on a C57BL/6 mouse background strain, between the ages of 4 and
6 months, bred in-house from heterozygous breeding pairs were
used throughout. Pups were weaned and genotyped at the age of
21-24 days. A standard polymerase chain reaction protocol was
followed using samples obtained from ear snips. The PACAP mice
have been described previously (Colwell et al., 2004). The original
heterozygous breeding pairs were generously provided by Dr. James
Waschek (UCLA, CA, USA). Mice were maintained in a humidity-
and temperature-controlled room with unlimited access to regular
laboratory chow and water except during each conditioning and test
session. All experiments were carried out during the light phase of a
12-hrlight/12-hr dark cycle and approved by the Institutional Animal
Care and Use Committee at Western University of Health Sciences
(Pomona, CA, USA).

2.2 | Experimental design and procedures

We used both male and female mice in all experiments. Each experi-
ment was repeated at least two times with two to five naive mice per
cohort for each genotype and each sex. Mice were randomly assigned
to saline or nicotine group and received conditioning in a counterbal-

anced manner. Power analysis was used to calculate sample size.

2.3 | Therole of PACAP in nicotine-induced CPP

We used a three-compartment place conditioning apparatus and an

unbiased place conditioning paradigm and assessed the role of PACAP
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in nicotine-induced CPP. We also examined if there is any sex-related
difference in this response. To this end, male (n = 8 per genotype) and
female (7 per genotype) mice lacking PACAP and their wild-type con-
trols were brought to the test room, habituated for 1 hr and then tested
for baseline place preference on day 1 (D1). On the following day, mice
were brought to the test room, habituated for 1 hr and then treated
with nicotine (1 mg/kg) or saline and confined to the drug-paired
(DPCh) or vehicle-paired chamber (VPCh), respectively, for 15 min.
We used this higher dose of nicotine because our pilot studies showed
that the lower dose of nicotine (0.25 mg/kg) did not induce a signifi-
cant CPP in male mice using this alternate-day nicotine conditioning
paradigm (see Supplemental data, Figure S1). The following day, mice
received the alternate treatment and were confined to the opposite
chamber for 15 min. Control mice (n = 7 per genotype and sex) were
conditioned with saline in both chambers. This once-daily conditioning
continued for 6 days (three nicotine and three saline conditionings for
the drug group or six saline sessions for the control group). Mice were
tested for place preference 24 hr after the last conditioning. Mice then
received additional conditioning (two saline and two nicotine or four
saline sessions for the drug and saline control groups, respectively) and
tested for CPP again to assess if further conditioning would result in a
different response between mice of the two genotypes. On the pre-
and postconditioning test days, each mouse was placed in the central
neutral chamber of the place conditioning apparatus and allowed to
freely explore the conditioning chambers. The amount of time that
mice spent in each chamber was recorded for 15 min using a video-
camera located above the place conditioning chambers. The videos
were analyzed using TopScan Version 2.00 (CleverSystem, Reston, VA,
USA\) by an experimenter who was blind to the experimental procedure
and genotype as well as treatment. A significant increase in the amount
of time that mice spent in the DPCh versus VPCh was considered a
significant CPP.

2.4 | Therole of PACAP in negative affective
signs of mecamylamine-precipitated withdrawal

2.4.1 | Therole of PACAP in anxiety-like behaviors
following nicotine withdrawal

We used the elevated plus maze (EPM) and determined the role of
endogenous PACAP in anxiety-like behaviors that develop follow-
ing nicotine withdrawal. Our EPM apparatus consisted of two open
(25 x 5 c¢cm) and two closed (25 x 5 cm and 15 cm height) arms el-
evated 55 cm above the floor. To determine the role of PACAP in
anxiety-like behaviors, male and female mice lacking PACAP and their
wild-type littermates/age- and sex-matched controls were conditioned
with nicotine/saline or saline alone and tested for CPP, as described
above. Mice were then tested for anxiety-like behaviors 96 hr after
the last CPP test. We selected this time point because there are low
levels of abstinence withdrawal (Isola, Vogelsberg, Wemlinger, Neff,
& Hadjiconstantinou, 1999; Semba, Wakuta, Maeda, & Suhara, 2004),

