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Pituitary Adenylate Cyclase-Activating Peptide in the Bed
Nucleus of the Stria Terminalis Mediates Stress-Induced
Reinstatement of Cocaine Seeking in Rats
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Stressors often contribute to difficulties in maintaining behavior change following a period of abstinence, and may play a significant role in
drug relapse. The activation of pituitary adenylate cyclase-activating peptide (PACAP) systems in the bed nucleus of the stria terminalis
(BNST) mediates many consequences of chronic stressor exposure. Here we ask whether PACAP is also involved in producing
reinstatement in a model of stress-induced relapse to drug taking. Rats self-administered cocaine for | h daily over 10 days that was
followed by 20 days of extinction training in which lever pressing no longer produced cocaine. In experiment |, quantitative PCR (gPCR)
was performed at several stages to determine transcript levels of PACAP and corresponding receptors. Reinstatement of cocaine seeking
was then tested after footshock exposure in different groups of rats that were pretreated with vehicle solution, a PACI receptor antagonist
(experiment 2), or a PACAP agonist (experiment 3) without footshock. In experiment |, cocaine self-administration increased BNST
PACAP transcript levels similar to what we have previously reported with chronic stress. In experiment 2, intra-BNST infusions of the
PACI/VPAC2 antagonist, PACAP 6-38, prevented footshock-induced reinstatement of extinguished cocaine seeking. In experiment 3,
intra-BNST PACAP infusion reinstated previously extinguished cocaine-seeking behavior in the absence of footshock. Cocaine
self-administration elevated BNST PACAP, and BNST PACAP receptor activation was necessary and sufficient for stress-induced

reinstatement of cocaine seeking. These data suggest that BNST PACAP systems may be viable targets for relapse prevention.
Neuropsychopharmacology (2018) 43, 978-986; doi:10.1038/npp.2017.135; published online 26 July 2017

INTRODUCTION

A primary challenge in the treatment of substance abuse is
the tendency of users to relapse following acute or extended
periods of abstinence. On average, over 60% of substance
abusers will return to drug use within a year of receiving
treatment (Hunt et al, 1971; Scott et al, 2011; Higgins et al,
2012). Although many factors may contribute to drug
relapse, one critical factor may be exposure to a stressor
(Sinha et al, 2006). That is, relapse rates are higher following
stressful events (Breese et al, 2011). Stressors are often
studied as sources of relapse in laboratory settings (Shaham
et al, 2003), and exposure to stress often reinstates
extinguished instrumental responding in animals trained to
self-administer cocaine (Mantsch et al, 2015).

Many brain regions implicated in stress- and anxiety-like
behavioral responding have also been implicated in the

*Correspondence: OW Miles, Department of Psychological Science,
The University of Vermont, 2 Colchester Avenue, Burlington, VT
05405, USA, Tel: +1 802 656 1041, Fax 802-656-8783,
E-mail: omiles@uvm.edu

Received 2 January 2017; revised 20 May 2017; accepted 22 June 2017,
accepted article preview online 28 June 2017

stress-induced reinstatement of extinguished drug-reinforced
behavior (Koob, 2015). In particular, activation of the bed
nucleus of the stria terminalis (BNST) has been argued to
mediate anxiety-like behavioral responding to stimuli that
signal an aversive event in the intermediate future (eg, in
10 min; Waddell et al, 2006; Hammack et al, 2015), and also
mediates stress-induced reinstatement of extinguished drug-
seeking behavior (Stewart, 2000). Hence, BNST activation
can induce the reinstatement of cocaine-seeking behavior
(Leri et al, 2002), and BNST lesions (Shaham et al, 2000)
attenuate stress-induced reinstatement of drug-reinforced
instrumental behavior.

