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Abstract
Pituitary adenylate cyclase-activating polypeptide (PACAP)-mediated activation of its G protein-
coupled receptor PAC1 results in activation of the two G proteins Gs and Gq to alter second
messenger generation and gene transcription in the nervous system, important for homeostatic
responses to stress and injury. Heterologous expression of the three major splice variants of the rat
PAC1 receptor, PAC1hop, null and hip, in neural NG108-15 cells conferred PACAP-mediated
intracellular cAMP generation, while elevation of [Ca2+]i occurred only in PAC1hop-, and to a
lesser extent in PAC1null-expressing cells. Induction of vasoactive intestinal polypeptide (VIP)
and stanniocalcin 1 (STC1), two genes potentially involved in PACAP’s homeostatic responses,
was examined as a function of the expressed PAC1 variant. VIP induction was greatest in
PAC1hop-expressing cells, suggesting that a maximal transcriptional response requires
combinatorial signaling through both cAMP and Ca2+. STC1 induction was similar for all three
receptor splice variants and was mimicked by the adenylate cyclase activator forskolin, indicating
that cAMP elevation is sufficient to induce STC1. The degree of activation of two different second
messenger pathways appears to determine the transcriptional response, suggesting that cellular
responses to stressors are fine-tuned through differential receptor isoform expression. Signaling to
the VIP gene proceeded through cAMP and protein kinase A (PKA) in these cells, independently
of the MAP kinase ERK1/2. STC1 gene induction by PACAP was dependent on cAMP and
ERK1/2, independently of PKA. Differential gene induction via different cAMP dependent
signaling pathways potentially provides further targets for the design of treatments for stress-
associated disorders.
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1. Introduction
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a peptide that was isolated
from ovine hypothalamus based on its ability to stimulate cyclic adenosine 3′5′-
monophosphate (cAMP) in rat anterior pituitary cells [33]. The mature peptide PACAP
occurs in two C-terminally α-amidated forms, PACAP-27 and PACAP-38, with PACAP-27
being identical to the first 27 amino acids of PACAP-38 [34]. PACAP-27 has 68% sequence
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homology with vasoactive intestinal polypeptide (VIP), identifying PACAP as a member of
the VIP-secretin-growth hormone releasing hormone-glucagon superfamily. The first 27
amino acids of PACAP have almost been completely preserved through vertebrate
evolution, from fish to mammals, and are responsible for its biological activity [37, 50].
PACAP is widely expressed in the nervous system, e.g., the hypothalamus, cerebral cortex,
amygdala, nucleus accumbens, hippocampus and cerebellum of the central nervous system,
and in sensory neurons, sympathetic preganglionic neurons and parasympathetic pre- and
postganglionic neurons of the peripheral nervous system. PACAP-38 is the predominant
form expressed [4, 18, 20, 56].

PACAP binds to three G protein-coupled receptors (GPCRs), named VPAC1, VPAC2 and
PAC1, which are members of the class B family of GPCRs. VPAC1 and VPAC2 bind VIP
and PACAP with similar affinity whereas PAC1 binds PACAP with high affinity and VIP
with much lower affinity. PACAP receptors are abundantly expressed in the central nervous
system, the anterior pituitary and adrenal gland [2, 23, 24, 28, 31, 45, 52, 53]. Several
isoforms of the PACAP-preferring PAC1 receptor have been identified in vivo. These are
generated through alternative splicing within two regions of the PAC1 gene: the N-terminus
and the third intracellular loop (ic3). N-terminal variants result from deletions (21 or 57
amino acids) at the N-terminal extracellular domain affecting ligand binding and the relative
potencies of the ligands in second messenger stimulation [9, 43]. Ic3 variants result from the
presence or absence of different insertions at the C-terminal end of the loop, a domain
thought to be crucial for interaction with G proteins. Each insertion, designated hip and hop,
consists of an 84-bp cassette. The alternative use of two contiguous consensus splice
acceptor sites at the 5′-end of the hop cassette generates hop1 and hop2. The hip cassette can
be included together with the hop cassette to give rise to hiphop. The null form does not
contain any insert. The hop cassette encodes a consensus motif for phosphorylation by
protein kinase C (PKC) [54]. In the adrenal medulla the predominant PAC1 variant is
PAC1hop, in the brain PAC1hop and null are abundantly expressed. PAC1 with a full-length
N-terminus is the predominant form in the adult brain, whereas the embryonic brain
expresses high levels of receptors containing a short N-terminus lacking 21 amino acids [15,
27, 38, 40, 46, 68].

