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Chronic or repeated exposure to stressful stimuli can result in several maladaptive consequences, including increased anxiety-like behaviors
and altered peptide expression in anxiety-related brain structures. Among these structures, the bed nucleus of the stria terminalis (BNST)
has been implicated in emotional behaviors as well as regulation of hypothalamic–pituitary–adrenal (HPA) axis activity. In male rodents,
chronic variate stress (CVS) has been shown to increase BNST pituitary adenylate cyclase activating polypeptide (PACAP) and its cognate
PAC1 receptor transcript, and BNST PACAP signaling may mediate the maladaptive changes associated with chronic stress. Here, we
examined whether CVS would sensitize the behavioral and/or endocrine response to a subthreshold BNST PACAP infusion. Male and
cycling female rats were exposed to a 7 day CVS paradigm previously shown to upregulate BNST PAC1 receptor transcripts; control rats
were not stressed. Twenty-four hours following the last stressor, rats were bilaterally infused into the BNST with a normally subthreshold
dose of PACAP. We found an increase in startle amplitude and plasma corticosterone levels 30 min following intra-BNST PACAP infusion
in male rats that had been previously exposed to CVS. CVS did not enhance the startle response in cycling females. Equimolar infusion of
the VPAC1/2 receptor ligand vasoactive intestinal polypeptide (VIP) had no effect on plasma corticosterone levels even in previously
stressed male rats. These results suggest that repeated exposure to stressors may differentially alter the neural circuits underlying the
responses to intra-BNST PACAP, and may result in different anxiety-like responses in males and females.
Neuropsychopharmacology (2017) 42, 1679–1687; doi:10.1038/npp.2017.16; published online 15 February 2017

��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Multiple physiological and behavioral systems are recruited
to promote homeostasis and survival in response to stressor
exposure, including the sympathetic arm of the autonomic
nervous systems, the hypothalamic–pituitary–adrenal (HPA)
axis and central nervous system (CNS) circuits underlying
stress-related behavioral changes. Severe or repeated stressor
exposure, however, can result in the sustained activation of
these response systems, which has been argued to lead to the
maladaptive morphological and functional changes that may
underlie pathological fear- and anxiety-related states, includ-
ing altered peptide expression in the brain structures
involved in emotional behavior (Hammack et al, 2009;
Hammack and May, 2015; Pego et al, 2008; Schulkin et al,
1998; Vyas et al, 2003). Thus, chronic stress may increase
vulnerability towards anxiety disorders by altering neural

plasticity within stress-responsive CNS nuclei associated
with emotional behavior.
Activation of the bed nucleus of the stria terminalis

(BNST) has been argued to mediate both stress responding
and anxiety-like behavioral responding to temporally distant,
long-duration and/or unpredictable threats and may be
responsible for mediating anxiety-like emotional states
(Hammack et al, 2015; Waddell et al, 2006; Walker et al,
2003). Indeed, stimulation of the BNST mimics many of the
physiological responses elicited by anxiogenic stimuli
(reviewed in Hammack et al, 2010). Furthermore, anxiogenic
pharmacological agents increase BNST neuronal activation
(Singewald et al, 2003) and many anxiety-like behaviors are
abolished by BNST inactivation (reviewed in Walker et al,
2003). BNST activity has been implicated in anxious
temperament among non-human primates (Kalin et al,
2005) and humans (Somerville et al, 2010; Straube et al,
2007), suggesting that altered BNST functioning may be
critical for the etiology of several stress-related anxiety
disorders (Hammack et al, 2009, 2010; Lebow and Chen,
2016; Pego et al, 2008; Schulkin et al, 1998; Vyas et al, 2003).
In rodents, repeated exposure to stressors increases

anxiety-like behavior, and enhances plasticity in the BNST,
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including increased neuronal peptide expression (Hammack
et al, 2009; Roman et al, 2014; Stout et al, 2000), enhanced
dendritic branching and length, and total BNST volume
(Pego et al, 2008; Vyas et al, 2003), and enhanced excitatory
synaptic transmission (Daniel and Rainnie, 2016; Dumont
et al, 2005, 2008). These findings suggest that chronic stress
may promote pathological anxiety-like states, and disorders
by enhancing neuronal function and plasticity within
the BNST.
Several stress-related peptides have been implicated in

