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Abstract
The physiologic response to stress is highly dependent on the activation of corticotropin-releasing
hormone (CRH) neurons by various neurotransmitters. A particularly rich innervation of
hypophysiotropic CRH neurons has been detected by nerve fibers containing the neuropeptide
PACAP, a potent activator of the cAMP-protein kinase A (PKA) system. Intracerebroventricular
(icv) injections of PACAP also elevate steady-state CRH mRNA levels in the paraventricular nucleus
(PVN), but it is not known whether PACAP effects can be associated with acute stress responses.
Likewise, in cell culture studies, pharmacologic activation of the PKA system has stimulated CRH
gene promoter activity through an identified cAMP response element (CRE); however, a direct link
between PACAP and CRH promoter activity has not been established. In our present study, icv
injection of 150 or 300 pmol PACAP resulted in robust phosphorylation of the transcription factor
CREB in the majority of PVN CRH neurons at 15 to 30 min post-injection and induced nuclear Fos
labeling at 90 min. Simultaneously, plasma corticosterone concentrations were elevated in PACAP-
injected animals, and significant increases were observed in face washing, body grooming, rearing
and wet-dog shakes behaviors. We investigated the effect of PACAP on human CRH promoter
activity in αT3-1 cells, a PACAP-receptor expressing cell line. Cells were transiently transfected
with a chloramphenicol acetyltransferase (CAT) reporter vector containing region −663/+124 of the
human CRH gene promoter then treated for with PACAP (100 nM) or with the adenylate cyclase
activating agent, forskolin (2.5μM). Both PACAP and forskolin significantly increased wild-type
hCRH promoter activity relative to vehicle controls. The PACAP response was abolished in the CRE-
mutant construct. Pretreatment of transfected cells with the PKA blocker, H-89, completely prevented
both PACAP- and forskolin-induced increases in CRH promoter activity. Furthermore, CREB
overexpression strongly enhanced PACAP-mediated stimulation of hCRH promoter activity, an
effect which was also lost with mutation of the CRE. Thus, we demonstrate that icv PACAP
administration to rats under non-stressed handling conditions leads to cellular, hormonal and
behavioral responses recapitulating manifestations of the acute stress response. Both in vivo and in
vitro data point to the importance of PACAP-mediated activation of the cAMP/PKA signaling
pathway for stimulation of CRH gene transcription, likely via the CRE.
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1. Introduction
Parvocellular corticotropin-releasing hormone (CRH) neurons in the hypothalamic
paraventricular nucleus (PVN) provide a major common pathway for endocrine, autonomic
and behavioral responses to stress [25]. In response to stressful stimuli, these neurons secrete
CRH (and arginine vasopressin, a supplementary secretagogue) into the hypophysial portal
system to stimulate pituitary adrenocorticotropic hormone (ACTH) secretion, which in turn
increases the biosynthesis and release of glucocorticoids from the adrenal cortex.

The characterization of neural inputs to parvocellular CRH neurons has suggested roles for
catecholamines, glutamate, GABA and neuropeptides in the integration of signals influencing
CRH neuronal function in the PVN [26]. A particularly robust innervation to CRH neurons is
provided by nerve fibers containing the neuropeptide, pituitary adenylate cyclase-activating
polypeptide (PACAP) [38]. Extrahypothalamic brain regions, such as the extended amygdala
and lower brainstem that may contribute to the augmentation of the stress response, have also
been identified as sites of PACAPergic innervation [34–36,55]. The physiologic relevance of
the hypothalamic PACAP–CRH interaction has been supported by the finding that
intracerebroventricular (icv) injection of PACAP increases steady-state CRH mRNA levels in
the PVN, as evaluated at 4 h post-injection. This effect is blocked by co-administration of a
selective PACAP receptor antagonist [20]. Conversely, administration of the PACAP
antagonist alone downregulates steady state CRH mRNA levels, suggesting a tonic regulatory
role for PACAP on hypophysiotropic CRH neurons [20]. Nevertheless, it has not been
determined whether PACAP effects can be linked to acute stress responses in the rat brain.

PACAP is a member of the secretin/glucagon/vasoactive intestinal peptide (VIP) family and
exists as either a 38-amino acid peptide (PACAP38) or N-terminally truncated form,
PACAP27, of which PACAP38 is the predominant form in the brain [4,42,43]. PACAP acts
via binding to G-protein-coupled receptors termed PAC1, VPAC1 and VPAC2 according to
their relative affinity for PACAP and VIP [24]. Although originally described as an activator
of the cAMP-dependent protein kinase A (PKA) system, PACAP also may stimulate
phospholipase C and calcium signaling pathways [50,51,64]. Within the brain, the highest
concentration of PACAP and the PACAP selective PAC1 receptors are present in the
hypothalamus, including the parvocellular and magnocellular subdivisions of the PVN, which
are critical for mediating neuroendocrine responses [29,47,63].