Several stress-related peptides, including corticotropin-
releasing hormone (CRH), are expressed in the BNST. The
activation of CRH receptors in the BNST is critical for stress-
induced reinstatement of extinguished instrumental re-
sponding for cocaine: CRH infusions into the BNST, but
not central amygdala (CeA) mimic the effects of stressor
exposure to reinstate drug seeking in rodents, and BNST
CRH receptor antagonism prevents stress-induced reinstate-
ment (Erb and Stewart, 1999). Possible upstream regulators
of BNST CRH activation are still unclear.
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Recent studies have implicated pituitary adenylate cyclase-
activating peptide (PACAP) in the regulation of stress
responding (Hammack and May, 2015; Stroth et al, 2011),
and BNST PACAP activation has been shown to be
necessary and sufficient for many of the behavioral
consequences of stressor exposure (Hammack et al, 2009;
Roman et al, 2014; Kocho-Schellenberg et al, 2014). The
pleiotropic PACAP is highly conserved and can exist in two
isoforms, with the 38- residue, PACAP38, predominating
over PACAP27 in the nervous system. PACAP-positive cell
bodies and fibers have been observed in multiple stress-
related regions, including the BNST, where PACAP expres-
sion is substantially augmented following chronic stress. Our
laboratory and others have argued that PACAP may be
upstream of CRH in both the paraventricular nucleus (PVN;
Stroth and Eiden, 2010) and the BNST (Hammack and May,
2015). Indeed, PACAP/PAC1 receptor expression and
signaling is highly involved in mediating both physiological
and psychological responses to stress (Ressler et al, 2011), as
well as stress-related disorders (eg, schizophrenia, posttrau-
matic stress disorder, and depression; Ressler et al, 2011;
Hashimoto et al, 2007; Lehmann et al, 2013). Furthermore,
there are high levels of comorbidity between individuals
exposed to stress-related disorders and substance abuse
(Kessler et al, 1995).

The present experiments addressed this idea by examining
the role of PACAP in the BNST in reinstatement of
extinguished cocaine-reinforced instrumental behavior
occasioned by the presentation of a stressor.

MATERIALS AND METHODS
Subjects

Consistent with our work investigating the role of BNST
PACAP in stress-related behavior, adult male Sprague-
Dawley rats (experiment 1, n=40; experiment 2, n=27;
experiment 3, n=29; 225-250 g upon arrival), obtained from
Charles River Laboratories (Canada), were individually
housed and received water and rat chow ad libitum (except
when specified). After delivery, rats were allowed to
habituate to their home cage for 1 week before undergoing
surgeries. Rats were maintained on a 12 h light/dark cycle
(lights on at 0700 h) and all experimentation occurred with
lights on (between 0730 and 1130). All procedures were
approved by the institutional animal care and use committee
at the University of Vermont.

Apparatus

One set of four conditioning chambers was used. Each was
housed in its own sound-attenuation chamber (Model
ENV-008-VP; Med Associates, St Albans, VT). The cham-
bers measured 30.5x24.1x21.0cm  (length x width x
height). The floor was made of stainless steel grids
(0.48 cm diameter). The sidewalls and ceiling were made of
clear acrylic plastic, whereas the front and rear walls were
made of brushed aluminum. A retractable lever (4.8 cm long
and positioned 6.2 cm above the floor grid) was positioned
on the right side of the chamber; a nonretractable lever was
positioned on the left, and used as a control (inactive) lever.
A stimulus light was positioned above each lever, and each

BNST PACAP mediates stress-induced reinstatement
OW Miles et al

chamber was illuminated by a 7.5W incandescent bulb
mounted to the ceiling of the sound-attenuation chamber,
~ 35 cm from the grid floor at the front of the chamber. The
operant conditioning chambers were linked to a computer
data collection program (MED PC, Med Associates).

Surgical Procedures

All rats underwent a jugular vein catheter implantation. Rats
were anesthetized using isoflurane vapor (1.5-4.0%) and all
surgical procedures were conducted using aseptic techniques.
Catheters were constructed using methods described pre-
viously (Fuchs et al, 2004) and consisted of external guide
cannula with screw-type connectors (Plastic One, Roanoke,
VA), silastic tubing (10 cm; SAI Infusion Technology, Lake
Villa, IL), and prolite polypropylene monofilament mesh
(2 cm diameter; Biomedical Structures, Warwick, RI). The
end of the catheter was inserted into the right jugular vein,
secured with suture, and exited on the rat’s back, posterior to
the shoulder blades. To maintain patency, catheters were
flushed once daily for 6 days after surgery with 0.2ml
heparinized saline. For the duration of the experiment, each
animal received 0.1 ml heparinized saline directly after each
self-administration session to ensure catheter patency.

Immediately following the jugular catheterization, animals
in experiments 2 and 3 were implanted with bilateral cannula
(22 gauge, Plastics One, Roanoke, VA) aimed at the BNST as
previously described (Hammack et al, 2009). Cannula were
mounted onto each stereotaxic arm and aimed at an angle of
20° just dorsal to the oval BNST (from bregma: AP=-0.1,
ML= +3.8, DV =-15.3). Wire stylettes extending 1 mm past
the tip were inserted into each guide cannula, and cemented
in place. Animals received subcutaneous injections of
lactated Ringer’s solution and an analgesic (5mg/kg
Metacam, Boehringer Ingelheim, Vetmedica, St Joseph,
MO) administered once immediately after the dual surgery
and once the following day. Once awake, rats were returned
to their home cages for 7-day postsurgery recovery, during
which all rats were observed and weighed daily.

