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ABSTRACT
Secretoneurin (SN) is a novel bioactive peptide that derives
from the neuroendocrine protein secretogranin II (SgII) by pro-
teolytic processing and participates in neuro-immune commu-
nication. The neuropeptide pituitary adenylate cyclase-activat-
ing polypeptide (PACAP-38) dose-dependently stimulates
(EC50 ; 3 nM) SN release (up to 4-fold) and SgII gene expres-
sion (up to 60-fold) in cultured bovine adrenochromaffin cells.
The effect of PACAP on both SN secretion and SgII mRNA
levels is rapid and long lasting. We analyzed in this neuroen-
docrine cell model the transduction pathways involved in both
SN secretion and SgII gene transcription in response to
PACAP. The cytosolic calcium chelator BAPTA-AM and the
nonselective calcium channel antagonist NiCl2 equally inhibited
both secretion of the peptide and transcription of the SgII gene,
indicating a major contribution of calcium influx in PACAP-
induced SN biosynthesis and release in chromaffin cells. Inhi-
bition of protein kinase A (PKA) or C (PKC) also reduced

PACAP-evoked SN release but did not alter the stimulatory
effect of PACAP on SgII mRNA levels. Conversely, application
of mitogen-activated protein kinase inhibitors suppressed
PACAP-induced SgII gene expression. The effect of PACAP on
SgII mRNA levels, like the effect of the PKC stimulator 12-O-
tetradecanoylphorbol-13-acetate (TPA), was not affected by
cycloheximide, whereas the effects of the PKA stimulator for-
skolin or cell-depolarization by high K1 were significantly re-
duced by the protein synthesis inhibitor. PACAP and TPA both
increased the binding activity of the SgII cAMP response ele-
ment to trans-acting factors present in chromaffin cell nuclear
extracts, which are recognized by antibodies to activator pro-
tein-1-related proteins. These data indicate that SN biosynthe-
sis is regulated by PACAP in chromaffin cells through complex
signaling cascades, suggesting that SN may play a function
during trans-synaptic stimulation of the adrenal medulla.

Secretoneurin (SN) is a novel 33-amino-acid peptide origi-
nally isolated from the frog brain (Vaudry and Conlon, 1991)
and subsequently identified in a variety of mammalian tis-

sues (Kirchmair et al., 1993). SN has been shown to stimu-
late dopamine release in the striatum (Agneter et al., 1995)
and to participate in neuro-immune communication owing to
its chemotactic activity toward monocytes in inflammatory
sites (Dunzendorfer et al., 1998). Binding studies suggest the
existence of specific G protein-coupled receptors on the sur-
face of monocytes that recognize SN and activate PKC (Kong
et al., 1998; Schneitler et al., 1998). SN is generated in
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ABBREVIATIONS: SN, secretoneurin; SgII, secretogranin II; CgA, chromogranin A; PACAP, pituitary adenylate cyclase-activating polypeptide;
PAC1-R, pituitary adenylate cyclase-activating polypeptide-preferring receptor; VIP, vasoactive intestinal polypeptide; MAPK, mitogen-activated
protein kinase; PKC, protein kinase C; PKA, protein kinase A; AP-1, activator protein-1; TPA, 12-O-tetradecanoylphorbol 13-acetate; BAPTA,
1,2-bis(2-aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid; AM, acetoxymethyl ester; RIA, radioimmunoassay; ERK, extracellular signal-regulated
kinase; EMSA, electrophoretic mobility shift assay; VOCCs, voltage-operated calcium channels; ATF, activating transcription factors; CRE, cAMP
response element; CREB, cAMP response element binding protein.

0026-895X/01/6001-42–52$3.00
MOLECULAR PHARMACOLOGY Vol. 60, No. 1
Copyright © 2001 The American Society for Pharmacology and Experimental Therapeutics 559/915932
Mol Pharmacol 60:42–52, 2001 Printed in U.S.A.

42



neuronal and endocrine cells by proteolytic processing at
dibasic sites of secretogranin II (SgII), a member of the chro-
mogranin protein family (Fischer-Colbrie et al., 1995). Chro-
mogranins, such as SgII or chromogranin A (CgA), are widely
used as markers of the regulated pathway in endocrine cells
and of neoplasms derived from these cells (Rosa and Gerdes,
1994), but their function is not completely understood. Re-
cently, cloning of the cDNAs encoding SgII or CgA in phylo-
genetically distant species has revealed the high conserva-
tion of discrete regions within these proteins, which are
delimited by potential dibasic cleavage sites (Anouar et al.,
1996; Turquier et al., 1999), implying that chromogranins
may give rise to such peptides as SN, the sequences of which
are preserved during evolution, and which may represent
authentic neuropeptides.