Both in vitro and in vivo experiments have defined the PKA system as a critical modulator of
CRH biosynthesis and secretion. Pharmacologic activation of the cAMP/PKA system
stimulates CRH gene expression in cultured primary hypothalamic cells as well as a wide
variety of heterologous cell lines [1,66,78]. Similarly, local microinjection of the cAMP
analogue, 8-Br-cAMP, into the PVN increases endogenous CRH mRNA levels [28]. This
cAMP response is mediated, at least in part, via binding of the transcription factor CREB (cyclic
AMP response element binding protein) to a classical cyclic AMP response element (CRE)
located at position −221 position in the human gene [16,61]. Mutation of the hCRH-CRE
prevents CREB binding and substantially blunts PKA responsiveness of the CRH gene
promoter. Of note, an increase in the activated form of CREB, phosphorylated CREB
(PCREB), coincides with an increase in de novo synthesized CRH transcripts in the PVN
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following acute stress [32]. Thus, the summary of these findings strongly suggests a link
between the PKA system, CREB phosphorylation, and the activation of CRH neurons.

The aim of the present study was to advance the hypothesis that PACAP is a physiologically
important regulator of the central limb of the HPA axis using both in vivo and in vitro
approaches. We first investigated whether icv administration of PACAP under stress-free
handling conditions would result in activation of the CRH neurons of the PVN and whether
this treatment would mimic stress-like behavioral and corticosterone responses. Second, we
used an immortalized cell culture system to characterize the molecular mechanisms by which
PACAP regulates CRH gene transcription with a focus on the PKA system.

2. Materials and methods
2.1. In vivo experiments

2.1.1. Animals—These experiments were performed on adult male Sprague–Dawley rats
(n=52, Taconic Farms, Germantown, New York) weighing 210–230 g at the beginning of the
study. The animals were housed individually in cages under standard environmental conditions
(light between 06:00 and 18:00 h; temperature, 22 ± 1 °C; rat chow and water available ad
libitum). All experimental protocols were reviewed and approved by the Institutional Animal
Care and Use Committees at the Tufts-New England Medical Center Boston, MA and
University of South Florida College of Medicine, Tampa, FL.

2.2. Intracerebroventricular (icv) PACAP infusions
Ten days prior to experimentation, a 22-gauge stainless steel guide cannula (Plastic One,
Roanoke, VA) was placed into the right lateral cerebral ventricle under stereotaxic control
(coordinates from bregma, anteroposterior, 0.8; lateral, 1.3; and ventral, 3.6) through a burr
hole in the skull. The cannula was secured to the skull with three stainless steel screws and
dental cement and temporarily occluded with a dummy cannula. To eliminate non-specific
stress, rats were acclimated by mock injections consisting of removal of the dummy cannula
and connection to an empty cannula connector daily for 1 week prior to experimentation. In
addition, 2 days before the experiments, all rats were jugular vein-cannulated to ensure rapid
and stress-free anesthesia at the termination of the experiment [32,37].

Rats were randomly assigned to experimental groups and injected icv with 150 or 300 pmol
doses of PACAP (PACAP38, American Peptide Company, Sunnyvale, CA) in 6μl of artificial
cerebrospinal fluid (aCSF) [28] containing 0.05% pyrogen-free bovine serum albumin (BSA),
while animals in control groups were administered 6μl of aCSF-BSA only. All icv injections
were made in freely moving animals through a 28-gauge needle that extended 1 mm below the
guide cannula, connected by polyethylene tubing to a 500μl syringe over 2 min by a
microprocessor controlled infusion pump (Bee Electronic Minipump; Bioanalytical Systems,
West Lafayette, IN).

2.3. Observation of behavior
Beginning at 1 min post-injection, the first 10-min periods of the survival time for rats in
PACAP-injected and control groups were videotaped for subsequent analysis of behavior.
Frequencies of stereotypic face washing, body grooming, rearing and wet dog shakes were
scored using the 15-s sampling method [18]. The videotaped 10-min post-injection period is
divided into 15-s time intervals, and the observer determines whether a specific behavior
occurred during each 15-s interval; thus, the maximum possible score is 40 for the 10-min
observation period.
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2.4. Perfusion and tissue processing
At 15, 30 or 90 min post-injection time points, 0.7 ml blood was drawn passively through the
jugular catheter from each rat without handling the animal. Immediately following blood
sampling, rats were anesthetized through the jugular catheter with pentobarbital (50 mg/kg) to
attain complete anesthesia within 1 min. Next, rats were perfused transcardially with 10 ml of
heparinized saline for 10–20 s followed by a mixture of 1% acrolein and 3% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4) for 10 min. The brains were dissected, and hypothalamic
blocks cut out using a coronal rat brain matrix and transferred into 20% sucrose in 0.01 M
phosphate-buffered saline (PBS) at 4 °C for 2 days. Blocks were then rapidly frozen with dry
ice and sectioned with a cryostat. Series of 25μm-thick sections of the hypothalamus were
collected into six vials to obtain sets of sections at regularly spaced intervals (150μm) for each
vial. The position of the cannula track protruding into the lateral ventricle was verified
histologically for each brain. Animals with incorrectly placed injection sites were excluded
from further data analysis.