All PACAP receptors regulate cAMP generation by coupling to adenylate cyclases (ACs)
through Gs. Coupling to phospholipase Cβ (PLCβ), in contrast, varies among the different
receptor sub-types. Regulation of inositol phosphate (IP) production by coupling to PLCβ
through Gq is more efficacious in PAC1hop and null compared to hip receptors as assessed
in non-neural heterologous cells [27, 46, 54]. The functional importance of Gs/AC- and Gq/
PLCβ-mediated combinatorial signaling has been shown for sustained release of
catecholamines (CAs) and neuropeptides from adrenomedullary chromaffin cells (CCs) [5,
16, 29, 49, 63], which predominantly express the PAC1hop receptor variant [38, 40]. In the
adrenomedullary pheochromocytoma PC12 cell line [14] it has been shown that PAC1hop-
activated sustained CA release proceeds through inositol-1,4,5-trisphosphate (IP3)-mediated
Ca2+ release from intracellular stores and store-operated Ca2+ entry (SOCE) [39, 58].
Moreover, the activation of two second messenger pathways, cAMP and Ca2+, seems to be
required for maximal transcriptional stimulation of the neuropeptide VIP in CCs [17].
Stanniocalcin 1 (STC1) is another PACAP-regulated gene in CCs [1] with potentially
neurotrophic functions [65–67]; signaling pathways regulating its neural expression,
however, remain unidentified.

Although the different ic3 splice variants of PAC1 were first discovered almost 20 years
ago, an understanding of second messenger production and gene induction mediated by
these different variants in neural cells is still lacking. Therefore, we investigated the
induction of the second messengers cAMP and Ca2+ as well as the PACAP target genes VIP
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and STC1 by the rat PAC1hop1, null and hip receptor variants with a full-length N-terminus
in neural NG108-15 cells. The NG108-15 cell line is a neuroblastoma x glioma hybrid, not
responding to PACAP endogenously, therefore providing an appropriate model system to
study the different PAC1 splice variants separately introduced into a neural cell line. We
demonstrate here that combinatorial signaling through cAMP and Ca2+, mediated uniquely
by PAC1hop, is required for a full transcriptional response of the VIP gene. Cyclic AMP
generation by either PAC1hop, null or hip is sufficient for induction of the gene encoding
the neuroprotective protein STC1. Furthermore, two separate cAMP-dependent signaling
pathways activated by PACAP through PAC1 differentially regulate neural target genes.
Our results provide evidence for the importance of differential expression of PAC1 splice
variants and induction of second messenger pathways in shaping the PACAP-mediated
transcriptional response in the nervous system.

2. Materials and Methods
2.1 Materials

PACAP-38 was purchased from Phoenix Pharmaceuticals (Mountain View, CA). Forskolin,
H89, U0126 and 2′5′-dideoxyadenosine were obtained from Calbiochem (San Diego, CA).
All cell culture media and supplements were obtained from Invitrogen (Carlsbad, CA)
unless otherwise specified.

2.2 Culture of NG108-15 cells
NG108-15 cells (mouse neuroblastoma x rat glioma hybrid), obtained from the American
Type Culture Collection (Manassas, VA) were cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine
serum, penicillin-streptomycin (100 U/ml penicillin and 100 μg/ml streptomycin), 2 mM L-
glutamine and 1X HAT (hypoxanthine, aminopterine, thymidine) at 37°C under 95% air and
5% CO2. For experiments, cells were plated at a density of 30,000 cells/0.95 cm2 growth
area on poly-L-lysine-coated (0.1 mg/ml) multiple well culture plates and allowed to adhere
overnight. Cells were used between passages seven and 25.

2.3 Production of gammaretroviral vectors and viral infection of NG108-15 cells
Retroviral vectors were produced by a three-plasmid co-transfection of 293T cells with the
calcium phosphate method according to the manufacturer’s instructions (ProFection
Mammalian Transfection System kit, Promega). 293T cells were plated at 2 × 106 cells per
10-cm plate (coated with 0.1 mg/ml poly-L-lysine) in high glucose DMEM supplemented
with 10% fetal bovine serum, penicillin-streptomycin (100 U/ml penicillin and 100 μg/ml
streptomycin) and 2 mM L-glutamine and incubated overnight at 37°C under 95% air and
5% CO2. Three hours before transfection the medium was replaced by 10 ml fresh medium.
10 μg of the bicistronic retroviral vector pPRIG (plasmid Polylinker Retroviral IRES GFP)
[30] expressing the respective PAC1 receptor (rat PAC1null, hop1 and hip with a full-length
N-terminus, which were subcloned from pRK8 vectors [54] into the EcoRI/SalI sites of
pPRIG) and enhanced green fluorescent protein (eGFP) from a unique cytomegalovirus
(CMV) promoter, together with a MuLV-based gag/pol plasmid, pIK6MuLVgp (2.5 μg) and
a VSV-G envelope plasmid (5 μg) were co-transfected and incubated overnight. The
medium was replaced with 5.5 ml fresh medium and retroviral vector-containing supernatant
was harvested 48 h post-transfection. 5.5 ml fresh medium was added and the second
supernatant was harvested 24 h later. The supernatant was filtered through a 0.45 μm syringe
filter and used for infection of NG108-15 cells.

