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Anxiety disorders represent the most common mental disturbances in the world, and they are characterized by an abnormal response to

stress. Pituitary adenylate cyclase-activating polypeptide (PACAP) and its receptor PAC1 have been proposed to have a key role in

mediating the responses to stress as well as the regulation of food intake and body weight. Corticotropin-releasing factor (CRF), the

major stress peptide in the brain, has been hypothesized to be involved in PACAP effects, but the reports are conflicting so far. The present

study was aimed at further characterizing the behavioral effects of PACAP in rats and at determining the role of central CRF receptors. We

found that intracerebroventricular PACAP treatment induced anxiety-like behavior in the elevated plus maze test and elevated intracranial

self-stimulation thresholds; both of these effects were fully blocked by concurrent treatment with the CRF receptor antagonist D-Phe-

CRF(12-41). Interestingly, the CRF antagonist had no effect on PACAP-induced increased plasma corticosterone, reduction of food intake,

and body weight loss. Finally, we found that PACAP increased CRF levels in the paraventricular nucleus of the hypothalamus and,

importantly, in the central nucleus of the amygdala, as measured by solid phase radioimmunoassay and quantitative real-time PCR. Our

results strengthen the notion that PACAP is a strong mediator of the behavioral response to stress and prove for the first time that this

neuropeptide has anti-rewarding (ie, pro-depressant) effects. In addition, we identified the mechanism by which PACAP exerts its

anxiogenic and pro-depressant effects, via the recruitment of the central CRF system and independently from HPA axis activation.
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INTRODUCTION

Anxiety disorders are psychiatric conditions characterized
by feelings of excessive and uncontrollable apprehension
and/or fear in the absence of any specific external stimuli
and are accompanied by physical, affective, and behavioral
symptoms. They are the most common form of mental
disorders in the United States, affecting nearly 40 million
adults (Kessler et al, 2005).

Pituitary adenylate cyclase-activating polypeptide
(PACAP) is a neuropeptide belonging to the growth
hormone-releasing hormone (GHRH)/secretin/glucagon/va-
soactive intestinal peptides (VIP) superfamily (Sherwood
et al, 2000). PACAP was originally isolated from the ovine
hypothalamus and its sequence is highly conserved from fish
to mammals (Miyata et al, 1989). Two fragments of PACAP
exist, PACAP-38 and PACAP-27, the former representing

490% of the total peptide in brain tissue (Miyata et al, 1989;
Piggins et al, 1996). PACAP exerts important biological
functions as a neurohormone and neuromodulator through
its G protein-coupled receptor PAC1. PACAP has 68%
similarity with VIP, and both peptides are capable of binding
to VPAC1, VPAC2, and PAC1 receptors (Gottschall et al,
1990); however, PAC1 shows much greater affinity for
PACAP than for VIP (Kd B0.5 vs 4500 nM) (Harmar
et al, 1998).

PACAP neurons are located primarily in the paraven-
tricular (PVN) and supraoptic nuclei of the hypothalamus.
Significant amounts of PACAP cell bodies and/or fibers are
also found in other hypothalamic nuclei such as the
ventromedial hypothalamus, as well as various extra-
hypothalamic regions, including the central nucleus of the
amygdala (CeA), the bed nucleus of the stria terminalis
(BNST), and nuclei of the brainstem (parabrachial nucleus,
locus coeruleus, pontine nucleus, and vagal complex)
(Piggins et al, 1996).

PACAP produces gross stress-like effects in rats when
injected either intracerebroventricularly (i.c.v.) or site-
specifically into the PVN or the CeA, and it potentiates
acoustic startle when given into the BNST (Agarwal et al,
2005; Hammack et al, 2009; Legradi et al, 2007; Norrholm
et al, 2005). PAC1 receptor knockout mice exhibit reduced
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anxiety-like behaviors (Otto et al, 2001), and recently an
association between PACAP/PAC1 receptor and posttrau-
matic stress disorder in heavily traumatized patients has
been documented (Ressler et al, 2011). Moreover, the levels
of PACAP and PAC1 receptor have been reported to be
altered in the brain after exposure to stressors (Hammack
et al, 2009; Hannibal et al, 1999; Hannibal et al, 1995).
All of this evidence suggests that the endogenous PACAP
system might be a mediator of the behavioral response
to stress.