2.5. Immunohistochemical detection of PCREB and Fos-immunoreactivity
Immunolabeling for the phosphorylated form of CREB, PCREB, was performed using
previously established immunoperoxidase methods in order to determine the extent to which
cells within the PVN express PACAP-induced phosphorylation of CREB [37,59]. Briefly,
sections were treated sequentially with 1% sodium borohydride in deionized water for 30 min
followed by 0.5% H2O2 in PBS for 10 min and 0.5% Triton-X in PBS for 1 h. Sections were
incubated in the rabbit polyclonal primary antiserum against phosphorylated CREB128-141
(1:12,000; courtesy of Dr. Marc R. Montminy, Salk Institute, La Jolla, CA) or in Fos rabbit
primary antiserum (Ab-5; 1:60,000; Oncogene Research Products, San Diego, CA) for 3 days
at 4 °C. After thorough rinsing in PBS, sections were incubated in biotinylated goat anti-rabbit
IgG (1:400; Vector Labs, Burlingame, CA). All antibody dilutions were made in 2% normal
horse serum in PBS containing 0.08% sodium azide and 0.2% Kodak Photo-Flo. The sections
were then washed three times in PBS and incubated in avidin–biotin–peroxidase complex
(ABC Elite Kit, Vector Labs; 1:100 in PBS). After three washes in PBS and a rinse in 0.05 M
Tris buffer (pH 7.8), the color reaction was developed in 0.025% diaminobenzidine (DAB)
containing 0.06% nickel ammonium sulfate and 0.0027% H2O2 for 8 min to yield a dark purple/
gray labeling in the cell nucleus. A rinse in Tris buffer was used to stop the reaction. Sets of
sections were then mounted onto slides, dehydrated in graded series of ethanol followed by
three changes of Histosol (National Diagnostics, Atlanta, GA) and coverslipped from DPX
mountant. Specificity of the PCREB antiserum has been established by our laboratory and
others, using preabsorption with synthetic peptide antigen [23,32,37]. The specificity of the
Fos antiserum has been characterized by the manufacturer as well as previous studies [14,
15]. This antiserum recognizes both cellular and viral forms of Fos but does not cross react
with Jun.

2.6. Double-labeling immunohistochemistry of PCREB- or Fos-positive nuclei and CRH
neurons in the PVN

Sets of free-floating PCREB or Fos-labeled sections were rinsed in Tris-buffered saline (TBS)
and then incubated in rabbit antiserum raised against rat CRH (Peninsula Laboratories, San
Carlos, CA, USA) at a dilution of 1:20,000 for 2 days at 4 °C. After washing in TBS, sections
were incubated in donkey anti-rabbit IgG (1:400, Jackson ImmunoResearch) and the ABC
Elite Complex (1:100). The immunolabeling was visualized by 0.025% DAB and 0.0036%
H2O2 for 10 min in Tris buffer alone to yield a brown cytoplasmic labeling. After development,
sections were rinsed in Tris buffer, mounted onto slides, air-dried and dehydrated with alcohol
and xylene then coverslipped.
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2.7. Semi-quantitative analysis of PCREB-labeled nuclei and CRH immunoreactive perikarya
in the PVN

Double-labeled sections containing PCREB and CRH immunoreactivities were used for
quantitative analysis. CRH immunostaining was confined exclusively to perikarya and
proximal dendrites, developed with a light-brown chromogen, allowing the determination
whether the nucleus contained the previously developed dark-purple label for PCREB. Only
cells with intense or medium density nuclear labeling and distinct cytoplasmic reaction product
were counted as double labeled. The subdivisions of the PVN were identified based on the rat
brain atlas of Paxinos and Watson [53]. Percentages of CRH neurons containing PCREB-
labeled nuclei were determined from three mid-level sections of the PVN for each animal.

2.8. Corticosterone assay
Plasma corticosterone concentrations were measured by a radioimmunoassay system as
described previously [27]. Plasma samples diluted 1:100 in assay buffer (PBS containing 0.1%
gelatin and 0.04% sodium azide, pH 7.4) were heat-denatured at 70 °C for 30 min, then samples
of CS standard (Sigma) were incubated overnight at 4 °C with [125I]-labeled corticosterone
and a rabbit anti-corticosterone serum (diluted at 1:17,500; ICN Pharmaceuticals). Bound and
unbound tracers were separated using a 4-h incubation with sheep anti-rabbit second antibody
(diluted at 1:120; in 0.05 M sodium phosphate-EDTA buffer, pH 7.2) followed by the addition
of 1 ml of 10% polyethylene glycol (Carbowax 8000, Fisher Scientific, Fairlawn, NJ) in PBS,
centrifugation and decanting of supernatants. Intra- and interassay coefficients of variation
were 9.0% and 10.1%, respectively.

2.9. In vitro experiments
2.9.1. Reagents for transfection studies—PACAP (PACAP38) and the adenylate
cyclase-activating agent, forskolin, were purchased from Peninsula Laboratories, Inc.
(Belmont, CA). The PKA-specific inhibitor H-89 was obtained from LC Laboratories
(Woburn, MA).

2.10. Plasmids used in transfection studies
The reporter constructs used in this study contain the human CRH gene promoter sequences
from −663 to +124 bp present as either the wild type (CRH-CAT) or with a deletion mutation
in a previously described cAMP response element at position −221 relative to the
transcriptional start site (ΔCRE-CAT) (gift from Dr. Audrey Seasholtz, University of
Michigan, Ann Arbor, MI) [22]. In a subset of experiments, cells were cotransfected with an
expression vector for CREB, which contains 1123 bp of the wild-type CREB cDNA in the
RcRSV expression vector (Invitrogen, San Diego, CA; CREB construct donated by Dr. Richard
Goodman, Oregon Health Sciences University, Portland, Oregon).