Before infection, NG108-15 cells were plated onto 12-well plates and incubated overnight.
The medium was removed and 0.5 ml fresh medium and 0.5 ml virus preparation was added.
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After overnight incubation, the medium was changed. Transduction efficiency of PAC1 was
determined by direct visualization of eGFP, expressed from its IRES-dependent cistron.

2.4 Analysis of PACAP receptor mRNAs by Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

RNA extraction of NG108-15 cells (6-well plate) was carried out with the RNeasy Mini Kit
(Qiagen, Valencia, CA) according to the manufacturer’s instructions. To remove genomic
DNA, RNA samples were digested with RNase-free DNase I (Roche Applied Science,
Mannheim, Germany). 1 μg RNA was reverse-transcribed with the SuperScript II Reverse
Transcriptase (Invitrogen, Carlsbad, CA). Complementary DNA (cDNA) was PCR-
amplified with gene-specific primers for PACAP receptors and GAPDH (see Table 1) and
Ampli Taq Gold DNA Polymerase (Applied Biosystems, Carlsbad, CA) (5 min at 95°C,
followed by 35 cycles at 95°C, 55°C and 72°C for 30 sec, respectively and a final incubation
at 72°C for 7 min). Amplification products were electrophoresed on an ethidium bromide-
stained 1.8% agarose/TAE gel.

2.5 Quantitative Real Time-Polymerase Chain Reaction (qRT-PCR)
qRT-PCR was performed on cDNA obtained from 1 μg DNase I-digested RNA of untreated
and PACAP-treated samples with or without inhibitor pre-treatment, with 200 nM gene-
specific primers for VIP, STC1 and GAPDH (see Table 1) and iQ SYBR Green Supermix
on an iCycler iQ Real Time PCR System (Bio-Rad, Carlsbad, CA). cDNA levels of the gene
of interest were normalized to GAPDH levels.

2.6 Measurement of intracellular cyclic AMP generation
Intracellular cAMP levels were measured with the cAMP Biotrak Enzymeimmunoassay
(EIA) System (Amersham Biosciences) using the non-acetylation EIA procedure with the
provided lysis reagent according to the manufacturer’s instructions. Cells were stimulated
with 100 nM PACAP-38 or 25 μM forskolin in medium containing 500 μM of the non-
selective phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) for 20 min at
37°C (in 48-well plates).

2.7 Measurement of intracellular calcium concentration ([Ca2+]i) in single cells
[Ca2+]i was measured in cells plated on 1.5-cm-diameter glass cover slips (Assistent,
Sondheim/Rhoen, Germany) coated with 0.5 mg/ml poly-L-lysine as previously described
[38]. Briefly, cells were washed with Krebs-Ringer buffer (KRB: 20 mM HEPES, 125 mM
NaCl, 5.5 mM glucose, 5 mM KCl, 1 mM Na2HPO4, 1 mM MgSO4 and 1 mM CaCl2; pH
7.3) and loaded with 4 μM fura-2 AM (Molecular Probes, Eugene, OR) for 22 min under
gentle agitation. After loading, cells were washed with KRB and incubated for an additional
22 min in KRB. Cover slips were mounted onto a custom-built perfusion chamber and
placed on an inverted Olympus IX70 microscope. Cells were perfused with KRB in the
presence or absence of drugs at a flow rate of 800 μl/min. [Ca2+]i was measured using the
340/380 excitation ratio (R 340/380) and an emission wavelength of 510 nm. Images were
captured every 2 sec and analyzed with the software MetaFluor (Molecular Devices). Cells
stably expressing PAC1 receptors were identified by GFP co-expression.