Intracerebroventricular administration of PACAP provokes
increases in hypophysiotropic neurohormones in the hypotha-
lamus, such as vasopressin, GnRH, somatostatin, as well as
corticotropin-releasing factor (CRF) (Grinevich et al, 1997;
Kageyama et al, 2007). PACAP also induces c-Fos expression
and CREB phosphorylation in CRF neurons in the PVN, raising
plasma corticosterone levels (Agarwal et al, 2005; Norrholm
et al, 2005). These findings, together with the observation that
CRF mRNA and corticosterone levels are reduced in PACAP-
deficient mice after restraint stress (Stroth and Eiden, 2010),
suggest that PACAP might have a physiological role in the
regulation of CRF synthesis and activity.

PACAP has been shown to induce c-Fos mRNA expres-
sion in the arcuate nucleus (Mounien et al, 2009), a brain
area involved in the regulation of appetite. Moreover,
PACAP (but importantly not VIP) administration drama-
tically reduces food intake in rats (Chance et al, 1995), mice
(Mounien et al, 2009), chicks (Tachibana et al, 2003), and
goldfish (Matsuda et al, 2005). The mechanism of the
PACAP-induced anorectic effects is still debated, and
although in rodents melanocortins have been shown to be
involved (Mounien et al, 2009), in the chick and the goldfish
a role for CRF has been shown (Maruyama et al, 2006;
Tachibana et al, 2004).

In this paper we sought to further characterize the
behavioral and endocrine effects of PACAP. Additionally, as
the central administration of CRF induces behavioral and
neuroendocrine effects analogous to those observed in fear
and anxiety (Dunn and Berridge, 1990), a suppression of the
reward system function, as well as a dramatic anorectic
effect (Britton et al, 1982; Koob and Heinrichs, 1999; Morley
and Levine, 1982), we tested the hypothesis that the
behavioral and neuroendocrine effects of PACAP are
mediated by the recruitment of the central CRF system.
For this purpose we employed well-established behavioral
tests, the elevated plus maze (to assess anxiety-like
behavior) and the intracranial self-stimulation (ICSS, to
assess the brain reward function), and we measured food
intake, body weight gain, and circulating corticosterone
levels after administration of PACAP with or without
concurrent administration of a selective CRF receptor
antagonist; finally we measured CRF tissue content by solid
phase radioimmunoassay as well as CRF and CRF1 receptor
gene expression by quantitative real-time PCR (qPCR) in
discrete brain regions following PACAP administration.

Materials and Methods

Subjects

Male Wistar rats, weighing 301–325 g at arrival (Charles
River, Wilmington, MA), were group-housed in wire-topped

plastic cages in a 12-h reverse light cycle (lights off at 1100
hours) AAALAC-approved humidity- (60%) and tempera-
ture-controlled (22 1C) vivarium. Rats had access to corn-
based chow (Harlan Teklad LM-485 Diet 7012) and water
ad libitum at all times. The number of rats for each experiment
were as follows: elevated-plus maze, n¼ 39; corticosterone
determination, n¼ 38; intracranial self-stimulation, n¼ 5;
motor activity, n¼ 14; food intake, n¼ 13; CRF-like
immunoreactivity measurement, n¼ 16; qPCR, n¼ 17.
Procedures adhered to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the
Principles of Laboratory Animal Care, and were approved
by Boston University Medical Campus Institutional Animal
Care and Use Committee.

Drugs

PACAP (PACAP-38) was purchased from the American
Peptide Company (Sunnyvale, CA); D-Phe-CRF(12-41) was
kindly provided by Dr Jean Rivier (The Salk Institute,
La Jolla, CA). Both peptides were dissolved in sterile
isotonic saline in the presence of 1% bovine serum albumin,
and were administered as a cocktail in a single injection. For
within-subject design experiments, at least two treatment-
free days were allowed between treatment days.

Intracranial Surgery and Microinfusion Procedures

The surgical procedure was performed as previously described
(Iemolo et al, 2012). Rats underwent unilateral implantation of
a 24-gauge stainless steel cannula (Plastics One, Roanoke, VA)
under stereotaxic control (Kopf Instruments, Tujunga, CA) into
the left or right lateral ventricle using the following coordinates
(from bregma, in mm): AP: � 1.0, ML: ±1.5, DV: � 2.3 from
skull, with incisor bar set at � 3.3 mm below the interaural line,
according to Paxinos and Watson (2007). For the ICSS
experiment, only the i.c.v. coordinates had to be adjusted to
allow the cannula and the electrode to fit in the same animal
(AP: � 1.0, ML: � 3.2 with 201 vertical tilt, DV: � 2.6 from
skull, incisor bar set 5.0 mm above the interaural line).
Pretreatment time was 30 min in all behavioral experiments,
as well as in the corticosterone and the CRF-like immunor-
eactivity determination, and 4 h in the qPCR experiment. For
further details, see Supplementary Materials and Methods.