Chromogranins are major constituents of the adrenal med-
ullary chromaffin cells, where they are stored in secretory
vesicles and released along with catecholamines and neu-
ropeptides upon preganglionic cholinergic stimulation (Fi-
scher-Colbrie et al., 1995). In adrenochromaffin cells, SgII
has been shown to be processed to SN (Kirchmair et al., 1993)
and other peptides (Anouar et al., 1998) that can be released
upon nicotinic stimulation (Wolkersdorfer et al., 1996), prob-
ably to participate in the adaptive responses of the adrenal
gland during physical or psychological stress.

In addition to acetylcholine, the pleiotropic neuropeptide
PACAP (Vaudry et al., 2000) has emerged recently as a
potent regulator of chromaffin cell activity after release from
the splanchnic nerve fibers innervating the adrenal medulla
(Dun et al., 1996). PACAP, acting through the PACAP-pre-
ferring receptor, PAC1-R (Tanaka et al., 1998), stimulates
the secretion of catecholamines (Przywara et al., 1996; Tau-
penot et al., 1998) and the expression of the genes encoding
catecholamine biosynthetic enzymes (Choi et al., 1999).
PACAP also regulates the expression of the neuropeptides
enkephalin (Hahm et al., 1998) and vasoactive intestinal
polypeptide (VIP; Lee et al., 1999), which are coreleased with
catecholamines in vivo upon splanchnic nerve stimulation of
adrenochromaffin cells. Although it has been reported that
PACAP stimulates CgA gene transcription in PC12 pheo-
chromocytoma cells (Taupenot et al., 1998), its effects on the
expression of chromogranin genes and the secretion of their
processing products in primary chromaffin cells have not yet
been investigated. Such a study may help to elucidate the
various signaling pathways and transcription factors that
could be activated by PACAP to regulate the transcription of
a peptide gene and the secretion of that peptide in postmi-
totic, primary neuroendocrine cells. In addition, determining
the factors that regulate the synthesis of chromogranins and
the release of derived peptides in vivo may contribute to the
understanding of the function of these neuroendocrine pro-
teins.

We have examined the effect of PACAP on SgII and CgA
gene expression, and SN release in cultured bovine adrenal
medullary chromaffin cells. The present data show that
PACAP increases SN release through multiple pathways,
whereas its effect on SgII mRNA expression is mainly medi-
ated by calcium influx and mitogen-activated protein kinase
(MAPK) cascades. The effect of PACAP on SgII gene expres-
sion is mechanistically more related to the effect of the PKC
activator, TPA, than to the effect of the PKA activator, fors-
kolin, or cell-depolarization in chromaffin cells. Finally, the

data suggest that PACAP enhances the binding of constitu-
tive AP-1-like transcription factors to the CRE to stimulate
SgII gene transcription in chromaffin cells.

Materials and Methods
Reagents. Forskolin, TPA, cycloheximide, nimodipine, cheleryth-

rine, BAPTA-AM and poly-L-lysine were obtained from Sigma-Al-
drich (Saint Quentin Fallavier, France). H7 was purchased from ICN
Pharmaceuticals (Orsay, France) and H89 from Alexis Biochemicals
(San Diego, CA). U0126 was obtained from Promega Corp. (Char-
bonnières, France) and SB 203580 from Calbiochem (Meudon,
France).

Peptides. Bovine SN and PACAP38 were synthesized by solid-
phase methods, as described previously (Yon et al., 1993; Oulyadi et
al., 1997). The peptides were purified by high-performance liquid
chromatography and their identity was confirmed by mass spectrom-
etry.