2.8 Immunoblotting of phosphorylated and total p44/42 MAPK
Immunoblotting was performed according to the protocol of Cell Signaling Technology
(Beverly, MA) using the NuPAGE electrophoresis system (Invitrogen, Carlsbad, CA).
Briefly, cells were treated with 100 nM PACAP-38 and various pharmacological inhibitors
(in 12-well plates). After 2 min, cells were lysed in 100 μl of freshly prepared 1X lysis
buffer (NuPAGE LDS sample buffer, NuPAGE reducing agent, Roche cocktail inhibitor
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tablet and Thermo Scientific Halt phosphatase inhibitor cocktail) and sonicated for 10–15
sec to reduce sample viscosity. Samples were heat-treated for 5 min at 95°C and micro-
centrifuged. 20 μl of each sample was subjected to SDS-PAGE (120 V for 1.5 h) on 4–12%
Novex Bis-Tris Gels followed by electrotransfer to a 0.45 μm nitrocellulose membrane (30
V for 1.5 h). After blocking, blots were incubated with a 1:1000 dilution of rabbit polyclonal
antibody specific for phosphorylated p44/42 MAP Kinase and total p44/42 MAP Kinase
(Cell Signaling Technology, Beverly, MA). Immunoreactive bands were detected with HRP-
conjugated anti-rabbit secondary antibody (1:3000 dilution) and the Super Signal West Pico
Chemiluminescence Substrate (Thermo Fisher Scientific, Rockford, IL). Bound phospho-
p44/42 MAP Kinase antibody was removed with Restore Western Blot Stripping Buffer
(Thermo Fisher Scientific, Rockford, IL) before incubating the same blot with total p44/42
MAP Kinase antibody.

2.9 Statistics
Statistical analysis was carried out in Prism 4 (GraphPad Software, La Jolla, CA) by
unpaired t-test or one-way ANOVA with Dunnett’s or Tukey’s Multiple Comparison Test.
Significance was set at p < 0.05.

3. Results
3.1 Generation of NG108-15 cells stably expressing the PAC1null, hop1 or hip receptor
variant

To characterize each individual PAC1 splice variant separately in neural cells, the
neuroblastoma x glioma cell line NG108-15 was transduced with the rat PAC1null, hop1 or
hip receptor variants. NG108-15 cells expressed negligible levels of the PACAP receptors
VPAC2 and PAC1hop endogenously (not shown) and a PACAP response could only occur
via activation of reconstituted but not endogenous receptors. Thus, although NG108-15 cells
are capable of G protein signaling through activation of endogenous GPCRs for other
neuropeptide ligands [12, 19, 22, 47], these cells possess no “background” PACAP response
in the absence of exogenously expressed PACAP receptors. NG108-15 cells, stably
expressing the rat PAC1 receptor splice variants hop1, null and hip, respectively, were
generated through infection with gammaretroviral particles. Receptors were expressed from
a CMV promoter generating stable cell lines with similar expression levels. Viral particles
were made with the bicistronic retroviral vector pPRIG and the expression of the receptor
was monitored by co-expression of enhanced green fluorescent protein (eGFP) from its
IRES-dependent cistron [30]. The transfection efficiency was between 75 and 90%.
Specifically, 89% of pPRIG-rPAC1hop, 81% of pPRIG-rPAC1null, 76% of pPRIG-
rPAC1hip and 86% of pPRIG-control infected NG108-15 cells were GFP-positive. Fig. 1A
and C show RT-PCR analysis of reverse-transcribed mRNAs from the NG108-15 cell lines
PAC1null, PAC1hop and PAC1hip and representative micrographs of NG108-15-PAC1hop
cells.

3.2 Expression of PAC1null, hop1 and hip confers PACAP-dependent intracellular cAMP
generation

PAC1 receptors couple to Gs to potently stimulate adenylate cyclases (ACs) and increase
intracellular cAMP levels. The expression of all three rat PAC1 receptor splice variants hop,
null and hip in NG108-15 cells conferred an increase in intracellular cAMP generation upon
treatment with 100 nM PACAP, indicating that coupling to ACs, presumably through Gs,
was reconstituted in these cells. Cyclic AMP production was greater in PAC1hop- and null-
compared to hip-expressing cells (~5 versus ~2 pmol/well). This suggests that the presence
of the hip cassette in the third intracellular loop (ic3) of the receptor reduces coupling to
ACs, in agreement with the first report published on the differential signaling properties of
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the different rat PAC1 splice variants in non-neural cells [54]. The expression of GFP alone
was without effect (Fig. 2). The amount of cAMP generated upon stimulation with 25 μM of
the AC activator forskolin was, as expected, similar in all cell lines (~15 pmol/well; not
shown). Incubation of NG108-15-PAC1hop cells with 300 μM of the AC inhibitor 2′5′-
dideoxyadenosine prior to PACAP treatment reduced cAMP generation approximately 75%
(not shown).