2.11. Cell culture and transfection
Mouse gonadotrope-derived αT3-1 cells (gift from Dr. Pam Mellon, University of California,
San Diego, CA) were cultured in DMEM supplemented with 10% fetal calf serum, penicillin
(50 IU/mL), streptomycin (50 IU/mL) and 2 mmol/l L-glutamine at 37 °C and 5% CO2.
Approximately 24 h before transfection, αT3-1 cells were split and plated in 35 mm wells at
40–50% confluence (2 × 105 cells/well). Cells were transfected with the CRH reporter
constructs (1μg/well) using Lipofectamine (Life Technologies, Gaithersburg, MD). To correct
for differences in transfection efficiency, cells were cotransfected with a Rous sarcoma virus
(RSV)-β-galactosidase plasmid (0.3μg/well). In a subset of experiments, cells received the
RcRSV-CREB expression vector or an equal amount of the empty RcRSV vector (0.25μg/
well).
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Prior to harvesting, cells were treated with forskolin (2.5μM), PACAP (100 nM) or vehicle for
12–14 h. In order to investigate the signaling pathway utilized by PACAP in this system, cells
were pretreated with 10μM of the PKA-inhibitor H89 for 1 h-before the addition of either
PACAP or forskolin. Cells were harvested 48 h after transfection, and cell extracts were
analyzed for both CAT activity by ELISA (Roche Molecular Biochemicals, Mannheim,
Germany) and β-galactosidase activity [13]. CAT activity was normalized to the level of β-
galactosidase activity, and results calculated as fold-change relative to expression in vehicle-
treated control wells. Data are shown as mean ± SEM of at least 3 independent experiments
with each point tested in triplicate.

2.12. Statistical analysis
Statistical significance was determined by analysis of variance (ANOVA) followed by post
hoc comparison using the Student Newman–Keul ’s test (parametric data) or Dunn’s Method
(non-parametric data) (SigmaStat Statistical Software, Package Version 2.0 (SPSS, Inc.,
Chicago, IL). Differences were considered to be significant at P < 0.05.

3. Results
3.1. Dose–response and time-course characteristics of icv PACAP-induced PCREB
immunoreactivity in the PVN

The phosphorylation of CREB, as detected by immunolabeling for PCREB, was first surveyed
at the 30-min post-injection time point. In control (aCSF vehicle-treated) animals, PCREB
labeling was restricted to neuronal cell nuclei primarily residing in the magnocellular regions
of the PVN with only a few nuclei exhibiting PCREB immunoreactivity in the parvocellular
regions of the PVN (Fig. 1A). This pattern corresponds to the distribution of PCREB observed
in earlier studies of non-stressed animals [32,37]. Icv infusion of PACAP resulted in the robust
induction of nuclear PCREB immunoreactivity in all regions in the PVN including its
periventricular, ventral and medial parvocellular subdivisions (Figs. 1B,C). Icv PACAP at the
300 pmol dose resulted in a more pronounced increase of PCREB labeling along the ventricular
wall and also in the ventral parvocellular subdivision in the PVN (Fig. 1B) compared to the
150 pmol dose, which induced a rather evenly distributed pattern of activation in all PVN
subdivisions (Fig. 1C).

We next performed a time-course analysis of PACAP-induced phosphorylation of CREB in
the PVN. At 15 min post-injection, a remarkable increase in the numbers of PCREB-positive
nuclei was observed in icv-injected animals at both the 150 and 300 pmol dose as compared
to controls (Figs. 2A–C). As described above, at 30 min post-injection, elevations in the number
of PCREB labeled nuclei were still evident in the PVN, in both the 150 and the 300 pmol
PACAP-treated animal groups (Figs. 2D–F). At 90 min post-injection, icv PACAP-induced
PCREB immunoreactivity was diminishing but still elevated compared to the corresponding
vehicle-injected control animals (Figs. 2G–I).

3.2. Dual labeling of PCREB and CRH in medial parvocellular neurons of the PVN — effect of
icv PACAP injection

Fig. 3 shows representative photomicrographs taken from the medial parvocellular subdivision
of the PVN demonstrating a marked increase in nuclear PCREB immunolabeling in CRH
positive neurons following icv PACAP injection. Quantification of the immunohistochemical
findings is summarized in Fig. 4. Double PCREB-CRH immunolabeling in the PVN showed
that only a small percentage of CRH neurons contained nuclear PCREB label in the vehicle-
injected groups (controls, Fig. 4). Dramatic elevations in the percentage of PCREB containing
CRH neurons were observed at 15 min post-injection in both the 150 and 300 pmol PACAP-
injected groups (~86%; Fig. 4, top panel) as compared to corresponding controls (20%). At 30
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min post-injection, the percentage of CRH neurons with nuclear PCREB labeling remained
elevated above the corresponding control at both PACAP doses (47% and 85% in 150 pmol
and 300 pmol groups, respectively, vs. 23% in the control group; Fig. 4, middle panel). Ninety
minutes following icv infusion, the percentage of CRH neurons containing PCREB remained
low in the controls (11%), was moderately increased in the 150 pmol PACAP infused group
(35%) and persistently elevated in the 300 pmol PACAP infused animals (60%; Fig. 4, bottom
panel).