Cell Culture and Treatments. Primary cultures of bovine ad-
renochromaffin cells were obtained after retrograde perfusion of
bovine adrenal glands with 0.1% collagenase (Serlabo, Bonneuil-sur-
Marne, France) and 30 U/ml DNase I (Sigma-Aldrich), followed by
dissociation of the digested adrenal medullae. The cells were cul-
tured in DMEM (Sigma-Aldrich) supplemented with 5% fetal calf
serum (Biowhittaker Europe, Verviers, Belgium) and 100 U/ml pen-
icillin, 100 mg/ml streptomycin, and 0.25 mg/ml Fungizone (Life Tech-
nologies, Cergy-Pontoise, France). Chromaffin cells were purified by
differential plating to remove adherent nonchromaffin cells, as de-
scribed previously (Anouar et al., 1994). They were plated at a
density of 106 cells/ml in poly-L-lysine-coated 24-well plates. Chro-
maffin cells were treated overnight with PACAP or other secreta-
gogues in the presence or absence of protein kinase inhibitors, a
protein synthesis inhibitor, or calcium mobilization inhibitors. The
inhibitors were dissolved in dimethyl sulfoxide (H7, H89, cheleryth-
rine, BAPTA-AM, nimodipine, SB203580, and U0126) or in the me-
dium (cycloheximide) and were added 30 min before the onset of
secretagogue treatment. Forskolin and TPA were dissolved in etha-
nol. The final concentrations of dimethyl sulfoxide or ethanol never
exceeded 0.1% except for BAPTA-AM (0.2%), and the control cells
contained the same amount of solvent.

SN Radioimmunoassay (RIA). Antibodies against bovine SN
(code number 5010705) were raised by injecting New Zealand rabbits
with synthetic bovine SN conjugated to bovine serum albumin and
emulsified with Freund’s adjuvant. The peptide was iodinated by the
chloramine-T method and separated from free iodine on Sep-Pak C18
cartridges using a gradient of acetonitrile (20–52%) in water-0.1%
trifluoroacetic acid. The radioiodinated peptide eluted at 40% aceto-
nitrile.

The assay was performed in veronal buffer (0.2 M; pH 8.6) sup-
plemented with 0.4% bovine serum albumin. The antiserum, used at
a final dilution of 1:60,000, was incubated with 7,000 cpm of tracer/
tube for 48 h at 4°C. Separation of antibody-bound from free peptide
was achieved by adding 200 ml of goat anti-rabbit g-globulins (1:40)
and 200 ml of normal rabbit serum (1:150). The incubation was
continued for another 2 days. After centrifugation, the supernatant
was removed and the pellet was counted on a gamma counter (LKB-
Wallac, Rockville, MD). The standard curves were generated using
synthetic bovine SN at concentrations ranging from 2.5 to 5,000
pg/tube. The specificity of the assay was ascertained by using unre-
lated peptides including EM66 and PACAP38. At concentrations up
to 10,000 pg/tube, these peptides did not interfere in the SN assay.
Statistical analysis was performed using the Student’s t test.

Messenger RNA Measurements. RNA was harvested from in-
dividual cell culture wells by adding 500 ml of Tri-Reagent (Sigma-
Aldrich) according to the manufacturer’s instructions. RNA was elec-
trophoresed on denaturing agarose gels, blotted on Hybond NX nylon
membranes (Amersham Pharmacia Biotech, Les Ulis, France) and
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fixed by UV irradiation. The filters were hybridized with a 773-bp
fragment of bovine SgII cDNA, corresponding to nucleotides 781 to
1554 of the original clone described by Fischer-Colbrie et al. (1990),
which was labeled by random priming or with an antisense 48-mer
oligonucleotide, 59-TTCTGCAGCATCCTTGGAGGACACCTCT-
TCTGTCACCTCTTTCGGCTC-39, corresponding to nucleotides 488–
535 of the bovine CgA cDNA (GenBank accession number X04298),
which was labeled by terminal deoxynucleotidyl transferase (Pro-
mega) in the presence of [a-32P]dCTP (Amersham Pharmacia Bio-
tech). After autoradiography, the mRNA signals were quantified
using a BIO-500 image analysis system (Biocom, Les Ulis, France)
and were corrected for RNA loading variations by scanning the
ethidium bromide-stained 18S ribosomal RNA of each sample using
the DensyLab 2.0.5 software (Bioprobe Systems, Montreuil, France).
Statistical analysis was performed using the Student’s t test.