3.3 Expression of PAC1null and hop1 confers PACAP-dependent [Ca2+]i elevation
PAC1 receptor activation can stimulate combinatorial signaling through cAMP and Ca2+.
Expression of the ratPAC1hop and null receptors in NG108-15 cells conferred a rise in
intracellular Ca2+ concentrations ([Ca2+]i) upon treatment with 100 nM PACAP, whereas
expression of the PAC1hip receptor was without effect. In both cell lines the response
consisted of a rapid and transient rise of [Ca2+]i reminiscent of IP3 receptor-mediated Ca2+

release from intracellular stores. [Ca2+]i elevation was greater in PAC1hop- than in
PAC1null-expressing cells, suggesting that the efficacy of coupling to Ca2+ is increased by
expression of the hop cassette in the third intracellular loop of the receptor, whereas
coupling to Ca2+ is abolished by expression of the hip cassette. Expression of GFP alone
was without effect (Fig. 3). Depolarization-induced Ca2+ influx was similar in the five cell
lines as determined by stimulation with 55 mM KCl (R 340/360: ~1; not shown).
Stimulation of NG108-15-PAC1hop and -PAC1null cells with 10 nM PACAP also elicited
an intracellular Ca2+ response, which was somewhat lower than the response observed upon
stimulation with 100 nM. 1 nM PACAP failed to increase [Ca2+]i in either cell line (not
shown).

3.4 Differential gene induction by PAC1 splice variants
The different PAC1 splice variants were examined for a role in the induction of PACAP
target genes as measured by qRT-PCR. Maximal induction of the VIP gene has been shown
to depend on combinatorial signaling of cAMP and Ca2+ in primary bovine chromaffin cells
(BCCs) [17]. Here we show that the PAC1null and hip receptor induced VIP gene
expression about five-fold after 6 h of PACAP treatment, whereas the PAC1hop receptor
lead to an 11-fold induction (Fig. 4A and C), suggesting that cAMP leads to a low-level
gene expression, which is significantly enhanced by sufficiently high levels of Ca2+. The
small Ca2+ response elicited by PAC1null was not high enough to enhance cAMP-induced
VIP mRNA.

In a microarray analysis of BCCs and PC12-G cells expressing physiological levels of the
PAC1hop receptor, we identified stanniocalcin 1 (STC1) as a PACAP-regulated gene [1].
Here we show that STC1 was upregulated about three- to four-fold in PAC1hop-, null- and
hip-expressing NG108-15 cell lines (Fig. 4B and C), suggesting that STC1 gene induction
proceeds through cAMP, and is not further enhanced by Ca2+. The AC activator forskolin
induced VIP and STC1 gene induction in both GFP only- and PAC1hop-expressing cells
(Fig. 5), demonstrating that AC activation and cAMP generation can occur independently of
PAC1 receptor activation in NG108-15 cells.

To characterize PACAP-induced gene induction pharmacologically, we examined the effect
of the PKA inhibitor H89 and the MEK1/2 inhibitor U0126 (10 μM each) in NG108-15 cells
expressing the PAC1hop receptor, the predominant variant in the nervous system. We show
that induction of VIP by 100 nM PACAP was blocked by H89 but not by U0126, suggesting
a PKA dependent but ERK1/2 independent signaling pathway. STC1 induction, in contrast,
was not blocked by H89 but was blocked by U0126, suggesting cAMP and ERK1/2
dependent but PKA independent signaling to the STC1 gene (Fig. 6). Consistent with the
presence of such a pathway, the activation of the mitogen-activated protein kinase (MAPK)
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extracellular signal-regulated kinase (ERK) was blocked by the AC inhibitor 2′5′-
dideoxyadenosine (ddAd, 300 μM) but not by the PKA inhibitor H89 as determined by
phosphorylation of the p44/42 MAPK (ERK1/2) (Fig. 7). As expected, U0126 completely
blocked ERK1/2 phosphorylation (not shown). In NG108-15-GFP control cells, PACAP
failed to activate ERK1/2 (not shown).

4. Discussion
PACAP is an important neuropeptide slow transmitter acting as a neurotrophic factor during
brain development, a neuroprotective factor after brain injury and a regulator of the adrenal
gland during prolonged stress [3, 37, 42, 51]. Its effects on prolonged secretion of
epinephrine from the adrenal medulla and corticosterone from the adrenal cortex are
accompanied by transcriptional changes that occur at the level of the adrenal gland but also
the hypothalamus, reflecting the importance of PACAP in central and peripheral control of
stress responses. Moreover, potentially neuroprotective genes are up-regulated after middle
cerebral artery occlusion (MCAO) in a PACAP-dependent manner [8, 18, 41, 55]. PACAP
engages multiple signal transduction pathways in the nervous system through activation of
its cognate receptor PAC1, regulating gene transcription [10, 13, 17, 21, 25, 44] and cellular
outputs such as proliferation [32], differentiation [26, 48, 61] and cell survival [6, 57, 60,
62]. PAC1 occurs in different splice variants resulting in variable coupling to second
messenger production, but the importance of specific PAC1 receptor splice variants in
engaging combinatorial transduction pathways to induce gene induction in neural cells has
not been previously delineated.