regulating BNST activity, and we have implicated BNST
pituitary adenylate cyclase activating polypeptide (PACAP)
and its cognate G-protein-coupled PAC1 receptor (PAC1R)
in mediating the consequences of chronic stress. Neuronal
PACAP and PAC1R expression is associated with multiple
levels of stressor responding, and the activation of PAC1Rs is
both neurotrophic and excitatory in these stress-responsive
regions in the CNS and periphery (reviewed in Hammack
et al, 2010; Hammack and May, 2015; Smith and Eiden,
2012). Both PACAP and PAC1R transcripts are selectively
upregulated in the dorsal aspect of the anterolateral BNST
(dBNST), a peptide-rich region that contains the BNST oval
nucleus, following chronic variate stress (CVS; Hammack
et al, 2009). Moreover, intra-BNST PACAP infusion mimics,
whereas intra-BNST PACAP receptor antagonism prevents
many of the consequences of chronic stress, suggesting that
BNST PACAP activation is both necessary and sufficient for
stress- and anxiety-like responding (Hammack et al, 2009;
Kocho-Schellenberg et al, 2014; Lezak et al, 2014; Roman
et al, 2014).
As noted above, PACAP signaling can have neurotrophic

consequences, and we have shown that PAC1 transcripts are
upregulated by chronic stress. Here, we examined the effects
of prior stress on the anxiety-like behavioral and/or
corticosterone response to a subthreshold intra-BNST PA-
CAP infusion in both males and cycling female rats. We
demonstrate that stress can potentiate the behavioral and
endocrine response to intra-BNST PACAP in males, but not
females, suggesting that repeated exposure to stressors may
differentially alter the BNST PACAP circuits underlying
stress responding in males and females, and may produce
sex-dependent differences in anxiety-like responding.

MATERIALS AND METHODS

Animals

Adult male (n= 108) and adult cycling female (n= 32)
Sprague–Dawley rats were obtained from Charles River
Laboratories (Canada; 200–275 g). Rats were single-housed,
maintained on a 12 h light/dark cycle (lights on at 0700 h),
and food and water were available ad libitum. Rats were
allowed at least 1 week of habituation in their home cages
before any experimentation. All procedures were approved
by the Institutional Animal Care and Use Committee at the
University of Vermont.

Surgical Procedures

For intra-BNST infusions, rats were anesthetized with
isoflurane vapor (1.5–3.5%), and secured in a stereotaxic
apparatus (David Kopf Instruments, Tujunga, CA) with

‘blunted’ earbars. A midline head incision was made to
expose and clean the skull. Four screws were inserted into
burr holes to provide skullcap stability. Two stainless steel
guide cannulae (26 gauge, PlasticsOne, Roanoke, VA) were
lowered at a 20° angle toward the midline to a point just
above the anterolateral BNST, using the following coordi-
nates from Bregma in mm; AP=− 0.1, ML=+3.9, and
DV=− 5.3 from the surface of the dura (Paxinos and
Watson, 2007). Once in place, stylettes were inserted and a
dental cement skullcap was constructed to secure the
cannulae and stylettes. Immediately following surgery, rats
were subcutaneously administered Lactated Ringer’s Solution
to provide hydration, and Carprofen (5 mg/kg) (Pfizer) for
analgesia. A second dose of Carprofen was administered 24 h
following surgery. All rats were observed and weighed daily
during recovery.

Chronic Variate Stress

Rats were assigned to control or chronically stressed groups
randomly (experiments 2 and 3) or based on baseline startle
(experiments 1 and 4). Stressed rats underwent a 7 day CVS
paradigm consisting of five different stressors (oscillation,
forced swim, footshock, restraint, and pedestal; Hammack
et al, 2009). All rats were exposed to a single stressor in the
same order at approximately the same time each day
(Table 1).

Startle Apparatus

Each acoustic startle stabilimeter chamber consisted of an
8 cm× 15 cm× 15 cm acrylic and wire-mesh cage with four
stainless steel floor bars spaced 18 mm apart. The cage was
suspended between compression springs within an acrylic
frame located within a 90 cm× 70 cm× 70 cm ventilated
sound-attenuating cubical. Chamber movement resulted in
the displacement of an accelerometer (Model U321AO2;
PCB Piezotronics, Depew, NY), which was fixed to the
bottom of the cage; the resulting voltage was proportional to
the velocity of displacement. The analog output of the
accelerometer was amplified (PCB Piezotronics, Model
483B21) and digitized on a scale of 0–10 V by an InstruNET
analog to digital converter (GW Instruments, Model 100B;
Somerville, MA) interfaced to a Macintosh G3 computer.
Startle amplitude was defined as the maximal peak-to-trough

Table 1 Chronic Variate Stress

Day Stressor Duration

1 Oscillation 30 min

2 Swim 5 min

3 Footshock 5 s (×2)

4 Restraint 60 min

5 Pedestal 30 min

6 Swim 5 min

7 Footshock 5 s (×2)

Stressed rats were exposed to a 7 day CVS paradigm in which one of the five
different stressors was presented each day. Two stressors (swim and footshock)
were repeated.
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voltage during the first 200 ms after the stimulus onset.
Startle responses were evoked by 50 ms white-noise bursts
generated by a Macintosh G3 computer sound file, amplified
by a Radio Shack Amplifier (100W; Model MPA-200;
Tandy, Fort Worth, TX), and delivered through a high
frequency speaker (Radio Shack Super-Tweeter; Tandy, Fort
Worth, TX) located 5 cm from the back of each cage.