Western Blot Analysis. Chromaffin cells were plated in six-well
plates (2 3 106 cells in 2 ml of medium in each well) and were treated
with 50 nM PACAP for 5, 10, or 30 min before harvesting. Protein
extracts were obtained by lysis of the cells with 10 mM Tris-HCl, pH
7.4, 0.05% Triton X-100, and 1 mM phenylmethylsulfonyl fluoride
followed by sonication (3 3 10 s) of the lysate. After centrifugation
(12,000g, 15 min), the supernatant was precipitated with 10% tri-
chloroacetic acid, the protein precipitate was washed by ethanol/
ether (v/v) and dissolved in electrophoresis-denaturing buffer.
Twenty micrograms of protein, quantified by the Bradford protein
assay (Bio-Rad, Evry-sur-Seine, France), were analyzed by SDS-
polyacrylamide gel electrophoresis and electrotransferred onto nitro-
cellulose membranes (Stratagene, La Jolla, CA). The activation of
the p42/44 extracellular-regulated kinases 1/2 (ERK1/2) was exam-
ined by using the rabbit polyclonal antibodies Anti-ACTIVE MAPK
pAb (Promega) at a 1:5,000 dilution. The activation of the p38 MAPK
was examined by using the mouse monoclonal antibody p-p38 (Santa
Cruz Biotechnology, Santa Cruz, CA) at a 1:200 dilution. The total
amount of the enzymes (active and non active) was determined by
the Anti-ERK 1/2 pAb (Promega) and p38 (N-20) (Santa Cruz Bio-
technology) polyclonal antibodies at 1:5,000 and 1:500 dilutions,
respectively. The enzyme-antibody complexes were visualized with
the use of an enhanced chemiluminescence Western blotting analy-
sis system (ECL; Amersham Pharmacia Biotech).

Electrophoretic Mobility Shift Assay (EMSA). Chromaffin
cells were treated with different secretagogues for 1 h and nuclear
extracts were prepared as described previously (Anouar et al., 1994).
A double-stranded oligonucleotide containing the SgII CRE region
59-TCGACCCGGTGACGTCAGTGTG-39 was used in gel-shifting
studies and was labeled by fill-in using [a-32P]dCTP and the Klenow
enzyme. Chromaffin cell nuclear extracts (2 mg of protein) were
assayed for their binding to the SgII CRE as described (Anouar et al.,
1994). In the supershift EMSA, specific antibodies were included as
described previously (Anouar et al., 1999). The antibodies used (1
ml/reaction) were affinity-purified IgG fractions recognizing ATF1
p35, CREB-1 p43, and CREM-1 in the case of the anti-ATF1 anti-
body, all known Fos homologs in the case of the anti-Fos antibody,
and all known Jun homologs in the case of anti-Jun antibody. These
antibodies were obtained from Santa Cruz Biotechnology and their
specificity has been checked previously (Anouar et al., 1999).

Results
PACAP Stimulates SgII, but not CgA, Gene Expres-

sion and SN Release in Chromaffin Cells. To study the
effect of PACAP38 on chromogranin gene expression, pri-
mary cultures of highly purified bovine chromaffin cells were
incubated overnight with graded doses of the neuropeptide,
and SgII or CgA mRNA levels were measured by Northern
blot analysis (Fig. 1, A and B). PACAP induced a dose-
dependent stimulation of SgII mRNA levels (up to ;60-fold)
with a half-maximal effect at a concentration of 3.39 nM (Fig.

1A). In contrast, CgA mRNA levels were unaffected by
PACAP treatment (Fig. 1B), indicating that PACAP exerts a
gene-specific effect on members of the chromogranin family
in bovine chromaffin cells. To examine whether the stimula-
tory effect of PACAP on SgII mRNA levels is correlated to an
effect of PACAP on the release of the SgII-derived peptide
SN, the amount of SN was measured in the medium of
chromaffin cells after an overnight PACAP treatment. The
concentration of SN was increased in the medium of PACAP-
treated cells (up to 4-fold) compared with untreated cells
(Fig. 1C). The half-maximal effect was obtained at a concen-
tration of 2.98 nM PACAP. Thus, PACAP stimulates SN
release that is accompanied by an increase in SgII gene
transcription probably to replenish and maintain the SN
stores.

Time-Course of the Effect of PACAP on SgII Gene
Expression and SN Release. Treatment of chromaffin cells
with PACAP provoked a relatively rapid increase in SgII
mRNA levels, which reached 3-fold above control levels after
1 h (Fig. 2A). The stimulatory effect of PACAP gradually
increased, reaching ;30-fold after 16 h, and persisted even
after 72 h (Fig. 2A). Kinetic experiments also showed that
PACAP evoked a ;2-fold increase in SN concentration in the
medium within 5 min of treatment (Fig. 2B). SN release
remained at approximately the same level during the first
hour of treatment, reached a level 4- to 5-fold higher after
16 h, and markedly diminished after 72 h (Fig. 2B). These
kinetics are consistent with a rapid and long-lasting effect of
PACAP on chromaffin cell activity. PACAP induces an im-
mediate effect on SN release followed by a robust effect on
SgII gene expression, enabling a sustained secretory re-
sponse.