Cocaine Self-Administration

At 7 days after surgery, all rats were given the opportunity to
self-administer cocaine (cocaine hydrochloride 3.0 mg/ml,
obtained from PENRO Specialty Compounding, Colchester,
VT) during daily 1h sessions for 10 days according to a
fixed-ratio 1 schedule of reinforcement. At the start of each
session, the catheter was connected to a swivel via
polyethylene 20 tubing that was encased in steel spring
lashes (Plastics One). After the animals were placed in the
chamber, a 2 min period elapsed before the stimulus light
came on above the active lever (signaling drug availability).
Presses on the active lever resulted in a 0.5 s cocaine infusion
and a 2 s flashing presentation of the stimulus light above the
active lever (0.5s on/0.5s off). In an effort to help the
animals acquire cocaine-seeking behavior, several manipula-
tions were made during the 10 days of acquisition: all rats
received mild food restriction (20 g rat chow per day) on
days 1-2. During this period, home cage rat chow was
crushed and mixed with water to create a paste that was
coated onto the active lever before the self-administration
session. On days 3-10, all animals received ad libitum food
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and water, and the lever was no longer baited. Moreover, the
amount of drug delivered per infusion was decreased over
the acquisition period to increase cocaine seeking with the
following schedule: days 1-3, 1.0 mg/kg/infusion; days 4-7,
0.75 mg/kg/infusion; days 8-10, 0.50 mg/kg/infusion.

Extinction

All rats in experiments 2 and 3, and animals in the Extinction
Group of experiment 1, then received 20 daily sessions in
which active lever presses no longer resulted in delivery of
cocaine. These extinction sessions lasted 1 h.

Reinstatement

Experiment 1. Animals in group 10d Drug were
killed 1 h after the last self-administration session (or control
treatment, n=4; Figure la). Brains were rapidly removed
and sectioned using a rodent brain matrix (Ted Pella
Redding, CA). BNST tissue was then dissected with a brain
punch set (0.96 mm in diameter; Stoelting, Wood Dale, IL) as
depicted in Figure 2a and frozen on dry ice. The remaining
experimental rats underwent extinction training, as de-
scribed above, and following the last extinction session, were
placed in the operant conditioning chamber and adminis-
tered five 2.0 mA, 2 s footshocks (averaging one shock every
12min over 1h; provided by Med Associates (Model
ENV-414 shockers)) or no footshock. Active and inactive
levers were available throughout the session, but presses had
no programmed consequences. At 1h after the end of the
session, rats were killed and BNST tissue harvested as
described above.

Experiment 2. On the day following the last extinction
session, rats were split into four groups, counterbalanced for
order and time of testing, that received different treatments.
Rats were infused into the BNST with 1.0 pg PACAP6-38
(American Peptide, Sunnyvale, CA; 0.5pl per side) or
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Experimental timeline for (a) experiment | and (b) experiments 2 and 3.

equivolume 0.05% BSA saline vehicle immediately before
the test session (between 0730 and 0930 h; Figure 1b) as
previously described (Hammack et al, 2009). The 1.0 pg dose
was chosen based on dose response studies (for review, see
Lezak et al, 2014; Roman et al, 2014). Immediately following
bilateral infusion, the rat was placed in the operant
conditioning chamber and allowed to lever press.

All Shock groups received the same shock treatment as
described above. Group Shock-PACAP6-38 received foot-
shock along with a PACAP antagonist infusion; Group
Shock-BSA received footshocks and vehicle infusion; Group
NoShock-PACAP6-38 received an infusion of the PACI
antagonist before being reexposed to the operant condition-
ing chambers on test day; and Group NoShock-BSA received
a vehicle infusion and no stressor exposure.

Experiment 3. On the day following the last extinction
session, rats were infused into the BNST with 1.0 pg PACAP38
(n=15; American Peptide; 0.5ul per side) or equivolume
0.05% BSA saline vehicle (n = 14) immediately before the test
session (between 0730 and 0930 h; Figure 1b). Infusions were
conducted in the same manner as previously described
(Hammack et al, 2009). Active (without cocaine reward
delivery) and inactive lever presses were recorded for 1h.