We transduced NG108-15 cells, which endogenously do not respond to PACAP, with the
three major PAC1 splice variants occurring in the adult nervous system: the PAC1null, hop1
and hip variant with a full-length N-terminus and measured the PACAP-induced cAMP,
Ca2+ and transcriptional response. We found that PACAP triggered intracellular cAMP
generation in all three cell lines. Maximal cAMP generation by 100 nM PACAP-38 was
greater in PAC1hop- and null- compared to hip-expressing cells, which supports results
generated from rat and human PAC1 splice variants expressed in non-neural cell lines [27,
54]. The PACAP-induced Ca2+ response consisted of a rapid and transient rise in [Ca2+]i
indicative of Ca2+ release from intracellular stores, which was not followed by a prolonged
Ca2+ influx plateau phase that can be observed in bovine chromaffin cells (BCCs) and
cortical neurons [15, 17]. The intracellular Ca2+ response in NG108-15 cells expressing the
bovine PAC1hop receptor has been shown to be mainly mediated through IP3 receptor-
activated Ca2+ mobilization [38], which is likely to also apply for the PAC1-mediated Ca2+

response measured here. This suggests that PAC1 receptor expression in NG108-15 cells
reconstitutes cAMP and Ca2+ signaling, presumably through coupling to Gs and Gq,
respectively. A Ca2+ response was induced by PAC1hop and null but not hip and the
increase in [Ca2+]i was greater in PAC1hop- than PAC1null-expressing cells. VIP mRNA
induction was also greatest in PAC1hop-expressing cells, whereas induction was lower in
PAC1null- and hip-expressing cells, where the level of induction did not differ. These
results suggest that the Ca2+ response induced by PAC1null did not reach the threshold
required for the induction of a full transcriptional response.

Our laboratory has previously shown that VIP mRNA is maximally induced through
combinatorial signaling of cAMP and Ca2+ influx in BCCs, two signal transduction
pathways induced by PACAP in this cell type [17]. Results from the present study indicate
that a sufficiently high transient Ca2+ response, presumably Ca2+ mobilization, is sufficient
to increase cAMP-mediated gene induction, suggesting that combinatorial signaling occurs
whether the rise in [Ca2+]i results from mobilization or influx. This induction can only be
supported by the PAC1hop receptor variant, which is efficiently coupled to both cAMP and
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Ca2+ elevation in NG108-15 cells. In contrast, STC1, a gene up-regulated under hypoxic/
ischemic conditions in vivo [64–66] was induced by the PAC1hop, null and hip receptor to a
similar extent, suggesting that cAMP elevation alone is sufficient to induce STC1. The AC
activator forskolin, which acts downstream of receptor activation and induces a supra-
maximal cAMP response, lead to a similar increase in STC1 mRNA, further supporting the
conclusion that cAMP signaling is both required and sufficient to induce STC1. Taken
together, these results suggest that the presence of the hop cassette in the third intracellular
loop (ic3) of the receptor is required for the induction of a full Ca2+ response and therefore a
maximal transcriptional response requiring combinatorial signaling through cAMP and
Ca2+.

Two separate cAMP dependent pathways mediated signaling for gene induction in
NG108-15 cells upon PAC1hop expression. PACAP signaling to the VIP gene proceeded
through cAMP/PKA, but not ERK1/2, whereas cAMP and ERK1/2, but not PKA, were
required for STC1 induction. Moreover, ERK1/2 activation was itself dependent on the
cAMP dependent and PKA independent signaling pathway. The importance of the latter
pathway in PACAP-mediated signaling has been shown before for neuronal differentiation
of PC12 [48] and neuroblastoma cells [35]. It is noteworthy that VIP gene induction is
accessed via the cAMP/ERK pathway in BCCs [17], but via the cAMP/PKA pathway in
PC12 [59] and NG108-15 cells (this study). These results imply a complex signaling code
for PACAP-regulated genes that differs among different cell types, perhaps as a function of
their state of development and differentiation [7]. PACAP’s protective action on fully
differentiated neurons has been shown in an in vivo mouse stroke model [8] and in cell
culture during glutamate-induced excitotoxicity [11], mimicked by intracellular elevation of
cAMP levels [36]. It will be of particular interest to investigate whether the induction of
STC1 by PACAP in differentiated neurons of the central nervous system proceeds through
the cAMP and ERK1/2 dependent but PKA independent signaling pathway, and is a
mediator of PACAP’s neuroprotective effects after brain injury.