Corticosterone Enzyme-Linked Immunoassay

Following collection of plasma from tail nick blood samples,
a corticosterone enzyme-linked immunoassay (CORT EIA,
Enzo Life Sciences, Farmingdale, NY) was used to determine
plasma corticosterone levels. Plasma samples were first
diluted 1 : 30 and heated in a 75 °C water bath for ~ 1 h to
denature corticosterone binding globulin (Lezak et al, 2014).
The sensitivity of the assay was 27 pg/ml.

Vaginal Cytology and Tracking of Estrous Phase

Vaginal cytology was examined daily until it was verified that
each subject cycled through all phases of the estrous cycle.
Rats were lightly restrained and loose vaginal cells were
removed with cotton tipped applicators soaked in sterile
water and rolled onto slides. Swabs were taken daily at the
same time that animals were weighed and handled
(0900 hour). On infusion days, swabs were collected after
all experimentation was completed to mitigate any con-
founds related to the stress of collecting the cells. The slides
were examined with a light microscope and the estrous phase
was assessed. Each phase of the estrous cycle was identified
using the following characteristics: proestrus is marked by
epithelial cell nuclei, estrus is marked by clumped cornified
cells, and diestrus is marked by leukocytes with scattered
epithelial cells (Bangasser and Shors, 2008). All females
included cycled normally, even those exposed to stressors.

Perfusion and Histology

Upon completion of each experiment, rats were anesthetized
with sodium pentobarbital (~195–245 mg/kg) and perfused
transcardially with 0.9% saline containing 0.1% heparin
(Sagent, Schaumburg, IL) followed by 10% formalin. Brains
were then removed and postfixed for 24 h in 10% formalin.
Fixed tissue was sectioned at 60 μm on a cryostat and
mounted on subbed slides for staining with cresyl violet.
Following staining, slides were coverslipped and cannulae
placements were verified using a × 4 Nikon Objective on an
Olympus light microscope. There was no significant notable
tissue damage following infusion, consistent with our prior
reports (Hammack et al, 2009; Kocho-Schellenberg et al,
2014; Lezak et al, 2014; Roman et al, 2014).

Statistics

Statistical analyses were completed using SPSS version 21
(IBM Software, Armonk, NY) and all graphical representa-
tions were completed using GraphPad Prism version 6
(GraphPad Software, San Diego, CA). Rats were eliminated
from analysis if cannulae placement fell outside the
histological boundary of the BNST or if their startle
amplitude or corticosterone level was more than two

standard deviations away from the treatment mean. Two-
way ANOVA (all experiments) or Repeated Measures
ANOVA (experiment 1 and 4) was used to calculate overall
group differences and interactions followed by Tukey’s post-
hoc comparisons. A trending interaction in experiment 2 was
further probed with subsequent t-test.

Experimental Procedure

Experiment 1—effects of intra-BNST PACAP infusion
following CVS on anxiety-like behavior in males. We have
previously shown that our CVS paradigm does not alter
baseline startle activity; however, CVS does enhance acoustic
startle responding to treatments that already elevate startle in a
BNST-dependent manner, including bright lights and hand-
ling (Hammack et al, 2009). Additionally, we’ve shown that
CVS selectively increases PACAP/PAC1 transcripts in the
dBNST (Hammack et al, 2009). These findings suggest that
the CVS-induced sensitization in BNST-dependent startle
requires some initial BNST stimulation to be observed, and
could depend on a sensitization in the BNST PACAP system.

Following postoperative recovery, all rats were adminis-
tered two baseline startle test on consecutive days in which
they were placed into the startle chambers and allowed a
5 min acclimation to the chamber. The response to 33
randomized noise burst (described above) that varied in
intensity (95, 100, or 105 dB; 11 of each stimulus) with a 30 s
intertrial interval was then determined as the average
response across the session. On the basis of the average
startle across all three noise burst for the 2 days of baseline
startle rats were ‘matched’ into CVS (n= 18) or control
groups (n= 18) so that baseline startle amplitude did not
differ between groups. For the subsequent 7 days, stressed
rats were treated with CVS as described above; control rats
were handled and weighed but not otherwise stressed. On the
8th day, before infusions, all rats were returned to the startle
chambers and received a third startle test that was identical
to the prior baseline testing sessions. Immediately after this
third test, rats were removed from the startle chamber and
bilaterally infused with either 0.5 μl 0.05% bovine serum
albumin (BSA) vehicle (Santa Cruz Biotechnology, Santa
Cruz, CA) or 0.5 μg PACAP38 (American Peptide, Sunny-
vale, CA) in 0.5 μl BSA vehicle. Mean startle amplitude
across test 3 was used to assign animals to PACAP or vehicle
groups. Groups were assigned to minimize differences in
startle levels before infusion (Supplementary Figure 1). The
PACAP dose was chosen as we have previously shown it to
be below the threshold required to increase acoustic startle
responding or increase corticosterone release when infused
into the BNST (Hammack et al, 2009; Lezak et al, 2014).
Infusions were completed in a separate room under light
restraint. For each infusion: the stylette was removed and an
internal cannula that extended 1 mm beyond the end of the
guide cannula was inserted. Injections were completed using
a 10 μl Hamilton syringe connected to the internal cannula
with PE50 plastic tubing. A volume of 0.5 μl was infused into
the BNST over the course of 60 s. Following infusion, the
internal cannula was left in place for an additional 60 s to
allow for diffusion of the drug away from the infusion site.
After infusions rats were returned to the home cage for
15 min until subsequent testing.
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Fifteen minutes after infusion, the rats were returned to the
startle chamber and after a 5 min acclimation period, rats were
administered a fourth startle test that consisted of 72 startle
stimuli that varied in intensity. After this fourth test, rats were
returned to the colony until where they remained until
perfusions and histology were performed (described above).