and thus we primarily measure the negative affective states associated

h 1551

with mecamylamine-precipitated nicotine withdrawal. On the test
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day, mice were brought to the test room and allowed to acclimatize
for 1 hr. Mice were then injected with mecamylamine (3 mg/kg) and
tested for anxiety-like behaviors 30 min later. Each mouse was placed
on the center of the maze, facing one of the open arms. An aerial video-
camera attached to the ceiling with a clear view of the EPM was used
to record the amount of time that mice spent on each arm and analyzed
using the TopScan Version 2.00 (CleverSystem, Reston, VA, USA). All
videos were analyzed by an experimenter who was blind to the ex-
perimental procedure and genotype as well as treatment. A significant
decrease in the amount of time that mice spent on the open arms com-
pared to their respective controls was considered as an increase in the
level of anxiety-like behaviors.

2.4.2 | Therole of PACAP in depression-like
behaviors following nicotine withdrawal

We used the forced swim test (FST) to measure depression-like be-
haviors in male and female mice lacking PACAP and their wild-type
controls following nicotine withdrawal. To determine the role of
PACAP in depression-like behaviors following nicotine withdrawal,
2 hr after the EPM test, mice were forced to swim (32°C water) for
15 min. Mice were then tested for immobility time in the FST the fol-
lowing day. On the test day, mice were brought to the test room and
habituated for 1 hr and then placed in the water to swim for 6 min.
Given that regardless of the treatment all mice are mobile during the
first 2 min of the test session, the amount of time that mice remained
immobile during the last 4 min of the test period was analyzed using
the Swim Scan (CleverSystem, Reston, VA, USA) by an experimenter
who was blind to the experimental procedure and genotype as
well as treatment. This is in accordance with previous studies (Can
et al., 2011; Can, Grahame, & Gould, 2012; David, Renard, Jolliet,
Hascoet, & Bourin, 2003; Petit-Demouliere, Chenu, & Bourin, 2005;
Porsolt, 1979; Porsolt, Bertin, & Jalfre, 1977). A significant increase
in the amount of that mice remained immobile compared to their
respective controls was considered as an increase in the level of

depression-like behaviors.

2.5 | Materials

Nicotine and mecamylamine were purchased from MP Biomedicals,
Inc. (Solon, OH, USA) and Sigma/Aldrich (St. Louis, MO), respec-
tively. Each drug was dissolved in normal saline (sterilized 0.9%
sodium chloride in deionized water) and injected subcutaneously

(nicotine) or intraperitoneally (mecamylamine).

2.6 | Data analysis

Data are presented as the mean (+SEM) of the amount of time that

mice spent in the place conditioning chambers, on the open and
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closed arms of the EPM or remained immobile in the FST. The data
were analyzed using three-way repeated measures analysis of vari-
ance (ANOVA) or two-way ANOVA, whichever appropriate using
GraphPad Prism 8 (GraphPad Software, San Diego, CA). The Fisher's
LSD post hoc test was used to reveal the significant difference be-

tween groups. A p < 0.05 was considered significant.

3 | RESULTS

3.1 | Nicotine induced CPP in both male and female
wild-type mice but was only reduced in female mice
lacking PACAP

We used the place conditioning paradigm, a model of place pref-
erence and aversion (Bardo & Bevins, 2000), to determine the
role PACAP in the rewarding action of nicotine in male and female
mice lacking PACAP and their wild-type controls. Figure 1a shows
the amount of time that male mice lacking PACAP [PACAP (-/-)]
and their wild-type controls [PACAP (+/+)] spent in the DPCh and
VPCh on the preconditioning (D1) and postconditioning (D8) test
days. Three-way ANOVA of the data yielded no significant effect
of time (F(1,56) = 3.46; p = 0.068), no significant effect of genotype
(F(1,56) =2.15; n = 8 per genotype; p = 0.148), as well as no significant
interaction between time and genotype (F(1,56) = 0.11; p = 0.741),
genotype and context (F(1,5<s) =0.02; p = 0.883) or time, context and
genotype (F(1,56) =0.01; p = 0.826). However, there was a significant
effect of context (F(1,56) =10.71; p = 0.002) as well as a significant
interaction between time and context (F(l,Sé) =11.70; p = 0.001). The
post hoc test revealed that mice lacking PACAP (right panel) as well
as their wild-type littermates/controls (left panel) spent more time
in the DPCh compared to the VPCh on the postconditioning but not
preconditioning test day, suggesting that mice of both genotypes
expressed a significant CPP response. However, there was no sig-
nificant difference in the CPP response between mice of the two
genotypes, suggesting that the rewarding effect of nicotine was un-
altered in the absence of PACAP in male mice. The CPP response
was reduced in mice of both genotypes following the second set of
conditionings and a subsequent CPP test (data not shown).