Elevated Plus Maze Test

The elevated plus maze test was performed as previously
described (Cottone et al, 2009; Sabino et al, 2009). Rats were
placed individually onto the center of the maze for a 5-min
period. The primary measures were the percent of open arm
time (ie, 100� open arm/total arm time), a validated index
of anxiety-related behavior (Fernandes and File, 1996), and
the number of closed arm entries, an index of motor activity
(Cruz et al, 1994). For further details, see Supplementary
Materials and Methods.

Plasma Corticosterone Measurement

Plasma levels of corticosterone were determined as
previously described (Cottone et al, 2009; Fekete et al,
2011). Blood was sampled from the rat tails 30 min after
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drug administration and collected in tubes containing
EDTA. Plasma was obtained after blood centrifugation
and stored at � 80 1C until levels of corticosterone-like
immunoreactivity were determined using a commercially
available radioimmunoassay kit, according to manufac-
turer’s instructions (MP Biomedicals). Intra- and inter-
assay coefficients of variation were o10%.

Motor Activity

Motor activity of rats was measured as described in Cottone
et al (2012) using an Opto-M3 activity system (Columbus
Instruments, Columbus, OH); activity was recorded by a
computer using the Multi Device Interface software over a
120-min period. White noise was present.

ICSS Procedure

Surgery for electrode implantation and ICSS procedure were
performed as previously described (Iemolo et al, 2012;
Kenny and Markou, 2005). Rats were unilaterally implanted
with a 0.125-mm diameter bipolar stainless steel electrode
(Plastics One; length B10.5 mm) into the medial forebrain
bundle at the level of the lateral hypothalamus (coordinates
from bregma: AP � 0.5 mm, ML þ 1.7 mm; DV � 9.7 mm
from skull; incisor bar set 5.0 mm above the interaural line).
Rats were trained to lever press on a fixed ratio 1 schedule of
reinforcement to obtain an electrical stimulation; once fixed
ratio 1 responding was established, mean reward thresholds
were assessed using a rate-independent discrete-trial current
intensity procedure designed by Kornetsky et al (1979). The
reward threshold is defined as the minimal current intensity
able to produce a response that maintains the self-stimulation
behavior. A raise in the reward threshold indicates that
stimulus intensities that were previously perceived as reinfor-
cing are no longer perceived as rewarding, reflecting a decrease
in reward function. Vice versa, lowering of the reward threshold
reflects increased reward function (Markou and Koob, 1991).
The mean response latency is defined as the mean response
latency of all trials within a session during which a positive
response occurred. For more details, see Supplementary
Materials and Methods.

Food Intake and Body Weight Determinations

Pre-weighed food was provided at the beginning of the dark
cycle and recorded 1, 3, 6, and 24 h later. Rat body weights
were assessed right before drug administration and 24 h later.

Brain Punching and qPCR

Tissue CRF and CRF1R mRNA levels were determined as
previously described (Cottone et al, 2009; Sabino et al,
2011). Rats were anesthetized with isoflurane and brains
were quickly removed and coronally sliced in a brain
matrix; punches containing the CeA, the basolateral
amygdala (BlA), the medial amygdala (MeA), and the
PVN of the hypothalamus were collected on an ice-cold
stage. For details on qPCR, see Supplementary Materials
and Methods.

CRF-like Immunoreactivity Measurement

Tissue CRF levels were determined as previously described
(Cottone et al, 2009; Zorrilla et al, 2001). Punches were
collected as described above and tissue CRF-like immunor-
eactivity was quantified with a sensitive and specific solid-
phase radioimmunoassay adapted from Zorrilla et al (2001),
which followed an established procedure for peptide acid
extraction. An anti-CRF serum (rC68, 1 : 200 000 titer)
generously provided by Wylie Vale (The Salk Institute)
was used. Sensitivity of the assay was B0.3 fmol/well. For
further details see Supplementary Materials and Methods.

Statistical Analysis

Data from the elevated plus maze and corticosterone levels were
analyzed using two-way analysis of variance (ANOVA) with
PACAP and Antagonist as between-subjects factors. Motor
activity was analyzed using a two-way repeated measure
ANOVA with PACAP and Time as within-subject factors. ICSS
data were analyzed using a two-way repeated measure ANOVA
with PACAP and Antagonist as within-subject factors. One-,
three-, and six-hour food intake data were analyzed using a
three-way mixed design ANOVA, with Antagonist as a
between-subjects factor, and PACAP and Time as within-
subject factors. Twenty-four-hour food intake and body weight
change were analyzed using two-way mixed design ANOVAs
with Antagonist as a between-subjects factor and PACAP as a
within-subject factor. Pairwise post-hoc comparisons were made
using Newman–Keuls test; Student’s t-test was used when
comparing two groups. Significance was set at Po0.05. The
software/graphic packages used were Systat 11.0, SigmaPlot
11.0, InStat 3.0, and Statistica 7.0.