Experiment 2—effects of intra-BNST PACAP infusion
following CVS on circulating corticosterone. Following
postoperative recovery, rats were weighed and pseudorandomly
assigned to control (n= 21) or CVS (n= 18) groups. Control
rats were handled and weighed daily, and housed in their home
cages until infusion; stressed rats underwent the 7 days of CVS
described above. Twenty-four hours after the last stressor,
animals were weighed and bilaterally infused into the BNST
with vehicle or PACAP38 as described above. Following
bilateral infusion, the rat was returned to the home cage and
remained in the colony room for 30min until blood sampling.

Blood sampling was conducted in a nearby room at 30 min
post infusion via tail nick. The time required to transport
animals and obtain the blood sample was o3 min, to avoid
contamination of the sample with the increase in corticos-
terone release associated with cage removal. This time point
was chosen because we have previously shown increased

corticosterone following intra-BNST PACAP (1 μg) at
30–60 min post infusion (Lezak et al, 2014). The sample
was immediately placed into a refrigerated centrifuge and
spun between 2000 and 4000 r.p.m. for 15–20 min to separate
the plasma. Plasma was then collected and stored at − 20 °C
until corticosterone quantification via a CORT EIA (see
above). Following blood collection, the animals were
returned to the colony where they remained until perfusions
and histology were performed (described above).

Experiment 3—effects of intra-BNST VIP infusion following
CVS on circulating corticosterone. Although only PACAP
binds with high affinity to the PAC1 receptor, PACAP and
VIP bind with relatively equal affinities to VPAC1 and
VPAC2 receptors (Ishihara et al, 1992; see Vaudry et al, 2009
for review). We have previously found VIP to have no effect
on the PACAP response (Missig et al, 2014; Roman et al,
2014). In experiment 3, we assessed whether CVS could
potentiate the response to BNST VIP infusion or if VIP could
produce an endocrine response on its own (Missig et al, 2014;
Roman et al, 2014). All methods and procedures were
identical to experiment 2. vehicle groups (control/vehicle,
n= 8; CVS/vehicle, n= 8) received 0.5 μl 0.05% BSA/vehicle.
VIP groups (control/VIP, n= 8; CVS/VIP, n= 9) received
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Figure 1 Timeline of experimental procedure. Rats were allowed 1 week of home cage habituation before bilaterally BNST cannulation surgeries. Following
1 week of postoperative recovery, rats were administered two baseline startle tests. Twenty-four hours after the second startle test, rats underwent 7 days of
CVS. Twenty-four hours after the last stressor rats were administered a third startle test and then immediately infused with PACAP. Fifteen minutes after
infusion, rats were administered a final startle test (a). In experiments 2 and 3, rats were matched into control or stress groups after postoperative recovery,
and exposed to the same 7 days of CVS. Twenty-four hours after the last stressor rats were bilaterally infused with PACAP (b) or VIP (c) and tail blood was
collected 30 min after infusion for a corticosterone ELIZA. Experiment 4 followed an identical procedure to experiment 1, but vaginal swabs were collected
across experimental days 7–17 (d).
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0.73 μg VIP in 1 μl of vehicle; a dose that was equimolar
(221 μM) to the PACAP38 dose used in all other experiments.
Plasma was collected and stored at − 20 °C until corticosterone
quantification via a CORT EIA.