Quantitative PCR (qPCR) Measures of Transcript Levels

The qPCR for PACAP and related transcripts was conducted
using methods described previously (Girard et al, 2002;
Hammack et al, 2009; Missig et al, 2014). Briefly, after
killing of rats by rapid decapitation, coronal rat brain
sections were prepared using a rodent brain matrix (Ted
Pella), and micropunched BNST tissues were frozen for
subsequent total RNA extraction using STAT60 RNA/mRNA
isolation reagent (Tel-Test ‘B’, Friendswood, TX). All RNAs
were reverse transcribed using random hexamer primers
with SuperScript II Preamplification System (Invitrogen,
Carlsbad, CA). Real-time qPCR was performed as described



BNST PACAP mediates stress-induced reinstatement

OW Miiles et al
981
a b Acquisition
% 15 7 -= Control
o -= Cocaine Responders
i -+ Cocaine Non-Responders
a
—
-
s =
O =
@
-2
)
=]
©
=
o
=
0 — T T T T T T T T
1 2 3 4 5 6 7 8 9 10
Self-Administration Day
Cc PACAP Transcript Levels in d PAC1 Transcript Levels in e VPAC2 Transcript Levels for
Cocaine Responders vs. Non-Responders Cocaine Responders vs. Non-Responders Cocaine Responders vs. Non-Responders
n 8 @ 8 ) 8
: - < § ER Control
e P = i
%35 ¢ ] o T %3 ¢ Cocaine Responders
== =E = e .
33 4 33 4 28 4 B Cocaine Non-Responders
8o §m £z
3 -5 L]
&': 2 -2 'r s&. 2
g g i ; g
a 0 L > ]
g ., Shock No Shock , : , _Shock No Shock , i , o Shock No Shock ,
“1od DlugI : Extinction E "tod Dlug' 2 Extinction 3 "JOdDrug' 4 Extinction
Group Group Group Group Group Group

Figure 2 Cocaine self-administration alters endogenous PACAP levels in the BNST. Adult male rats self-administered cocaine for 10d as described, and
several underwent 20d extinction training. dBNST was harvested for quantitative PCR analyses after 10d of self-administration (Group 10d Drug), or after self-
administration and then 20d Extinction Training (Group Extinction). All tissue samples were reverse transcribed with random hexamers to allow quantification
and normalization across samples against 185 RNA. (a) Schematic depicting location of dorsal BNST punches. (b) Self-administration training on the active
lever; inactive lever presses remained uniformly low throughout acquisition (data not shown). (c) The 10d cocaine self-administration increases PACAP in
cocaine responders, but not nonresponders. Neither 10d cocaine self-administration nor 20d extinction training altered (d) PACI or (e) VPAC2 receptor
transcript in cocaine responders and nonresponders in dBNST. Data from 40 animals were used in the analyses of transcript levels during different phases of
drug self-administration: Control, n=9; Group 10d Drug, subdivided into two groups based on lever press behavior (Cocaine Responders, n=7; Cocaine
Nonresponders, n=8; Group Extinction, subdivided into four groups based on lever press behavior and counterbalanced shock treatment; Extinction-Shock-
Responders, n=4; Extinction-Shock-Nonresponders, n=4; Extinction-No Shock-Responders, n=5; Extinction-No Shock-Nonresponders, n=3).
Oligonucleotide primer sequences were: PACAP (S) 5'-CATGTGTAGCGGAGCAAGGTT-3" (AS) 5-GTCTTGCAGCGGGTTTCC-3"; PACI receptor
(S) 5-AACGACCTGATGGGACTAAAC-3" (AS) 5'-CGGAAGCGGCACAAGATGACC-3" VPAC2 receptor (S) 5'-AATGACCAGTCACAGTACAA
GA-3" (AS) 5'-TCACACTGTACCTCACTGTTCA-3". Data represent mean fold change =+ SEM against tissue from surgically controlled animals. Asterisk

indicates significantly different at p <0.05.

previously using SYBR Green I detection (Girard et al, 2002;
Hammack et al, 2009; Missig et al, 2014) and cDNA
templates were treated with RNase H to remove residual
RNA, then diluted 10-fold to minimize potential inhibitory
effects of the reverse transcription reaction. Melting profiles
for amplified DNA fragments were performed to verify
unique product amplification in the qPCR analysis, and a
standard curve was constructed by amplification of serially
diluted plasmids containing the target sequence (Girard et al,
2002; Missig et al, 2014). Transcript levels in each sample
were calculated from the threshold cycle (CT), and
determined by the SYBR Green I fluorescence intensity
(ARn) at specific amplification cycles. For each target
sequence, all samples from the same brain regions were
amplified together in the same assay to minimize variability.
All data were normalized to 18S RNA levels.