Results

The CRF Receptor Antagonist D-Phe-CRF(12-41) Blocks
PACAP-Induced Anxiety-Like Behavior in the Elevated
Plus Maze

As shown in Figure 1a, i.c.v. administration of PACAP
(5mg/rat) significantly reduced the percent of open arm time,
as reflected by a significant main effect of the factor PACAP
(F(1,35)¼ 4.42, Po0.05); PACAP-treated rats, indeed, spent
44% less time in the open arms compared with vehicle-treated
rats. The CRF antagonist D-Phe-CRF(12–41), at a dose that
had no effect on anxiety-like behavior per se (10mg/rat), was
able to fully block the PACAP-induced reduction of % open
arm time, as demonstrated by a significant interaction
PACAP�Antagonist (F(1,35)¼ 5.33, Po0.05). As shown in
Figure 1b, neither PACAP nor D-Phe-CRF(12-41) had any
effect on the number of closed arm entries, an index of motor
activity (PACAP, F(1,35)¼ 0.15, n.s.; PACAP�Antagonist,
F(1,35)¼ 0.87, n.s.). Drug effects on the % closed arm time
and on the number of open arm entries are shown in
Supplementary Figure 1.

The CRF Receptor Antagonist D-Phe-CRF(12-41) Does
Not Block PACAP-Induced Adrenocortical Activation

Intracerebroventricular treatment with PACAP (5 mg/rat)
caused a 77% increase in plasma levels of corticosterone
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30 min after drug treatment (PACAP, F(1,34)¼ 52.49,
Po0.001) as shown in Figure 1c. Importantly, the same
dose of the CRF receptor antagonist D-Phe-CRF(12-41),
which blocked PACAP-induced anxiogenic-like effects
(10 mg/rat), did not affect the PACAP-induced increase in
corticosterone (PACAP�Antagonist, F(1,34)¼ 1,68, n.s.).
On the other hand, this same dose of D-Phe-CRF(12-41)
caused a 47% decrease in plasma corticosterone levels per se
(Antagonist F(1,34)¼ 5.46, Po0.05).

PACAP does not Alter Motor Activity

As shown in Figure 1d, i.c.v. administration of PACAP
(5 mg/rat) did not alter motor activity in the 2-h observation
period (PACAP, F(1,12)¼ 0.10, n.s.; PACAP�Time bin,
F(7,84)¼ 1.96, n.s.), confirming the specificity of the
anxiogenic profile.

The CRF Receptor Antagonist D-Phe-CRF(12-41) Blocks
PACAP-Induced Elevation of ICSS Threshold

As shown in Figure 2a, i.c.v. administration of PACAP
(5 mg/rat) significantly decreased the brain reward function,
as reflected by a significant main effect of the factor
PACAP (F(1,16)¼ 6.14, Po0.05); PACAP-treated rats,
indeed, showed a 32% elevation of the brain reward
threshold compared with vehicle-treated rats. The CRF
antagonist D-Phe-CRF(12-41) had no effect on ICSS thresh-
old per se but was able to fully block the effect of PACAP,
as demonstrated by a significant interaction PACAP�
Antagonist (F(1,16)¼ 5.20, Po0.05). As shown in Figure 2b,
neither PACAP nor D-Phe-CRF(12-41) affected the latency
to press the lever, an index of general motor activity

(PACAP, F(1,16)¼ 0.63, n.s.; PACAP�Antagonist, F(1,16)¼
0.02, n.s.).

The CRF Receptor Antagonist D-Phe-CRF(12-41) Does
Not Block PACAP-Induced Anorexia and Body Weight
Loss

I.c.v. treatment with PACAP (5 mg/rat) significantly reduced
food intake throughout the 6 h post administration, as
reflected by a significant effect of PACAP (F(1,11)¼ 120.96,
Po0.001). The CRF receptor antagonist D-Phe-CRF(12-41)
had no effect on food intake per se (Antagonist: F(1,11)¼
1.84, n.s.) nor did it affect PACAP-induced hypophagia
(PACAP�Antagonist: F(1,11)¼ 2.93, n.s.). Post-hoc com-
parisons revealed that PACAP reduced 1-, 3-, and 6-h food
intake (� 81, � 88, and � 67%, respectively, compared
with the vehicle-treated group,), as shown in Figure 3a. The
CRF receptor antagonist D-Phe-CRF(12-41) had no effect at
any of the other time points, and it did not affect the
anorectic effects of PACAP.