Experiment 4—effects of intra-BNST PACAP infusion
following CVS on anxiety-like behavior in cycling females.
As mentioned above, little is known about how stress alters
the BNST PACAP system in cycling females. Thus,
experiment four was conducted to determine how chronic
stress affects the anxiety-like behavioral response to intra-
BNST PACAP in cycling females. All methods and
procedures were identical to experiment 1. In addition,
vaginal swabs were taken across the 11 days of the
experiment, starting on day 1 of baseline startle, and ending
24 h after the fourth startle test (Figure 1d) to evaluate the
role of estrous and estrogen (E2) in these responses
(described above). Mean startle across the two days of
baseline testing was used to ‘match’ animals into CVS
(n= 14) or control (n= 11) groups. Twenty-four hours after
the last stressor a third startle test was conducted before the
animals were placed into treatment groups, infused and
administered the fourth startle test as described above. As in
experiment 1, groups were assigned to minimize differences
in startle amplitudes before infusion (Supplementary
Figure 2). After this fourth test, rats were returned to the
colony where they remained until perfusions and histology
were performed (described above).

RESULTS

Experiment 1—CVS Potentiates the Anxiety-Like
Behavioral Response to Intra-BNST PACAP Infusion in
Males

We have previously shown CVS to upregulate PACAP
transcript and peptide levels, in addition to PAC1 transcript
levels, specifically within the BNST (Hammack et al, 2009),
which may mediate the maladaptive consequences associated
with chronic stress. This stress-induced upregulation suggest

that the BNST may be more sensitive to subsequent PACAP
release following CVS, resulting in exaggerated anxiety-like
responses. To assess this, we bilaterally cannulated adult
male rats for intra-BNST PACAP38 infusions (0.5 μg/0.5 μl)
and then measured the anxiety-like startle response.
Startle amplitude was reassessed following startle test 3 and

before infusions. In agreement with our previous findings
(Hammack et al, 2009), we did not find an effect of CVS on
baseline startle (test 3 startle amplitude; Mcontrol= 124.95,
MCVS= 120.87), t (32)= 0.22, p= 0.82 (Supplementary
Figure 3).
The centers of BNST infusion sites for PACAP treated rats

are depicted in Figure 2a. We have previously shown this
dose to be subthreshold, producing no effect on its own,
however, as can be seen in Figure 2b, this dose significantly
increased startle amplitude, but only in rats that received
prior stress. The data are presented as startle amplitude
across the first 12 blocks of startle test 4 (post-PACAP
infusion) as a percent of startle test 3 (pre-PACAP infusion).
Repeated measures analysis of variance across the first 12
three-minute test blocks revealed a significant three-way
Blocks ×CVS×PACAP interaction across all test bins,
F (13, 403)= 2.084, p= 0.01. Hence, CVS elevated baseline
startle amplitude to a subthreshold intra-BNST PACAP
infusion, which is consistent with our prior report suggesting
that CVS enhances the acoustic startle response to bright
lights (Hammack et al, 2009). Post-hoc comparisons showed
significant difference in groups at blocks 9, 10, and 11
(~30 m post infusion). There were no statistically significant
main effects of CVS or PACAP, supporting our prior
findings that CVS does not enhance acoustic startle
responding on its own, and the effects of CVS on acoustic
startle responding can only be observed following BNST
stimulation.

Experiment 2—CVS Potentiates the Corticosterone
Response to Intra-BNST PACAP Infusion in Males

Experiment 1 showed that a subthreshold dose of PACAP38
following chronic stress increased anxiety-like behavior. To
further characterize the effects of prior stress on the response
to intra-BNST PACAP, we used procedures identical to
experiment 1, but measured the corticosterone response.
Cannula placements for infusions are shown in Figure 3a.
We found an increase in plasma corticosterone 30 min

after intra-BNST PACAP infusion, but like experiment 1,
this was only observed in the rats previously exposed to CVS
(Figure 3b). Two-way ANOVA revealed a significant main
effect of CVS, F (1, 37)= 13.05, po0.001, and a significant
main effect of PACAP, F (1, 37)= 7.016, p= 0.01, on plasma
corticosterone levels. In addition, results revealed a trending
interaction between CVS and PACAP on plasma corticos-
terone levels, F (1, 37)= 3.401, p= 0.07. Further examination
of the trending interaction with subsequent t-test revealed
significant differences in plasma corticosterone levels
between the CVS/PACAP and CVS/vehicle groups,
t (17)= 3.53, po0.01 as well as the CVS/PACAP and no
stress/PACAP groups, t (17)= 3.53, po0.01. There was
no significant difference in corticosterone levels between the
no stress/PACAP and no stress/vehicle groups, t (20)= 0.54,
ns. The results of the t-tests support the interaction between
CVS and PACAP, suggesting that, like the behavioral

Figure 2 (a) Estimates of center of PACAP infusion for experiment 1.
Open dots represent site(s) of drug infusion depicted on coronal sections as
a distance (mm) from Bregma (histological figures modified from Paxinos
and Watson (2007)). (b) BNST PACAP infusion increased startle amplitude
but only in rats previously exposed to CVS. Data represent test 4 startle
amplitude (post infusion) as a percent of test 3 (pre-infusion) startle.
Significant three-way Blocks ×CVS× PACAP interaction, F (13,
403)= 2.084, p= 0.01. The effects of PACAP vary across test blocks. Data
represents mean +/− SEM. *Significantly different at po0.05.
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response in experiment 1, CVS also sensitizes the corticos-
terone response to intra-BNST PACAP infusion.