Histology

In experiments 2 and 3, rats were anesthetized 1 day after
reinstatement testing with Beuthanasia-D (sodium pento-
barbital; Zoetis, Kalamazoo, MI) solution and perfused
transcardially with 200 ml saline (0.9%) with 0.1% heparin
(Sagent, Schaumburg, IL) followed by 100ml of 10%
formalin solution (Fisher Scientific, Atlanta, GA). Brain

tissues were postfixed at 4 °C for a minimum of 24 h in 10%
formalin. Fixed tissue was then cut using a cryostat, and
sections were collected at 60 pm thickness. Sections were dry
mounted, stained with cresyl violet stain, and coverslipped.
Cannula placements were visualized using a 4x Nikon
Objective on an Olympus microscope.

Data Analysis

Statistical analysis was completed using SPSS Version 21
software (IBM Software, Armonk, NY) and graphical
representations were completed using GraphPad version 6
(GraphPad Software, San Diego, CA). Lever press respond-
ing during each phase of the experiment was analyzed using
repeated measure ANOVAs. Two-way ANOVA was used to
calculate overall group differences and interactions followed
by Bonferroni post hoc test; where indicated, some compar-
isons between groups were completed using t-tests.

RESULTS
Experiment 1

Experiment 1 was designed to determine whether 10 days of
cocaine self-administration training elevated BNST PACAP

Neuropsychopharmacology
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Intra-BNST PACAP antagonist (PACAP6-38) attenuates stress-induced reinstatement in rats. (a) Self-administration during experiment 2. Animals

in both footshock/no-footshock and vehicle/antagonist groups received the same amount of cocaine during acquisition (inset). (b) Extinction training during
experiment 2. (c) To determine whether PACAP receptor activation during footshock is necessary for stress-induced reinstatement of cocaine-seeking
behavior, we infused the PACI/VPAC2 antagonist PACAP6-38 into the BNST during the test phase of the stress-induced reinstatement procedure.
Intra-BNST PACAP6-38 attenuates stress-induced reinstatement when delivered before intermittent footshock. Intra-BNST delivery of the PACAP antagonist
significantly attenuated shock-induced reinstatement. Only animals that received intra-BNST vehicle treatment before footshock demonstrated reinstatement
of extinguished drug-seeking behavior. Group Shock-PACAP6-38, n=9; Shock-BSA, n = 6; NoShock-PACAP6-38, n = 6; NoShock-BSA, n = 6. Data represent

mean lever presses + SEM.

transcripts, similar to what we have previously reported with
chronic stressor exposure (Hammack et al, 2009), and
whether BNST PACAP transcripts are also elevated by
subsequent stressor (shock) exposure. A median split
analysis for total lever presses over 10d was used to separate
cocaine responders (M =49.80, SD=7.81) from cocaine
nonresponders (M = 14.5, SD = 3.11). A median split analysis
was also conducted on control animals, but no differences in
lever press behavior were found, and hence control animals
were grouped together for subsequent comparative analyses.
Lever pressing during acquisition is summarized in
Figure 2b. A one-way ANOVA on the PACAP mRNA
transcript levels revealed a significant difference among the
groups (F(6,24)=5.478, p<0.05). The 10d cocaine self-
administration increased PACAP mRNA transcript levels
approximately fivefold (p<0.05) in the dorsal aspect of the
anterolateral BNST (dBNST, Figure 2c) in cocaine-
responding animals compared with controls and cocaine
nonresponding animals. Importantly, the increase in PACAP
expression appears to be a result of chronic (10d) cocaine
self-administration, as acute cocaine exposure (1d) did not
alter PACAP expression compared with control,
£(20) =0.756, NS (Supplementary Figure 1). To assess
whether these changes were associated with increased
receptor mRNA levels, the same cDNA templates were
assayed for PAC1 and VPAC2 receptor expression. PAC1
and VPAC2 transcript levels did not differ in the same
samples (Figure 2d and e). Interestingly, subsequent analyses
revealed that chronic cocaine administration did not alter
corticotropin-releasing hormone (CRH; F(6, 24) = 1.707, NS)
or vasoactive intestinal peptide (VIP; F(6,24)=0.414, NS)
transcript levels in the dBNST. Moreover, there were no
differences in any transcript levels of animals that underwent
extinction training or received footshock vs no footshock on
test day. This indicates that BNST PACAP transcripts return
to control level after 20d of extinction of cocaine seeking.

Experiment 2

In experiment 1, we found that 10 days of cocaine self-
administration  significantly elevated BNST PACAP

Neuropsychopharmacology

transcript levels; however, these levels were not significantly
elevated following extinction treatment with or without
footshock exposure. Notably, PACAP mRNA levels may not
reflect the amount of mature peptide released in response to
an acute stressor exposure, and footshock may lead to a
release of BNST PACAP that is not reflected in changes in
PACAP transcripts. In experiment 2, in order to determine
whether PACAP receptor activation during footshock is
necessary for stress-induced reinstatement of cocaine-
seeking behavior, we infused the PAC1/VPAC2 antagonist
PACAP6-38 into the BNST during the test phase of the
stress-induced reinstatement procedure. Figure 5a shows the
distribution of cannulae placements in analyzed animals.