In conclusion we provide evidence that the maximal induction of some PACAP target genes
requires combinatorial signaling through cAMP and Ca2+, which is mediated uniquely by
PAC1hop. PACAP dependent induction of other genes can proceed through a single cAMP-
mediated pathway, which is supported by any of the three PAC1 receptor splice variants
hop, hip or null. Cell-specific expression of PAC1 splice variants, providing variable
coupling to second messengers and differential gene induction upon exposure to PACAP,
might be an important regulatory mechanism implicated in the pleiotropic actions of
PACAP in ischemic injury in the brain, and stress-responding throughout the neuraxis. The
engagement of two different cAMP dependent signaling pathways inducing differential gene
induction implies even more diversity in PACAP-mediated signaling. A more complete
understanding of the complex signaling pathways induced by PACAP for the induction of
target genes in a variety of cell types will be crucial for the development of therapeutic
strategies for the treatment of stroke and other neurodegenerative and stress-associated
diseases, based on PACAP’s pharmacological and physiological effects in vivo.
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Abbreviations

PACAP pituitary adenylate cyclase-activating polypeptide

PAC1 PACAP type 1 receptor

ic3 third intracellular loop

VIP vasoactive intestinal polypeptide

STC1 stanniocalcin 1

GPCR G protein-coupled receptor

AC adenylate cyclase

PKA protein kinase A

ERK extracellular signal-regulated kinase

NG108-15 cells mouse neuroblastoma x rat glioma hybrid
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Figure 1. Expression of rat PAC1 receptor variants in NG108-15 cells after retroviral
transduction
(A) RT-PCR analysis of PAC1 receptors in NG108-15 cells, that were infected with viral
particles made with the bicistronic retroviral vector pPRIG to generate stably expressing cell
lines (PAC1null, PAC1hop and PAC1hip). Total RNA was reverse-transcribed and PCR-
amplified (35 cycles) using different primers within the transmembrane region 5 and 6 (TM
5 and 6). M: 100-bp DNA ladder. (B) Schematic representation. The same forward primer
(F) was used with different reverse primers (R): F/R generates a 187- or 271-bp fragment,
depending on whether or not a hip- or hop-insert is present; the hop-specific primer pair F/
hopR generates a 200-bp fragment; the hip-specific primer pair F/hipR generates a 142-bp
fragment. GAPDH product size is 168-bp (see Table 1). (C) Photomicrographs of NG108-15
cells stably expressing rat PAC1hop-IRES-eGFP (NG108-15-rPAC1hop). PC: phase
contrast, GFP: green fluorescent protein.
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Figure 2. Expression of the rat PAC1 receptor splice variants hop, null and hip in NG108-15 cells
confers an intracellular cAMP production upon PACAP treatment. Cyclic AMP generation is
greater in PAC1hop- and null- compared to PAC1hip-expressing cells
Cells were treated with 100 nM PACAP-38 for 20 min. Values represent the grand mean +/
− SEM of three independent experiments performed in triplicates and are expressed as
pmol/well. Intracellular cAMP generation by stimulation with 25 μM forskolin was similar
between all cell lines (~15 pmol/well; data not shown). ** P < 0.01, * P < 0.05 versus
control, unpaired t-test.
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Figure 3. Expression of the rat PAC1hop and null but not the hip receptor in NG108-15 cells
confers an increase in intracellular Ca2+ upon PACAP treatment. The Ca2+ response is greater
in PAC1hop- than in PAC1null-expressing cells
Cells were loaded with 4 μM fura-2 AM and stimulated with 100 nM PACAP-38 for 75 sec
in KRB. Intracellular Ca2+ concentrations were measured in single cells using the 340/380
excitation ratio (R 340/380) and an emission wavelength of 510 nm. Images were captured
every 2 sec. Plot represents the average +/− SEM of five (naive), six (rPAC1hip and GFP)
or 19 (rPAC1hop and null) independent experiments. Each experiment represents 10–25
cells (hop: n=376, null: n=302, hip: n=85, GFP: n=94, naive: n=94).
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Figure 4. Expression of the rat PAC1hop, null and hip receptors confers induction of VIP (A)
and STC1 (B) mRNA upon PACAP treatment. No induction is seen in GFP only-expressing
control cells
Cells were stimulated with 100 nM PACAP-38 and lysed after 6 h. Total RNA was
extracted and reverse-transcribed. Transcript levels were measured by qRT-PCR. Values
represent the grand mean +/− SEM of three independent experiments performed in
triplicates and are expressed as fold change of VIP or STC1 versus GAPDH mRNA. In C
values from A and B are shown as fold of untreated control. *** P < 0.001; ** P < 0.01, * P
< 0.05; A and B: versus control, unpaired t-test; C: versus GFP only- and between PAC1
variant-expressing cell lines, one-way ANOVA, with Tukey’s Multiple Comparison Test.
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Figure 5. Forskolin induces VIP (A) and STC1 (B) mRNA in GFP only- and PAC1hop-
expressing NG108-15 cells
Cells were stimulated with 25 μM forskolin and lysed after 6 h. Total RNA was extracted
and reverse-transcribed. Transcript levels were measured by qRT-PCR. Values represent the
grand mean +/− SEM of three independent experiments performed in duplicates or
triplicates. Values are expressed as fold change of VIP or STC1 versus GAPDH mRNA. ***
P < 0.001; ** P < 0.01, * P < 0.05; versus control, unpaired t-test.
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Figure 6. Induction of VIP (A) by PACAP is blocked by the PKA inhibitor H89 but not blocked
by the MEK1/2 inhibitor U0126, whereas STC1 induction (B) is not blocked by H89 but blocked
by U0126 in NG108-15-PAC1hop cells
Cells were stimulated with 100 nM PACAP-38 in the presence or absence of the PKA
inhibitor H89 (10 μM) or the MEK1/2 inhibitor U0126 (10 μM) (30 min pre-treatment with
inhibitors). Cells were lysed after 6 h, total RNA was extracted and reverse-transcribed.
Transcript levels were measured by qRT-PCR. Values represent the mean +/− SEM of
triplicates and experiments were repeated once with similar results. Values are expressed as
fold change of VIP or STC1 versus GAPDH mRNA. ** P < 0.01 versus control; one-way
ANOVA, with Dunnett’s Multiple Comparison Test.
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Figure 7. Activation of the p44/42 MAPK (ERK1/2) by PACAP is blocked by the AC inhibitor
2′5′-dideoxyadenosine but not blocked by the PKA inhibitor H89 in NG108-15-PAC1hop cells
Cells were stimulated with 100 nM PACAP-38 in the presence or absence of the AC
inhibitor 2′5′-dideoxyadenosine (ddAd, 300 μM) or the PKA inhibitor H89 (10 μM) (30 min
pre-treatment with inhibitors). Whole cell extracts were harvested after 2 min. (A) Plot
represents the mean +/− SEM of three independent experiments performed in singlicates.
Values are expressed as the ratio of phospho-ERK divided by total ERK. ** P < 0.01, * P <
0.05 versus control; one-way ANOVA, with Dunnett’s Multiple Comparison Test. (B)
Representative Western Blot.
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Table 1