Experiment 3—Intra-BNST VIP Infusion Following CVS
has no Effect on Circulating Corticosterone

PACAP effects can be mediated by three receptor subtypes.
PAC1Rs are selective for PACAP, whereas VPAC1/2Rs show
equally high affinity for PACAP and VIP. In experiment 3,
we assessed whether stress could potentiate the corticoster-
one response to intra-BNST VIP, or if VIP produced a
response on its own.
Using procedures identical to experiment 2, adult male rats

were infused with VIP following CVS and plasma corticos-
terone was measured 30 min after infusion. Power analysis
revealed similar levels of power to that of experiment 2.
Infusion sites for VIP-treated animals are depicted in
Figure 4a. Two-way analysis of variance revealed no effect
of CVS, F (1, 29)= 0.04, ns, and no effect of VIP, F (1,
29)= 0.001, ns, on plasma corticosterone levels (Figure 4b).
Furthermore, there was no significant interaction between
CVS and VIP on corticosterone levels, F (1, 29)= 2.218, ns,
suggesting that the potentiated responses observed in
experiments 1 and 2 were likely mediated via PAC1
receptors.

Experiment 4—CVS Attenuates the Anxiety-Like
Behavioral Response to Intra-BNST PACAP Infusion in
Females

The previous experiments suggest that prior stress sensitizes
both the behavioral and endocrine response to intra-BNST
PACAP in males; as noted above, several lines of evidence
suggest that PACAP may interact with E2 to promote
anxiety-like behavior (reviewed in Hammack and May,
2015). Hence, we assessed the effects of prior stress on
anxiety-like behavior in intact, cycling females while tracking
estrous phase across the experiment, using a procedure
identical to experiment 1.

Similar to the results from male rats in experiment 1, we
did not find an effect of CVS on baseline startle in cycling
intact female rats (test 3 startle amplitude; Mcontrol= 157.86,
MCVS= 166.45), t (24)= 0.25, p= 0.80 (Supplementary
Figure 3).
Cannula placements for females infused with PACAP

depicted in Figure 5a. The data are presented as startle
amplitude across the first 12 blocks of test 4 after infusion as
a percent of startle test 3 (pre-PACAP infusion). Repeated
measures analysis of variance across the first 12 three-minute
test blocks revealed a significant three-way Blocks ×CVS×
PACAP interaction across all test bins, F (33, 231)= 1.478,
p= 0.05 (Figure 5b). Post-hoc comparisons revealed signifi-
cant differences at all blocks except 6, 10, and 11. Two-way
ANOVA revealed a significant CVS ×PACAP interaction, F
(1, 16)= 4.972, p= 0.04, and a significant main effect of CVS,
F (1, 16)= 5.980, p= 0.03. Thus, unlike males, PACAP
infusion increased startle amplitude but only in control
females. Females that were previously stressed showed an
attenuated response. These data suggest that in cycling
females, the regulation of PACAP responding by prior stress
is likely different than that observed in males.

DISCUSSION

Prior exposure to CVS sensitized both the behavioral and
endocrine response to a normally subthreshold infusion of
intra-BNST PACAP in male, but not female, rats. Hence,
only stressed males showed a reliable increase in startle
amplitude and plasma corticosterone levels 30 min after a
normally subthreshold dose of intra-BNST PACAP. CVS did
not enhance the startle response to a subthreshold dose of
PACAP in normally cycling, intact females. The time course
of the anxiogenic effects of BNST PACAP was consistent
with our prior reports (Hammack et al, 2009; Lezak et al,
2014) as well as the time course of intra-BNST CRH-
enhanced startle (Lee and Davis, 1997). We further
demonstrated that the enhanced responses were likely driven
by BNST PAC1R activation as equimolar infusion of the
VPAC1/2R agonist, VIP, had no effect on plasma

Figure 3 (a) Estimates of center of PACAP infusion for experiment 2.
Open dots represent site(s) of drug infusion depicted on coronal sections as
a distance (mm) from Bregma (histological figures modified from Paxinos
and Watson (2007)). (b) Plasma corticosterone was elevated 30 m after
BNST PACAP infusion, but only in rats exposed to CVS, suggesting that
stress also potentiates the endocrine response to intra-BNST PACAP
infusion. Main effect of CVS, F (1, 37)= 13.05, po0.05 and PACAP,
F (1, 37)= 7.061, po0.05. Data represents mean +/− SEM. *Significantly
different at po0.05.