Unlike male mice, the rewarding effect of nicotine was blunted
in female mice lacking PACAP compared to their wild-type controls
(Figure 1b). Three-way ANOVA revealed a significant effect of gen-
otype (F(1,48) =5.46;n = 7 per genotype; p < 0.024) and a significant
interaction between genotype and context (F(1,4s) =791; p <0.007)
as well as a trend toward an interaction between genotype, time,
and context (F; 44, = 3.93; p = 0.053) but no significant effect of time
(F(1,48) =0.28; p=0.599), no significant effect of context (F(1,48) =2.40;
p = 0.128), and no significant interaction between time and geno-
type (Fy 46 = 0.16; p = 0.691) and time and context (F; 44, = 1.45;
p = 0.235). The post hoc test revealed a significant CPP in wild-type
mice (Figure 1b; left panel) but this response was blunted in mice
lacking PACAP (Figure 1b; right panel), suggesting that the rewarding
effect of nicotine was reduced in the absence of PACAP in female
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FIGURE 1 Nicotine conditioning induced a significant CPP in
male (a) mice lacking PACAP [PACAP (-/-)] and their wild-type
controls [PACAP (+/+)] but this response was blunted in female
PACAP (-/-) compared to PACAP (+/+) mice (b). Mice were tested
for baseline place preference on day 1 (D1), conditioned with
saline/nicotine (1 mg/kg, s.c.; n = 8 male and 7 female mice per
genotype) or nicotine/saline on alternate days for 6 days and then
tested for postconditioning place preference on day 8 (D8). Data
represent the amount of time that mice spent in the drug-paired
chamber (DPCh) versus vehicle-paired chamber (VPCh) on each
test day and analyzed by three-way ANOVA. *p < 0.05, ***p < 0.001
compared to their respective VPCh on day 8; ***p < 0.001 versus
DPCh in female mice lacking PACAP

mice. The absence of the CPP response in PACAP-deficient mice
was not due to a lack of response to nicotine in these mice because
the drug suppressed motor activity in both wild-type and knockout
mice during the conditionings (Figure S2, Supplemental Data). As
observed in male mice, the CPP response was decreased in mice of
both genotypes following the second set of conditionings (data not
shown).

Figure 2 shows the amount of time that mice lacking PACAP
(right panels) and their wild-type controls (left panels) spent in the
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FIGURE 2 Saline conditioning failed to induce CPP in male (a)
or female (b) mice lacking PACAP [PACAP (-/-)] and their wild-
type controls [PACAP (+/+)]. Mice were tested for baseline place
preference on day 1 (D1), conditioned with saline/saline (n = 7 mice
per genotype and for each sex) on alternate days for 6 days and
then tested for postconditioning place preference on day 8 (D8).
Data represent the amount of time that mice spent in the drug-
paired chamber (DPCh) versus vehicle-paired chamber (VPCh) on
each test day and analyzed by three-way ANOVA

conditioning chambers on the CPP test day following conditioning
with saline in both chambers. As can be observed, neither male
(Figure 2a) nor female (Figure 2b) mice of either genotype expressed
CPP after conditioning with saline in both chambers.

3.2 | Anxiety-like behaviors following
mecamylamine-precipitated nicotine withdrawal
were attenuated in male but not female PACAP-
deficient mice

One of the affective signs of nicotine withdrawal is the expres-
sion of anxiety (Hughes, Hatsukami, Mitchell, & Dahlgren, 1986).