3.3. Induction of nuclear Fos immunoreactivity in the PVN following icv PACAP
At both 30 and 90 min post injection time intervals, Fos-labeled nuclei were only sporadically
present in aCSF-injected control animals (Figs. 5A,B). Modest elevations in Fos
immunoreactivity were observed at 30 min following 300 pmol PACAP injection in the
periventricular area, and the magnocellular division of the PVN and scattered Fos positive
nuclei were detected in the medial parvocellular subdivision (Fig. 5C). In contrast, at 90 min
following the 300 pmol icv PACAP injection, a significantly more intense and widespread
induction of Fos was observed in the PVN, including the medial parvocellular subdivision as
well as the magnocellular areas (Fig. 5D). The effect of 150 pmol PACAP on Fos labeling was
similar but appeared less intense (data not shown). Double labeling immunohistochemistry for
nuclear Fos and cytoplasmic CRH was then performed in PVN sections of animals with the
90-min post injection survival period. In aCSF-injected controls, double labeling was
negligible (Fig. 6A) but in 300 pmol PACAP-injected animals numerous CRH neurons
expressed nuclear Fos immunoreactivity (Fig. 6B).

3.4. Hormonal and behavioral activation following icv PACAP administration
Plasma corticosterone levels were measured in controls and in 300 pmol PACAP-injected
groups. Icv PACAP injection resulted in significant elevations in plasma corticosterone
(control, 0.99 ± 0.61μg/dl; PACAP 15–30 min, 227.68 ± 13.29μg/dl). At 90 min post-injection
in the icv PACAP-treated group, corticosterone levels fell to 10.22 ± 1.74μg/dl but were still
significantly above controls (P < 0.01).

Quantitative behavioral scores evaluated from the first 10-min period of the survival time in
the aCSF and the 150 or 300 pmol PACAP-injected groups are shown in Fig. 7. The most
striking of these behavioral manifestations was intense, repetitive face washing and head
grooming, typically seen within 5 min of the icv PACAP injection. As the grooming response
often exhibited a typical cephalocaudal progression [8], body grooming scores also became
highly elevated in the icv 150 and 300 pmol PACAP-injected groups. In addition, the
occurrence wet dog shakes also increased significantly in the PACAP-injected groups. Rearing
behavior scores were significantly higher in experimental groups injected with the lower dose
of PACAP as compared to controls (150 pmol PACAP, 14.0 ± 1.6; aCSF 4.75 ± 1.7, P < 0.05).
There was also a tendency for increased rearing scores in the 300 pmol PACAP-injected
animals (7.86 ± 2.2), which did not reach statistical significance. In general, animals in the 300
pmol PACAP-injected groups appeared less active than those injected with the 150 pmol dose
of the peptide and exhibited a posture that resembled freezing behavior, mainly during the first
half of the 10-min behavioral observation peried.

3.5. PACAP increases hCRH promoter activity via the PKA pathway in vitro
Having demonstrated that PACAP increases PCREB levels in CRH neurons, we wished to
more carefully define the functional link between PACAP, the PKA/CREB system and CRH
gene transcription. Primary PVN neuronal cells are not amenable for these studies as they are
limiting in number and difficult to transfect. Furthermore, to the best of our knowledge, no
CRH-expressing hypothalamic neuronal cell lines were available at the time these experiments
were performed. Therefore, we utilized a well-defined pituitary cell line, αT3-1, for these
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studies. This cell line expresses the short and hop forms of the PACAP-specific PAC1 receptor,
a pattern which corresponds to the receptor splice variants found abundantly in the brain [57,
79]. Furthermore, these cells have been used extensively in the study of PACAP-mediated
effects on gene expression [11,56,60,77].

αT3-1 cells were transfected with an RSV-driven CAT reporter construct containing −663 to
+124 of the human CRH gene promoter. Treatment with forskolin significantly increased CAT
activity 3.6-fold, consistent with previously reported work in other cell lines [22,66]. Similarly,
treatment with PACAP-induced hCRH gene promoter activity by 4.7-fold, demonstrating the
ability of PACAP to stimulate CRH gene expression.

We next investigated the intracellular signaling pathway(s) through which PACAP regulates
CRH promoter activity. Transfected αT3-1 cells were pretreated with the PKA-specific
inhibitor H-89 (10μM) for 1 h prior to stimulation with PACAP or forskolin (Fig. 8A). The
addition of H-89 significantly blunted both PACAP- and forskolin-induced increases in hCRH
gene promoter activity to the level of the control response. In contrast, pharmacologic blockade
of the protein kinase C system did not alter the PACAP response (data not shown).

3.6. Loss of PACAP effect with mutation of the CRE in the hCRH gene promoter
A consensus cyclic AMP responsive element (CRE) has been identified 221 base pairs
upstream from the human CRH gene transcriptional start site [66]. To test the importance of
this CRE site for PACAP signaling, both the wild-type (CRH-CAT) and the CRE mutated
(ΔCRE-CAT) form of the hCRH vectors were transiently transfected into αT3-1 cells. As
shown in Fig. 8B, the PACAP response was eliminated in the CRE-mutated construct,
demonstrating that PACAP-mediated regulation of the hCRH gene is critically dependent on
an intact CRE site.