The Effect of PACAP on SgII Gene Expression and
SN Release Depends on Calcium Influx. PACAP acting
through its type I receptors, has been shown to activate
different transduction pathways in chromaffin cells (Tanaka
et al., 1998). In particular, PACAP stimulates calcium influx
from the external milieu and calcium release from intracel-
lular stores in these cells (Tanaka et al., 1996). To demon-
strate the involvement and to determine the source of the
second messenger calcium in PACAP-induced SN release and
gene transcription, we used either the cytosolic calcium che-
lator BAPTA-AM (50 mM) or a nonselective calcium channel
blocker, the divalent cation nickel (3 mM NiCl2). Both drugs
antagonized to a similar extent (40–50% inhibition) the effect
of PACAP38 on SgII mRNA levels (Fig. 3A) and SN release
(Fig. 3B) in bovine chromaffin cells. The equal efficacy of
BAPTA-AM and NiCl2 to reduce the stimulatory action of
PACAP on both SN release and SgII gene expression sug-
gests that extracellular calcium plays a major role in these
processes. However, nimodipine (10 mM), an antagonist of
L-type calcium channels, suppressed SN release (Fig. 3B)
without affecting SgII gene expression (Fig. 3A), indicating
that PACAP activates various voltage-operated calcium
channels (VOCCs) to regulate SN secretion and SgII gene
transcription in chromaffin cells.

Differential Involvement of Protein Kinases in the
Effect of PACAP on SgII Gene Expression and SN Re-
lease. The nonselective protein kinase inhibitor H7 (100 mM)
markedly reduced the effect of PACAP on both mRNA levels
and SN release (Fig. 4), indicating the importance of protein
kinases in the effect of PACAP. Indeed, the effect of PACAP
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on SN release was also reduced significantly by the PKA
inhibitor H89 (20 mM) and by the PKC inhibitor cheleryth-
rine (5 mM) (Fig. 4B). However, the PACAP-induced stimu-
lation of SgII mRNA levels was not affected by the PKA and
PKC inhibitors (Fig. 4A), suggesting that the activation of
these enzymes by PACAP in chromaffin cells mediates only
the increase in SN release, whereas protein kinases other
than PKA and PKC may be involved in PACAP-induced SgII
gene expression.

Mitogen-Activated Protein Kinases Play a Pivotal
Role in PACAP Regulation of SgII Gene Expression in
Chromaffin Cells. The p42/44 ERK 1/2 MAPK inhibitor
U0126 (10 mM) provoked a 60% decrease in the effect of
PACAP on SgII gene expression, whereas the p38 MAPK
inhibitor SB203580 (10 mM) did not impair the stimulatory
effect of PACAP (Fig. 5A). In contrast, both the ERK1/2 and
p38 MAPK inhibitors reduced the effect of PACAP on SN

Fig. 1. Effect of PACAP on SgII and CgA mRNA levels, and SN release.
A, chromaffin cells were treated overnight with PACAP at concentrations
ranging from 7 3 10211 to 3.5 3 1027 M and harvested for total RNA and
Northern blotting as described under Materials and Methods. The blot
was hybridized with a bovine SgII cDNA probe. B, the same blot was
stripped and hybridized with a 32P-labeled oligonucleotide deduced from
bovine CgA cDNA. Messenger RNA signals were quantified by densitom-
etry and corrected for RNA loading variations, which were determined by
scanning ethidium bromide-stained 18S RNA. Values are the mean 6
S.E.M. of four separate determinations from one experiment and are
expressed as a fold increase over control untreated cells. Representative
autoradiographic signals obtained with the different PACAP concentra-
tions are shown above each graph. C, media from control or PACAP-
treated chromaffin cells were collected and SN-immunoreactivity was
assessed by RIA. Values are expressed as nanograms of SN secreted by
105 cells and represent the means 6 S.E.M. of four separate determina-
tions from one experiment. A second experiment was performed which
made it possible to calculate mean EC50 values of 3.39 6 2.20 nM for
stimulation of SgII mRNA levels and 2.98 6 1.95 nM for SN release.