EPM is widely used as a rodent model of anxiety-like behaviors

Neuroscience Researc

(Lister, 1990). EPM has also been used to assess anxiety-like behav-
iors following nicotine withdrawal in mice (Bagosi et al., 2016). We
used the EPM and determined the role of endogenous PACAP in
anxiety-like behaviors that develop following nicotine withdrawal.
We measured only affective signs of withdrawal in this study be-
cause we waited several days after cessation of nicotine and by that
time, there is minimal, if any, somatic signs of withdrawal. However,
negative affective states, such as anxiety and depression, are still
evident and that may be the cause for craving and relapse. Figure 3
shows the amount of time that male mice lacking PACAP and their
wild-type controls spent on the open and closed arms of EPM. Two-
way ANOVA of the data on the open arms (Figure 3a) revealed no
significant effect of genotype (F(Mé) =2.19; n = 7-8 mice of each sex
per genotype and treatment, p = 0.151) and no interaction between
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FIGURE 3 Anxiety-like behaviors in male mice lacking

PACAP [PACAP (-/-)] and their wild-type controls [PACAP (+/+)]
conditioned with nicotine (n = 8 mice per genotype) or saline (n = 7
mice per genotype). Mice were tested for anxiety-like behaviors
30 min following a challenge dose of mecamylamine (3 mg/kg) in
the elevated plus maze (EPM). Data represent the amount of time
that mice spent on the open (a) and closed (b) arms of the EPM

and analyzed by two-way ANOVA. *p < 0.05, **p < 0.01 versus
wild-type mice conditioned with saline; +p < 0.05 versus PACAP-
deficient mice
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genotype and treatment (F(L%) = 2.12; p = 0.157). Yet, there was
a significant effect of treatment (F(1,26) = 5.15; p = 0.031). Further
analysis of the data showed that male wild-type mice conditioned
with nicotine and challenged with mecamylamine before the EPM
test spent a significantly (p < 0.05) lesser amount of time on the open
arms compared to its wild-type saline-conditioned control mice as
well as versus PACAP-deficient mice conditioned with nicotine
(Figure 3a). Correspondingly, there was a significant effect of treat-
ment (F(1,26) = 5.07; p = 0.033) when the amount of time that mice
spent in the closed arms was analyzed. The post hoc analysis of the
data revealed that wild-type mice conditioned with nicotine spent
more time on the closed arms compared to their saline pretreated
wild-type controls (p < 0.01) as well as versus PACAP-deficient mice
(p < 0.05) pretreated with nicotine (Figure 3b). In contrast, we did not
observe any significant difference in anxiety-like behaviors in female
mice of the two genotypes regardless of whether they were condi-
tioned with nicotine or saline (Figure 4). Taken together, these re-
sults suggest that PACAP may be involved in anxiety-like behaviors
that develop following nicotine withdrawal but there is a sex-PACAP
interaction in this regard.

3.3 | Depression-like behaviors following nicotine
withdrawal were reduced in male but not female mice
lacking PACAP

Depression is another negative affective state that develops follow-
ing nicotine withdrawal (Hughes et al., 1986). The immobility time in
the FST is widely used as an animal model of despair, depression-like
behaviors and, more recently, as a model of stress coping behavior
(Commons, Cholanians, Babb, & Ehlinger, 2017; Petit-Demouliere
et al., 2005). This model is also used to determine the development
of depression-like behaviors following nicotine withdrawal (Bagosi
et al.,, 2016). We used FST to determine the role of PACAP in depres-
sion-like behaviors following nicotine withdrawal. Figure 5 shows the
amount of time that male mice lacking PACAP and their wild-type con-
trols remained immobile during the last 4 min of the test session. Two-
way ANOVA revealed no significant effect of genotype (F(1,26) =0.63;
n = 7-8 mice of each sex per genotype and per treatment, p = 0.435)
but there was a significant interaction between genotype and treat-
ment (F(1,26) =5.03; p < 0.034) and trend toward a significant effect of
treatment (F(Mé) =4.09; p = 0.053). The post hoc analysis of the data
showed that male mice lacking PACAP conditioned with nicotine and
underwent mecamylamine-precipitated nicotine withdrawal showed
a significant decrease in the immobility time compared to their wild-
type controls as well as their PACAP-deficient control mice (Figure 4a;
p < 0.05). In contrast, female mice lacking PACAP and their controls
were not different from each other regardless of whether they were
conditioned with nicotine or saline (Figure 4b). These results suggest
that male but not female PACAP-deficient mice treated with nicotine
had a decreased level of depression-like behaviors following nicotine

withdrawal compared to their wild-type controls.
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FIGURE 4 Anxiety-like behaviors in female mice lacking
PACAP [PACAP (-/-)] and their wild-type controls [PACAP (+/+)]
conditioned with nicotine (n = 7 mice per genotype) or saline (n =7
mice per genotype). Mice were tested for anxiety-like behaviors
30 min following a challenge dose of mecamylamine (3 mg/kg) in
the elevated plus maze (EPM). Data represent the amount of time
that mice spent on the open (a) and closed (b) arms of the EPM and
analyzed by two-way ANOVA