Oligonucleotide primers used in the present study

Primer Sequence (5′→3′) Amplicon [bp] GenBank Accession

PAC1 F a GGC CCC GTG GTT GGC TCT ATA ATG G
Z23279.1 and NM_001025372.1

PAC1 R a GAG AGA AGG CGA ATA CTG TG 187 or 271

PAC1hop R a AGA GTA ATG GTG GAT AGT TCT GAC A 200 Z23274.1 and NM_007407.3

PAC1hip R a TGG GGA CTC TCA GTC TTA AA 142 Z23273.1

VPAC1 F GCA GCA ACA GAC CAA GTT CTA C NM_012685.2 and NM_011703.4

VPAC1 R TGA ACA GGC TCA AGA TAG CCA T 107

VPAC2 F AAG CAA AAA CTG CAC TAG TGA NM_017238.1 and NM_009511.2

VPAC2 R GCC CAA GGT ATA AAT GGC CTT CA 133

GAPDH F GTT ACC AGG GCT GCC TTC TC NM_017008.3 and NM_008084.2

GAPDH R GGG TTT CCC GTT GAT GAC C 168

VIP F GGA GTT TTC ACC AGC GAT TAC A NM_053991.1 and NM_011702.2

VIP R GCA CAG GAT CTT CCG AGA TGC 112

STC1 F CTA CTT TCC AGA GGA TGA TCG C NM_031123.2 and NM_009285.3

STC1 R ACT TCA GTG ATG GCT TCC GG 100

Oligonucleotides were designed with Primer3 (http://biotools.umassmed.edu/bioapps/primer3_www.cgi) from both rat and mouse gene templates.

a
The PAC1 forward primer was used in combination with all PAC1 reverse primers. PAC1 F matches the beginning of transmembrane region five

(TM 5) corresponding to bases 1018 to 1037 of the rat PAC1null sequence Z23279. PAC1 R matches the end of TM 6 corresponding to bases 1185
to 1204 of the rat PAC1null sequence Z23279. PAC1hop R matches the end of the hop cassette corresponding to bases 1193–1217 of the rat
PAC1hop1 sequence Z23274. PAC1hip R matches the beginning of the hip cassette corresponding to bases 1140–1159 of the rat PAC1hip
sequence Z23273. PAC1 F/PAC1 R generates a 187- or 271-bp fragment, depending on whether or not a hip- or hop-insert is present.

F, forward primer; R, reverse primer; PAC1, PACAP type 1 receptor; VPAC, VIP/PACAP receptor; VIP, vasoactive intestinal polypeptide; STC1,
stanniocalcin 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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