Fig. 2. Time course of PACAP-induced SgII mRNA levels and SN release.
Chromaffin cells were incubated in the absence (control; open bars) or
presence of 50 nM PACAP for various duration. A, means 6 S.E.M. of
SgII mRNA levels, expressed as fold increase over corresponding control
values, were determined from six determinations for each time point (see
legend to Fig. 1). Representative autoradiograms obtained at the differ-
ent times are shown above the graph. B, means 6 S.E.M. of SN concen-
tration in the culture medium, expressed as percentages of basal level
(corresponding controls), were determined from six determinations for
each time point. *p , 0.05, **p , 0.01, ***p , 0.001 versus the corre-
sponding control (Student’s t test).
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release, although the ERK inhibitor seemed to be more effi-
cacious than the p38 inhibitor (Fig. 5B). Because these re-
sults indicated that PACAP would activate both the ERK
MAPK- and the p38 MAPK-signaling pathways, the effect of
PACAP on ERK1/2 and p38 phosphorylation was examined.
Western blot analysis using antibodies directed against
ERK1/2 phosphorylated on threonine-183/tyrosine-185,
showed that ERK1/2 phosphorylation was strongly increased
after 5 min of incubation of chromaffin cells with PACAP and
was back to normal after 10 min of treatment (Fig. 6A). Using

an antibody recognizing p38 phosphorylated on tyrosine-182,
only a slight increase in the phosphorylation of different
isoforms of p38 MAPK was observed after 5 min of exposure
to PACAP (Fig. 6B). The total level of ERK1/2 (Fig. 6C) or p38
MAPK was not modified by PACAP treatment (Fig. 6D).

The Effects of PACAP and TPA on SgII Gene Expres-
sion Are Cycloheximide-Insensitive, whereas the Ef-
fects of Forskolin and K1-Depolarization Are Cyclo-
heximide-Sensitive. To identify the factors required for
PACAP action, we assessed the effect of the protein synthesis
inhibitor cycloheximide on either PACAP- or protein kinases
and calcium influx stimulator-induced SgII gene expression.
Incubation of chromaffin cells with PACAP (50 nM), forskolin
(25 mM), TPA (100 nM), or high K1 (25 mM) in the absence or

Fig. 3. Effect of calcium mobilization inhibitors on PACAP-induced SgII
mRNA levels and SN release. Chromaffin cells were incubated overnight
in control conditions or with 50 nM PACAP, in the absence or presence of
50 mM BAPTA-AM, 3 mM NiCl2, or 10 mM nimodipine (Nimo) as de-
scribed under Materials and Methods. A, means 6 S.E.M. of SgII mRNA
levels, expressed as a fold increase of control values, were determined
from three to four independent experiments, each comprising four sam-
ples per condition. Variations of SgII mRNA levels were determined as
described in the legend to Fig. 1. Representative autoradiographic signals
obtained with the different treatments are shown above the graph. B,
means 6 S.E.M. of SN in the culture medium, expressed as percentages
of basal level (Control), were obtained from two to four independent
experiments, each comprising four samples per condition. **p , 0.01,
***p , 0.001 versus PACAP alone (Student’s t test).

Fig. 4. Effect of protein kinase inhibitors on PACAP-induced SgII mRNA
levels and SN release. Chromaffin cells were incubated overnight in
control conditions or with 50 nM PACAP, in the absence or presence of
100 mM H7, 20 mM H89, or 5 mM chelerythrine (Chel) as described under
Materials and Methods. A, means 6 S.E.M. of SgII mRNA levels, ex-
pressed as a fold increase of control values, were determined from two to
four independent experiments, each comprising four samples per condi-
tion. Variations of SgII mRNA levels were determined as described in the
legend to Fig. 1. Representative autoradiographic signals obtained with
the different treatments are shown above the graph. B, means 6 S.E.M.
of SN in the culture medium, expressed as percentages of basal level
(Control), were obtained from two to four independent experiments, each
comprising four samples per condition. ***p , 0.001 versus PACAP alone
(Student’s t test).

46 Turquier et al.



presence of cycloheximide (0.5 mg/ml) revealed that the effect
of PACAP, like the effect of TPA, on SgII mRNA levels was
not affected by cycloheximide treatment (Fig. 7). In contrast,
cycloheximide markedly reduced the effects of forskolin and
K1-induced depolarization on SgII gene expression (Fig. 7).
This indicates that the chromaffin cell factors involved in
PACAP as well as TPA induction of SgII mRNA levels are
pre-existing proteins, whereas the effects of forskolin and
potassium require newly synthesized factors to stimulate
SgII gene expression.