4 | DISCUSSION

The main findings of the present study are that male mice lacking
PACAP and their wild-type controls exhibited a comparable CPP
response but the affective signs of nicotine withdrawal (i.e., anxi-
ety- and depression-like behaviors) were reduced in male PACAP-
deficient mice. In contrast, female mice lacking PACAP showed
a blunted CPP response compared to their wild-type controls.
However, anxiety- and depression-like behaviors were not different
between female mice of the two genotypes. These changes were
not observed in saline-treated control mice of the two genotypes.
Together, our results suggest that endogenous PACAP is involved in
negative affective signs of nicotine withdrawal, and there is a sex-

related difference in this regard.
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FIGURE 5 Depression-like behaviors in male (a) and female

(b) mice lacking PACAP [PACAP (-/-)] and their wild-type controls
[PACAP (+/+)] conditioned with nicotine (n = 7 mice per genotype
and sex) or saline (n = 7 mice per genotype and sex). Two hours
after the EPM test, mice were forced to swim for 15 min and
tested for immobility time in the forced swim test 24 hr later. Data
represent the amount of time that mice remained immobile during
the last 4 min of the 6-min test period and analyzed by two-way
ANOVA. *p < 0.05 versus male wild-type mice; *p < 0.05 versus
saline-pretreated control PACAP-deficient mice

PACAP and its receptors are expressed along the reward circuits
and have been implicated in the actions of nicotine (Machaalani,
Thawley, Huang, & Chen, 2019; Manavalan et al., 2017; Tseng
et al., 2019). We have recently showed that female mice lacking
PACAP and their wild-type controls exhibited comparable CPP
following conditioning with a lower dose of nicotine (0.25 mg/kg).
On the other hand, the aversive effect of a higher dose of nico-
tine (1 mg/kg) was blunted in female mice lacking PACAP (Tseng
et al., 2019). In the present study, we observed a robust CPP re-
sponse in male and female wild-type mice using the same dose of
nicotine (1 mg/kg), which was only blunted in female mice lacking
PACAP, suggesting that there may be a sex-related difference in the
modulatory action of endogenous PACAP to regulate the reward-
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The aversion in female wild-type mice in our previous study
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(Tseng et al., 2019) appears in contrast with the CPP response in the
present study. However, considering that we used an alternate-day
conditioning (saline or nicotine once a day) paradigm in the present
study and two conditionings per day (saline and nicotine on the same
day) in the previous study, we argue the difference in the outcomes
of the two studies may be due to the use of different CPP protocols.
Indeed, we did not observe any CPP and even aversion in some wild-
type mice following the second set of conditionings, suggesting that
tolerance may have developed to the rewarding action of nicotine or
the emergence of aversive response might have canceled the CPP
response in the wild-type mice. Interestingly, the aversive response
observed in some female and male wild-type mice following the sec-
ond conditioning was absent in their respective mice lacking PACAP,
showing that nicotine-induced aversion may have taken more time
to develop using the once-daily conditioning paradigm in wild-type
mice.