As in experiment 1, animals responded almost solely on
the active lever that produced cocaine delivery; hence, active
and inactive lever presses differed by the end of acquisition
(Figure 3a). By the end of extinction, all rats had reached <5
responses (Figure 3b). Inactive lever responses remained
uniformly low throughout extinction. The mean (+SEM)
number of responses made on the active and inactive levers
on the last day of extinction and during the test for
reinstatement is shown in Figure 3c.

A repeated measures ANOVA for inactive lever press
responses did not reveal significant effects. Regarding active
lever presses, there was a significant main effect of session
between the last day of extinction and testing (F(1,23) =9.47,
p<0.01). There were also significant interactions between
session and shock (F(1,23)=14.031, p<0.01) and session
and infusion treatment (F(1,23)=7.89, p<0.05). Finally,
there was a significant session by shock by infusion treatment
interaction (F(1,23)=12.10, p<0.01), consistent with the fact
that only animals that received the footshock and vehicle
infusion demonstrated stress-induced reinstatement. Impor-
tantly, animals in both the vehicle and PACAP6-38 groups
received the same amount of cocaine during acquisition
(Figure 3a, inset), indicating that reinstatement was elicited
by footshock exposure rather than total cocaine intake during
acquisition. PACAP6-38 blocked reinstatement of extin-
guished cocaine seeking when the rats were exposed to a
shock stressor. The post hoc analyses comparing antagonist
and vehicle infusion on total responses on the active lever
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Intra-BNST PACAP38 causes reinstatement of extinguished cocaine seeking. (a) Self administration training during experiment 3. Animals in both

the PACAP38 and Vehicle groups received the same amount of cocaine during acquisition (inset). (b) Extinction training during experiment 3. Extinction
sessions occurred during the 20 days after self-administration training. On extinction day 13, a 30 min fire alarm interrupted extinction training, creating a
stress-induced reinstatement-like response strictly on the active lever (previously associated with cocaine delivery). (c) PACAP38 infusion causes significant
reinstatement on the active lever during test for reinstatement compared with the last day of extinction (I day before test). The minor increase in responding
by vehicle could be because of the stress of infusion; p>0.05. Vehicle BSA Group, n= 4; PACAP38 Group, n= 5.

after footshock exposure revealed significantly less respond-
ing in the PACAP6-38 condition (p<0.01). In addition, the
number of responses on the active lever in the no-footshock
condition after injections of PACAP6-38 did not differ from
lever press activity after vehicle infusion (see Figure 3c). The
PACI receptor antagonist did not alter responding on the
inactive lever (F(1,23) =2.3, NS) and responses remained low
(0-3 lever presses) during testing.

Experiment 3

Experiments 1 and 2 determined that cocaine self-
administration elevates BNST PACAP, and that BNST
PACAP receptor activation is necessary for stress-induced
reinstatement of extinguished cocaine-seeking behavior.
Experiment 3 was therefore designed to determine whether
BNST PACAP infusion is also sufficient to induce cocaine-
seeking behavior in the absence of stressor exposure.
Figure 5b shows the distribution of cannula placements in
analyzed animals.

As usual, rats increased their active-lever responding
across sessions of acquisition (Figure 4a). This is supported
by an ANOVA indicating reliably greater active than inactive
lever presses in the final session of acquisition (F(2,17)
=2.52, p<0.05). Both PACAP38 and vehicle groups
received the same amount of cocaine during acquisition
(Figure 4a, inset).

The mean (#+SEM) number of responses made on the
active and inactive levers during the extinction session is
shown in Figure 4b. All rats reached <5 responses by the
final session of extinction. Inactive lever responses remained
uniformly low throughout extinction. In contrast to the
otherwise consistent decrease in lever pressing over extinc-
tion, on extinction day 13, a 30 min fire alarm interrupted 4
animals during the extinction session (Figure 4b; day 13).
This interruption produced a noticeable increase solely on
active lever press responses.