PACAP Increases the Binding Activity of the SgII
CRE to AP-1-Like Transcription Factors in Chromaf-
fin Cells. The SgII gene promoter encompasses a consensus
CRE that is completely conserved in mammalian species.
This element plays a crucial role in basal as well as second
messenger-stimulated transcription of the SgII gene in sev-
eral cell types (Desmoucelles et al., 1999; Mahata et al.,
1999). Using gel shifting assay, we have analyzed the SgII
CRE binding activity to proteins present in nuclear extracts
of chromaffin cells that had been treated by PACAP, forsko-
lin, TPA, or high K1. PACAP, TPA, and K1 increased the
amount of transcription factors bound to the SgII CRE,
whereas forskolin treatment did not alter the CRE binding
activity (Fig. 8). To identify the transcription factors that
interact with the SgII CRE in chromaffin cells and that may
mediate the effect of PACAP on SgII gene transcription, we
have added in the CRE binding assays antibodies recognizing
members of AP-1 complexes (all members of Fos and all
members of Jun families of transcription factors) and CREB/
ATF families of transcription factors (Fig. 9). In control con-
ditions, the Fos antibody interfered with most of the binding
to the CRE from chromaffin cell nuclear extracts. Both the
Jun and the CREB/ATF antibodies partially supershifted the
CRE-bound complexes, although the CREB/ATF antibody
seemed more efficient (Fig. 9A). Under PACAP stimulation,
the increased binding of chromaffin cell transcription factors
to the CRE was also mostly supershifted by the anti-Fos,
followed by the anti-CREB/ATF and the anti-Jun antibodies
(Fig. 9B). Because Fos homodimers cannot interact with
DNA, these results indicate that the CRE binds preferen-
tially to AP-1-like protein complexes containing a Fos family
member combined to a member of the CREB/ATF or Jun
families. When nuclear extracts from forskolin-, TPA- or
K1-stimulated chromaffin cells were used, the efficiency of

Fig. 5. Effect of MAPK inhibitors on PACAP-induced SgII mRNA levels
and SN release. Chromaffin cells were incubated overnight in control
conditions or with 50 nM PACAP, in the absence or presence of 10 mM
U0126 or 10 mM SB203580, as described under Materials and Methods.
A, means 6 S.E.M. of SgII mRNA levels, expressed as a fold increase of
control values, were determined from two to three independent experi-
ments, each comprising four samples per condition. Variations of SgII
mRNA levels were determined as described in the legend to Fig. 1.
Representative autoradiographic signals obtained with the different
treatments are shown above the graph. B, means 6 S.E.M. of SN in the
culture medium, expressed as percentages of basal level (Control), were
obtained from two to three independent experiments, each comprising
four samples per condition. *p , 0.05, ***p , 0.001 versus PACAP alone
(Student’s t test).

Fig. 6. Effect of PACAP on the phosphorylation of ERK1/2 and p38
MAPK. Chromaffin cells were incubated in control conditions for 30 min
(lane 1) or with 50 nM PACAP for 5 min (lane 2), 10 min (lane 3), or 30
min (lane 4), and protein extracts were analyzed by Western blotting as
described under Materials and Methods. A, phosphorylation of ERK1/2
was probed with the Anti-ACTIVE MAPK pAb. B, phosphorylation of p38
was probed with the antibody p-p38. Note that for p38, four isoforms
named a, b, d, and g with molecular masses around 44 kDa have been
described (Hale et al., 1999). C, the total amount of ERK1/2 was deter-
mined by using the Anti-ERK 1/2 pAb. D, the total amount of p38 was
assessed by using the p38 (N20) antibody. Molecular mass markers (in
kiloDaltons) are indicated.
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the antibodies in supershifting CRE-bound proteins was
quite similar to that observed under PACAP stimulation,
except that the Jun antibody supershifted more efficiently
the protein complexes present in the TPA-stimulated ex-
tracts compared with the other extracts (Fig. 9, C–E).

Discussion
The present study has shown that PACAP38 stimulates

SgII gene expression and SN release and has described the
transduction pathways involved in the effect of PACAP on
bovine adrenochromaffin cells in primary culture.

Chromaffin cells of the adrenal medulla are neuroendo-
crine, nondividing cells that express and secrete a wide va-
riety of neuropeptides in addition to catecholamines, making
primary cultures of these cells a very useful model-system to
study neuropeptide regulation as it could occur in vivo. Re-
cently, it has been shown that PACAP evokes a long-lasting
effect on chromaffin cell secretion that persists for several
hours (Babinski et al., 1996) as opposed to the acute effect of
nicotinic cholinergic stimulation on the release of chromaffin
granule content, which desensitizes rapidly (Boksa and
Livett, 1984).