PACAP continued to have an effect on food intake 24 h
after administration (� 42%, PACAP: (F(1,11)¼ 99.36,
Po0.001) as shown in Figure 3b. The CRF receptor
antagonist still had no effect (Antagonist: F(1,11)¼ 0.65,
n.s.; PACAP�Antagonist: (F(1,11)¼ 1.13, n.s.).

PACAP caused dramatic body weight loss 24 h after
administration (PACAP: F(1,11)¼ 88.80, Po0.001; mean±-
SEM: þ 2.14±0.98 vs � 16.42±1.81 g, vehicle vs PACAP)
as shown in Figure 3c. The CRF antagonist had no
effect on PACAP-induced body weight loss (Antagonist:
F(1,11)¼ 0.58, n.s.; PACAP�Antagonist: F(1,11)¼ 0.00,
n.s.).

Figure 1 Effects of i.c.v. administration of PACAP (5mg/rat) and the CRF receptor antagonist D-Phe-CRF(12-41) (10 mg/rat) on the percentage of time
spent in the open arms (a) and the number of closed arm entries (b) of an elevated plus maze test. Rats were tested 30 min after drug administration
(between-subjects design). (c) The effects of the drug treatments on plasma corticosterone levels; blood samples were collected from the rat tail 30 min
after drugs administration (between-subjects design). (d) The effects of i.c.v. PACAP (5 mg/rat) on motor activity immediately after drug administration
(within-subject design). Data represent mean±SEM. *Po0.05, **Po0.01, ***Po0.001 vs vehicle group; #Po0.05 vs PACAP group (Newman–Keuls test).
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PACAP Increases CRF mRNA Expression in the Brain

I.c.v. treatment with PACAP (5 mg/rat) significantly
increased CRF mRNA expression in the PVN (59% increase,
t[13]¼ 1.82, Po0.05), as shown in Figure 4a. The treatment
had no effect on CRF mRNA in the BlA (t[14]¼ 1.46, n.s.) or
the MeA (t[15]¼ 0.51, n.s.), whereas in the CeA a
nonsignificant 44% trend to an increase could be observed
(t[13]¼ 0.74, n.s.).

As shown in Figure 4b, i.c.v. PACAP administration
had no effect on CRF1R mRNA expression in any of
the brain areas analyzed (PVN: t[13]¼ 0.07, n.s.; BlA:
t[13]¼ 0.34, n.s.; MeA: t[14]¼ 1.39, n.s.; CeA: t[14]¼ 0.36,
n.s.).

PACAP Increases CRF-Like Immunoreactivity in the
Brain

I.c.v. PACAP treatment caused an increase in CRF-like
immunoreactivity in both the PVN (þ 41%, t[12]¼ � 2.72,
Po0.05) and the CeA (þ 35%, t[12]¼ � 2.26, Po0.05), as
shown in Figure 4c. No changes in CRF-like immunoreactivity

in the BlA (t[12]¼ � 0.83, n.s.) or the MeA (t[12]¼ 0.44, n.s.)
were observed.

Figure 2 Effects of i.c.v. administration of PACAP (5 mg/rat) and the
CRF receptor antagonist D-Phe-CRF(12-41) (10 mg/rat) on the brain
reward function measured by (a) intracranial self-stimulation (ICSS)
threshold (percentage change from vehicle-treated group). (b) How the
treatments affected the latency to respond. ICSS session began
immediately after drug administration (within-subject design). Data
represent mean±SEM. *Po0.05 vs vehicle group; #Po0.05 vs PACAP
group (Newman–Keuls test)

Figure 3 Effects of i.c.v. administration of PACAP (5 mg/rat) and the CRF
receptor antagonist D-Phe-CRF(12-41) (10 mg/rat) on cumulative food
intake (a and b) and 24 h body weight change (c). Food was presented
30 min after drug administration and intake was recorded 1, 3, 6, and 24 h
later (within-subject design). Data represent mean±SEM. ***Po0.001 vs
vehicle group (Newman–Keuls test).
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Discussion

The main findings of the present study were as follows:
(i) i.c.v. PACAP exhibits an anxiogenic-like effect in the
elevated plus maze in rats, an effect that is fully blocked by
the CRF receptor antagonist D-Phe-CRF(12-41); (ii) i.c.v.
PACAP raises plasma corticosterone levels but this effect is
‘not’ altered by the CRF receptor antagonist; (iii) i.c.v.
PACAP reduces the rewarding properties of the brain
stimulation in ICSS, an effect that is blocked by the CRF
receptor antagonist; (iv) i.c.v. PACAP reduces food intake
and body weight gain, and this effect is ‘not’ altered by the
CRF receptor antagonist; (v) i.c.v. PACAP increases the
levels of CRF mRNA in the PVN and the levels of CRF
peptide in both the CeA and the PVN.