The results of the reinstatement test are shown in
Figure 4c. Bilateral intra-BNST infusion of PACAP agonist,
PACAP38, significantly increased active lever responding in
the test session. Only rats that received PACAP38 increased
responding on the active lever during the test for reinstate-
ment, although a slight, insignificant increase can be seen on

the active lever in animals that received vehicle treatment
that likely resulted from the mild stress of infusion. No
significant differences in responding were found between
animals infused with BSA vehicle solution. A treatment
(PACAP38, BSA) by session (Last Extinction, Test) ANOVA
supported these observations. There was significant effect of
session (F(1,27)=12.08, p<0.01) and a session by treatment
interaction (F(1,27)= 9.25, p<0.01). The post hoc analyses
comparing agonist and vehicle infusion on total responses on
the active lever after footshock exposure revealed signifi-
cantly more responding in the PACAP38 condition
(p<0.01). The PACAP agonist did not alter responding on
the inactive lever, and responses on the inactive lever
remained uniformly low during testing.

DISCUSSION

Ten days of cocaine self-administration significantly elevated
BNST PACAP transcript levels, although PAC1, CRH, VIP,
and VPAC2 transcript levels were unchanged. In contrast,
BNST PACAP transcript levels were not elevated by the
reinstatement footshock treatment; however, as noted above,
footshock may lead to peptide release that is not reflected in
changes in mRNA. Our laboratory has previously demon-
strated a change in both PACAP transcript and PACAP
immunostaining in the dorsal aspect of the anterolateral
BNST following chronic stress, but changes in protein
following chronic cocaine exposure remain unknown.
Consistent with a role for active PACAP during reinstate-
ment testing, infusion of PAC1/VPAC2 receptor antagonist,
PACAP6-38, immediately before footshock exposure pre-
vented the footshock from reinstating extinguished cocaine
seeking, thus suggesting that BNST PAC1/VPAC2 receptor
activation is necessary for stress-induced reinstatement of
the response. In experiment 3, infusion of 1.0 pg PACAP38
into the BNST was also sufficient to cause reinstatement of
extinguished cocaine-seeking behavior in the absence of
footshock. These results are consistent with hypotheses
suggesting that stress systems have a role in the vulnerability
to relapse following stressor exposure (Koob and Le Moal,
2008). The current experiments suggest that BNST PACAP
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Figure 5 BNST cannula placements. (a) Cannula placements for experiment 2 and (b) experiment 3 are depicted above such that enclosed red dots
represent a | mm extension beyond the tip of the cannula. Rats were included in the analysis if their placement resided with a portion of the BNST. In
experiments 2 and 3, animals that failed to leam the lever press behavior were removed from the study, and thus only animals that consistently self-
administered cocaine were tested for reinstatement. Furthermore, rats were eliminated from analysis for BNST cannulation experiments if cannulae placement
fell outside the histological boundary of the BNST, fell within the lateral ventricles, or if animals did not complete behavioral testing (experiment 2, n=1;
experiment 3, n=4). A full color version of this figure is available at the Neuropsychopharmacology journal online.

activation may be critical for regulating extinguished drug
seeking following stressor exposure.

PACAP effects can be mediated by three receptor subtypes;
PACI receptors bind with high affinity to PACAP, whereas
VPAC1/VPAC2 receptors bind with equal affinities to both
PACAP and VIP (Harmar et al, 2012). PAC1 receptor
activation can lead to the activation of several intracellular
signaling cascades, including adenylate cyclase (AC) and
phospholipase C (PLC), depending on the PACI receptor
isoform activated. The resulting activation can subsequently
result in heightened membrane depolarization, neurotrans-
mitter release, and action potential firing (Harmar et al,
2012; Spongier et al, 1993; Braas and May, 1999). Also
activated are pathways important for neurodevelopment and
neuroplasticity following stressor exposure, such as the
extracellular signal-related kinase (ERK) and phosphoinosi-
tide 3-kinase (PI-3) pathways. Furthermore, PACAP/PACI1
dysregulation may participate in the development of
physiological disorders, such as anxiety and depression
(Hammack and May, 2015; Hashimoto et al, 2010). The
BNST PACAP receptor subtype(s) mediating the reinstate-
ment of cocaine-seeking behavior by stress are unknown;
however, we have previously reported that chronic stress
upregulated BNST PACI receptor transcripts, but not BNST
VPAC1/VPAC2 transcripts (Lezak et al, 2014; Hammack
et al, 2009). Moreover, many of the consequences of stressor
exposure can be mimicked by infusion of the PACI receptor
agonist maxadilan in the BNST; hence, it is likely that the
stress-like effects of BNST PACAP activation are mediated
by PAC1 receptors. In the present experiments, PACAP6-38
exerts antagonist actions at both PACI and VPAC2
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receptors; although this does not rule out VPAC2 activation,
the efficacy of PACAP6-38 is consistent with prior data
suggesting BNST PAC1 receptor signaling mediates the
consequences of stressor exposure (Hammack et al, 2009;
Roman et al, 2014; Ressler et al, 2011).