Figure 4 (a) Estimates of center of VIP infusion for experiment 3. Open
dots represent site(s) of drug infusion depicted on coronal sections as a
distance (mm) from Bregma (histological figures modified from Paxinos and
Watson (2007)). (b) Intra-BNST VIP infusion had no effect on plasma
corticosterone levels, suggesting that the potentiated endocrine response
was mediated via PAC1R’s. Data represents mean +/− SEM.
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corticosterone even in stressed rats. These results suggest that
stress-induced plasticity within the BNST via sensitized
PACAP/PAC1 signaling may have a critical role in mediating
the maladaptive consequences of chronic stress. Further-
more, the current results suggest that stress may mediate this
system differently in males and females.
Similar sexual divergences (ie, sex differences that emerge

following an environmental change or event—stressor/threat
exposure) have been observed in the CRH system following
stress. For example, Bangasser and colleagues have shown
sex difference in CRH1 receptor function; hence, following
stress females have decreased coupling of β-arrestin to CRH1

receptors and enhanced coupling to Gs, rendering females
more responsive to acute stress and less able to adapt to
chronic stress (Bangasser et al, 2010). Additional research
suggest analogous sex difference may occur with other seven
transmembrane G-protein-coupled receptor systems
(reviewed in Valentino et al, 2013). Furthermore, sex-
biased signaling may result in divergent behaviors. For
example, under normal, unstressed conditions males and
females show similar performance on a standard sustained
attention task (SAT); however, following central administra-
tion of CRH, task performance decreases in both sexes, but
females are more impaired than males, and this was
dependent on estrous stage (Cole et al, 2016). Hence, stress
may result in sexual divergences in multiple neuropeptide/
transmitter systems which are further influenced by the
estrous cycle. These sex difference may underlie the
increased prevalence of stress-related disorders in females.
Roman et al (2014) showed that PACAP antagonism

blocked the sensitized portion of the corticosterone response
to the open field maze (OFM). That is, PACAP antagonism
blunted the enhanced corticosterone response observed in
chronically stressed animals, suggesting that stress may have
sensitized the BNST PACAP system. The current results
corroborate and extend these findings, as male rats that had
been stressed showed both a sensitized behavioral and
corticosterone response to a subthreshold intra-BNST PA-
CAP infusion.

As noted above, there have been several reports suggesting
that chronic exposure to stressors, stress hormones and/or
pharmacological treatments enhances multiple indices of
neural plasticity within the BNST (Daniel and Rainnie, 2016;
Dumont et al, 2005; Hammack et al, 2009, 2010; Herman,
2013; Makino et al, 1994; Pego et al, 2008; Roman et al, 2014;
Schulkin et al, 1998; Vyas et al, 2003). The microcircuitry in
the BNST is complex, and the activation of different BNST
subregions can be associated with both increased and
decreased stress and emotional responding (Gungor and
Paré, 2016; Jennings et al, 2013; Kim et al, 2013). Moreover,
while BNST neurons primarily use γ-aminobutyric acid
(GABA; Daniel and Rainnie, 2016; Nguyen et al, 2016), a
distinct and functionally relevant population of BNST
neurons appears to be glutamatergic (Jennings et al, 2013;
Nguyen et al, 2016), and a number of neuropeptides and
hormones are often coexpressed with GABA/glutamate in
BNST neurons (Dabrowska et al, 2013; Daniel and Rainnie,
2016; Nguyen et al, 2016). It is more likely that stressor
exposure, potentially via PACAP, enhances synaptic function
in specific BNST pathways and neuronal populations to
promote stress- and anxiety-like responding, rather than
ubiquitously throughout the nucleus. The pathways affected
remain to be determined; however current techniques that
allow for the targeting of specific neuronal populations will
aid in this investigation.
PACAP binds to three G-protein-coupled PACAP receptor

subtypes with PAC1 showing the highest affinity for PACAP;
moreover, PAC1Rs show signaling properties related to both
repair and neurotrophic signaling. Uniquely, multiple iso-
forms of the PAC1R results from alternative splicing. The
various PAC1R subtypes are expressed in specific regions
throughout the CNS and can be differentially coupled to Gαs
(engaging adenylyl cyclase) and/or Gαq (engaging phospho-
lipase C) to activate signaling pathways which enhance
calcium mobilization, membrane depolarization, action
potential frequency, and neurotransmitter synthesis and
release (reviewed in Vaudry et al, 2009). These mechanisms
together with arrestin-driven endosome signaling following
PAC1R internalization can also engage mitogen-activated
protein kinase kinase/extracellular signal-regulated kinase
and phosphatidylinositol 3-kinase/Akt pathways, which
appear critical for trophic signaling during neurodevelop-
ment, survival, repair, and regeneration following injury and
neuroplasticity following physiological challenges (Ohtaki
et al, 2006; Reglodi et al, 2012). Furthermore, PACAP/
PAC1R signaling can enhance the expression and function of
other growth factor mechanisms, including brain-derived
neurotrophic factor (BDNF) and tropomyosin receptor
kinase B (TrkB; Braas et al, 2007; Yaka et al, 2003) and has
been shown to mediate the neurotrophic (ie, neurite length
and number) actions of BDNF (Ogata et al, 2015). Moreover,
CNS BDNF expression is diminished in PAC1 receptor
knockout animals (Zink et al, 2004), and we have reported
that PACAP treatment upregulates BDNF and TrkB
transcripts in BNST explants (Hammack et al, 2010).
Chronic stress results in long-term structural and functional
changes in dBNST neuronal plasticity and BDNF function
has been associated with anxiety-related behaviors, implicat-
ing PACAP-stimulated BDNF expression as one of the
mechanisms underlying stress-induced plasticity within this
structure.