In the elevated plus maze test, rats treated with PACAP
spent a significantly lower percent of time in the open arms
compared with vehicle-treated rats (� 44%); the number of
entries in the closed arms, a measure of motor activity, was
unaffected by the treatment, confirming that the anxiety-
like behavior was not due to a general behavioral
suppression. This latter finding was also confirmed by the
lack of motor-suppressing effects of PACAP observed in the
specific motor activity test. To the best of our knowledge,
this is the first time that the anxiogenic-like effects of
PACAP are shown using the gold standard test for assessing
anxiety-like behavior in rodents, the elevated plus maze.
Our results are in agreement with previous evidence
showing that PACAP produces stress-like effects in rats
such as face washing, body grooming, and wet-dog shakes
when injected i.c.v. or into the PVN (Agarwal et al, 2005;
Norrholm et al, 2005). Administered into the BNST, PACAP
increases the startle response (Hammack et al, 2009),

whereas administration into the CeA increases immobility
and withdrawal from an ‘always on’ electrified probe
(Legradi et al, 2007). In addition, PACAP knockout and
PAC1 receptor knockout mice show an anxiolytic profile
(Hashimoto et al, 2001; Otto et al, 2001). Altogether, this
evidence strongly indicates a critical role for the PACAP
system in the behavioral response to stress.

We here demonstrate that coadministration with the CRF
receptor antagonist D-Phe-CRF(12-41) blocks the anxio-
genic effects of PACAP in the elevated plus maze, indicating
that PACAP modulates anxiety-like behavior via the
activation of central CRF receptors. CRF is one of the
major stress neurotransmitters in the brain and its central
administration exerts anxiogenic-like effects (Britton et al,
1982; File et al, 1988). Numerous pieces of evidence suggest
a close relationship between the CRF and the PACAP
systems: centrally administered PACAP increases the CRF
mRNA expression in the PVN and the PAC1 receptor
antagonist PACAP (6-38) decreases it (Grinevich et al,
1997); PACAP induces c-Fos expression and CREB phos-
phorylation in CRF neurons in the PVN, also causing an
increase in plasma corticosterone levels (Agarwal et al,
2005; Norrholm et al, 2005). Interestingly, PACAP knockout
mice show reduced CRF mRNA and corticosterone levels in
response to restraint stress (Stroth and Eiden, 2010). Our
finding that the anxiogenic effects of PACAP are mediated
by CRF is an important one because it implicates that the
PACAP system is located upstream of CRF, and therefore
providing a potentially novel site to modulate the activity of
the CRF system, which is dysregulated in stress-related
disorders (Koob and Zorrilla, 2012).

Here we found that PACAP treatment causes an increase
in plasma corticosterone levels. Our finding that PACAP

Figure 4 Effects of i.c.v. administration of PACAP (5mg/rat) on CRF mRNA expression (a), CRF1R mRNA expression (b), and CRF immunoreactivity (IR)
(c) in the central nucleus of the amygdala (CeA), basolateral amygdala (BlA), medial amygdala (MeA) and paraventricular nucleus of the hypothalamus (PVN).
(d) The approximate size and location of the brain punches. Rats were sacrificed either 4 h (for mRNA) or 30 min (for immunoreactivity) after drug
administration. Data represent mean±SEM and are expressed as % vs vehicle group. *Po0.05 vs relative vehicle group (Student’s t-test).
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activates the HPA axis confirms previous ones (Agarwal
et al, 2005; Norrholm et al, 2005) and is consistent with the
very important observation that mice lacking the gene
coding for PACAP do not show HPA axis activation
following restraint stress (Lehmann et al, 2012; Stroth and
Eiden, 2010). Interestingly, we show that the ability of
PACAP to activate the HPA axis does not require central
CRF receptors, as the CRF receptor antagonist did not block
the elevation in circulating corticosterone levels. Although
surprising, this result is consistent with the observation that
PACAP can enhance ACTH secretion ‘directly’, by stimulat-
ing pituitary corticotropes independent of CRF (Koob and
Heinrichs, 1999; Miyata et al, 1989). As we observed that
central PACAP administration increases CRF content and
synthesis in the PVN, we speculate that the blockade of
PACAP-induced CRF receptor activation in the PVN may
not be sufficient to block the HPA axis activation because
PACAP could still act directly on pituitary cells to increase
ACTH. Because the same dose of D-Phe-CRF(12-41)
blocked the anxiogenic effects of PACAP in the elevated
plus maze, as discussed above, we can conclude that the
anxiety-like behavior induced by PACAP is likely not a
direct consequence of the HPA axis activation. In agreement
with our findings are the observations that the behavioral
changes occurring during the stress response, which are
modulated by CRF, occur independently of HPA axis
activation, suggesting that CRF, acting as a neurotransmit-
ter in extrahypothalamic brain areas, is responsible for the
behavioral responses to stressors (Britton et al, 1986a;
Britton et al, 1986b; Dunn and Berridge, 1990; Koob and
Heinrichs, 1999; Menzaghi et al, 1994). Furthermore, it is
possible that PACAP administration also increases the levels
of arginine-vasopressin, which induces secretion of ACTH
at the corticotropes via V1b receptors, and therefore that a
concurrent blockade of CRF and arginine-vasopressin
receptors may be needed to prevent the HPA-activating
effects of PACAP.