Cessation of nicotine leads to somatic and affective signs of
withdrawal. One of the affective signs of nicotine withdrawal is the
expression of anxiety in humans (Hughes et al., 1986) and laboratory
animals (Bagosi et al., 2016; Damaj, Kao, & Martin, 2003; Elhassan,
Bagdas, & Damaj, 2017; Hamouda, Jackson, Bagdas, & Imad
Damaj, 2018; Jackson, Papke, & Damaj, 2018; Jackson, Mclintosh,
Brunzell, Sanjakdar, & Damaj, 2009; Jackson, Muldoon, De Biasi, &
Damaj, 2015). Consistent with this notion, we found that male wild-
type mice conditioned with nicotine and underwent precipitated
withdrawal exhibited a significant increase in anxiety-like behaviors
compared to nicotine-pretreated PACAP-deficient mice. Although
mice lacking PACAP have been reported to exhibit reduced anxiety-
like behaviors (Hashimoto et al., 2001; Hattori et al., 2012; Otto
et al., 2001), we did not observe any significant change in the level
of anxiety-like behaviors between saline-treated control mice of the
two genotypes. Indeed, we found no difference in anxiety-like be-
haviors between saline-pretreated mice of the two genotypes re-
gardless of sex, showing that the difference in anxiety-like behaviors
following nicotine withdrawal was due to nicotine pretreatment and
not due to baseline changes in these behaviors between mice lack-
ing PACAP and their wild-type controls. Together, these results sug-
gest that PACAP is involved in anxiety-like behaviors that develop
following nicotine withdrawal but there is a sex-related difference
in this response, as we found no significant change in anxiety-like
behaviors between female mice of the two genotypes undergone
nicotine withdrawal.

Depression is another negative affective state that develops
following nicotine withdrawal in humans (Hughes et al., 1986) as
well as in rodents (Bagosi et al., 2016; Damaj et al., 2003; Elhassan
et al.,, 2017; Hamouda et al.,, 2018; Jackson et al., 2009, 2015,
2018). Several studies have reported a greater level of depres-
sion-like behaviors in mice lacking PACAP compared to their wild-
type controls (Ago et al., 2013; Gaszner et al., 2012; Hashimoto
et al., 2009, 2010) but this increase may be due to the strain of
mouse used to generate the PACAP-deficient mice. For exam-

ple, naive PACAP-deficient mice express reduced anxiety-like
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behaviors and higher depression-like behaviors ([Hashimoto
et al., 2009, 2001]; for review, see also [Lutfy & Shankar, 2019]).
Likewise, mice lacking PACAP on a C57BL/6J x 129SvEv mixed
background showed decreased anxiety-like behaviors but slight
reduction in depression-like behaviors (Hattori et al., 2012). In
contrast, mice lacking PACAP on the C57BL/6N background strain
exhibited no changes in anxiety-like or depression-like behaviors
([Lehmann, Mustafa, Eiden, Herkenham, & Eiden, 2013], for de-
tails see also [Farkas et al., 2017; Kormos et al., 2016]). Our re-
sults are consistent with the latter study showing no alterations in
anxiety-like and depression-like behaviors in mice lacking PACAP
compared to their wild-type controls regardless of the sex of the
mice. Nevertheless, we observed a significant decrease in immo-
bility time in male PACAP-deficient mice that underwent nicotine
withdrawal compared to their respective wild-type controls. Yet,
this difference was not observed in female mice of the two geno-
types, suggesting there is a sex-related difference in this response.
However, one of the caveats of the current research is that the re-
sults are obtained solely in mice lacking PACAP and their wild-type
littermates/controls. Therefore, further research using pharmaco-
logical tools or other approaches is needed to provide comple-
mentary data to that obtained in knockout mice. Additionally, in
the present study, we measured affective but not somatic signs of
withdrawal and only 4 days after cessation of nicotine because we
were interested in affective signs of withdrawal, the main cause of
craving and relapse. Also, somatic signs of withdrawal decay and
are minimal by this time. Therefore, further studies are needed to
assess the role of PACAP in somatic and affective signs of with-
drawal immediately after cessation of nicotine treatment.

The hypothalamic-pituitary-adrenal axis mediates the stress
response and is implicated in nicotine withdrawal (Grieder
etal., 2014; Semba et al., 2004). Considering that PACAP regulates
the expression of corticotropic releasing hormone (CRH; Agarwal,
Halvorson, & Legradi, 2005; Grinevich, Fournier, & Pelletier, 1997;
Stroth & Eiden, 2010; Stroth, Holighaus, Ait-Ali, & Eiden, 2011;
Stroth, Liu, Aguilera, & Eiden, 2011), we hypothesize that PACAP
by regulating the expression of CRH alters the negative affective
states associated with nicotine withdrawal. However, it is unclear
why we did not observe any difference in affective signs of with-
drawal in female mice. It may be that female do not exhibit ro-
bust signs of withdrawal as males, which has been found to be
the case in adolescent rats (O'Dell & Torres, 2014). Alternatively,
the expression of PACAP is under the influence of sex hor-
mones (Apostolakis, Riherd, & O'Malley, 2005; King, Toufexis, &
Hammack, 2017), which may have contributed to this sex-related
difference.