3.7. Overexpression of CREB augments PACAP-stimulated hCRH promoter activity
The importance of the CRE suggested that the CRE binding protein, CREB, may mediate the
downstream effects of PACAP on the CRH gene. To investigate this possibility, CREB was
overexpressed in αT3-1 cells in the presence of the wild-type CRH-CAT construct (Fig. 8C,
upper panel). The addition of CREB alone exerted modest, albeit statistically significant,
stimulatory effects on CRH promoter activity. In contrast, CREB overexpression markedly
augmented PACAP responsiveness in this gene. To test whether CREB-PACAP synergy was
functionally dependent on the CRE, we cotransfected cells with CREB and the ΔCRE-CRH
construct followed by treatment with vehicle or PACAP. As shown in Fig. 8C (lower panel),
deletion of the CRE eliminated the ability of the hCRH promoter to respond to PACAP, CREB
or PACAP and CREB together.

4. Discussion
PACAP was originally isolated from ovine hypothalamic tissue based on its ability to stimulate
adenylate cyclase activity and intracellular Ca2+ in anterior pituitary, glial and neuronal cells
[3,42,43]. Converging lines of evidence have suggested that PACAP may serve as a
neurotransmitter or neuromodulator as well as a protective substance for the survival of injured
or developing neurons [2,65,73,74].

Central injections of PACAP in rodents elicit a number of responses such as hyperthermia and
reversal of reserpine-induced hypothermia, elevations in plasma vasopressin and arterial blood
pressure levels, inhibition of food intake and enhancement of motor activity and rearing [10,
41,45,46]. However, the physiologic context for the effects of PACAP is poorly understood.
It has been speculated that direct or indirect activation of the sympathetic outflow or
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acetylcholine, dopamine and norepinephrine systems may mediate some of these actions
[41]. Nevertheless, effects of PACAP are also similar to the behavioral activation seen
following icv CRH administration [67]. A recent pharmacologic study in the chicken brain has
also suggested an important role of CRH receptors in the anorexic and neuroendocrine effects
of icv-injected PACAP [68]. Therefore, we hypothesized that an important common element
in previous findings is that PACAP administration leads to autonomic and behavioral changes
that accompany increases in general arousal, alertness and physiologic adaptation to metabolic,
physical or neurogenic stressors. Based on our previous chemical neuroanatomical
observations, PACAP may contribute to the stress response through dense innervation between
PACAP containing nerve fibers and CRH neurons of the hypothalamus [38].

The present study investigated whether icv PACAP administration would activate the HPA
axis, CRH neurons of the rat PVN and induce stress-related behaviors. We observed a rapid,
robust induction of PCREB in the PVN and periventricular area of the hypothalamus following
icv PACAP injection, with particularly intense PCREB labeling in the medial parvocellular
subdivision of the PVN, the seat of hypophysiotropic CRH neurons. Several studies have
identified PKA-dependent phosphorylation of the transcription factor, CREB, at Ser-133
[23] as a useful indicator of hormonal or drug-induced neuronal activation [21,31,62]. While
unphosphorylated CREB can bind to gene promoter regions, PCREB is the active form, which
stimulates gene transcription [23]. Physiologic acute stress likewise has been shown to induce
CREB phosphorylation in parvocellular CRH neurons in parallel with activation of the HPA
axis [32,37]. We also evaluated the phosphorylation of CREB specifically in CRH neurons of
the PVN and found that maximal induction of PCREB after icv PACAP treatment was observed
at 15 min post-injection time with approximately 90% of parvocellular CRH neurons
expressing activated CREB. Concomitantly, plasma corticosterone levels were dramatically
elevated in PACAP-injected animals as compared to vehicle-injected controls. As reported
earlier, the rapid and transient nature of the stress-induced elevation in both PCREB and the
primary CRH transcript (hnRNA) appears to preclude the involvement of inducible
transcription factors that require intervening de novo protein synthesis [32]. Indeed, blockade
of protein synthesis by cycloheximide treatment 30 min prior to ether stress did not alter the
upregulation of CRH hnRNA and PCREB in the PVN but completely abolished the Fos
response in CRH neurons and partially inhibited elevation of vasopressin hnRNA in the same
group of parvocellular neurons [33]. This is consistent with the notion that phosphorylation of
a constitutive nuclear ingredient like CREB may be a molecular trigger mechanism for rapid
transcriptional initiation of the CRH gene. It is also likely that PACAP activates CRH neurons
by phosphorylation of CREB which may contribute to the release of stored CRH from nerve
terminals at the median eminence [9,75,76] followed by rapid initiation of de novo CRH
synthesis, presumably to replenish these stores, not unlike the effects of stress as discussed in
previous studies [32].

In contrast, activation of the vasopressin gene requires the synthesis of additional factors such
as Fos (the product of the immediate-early gene c-fos), explaining the time-course differences
between the activation of these two ACTH secretagogues [32,33]. The time course of the
PACAP-induced PCREB response and elevated corticosterone levels is consistent with the
rapid response, primarily driven by the activation of CRH neurons, as observed following ether
and restraint stress [19,32,37]. Likewise, the comparatively delayed activation of nuclear Fos
in response to icv PACAP administration in our study is similar to an earlier report linking
upregulation of c-fos to PACAP-induced vasopressin gene expression in the PVN and the
supraoptic nucleus [48].