Interestingly, the CRF receptor antagonist used in this
study, D-Phe-CRF(12-41), significantly reduced the basal
corticosterone levels per se at the dose employed here, likely
blocking CRF receptors in the pituitary. Importantly,
despite the reduction in basal corticosterone levels observed
here, the treatment with D-Phe-CRF(12-41) was still
ineffective in preventing PACAP-induced corticosterone
increase. Related to this previous point, it cannot be
completely ruled out that a higher dose of D-Phe-CRF(12-41)
could block the HPA-activating effect of PACAP, although
lower doses, ranging from 1 to 5mg per animal vs the 10 mg
used here, are usually employed in behavioral studies
in rodents (Macey et al, 2000; Rodriguez de Fonseca et al,
1996; Zorrilla et al, 2002).

Within this series of experiments, a very significant
finding was the discovery that PACAP increases the ICSS
threshold, which clearly indicates a reduction of the
rewarding impact of the brain stimulation. ICSS is a reliable
behavioral paradigm in which rats self-administer reward-
ing electrical stimulation through electrodes implanted
within the limbic system (in our case the lateral hypotha-
lamus) (Carlezon and Chartoff, 2007; Markou and Koob,
1992). Importantly, as several conditions known to cause or
contribute to depressive states in humans attenuate ICSS
behavior, eg, chronic stress and drug withdrawal, increases

in ICSS thresholds can be considered as signs of anhedonia,
a core symptom of depression (Markou and Koob, 1991;
Schulteis et al, 1995; Zacharko and Anisman, 1991);
consistently, antidepressant drugs are able to attenuate
ICSS threshold elevations. Therefore, the present findings
raise the interesting possibility that PACAP may not only
have a key role in pathological anxiety, but also contribute
to the development of depressive-like symptoms in animals
and humans. Importantly, we demonstrate that the PACAP-
induced elevations of the ICSS thresholds are mediated by
CRF receptors. This finding is consistent with the observa-
tion that CRF itself is able to elevate ICSS thresholds (Macey
et al, 2000) and, again, points at an extrahypothalamic,
HPA-independent mechanism of action for the behavioral
effects of PACAP.

The dramatic reduction in food intake and body weight
induced by PACAP in the present study confirms previous
results obtained with this peptide in several species
(Maruyama et al, 2006; Mounien et al, 2009; Tachibana
et al, 2004), a profile not shared by VIP (Mounien et al,
2009). CRF also exerts strong anorectic effects after i.c.v.
administration (Morley and Levine, 1982), which occur
independently of HPA axis activation and have been
proposed to be mediated by the extended amygdala
(Britton et al, 1986a; Morley and Levine, 1982). Interest-
ingly, the reduction in food intake and the body weight loss
induced by PACAP were not blocked by the CRF receptor
antagonist, suggesting that PACAP exerts its anorectic effect
via a mechanism other than CRF. Recently, melanocortins
have been proposed to be involved in this effect, as the
melanocortin receptor 3–4 antagonist SHU9119 is able to
revert the reduction in food intake caused by PACAP, and
PACAP increases pro-opiomelanocortin expression in the
hypothalamus of mice (Mounien et al, 2009). Our results
conflict with the reports that in the chick and the goldfish
the anorectic effect of PACAP is mediated by CRF
(Maruyama et al, 2006; Tachibana et al, 2004); however,
the differences between species can easily explain the
discrepancy observed. Which brain regions mediate the
anorectic effect of PACAP has not yet been clarified, but
the ventromedial nucleus of the hypothalamus has been
proposed as a candidate area (Mounien et al, 2009; Resch
et al, 2011).