Figure 5 (a) Estimates of center of PACAP infusion for experiment 4.
Open dots represent site(s) of drug infusion depicted on coronal sections
as a distance (mm) from Bregma (histological figures modified from Paxinos
and Watson (2007)). (b) BNST PACAP infusion increased startle amplitude
but only in control females. CVS females showed an attenuated response.
Data represent test 4 startle amplitude (post infusion) as a percent of test 3
(pre-infusion) startle. Significant Blocks ×CVS× PACAP, and CVS× PA-
CAP interactions, F (33, 231)= 1.48, F (1, 16)= 4.97, po0.05. Significant
main effect of CVS, F (1, 16)= 5.98, po0.05. Data represents mean +/−
SEM. *Significantly different at po0.05.
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PACAP, like CRH, is widely distributed throughout the
HPA axis and sympathetic nervous system, and functions as
one of the principal mediators of the both the endocrine and
behavioral response to stressful events. Furthermore,
PACAP-positive terminals have been shown to innervate
and form synapses with CRH-positive neurons in many
stress-related brain regions, including both the PVN and
BNST. In the PVN, PACAP can stimulate CRH production
and secretion, and studies from PACAP null mice have
shown that PVN CRH mRNA is not upregulated following
restraint stress (Stroth and Eiden, 2010). Thus, PACAP
signaling is upstream of CRH function in the PVN and also
likely upstream of CRH in the BNST (Kozicz et al, 1997).
Hence, repeated stress may increase PACAP signaling and/or
PAC1Rs on populations of CRH neurons in the BNST to
increase stress- and anxiety-like responding.
Women are more than twice as likely as their male

counterparts to develop PTSD, and in addition to psycho-
social explanations, differences in the physiological systems
that underlie the emotional behavior and stress responses
may also have a role. Levels of PACAP and a SNP within an
ERE for the PAC1 receptor gene is correlated with PTSD in
women but not men, suggesting that PACAP dysregulation
may have a role in the higher prevalence of PTSD in women
(Ressler et al, 2011). Moreover, we have shown that E2
treatment elevates BNST PACAP and PAC1 transcripts in
rats (Ressler et al, 2011), and BNST PACAP infusion
interacts with E to reduce food intake (Kocho-Schellenberg
et al, 2014). The current results suggest that anxiety-like
behavior may depend on interactions between stress, estrous/
E2 and PACAP. Post-hoc correlation analyses revealed that
estrous phase on the last day of stress was likely related to
test 3 startle (before infusion) and test 4 startle (post-infusion
startle), but due to a lack of statistical power, neither of these
was significant, p40.05. It seems likely that changes in
acoustic startle responding across the cycle could contribute
to variability across experimental groups. Interestingly,
subsequent moderation analyses revealed that post infusion
anxiety level (startle) was a function of both PACAP and
estrous: females that were in proestrus on the last day of
stress that also exhibited enhanced startle before infusion
showed attenuated anxiety-like behavior following PACAP
infusion, whereas those in proestrus but did not exhibit
elevated startle before infusion showed an enhanced startle
response following BNST PACAP that was similar to males
(interaction 1: pre-infusion startle × cycle, po0.001; interac-
tion 2: pre-infusion startle × PACAP, po0.001; interaction 3/
both: p= 0.001). Females in other phases of the cycle showed
basal level startle responses following BNST PACAP infusion
regardless of prior stress. These analyses suggest that the
level of stress and phase of estrus before PACAP infusion
differentially mediates the PACAP effects in females.
In aggregate, the current results support the hypothesis that

repeated stressor exposure physically alters the neurochemistry,
morphology, and physiology associated with increases in fear-
and anxiety-like behavior to alter function and plasticity within
the BNST. Moreover, stress may differentially mediate the
BNST PACAP system in males and females, suggesting that the
BNST PACAP system may represent the plasticity underlying
stress-related disorders and may be one mechanism driving the
discrepancies between prevalence rates in human psychiatric
diseases, implicating the BNST PACAP system as a potential

therapeutic target in these stress-related psychopathologies.
Although suggestive, how E2 and estrus might interact with
PACAP to influence anxiety-like behavior and produce
pathological states is still unclear, awaiting future investigations.
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