Previous studies have implicated several brain regions in the
pathophysiology of negative affective states that develop fol-
lowing nicotine withdrawal. Recent evidence implicates habenula
in the action of nicotine and in particular in mediation of nicotine
aversion and withdrawal (Antolin-Fontes, Ables, Gorlich, & Ibanez-
Tallon, 2015; Casarrubea et al., 2015; Eggan & McCallum, 2016;
Fowler & Kenny, 2014; Frahm et al., 2011, 2015; Gorlich et al., 2013;

Lee, Kang, Chung, & Noh, 2015; Slimak et al., 2014; Zuo et al., 2016).
Interestingly, moderate to high levels of PACAP and its recep-
tors have been reported in habenula (Masuo et al., 1991; Vereczki
et al., 2006), raising the possibility that PACAP may be involved
in these actions of nicotine. Indeed, our earlier report showing
that PACAP is involved in the aversive effects of nicotine (Tseng
et al., 2019) prompted us to assess the role of endogenous PACAP
in nicotine withdrawal. Thus, we propose habenula may be one of
the neuroanatomical sites where endogenous PACAP exerts its reg-
ulatory action on nicotine withdrawal. However, female mice of the
two genotypes did not show any change in negative affective signs
of nicotine withdrawal, requiring further investigations to define the
underlying mechanism of this sex-related difference and identify the
neuronal circuits involved in this process. The bed nucleus of stria
terminalis (BNST) may be another potential brain area which may be
involved in this process. BNST not only shows characteristic sexual
dimorphism (Hines, Davis, Coquelin, Goy, & Gorski, 1985) but also
receives dense PACAP-ergic innervation (Hammack et al., 2010).
Notably, nicotine self-administration affects neuronal activity in
the BNST in responses to stress (Yu & Sharp, 2012). However, fur-
ther studies are needed to tease out the underlying mechanism of
this sexual dimorphic regulatory action of PACAP. For example, we
need to examine if gonadectomy reverses this dichotomy or admin-
istration of sex hormones to the opposite gender would reverse the
phenotype.

In summary, the rewarding effect of nicotine was altered only
in female PACAP-deficient mice. In contrast, the negative affec-
tive states that develop following nicotine withdrawal were only
affected in male mice lacking PACAP, suggesting that endogenous
PACAP is involved in nicotine reward and dependence but there is
a sex-related difference in this regard. The current result suggests
that PACAP-ergic system may be a novel target to develop medi-
cations to treat negative affective states associated with nicotine
withdrawal at least in men. However, the result of this study needs
to be interpreted with caution because voluntary nicotine intake and
withdrawal in humans is not the same as withdrawal precipitated by

mecamylamine in mice treated with nicotine by an experimenter.
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FIGURE S1 Dose-response effect of nicotine in inducing conditioned
place preference (CPP) in male C57BL/6J mice. Mice were tested

for baseline place preference on day 1 (D1, conditioned with saline
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or nicotine (0.25 or 1 mg/kg, s.c.) for 15 min for six days and then
tested for CPP on day 8 (D8). Data are mean (+SEM) of the amount
of time that mice spent in each chamber on D1 and D8. ***p < 0.001
vs. VPCh on that day

FIGURE S2 Distance traveled the first (days 2 and 3, D2/3) and last
(days 6 and 7, D6/7) two conditioning days in female mice lacking
PACAP (-/-) and their wild-type controls (+/+) conditioned with sa-
line in both conditioning chambers (upper panel) or conditioned with
nicotine in one chamber (DPCh) and saline in the other conditioning
chamber (VPCh) (lower panel). Data are mean (+SEM) of distance
traveled by mice of time in the VPCh and DPCh chambers on D2/3
and Dé6/7. *p < 0.05, ***p < 0.001 decreased distance traveled by the

mice in the DPCh vs. their respective VPCh
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