The present study showed that i.c.v. PACAP administra-
tion causes an increase of CRF expression (both mRNA and
immunoreactivity, ie, peptide tissue content) in the PVN.
The increased levels of CRF that we observed in the PVN are
in agreement with the increased circulating corticosterone
levels, and strongly suggest that PACAP activates the HPA
axis by increasing both the synthesis and release of CRF
(although this is likely not the only mechanism). Our result
is also in agreement with previous studies showing
increased CRF mRNA levels in the PVN after i.c.v. PACAP
administration (Grinevich et al, 1997). Thus, once PACAP
is released after stress exposure, it would act on PAC1
receptors of PVN CRF neurons, increasing intracellular
cAMP levels and protein kinase A pathway signaling,
inducing the synthesis of CRF.

Noteworthy, the present study suggests that PACAP-
induced HPA axis activation is likely not responsible for the
PACAP-induced anxiogenic effects. We can, therefore,
hypothesize that the activation of CRF receptors in brain
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areas other than the hypothalamus is responsible for the
ability of PACAP to induce anxiety-like behavior. Obvious
extrahypothalamic candidates are the brain regions part of
the extended amygdala, where the administration of CRF
produces anxiogenic effects independently of the HPA axis.
Indeed, we found PACAP treatment to increase CRF-like
immunoreactivity in the CeA, a very novel and significant
finding. Together with the shell of the nucleus accumbens
and the BNST, the CeA is part of the extended amygdala, a
circuitry crucial for the response to stress, fear, and anxiety.
The CeA in particular is believed to be the primary output
regulating fear responses, the release of glucocorticoids, and
the autonomic nervous system (Davis, 1992). CeA neurons
are also considered to be the major source of CRF that can
act locally or in the BlA and the BNST (Britton et al, 1986b).
Stressful or fearful events cause an increase of CRF levels in
the CeA (Kalin et al, 1994; Merlo Pich et al, 1995), and intra-
CeA CRF receptor antagonist administration attenuates the
behavioral response to stress and the aversive consequences
of drug withdrawal (Heinrichs et al, 1995; Heinrichs et al,
1992; Rassnick et al, 1993). The observation that high
densities of PACAP fibers as well as medium/high densities
of PAC1 receptors are present in the CeA (Hannibal, 2002;
Piggins et al, 1996) suggests that PACAP in this brain
area may have an important role in stress-related
behaviors, perhaps through the modulation of CRF release
and/or synthesis, as our present data strongly suggest.
Interestingly, PAC1 receptor gene expression has been
shown to increase in the whole amygdala of rats during
the consolidation of fear in a fear-conditioning model
(Ressler et al, 2011), further strengthening a putative
role of the amygdala PACAP-PAC1 system in anxiety
and fear.

Although a significant increase in CRF peptide immunor-
eactivity was detected in the CeA, only a trend toward an
increase (þ 44%) in the mRNA was observed. This finding
can be interpreted as PACAP having an effect exclusively on
the release, but not the synthesis of CRF, as rats were
sacrificed 30 min after PACAP administration for the CRF-
like immunoreactivity, which is likely not enough time for
new peptide to be synthesized ex novo (however, effects on
synthesis or metabolism of CRF cannot be completely ruled
out based on the present data alone). Alternatively, the time
window at which the CRF mRNA was increased may have
been missed. Indeed, in the present study rats were
sacrificed 4 h after PACAP administration for the mRNA
level measurement. Although 4 h is a very typical time point
for maximal detection of gene expression changes
(Grinevich et al, 1997; Li et al, 1996), it is still possible
that an increase in CRF mRNA occurred earlier. In support
of this hypothesis is the observation that CRF mRNA levels
in the CeA, but not the PVN, are found to be increased
already 60–90 min after the onset of different types of
stressors (Funk et al, 2006; Makino et al, 1999), suggesting
that CRF synthesis in the CeA following stressors may occur
at an earlier time point compared to the PVN.

In summary, our results suggest that PACAP induces
anxiety-like behavior and pro-depressant effects, indepen-
dently of the HPA axis activation, by increasing the levels of
CRF in the CeA. The CRF system therefore is an immediate
downstream target and mediator of PACAP. Conversely, the
anorectic and body weight loss-inducing effects of PACAP

seem to occur independently of CRF via other mechanisms.
Our data provide novel insights into this neuropeptide
system as a mechanism for modulating anxiety-like
behavior, and may ultimately lead to a new class of
therapeutic agents for the treatment of anxiety-related and
mood disorders.
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