Post-injection behavioral manifestations evoked by icv PACAP appear to be complex. First,
the substantial elevations in face and body grooming as observed in PACAP-injected animals
at both 150 and 300 pmol doses are consistent with the activation of the PVN and its vicinity,
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as chemical or electrical stimulation of this area produces distinct grooming responses in rats
[44,58,71]. Self-grooming in rats is associated with stress as it is frequently observed in the
post stress time period. It is presumed to serve as a mechanism of dearousal from the highly
activated state induced by stress [72]. Indeed, most recent behavioral investigations from our
laboratory have demonstrated grooming as a dominant manifestation following local
microinjections of PACAP directly into the PVN, an effect which was further augmented by
the presence of stress [49].

On the other hand, it can be assumed that PACAP, like other peptides injected via the icv route,
may readily reach brain regions bearing their specific receptors [6], such that other behavioral
manifestations found in the present study may be a result of a more global action of PACAP
on the brain. Wet dog shakes, for example, may be induced by glutamatergic, noradrenergic,
serotonergic and tachykinin-related mechanisms, most of which are augmented by
upregulation of the cAMP/PKA pathway [5,17,54,70]. It is therefore plausible that PACAP, a
potent activator of adenylate cyclase through PAC1 receptors, may stimulate a number of these
neurotransmitter systems.

To complement our in vivo findings, we utilized an in vitro cell culture model system in order
to provide a more detailed analysis of the intracellular mechanisms involved in PACAP-
mediated stimulation of CRH neurons. In initial reports, PACAP effects were shown to be
mediated via the cAMP/PKA system. Subsequent studies have demonstrated the ability of the
various PACAP receptors to modulate gene expression via the protein kinase C, Ca2+ and ras/
raf pathways [50,51,64]. Of note, in addition to the PKA response, CRH mRNA levels and
secretion can be increased by activation of the PKC system, as demonstrated in both primary
hypothalamic cells and in a hepatoma cell line which expresses endogenous CRH [16,52].

Our present results demonstrate, for the first time, the ability of PACAP to stimulate hCRH
gene promoter activity and confirm prior reports that the adenylate-cyclase activating agent,
forskolin, can increase CRH gene expression. Furthermore, pharmacological inactivation of
the cAMP/ PKA pathway with H-89 was shown to nearly eliminate both PACAP and forskolin-
induced increases in CRH gene promoter activity. In contrast, inhibition of the PKC system
was ineffective at altering the PACAP response. Thus, our data suggest that PACAP stimulates
hCRH gene expression largely, if not exclusively, through the cAMP/PKA pathway.

PACAP-stimulated transcription is mediated via cAMP response elements (CREs) in a variety
of neuroendocrine genes including the prolactin, proopiomelanocortin (POMC) and
chromogranin A genes as evaluated in somatolactotrope, corticotrope and pheochromocytoma
cell lines [7,12,69]. The hCRH gene has been shown to have a functional CRE domain at
position −221 upstream of the transcriptional start site. Mutation of this CRE eliminated the
ability of PACAP to stimulate hCRH gene promoter activity, suggesting that an intact CRE is
essential for PACAP responsiveness in this gene. Furthermore, over-expression of the CRE
binding protein, CREB, had significant but modest effects on hCRH gene expression,
presumably due to low levels of phosphorylation in the unstimulated state. In contrast, CREB
overexpression strongly enhanced PACAP-mediated stimulation of hCRH promoter activity,
an effect that was lost with mutation of the CRE. Thus, these data provide a functional link
between the PACAP-induced increase in activated CREB observed in vivo and stimulation of
CRH gene expression.

In addition to the CRE, the hCRH gene promoter contains a negative glucocorticoid response
element (nGRE) as well as a CDXRE, or homeobox response element [30,39,40]. Interestingly,
while glucocorticoids inhibit hCRH promoter activity via the nGRE, the CRE and CDXRE
regions are both stimulated in the presence of this steroid. The nGRE region, which contains
an AP-1 site in addition to a glucocorticoid receptor binding site, also confers transcriptional
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activation by cAMP and overex-pressed c-jun or c-fos AP-1 nuclear proteins [39]. Conversely,
the CRE has been shown to bind both AP-1 proteins in addition to CREB. In the corticotrope
cell line, AtT20, cAMP also activates the CDXRE site. Thus, the functional characteristics and
interactions between these three response elements have proven to be complex.

In our in vitro studies, PACAP responsiveness was eliminated in a construct containing an
isolated mutation of the hCRH-CRE site, despite the presence of intact nGRE and CDXRE
sites. While we have not definitively ruled out a contribution of these additional sites in native
CRH neurons, our model system strongly suggests that these sites are not sufficient to provide
a response to this physiologic ligand. In the present in vivo studies, we also observed the
widespread appearance of Fos protein immunoreactivity in the nuclei of parvocellular CRH
neurons at the late post-injection time point (90 min) but not at 15 and 30 min. On the CRH
gene promoter, elevated Fos levels could potentially act at either the AP-1 site or the CRE.
Therefore, we postulate that delayed expression of this AP-1 protein may indicate a change in
neuronal activity leading to long-term plastic changes, which should become a target of further
investigation.