The BNST has been argued to play a key role in an
antireward system that may be upregulated by repeated
administration of drugs of abuse (Koob and Le Moal, 2008;
2001). Stressor exposure may promote relapse by activating
some of the same anti-reward circuits associated with
withdrawal (Koob, 2015). The activation of central CRH
systems has been suggested as a key step in the recruitment of
this antireward system by drugs of abuse (Koob and Le Moal,
2005), as PACAP may be an upstream regulator of CRH in
several stress-related regions such as the BNST. The present
data thus suggest that BNST PACAP recruitment might also
be a key feature of the antireward system that sustains
addiction and promotes relapse. Interestingly, we did not
observe an increase in BNST CRH transcripts following
chronic cocaine self-administration. Upstream PACAP release
could enhance the excitability of BNST CRH neurons to
promote CRH release independent of changes in transcript,
but it may also be possible that BNST PACAP targets a specific
population of CRH neurons (Marcinkiewcz et al, 2016).

Key to the negative reinforcement view of addiction
described above is the fact that drugs of abuse simultaneously
activate both brain reward circuits and antireward (stress)
systems that are negative in value. As a result, the activation
of central and peripheral stress responses likely becomes a
part of the context of drug taking. Stress might therefore
create a ‘renewal effect’, and cause a relapse of responding



when it occurs again after extinction has been conducted in
the absence of stress (see, eg, Bouton, 2014). BNST PACAP
activation may be a critical component of drug administra-
tion that becomes a part of the context of drug taking that can
then produce renewal following extinction. Consistent with
this argument, cocaine has been shown to activate neurons in
the BNST (Singewald et al, 2003), and, as shown here, BNST
transcript levels are significantly increased by cocaine self-
administration. Hence, BNST PACAP activation may repre-
sent part of the context of cocaine self-administration that
serves to renew cocaine-seeking behavior after extinction.

BNST activity is required for stress-induced reinstatement
of drug-seeking behavior. Lesion studies have suggested
BNST CRH innervation from the CeA (Sakanaka et al, 1986)
and CRH infusion directly into the BNST results in cocaine
reinstatement that mimics stress-induced reinstatement, an
effect blocked by intra-BNST administration of CRH
antagonists (Erb and Stewart, 1999; Wang et al, 2006). Prior
reports have suggested that activation of CRH receptors in
the BNST, but not the amygdala, mediates stress-induced
reinstatement to drug seeking (Erb and Stewart, 1999). At the
circuit level, CRH release regulates BNST synaptic activity,
both directly and via interactions with noradrenergic systems
(Kash and Winder, 2006; Nobis et al, 2011). The role of
BNST CRH and norepinephrine in processes related to
addiction is complex and may depend on the drug
investigated, and it is still unclear how and whether BNST
PACAP interacts with these other BNST systems to produce
the behavioral effects observed in this report. As noted
above, we and others have argued that PACAP is upstream
of BNST CRH activation and thus may be critical in
mediating the effects of stress on the reinstatement of
extinguished drug-seeking behaviors.

Several studies have reported that during human absti-
nence from drug use, stress exposure often occurs in the
presence of contextual cues that had previously been
associated with drug use (Epstein et al, 2009); these cues
alone may cause a renewal of responding after abstinence. In
addition, in a similar manner to the drug cue-induced
reinstatement mentioned above, human studies have in-
dicated that stressor exposure can lead to cue-induced drug
craving (Mantsch et al, 2015; Moran-Santa Maria et al, 2015;
Fox et al, 2014). Furthermore, Sinha et al (1999) and Sinha
(2001) reported a clinical trial based on the rodent stress-
induced reinstatement paradigm. In these trials, stressor
exposure (guided imagery stress and Trier Social Stress Task)
caused increased drug craving. In addition, researchers
provided a systemic CRH injection to induce physiological
(ie, increased cortisol release) and psychological (ie, in-
creased anxiety) stress responses. Since then, many research-
ers have examined the effects of different drugs on stress-
induced relapse (Moran-Santa Maria et al, 2015; Sinha et al,
2007; Fox et al, 2012; McKee et al, 2014), but none have
observed the potential effect of PACAP on stress-induced
relapse. PACAP treatments may locally target BNST PAC1/
VPAC2 receptors via systemic injection in an effort to
antagonize receptors and prevent PACAP binding that
facilitates stress responses and, subsequently, stress-induced
relapse to drug seeking. By blocking BNST PACAP
activation, PVN CRH activity may be modified, altering
responses to stressor exposure. Continued research of
mechanisms that underlie stress- and drug cue-induced
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reinstatement after a period of abstinence may lead to the
development of viable treatments for relapse prevention.
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