In summary, icv PACAP administration to rats under non-stressed handling conditions leads
to cellular, hormonal and behavioral responses recapitulating several manifestations of the
acute stress response. Both in vivo and in vitro data point to the importance of PACAP-
mediated activation of the cAMP/PKA signaling pathway for stimulation of CRH gene
transcription, likely via the CRE. Together with the previous anatomical observation that CRH
neurons are densely innervated by PACAP fibers, we further suggest that the endogenous
PACAPergic system may underlie physiological stress-induced activation of the HPA axis.
Specifically, we propose a model in which stress induces secretion of PACAP in the PVN,
thereby stimulating CRH gene expression via activation of the cAMP/PKA system.
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Fig 1.
General pattern of nuclear PCREB immunolabeling in the PVN at 30 min following icv PACAP
injection. (A) Control aCSF-injected PVN; (B) PACAP 150 pmol C PACAP 300 pmol. 3V =
third cerebral ventricle; LM lateral magnocellular subdivision; dp, dorsal; mp, medial; vp,
ventral; pv, periventricular parvocellular subdivisions of PVN. Scale bar, 200μm.
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Fig 2.
Time course of PCREB induction in the PVN following icv injection of PACAP. (A) Control
15 min; (B) PACAP 150 pmol 15 min; (C) PACAP 300 pmol 15 min; (D) control 30 min; (E)
PACAP 150 pmol 30 min; (F) PACAP 300 pmol 30 min; (G) control 90 min; (H) PACAP 150
pmol 90 min; (I) PACAP 300 pmol 90 min. Scale bar, 100μm.
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Fig 3.
Representative images of PCREB-CRH dual immunolabeling at 30 min post-injection time
point. High-power magnification light microscopic images show simultaneous
immunolabeling for CRH neurons (brown cytoplasm) and PCREB positive cell nuclei (black
nuclear label) in the medial parvocellular subdivision of the PVN. (A) Control and (B) 300
pmol PACAP-treated animals. High numbers of CRH positive neurons contain PCREB-labeled
nuclei after icv infusion of PACAP (examples indicated by arrows). Scale bar, 20μm.
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Fig 4.
Percentages of PCREB-CRH double labeled neurons in the PVN following icv aCSF vehicle
injection (Control) or PACAP (150 or 300 pmol) at 15, 30 and 90 min post-injection. Note
robust elevations in the proportion of CRH neurons containing nuclear PCREB following icv
PACAP injection. *P < 0.01 versus control; #P < 0.01 versus 150 pmol. n = numbers of animals
in experimental groups.
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Fig 5.
Nuclear Fos-immunoreactivity following icv PACAP injection in the PVN. (A) Control at 30
min; (B) control at 90 min; (C) PACAP 300 pmol at 30 min; (D) PACAP 300 pmol at 90 min.
Scale bar in panel (D), 100μm.
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Fig 6.
Simultaneous Fos and CRH immunolabeling in the medial parvocellular subdivision of the
PVN. (A) Control at 90 min. (B) PACAP 300 pmol at 90 min. Note the presence of several
double-labeled neurons 90 min following PACAP injection, containing black nuclear Fos and
brown cytoplasmic CRH immunoreactivity (some examples indicated by arrows). Scale bar,
50μm.
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Fig 7.
Quantitative scores of icv PACAP-induced behavioral manifestations during the first 10-min
period following aCSF vehicle (Control) and 150 or 300 pmol doses of PACAP (PACAP150,
PACAP300). Face = face washing and grooming. Asterisks indicate significant changes
relative to control (in A, P < 0001; B, P < 0.005; C, P < 0.005; D, P < 0.001). n = numbers of
animals in experimental groups.
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Fig 8.
(A) PACAP stimulates hCRH gene promoter activity via the PKA system. αT3-1 gonadotrope
cells were transiently transfected with a construct containing region −663/+124 of the human
CRH gene promoter linked to a CAT reporter vector. Cells were cotransfected with an RSV-
β-galactosidase expression vector. Cells were treated with PACAP38 (100 nM), forskolin (2.5
mM) or vehicle for 12–14 h prior to harvest. Where indicated, cells were pretreated for 1 h
with the PKA specific inhibitor, H-89 (10 mM). CAT activity was normalized to β-
galactosidase activity and promoter activity expressed as fold-change relative to expression in
vehicle-treated control wells. Results are shown as the mean ± SEM. *P < 0.005 versus
control; #P < 0.02 versus forskolin or PACAP alone. (B) Loss of PACAP effect with mutation
of the cAMP response element (CRE) in the hCRH gene promoter. αT3-1 cells were transiently
transfected with a CAT reporter vector containing region 663/+124 of the hCRH gene promoter
present as the wild-type sequence (CRH-CAT, upper panel) or with deletion of the previously
identified CRE at position −221 (ΔCRE-CAT, lower panel). Cells were treated with vehicle
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or PACAP (100 nM × 12–14 h) starting 36 h after transfection. *P < 0.005 versus control. (C)
CREB augments PACAP-induced activation of the CRH gene. αT3-1 cells were transiently
transfected with a CAT reporter vector containing region −663/+124 of the hCRH gene
promoter present as the wild-type sequence (CRH-CAT, upper panel) or with deletion of the
previously identified CRE (ΔCRE-CAT, lower panel). Cells were cotransfected with an RSV-
driven expression vector encoding CREB or with the empty expression vector. Cells were
treated with PACAP (100 nM × 12–14 h), and results calculated relative to vehicle treated
wells that received the empty expression vector. Results are shown as the mean ± SEM. *P <
0.005 versus control.
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