Among its various effects on chromaffin cell activity,
PACAP induced SgII gene expression and SN release without
affecting the expression of the gene encoding the other chro-
mogranin, CgA. It is interesting to note that the latter is
under the control of PACAP in PC12 pheochromocytoma cells
(Taupenot et al., 1998). It has also been shown that nicotinic

(Wolkersdorfer et al., 1996) as well as histaminergic (Bauer
et al., 1993) stimulation of chromaffin cells leads to an in-
crease in SgII but not CgA biosynthesis. From these data, it
appears that the SgII gene is highly regulated in chromaffin
cells, as is also the case for various neuropeptide genes, such
as the proenkephalin gene (Eiden et al., 1984; Farin et al.,
1990; Hahm et al., 1998), the galanin gene (Anouar et al.,
1999), and the VIP gene (Eiden et al., 1983; Lee et al., 1999),
which are also regulated by PACAP, nicotine, or histamine.
The induction of SgII mRNA by PACAP is accompanied by an
increase in SN release from chromaffin cells consistent with
the concept of stimulus-secretion-biosynthesis coupling in
chromaffin cells, according to which the cells synthesize se-
cretory products to replenish their stores after stimulation
(MacArthur and Eiden, 1996). However, the various molecu-
lar mechanisms involved in the regulation of gene transcrip-
tion and peptide secretion in chromaffin cells under physio-
logical trans-synaptic stimuli are not completely elucidated.

The stimulatory effect of PACAP on SN release occurred
within a few minutes and lasted up to 72 h, although atten-
uation of the response was observed after 3 days of treat-
ment. These data confirm and extend those reported previ-
ously by Babinski et al. (1996) showing that PACAP exerts
long-lasting effects (several hours) on the secretory activity of
chromaffin cells. In addition to this immediate stimulation of
SN secretion, PACAP significantly increased SgII mRNA

Fig. 7. Effect of protein synthesis inhibition on SgII gene expression
stimulated by PACAP, forskolin, TPA, or high K1. Chromaffin cells were
incubated overnight in control conditions or with 50 nM PACAP, 25 mM
forskolin, 100 nM TPA, or 25 mM K1 in the absence (black columns) or
presence (hatched columns) of 0.5 mg/ml cycloheximide (CHX). Cells were
harvested for mRNA analysis as described under Materials and Methods.
Data are from three to four independent experiments, each comprising
four to six samples per condition and are presented as mean values 6
S.E.M. Representative autoradiographic signals obtained with the differ-
ent treatments are shown above the graph. *p , 0.05, ***p , 0.001 for
cells treated with cycloheximide compared with cells not treated with
cycloheximide (Student’s t test).

Fig. 8. Effect of PACAP, forskolin, TPA, or high K1 on the binding
activity of the SgII CRE to chromaffin cell nuclear extracts. Chromaffin
cells were incubated for 1 h in control conditions or with 50 nM PACAP,
25 mM forskolin, 100 nM TPA, or 25 mM KCl (K1) and harvested for
nuclear extracts. EMSA was carried out with 2 mg of proteins and 40,000
cpm of 32P-labeled SgII CRE oligonucleotide probe as described under
Materials and Methods, and the reactions were analyzed on 0.253 Tris-
Borate-EDTA (TBE)-polyacrylamide gel. The arrows indicate the shifted
and free probe.
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levels (3-fold) within 1 h of exposure, indicating that PACAP
also exerts a rapid effect on SgII gene expression in chromaf-
fin cells. These results suggest that PACAP acts at the tran-
scriptional level, at least in part, to up-regulate SgII mRNA
levels. The fact that SgII mRNA concentration remained
elevated for 72 h indicates that long-term secretion of SN is
supported by a long-lasting increase in gene expression in
chromaffin cells.

The type I PACAP receptor, which is found in bovine ad-
renal medullary cells, is known to be coupled with several
second messengers including cAMP, IP3, and calcium (Spen-
gler et al., 1993). Consistently, PACAP induces cAMP and
IP3 as well as calcium mobilization in bovine chromaffin cells
(Tanaka et al., 1996). Pharmacological stimulation by fors-
kolin, TPA, or K1 depolarization has suggested that different
second messengers regulate SgII biosynthesis in chromaffin

cells (Fischer-Colbrie et al., 1990), indicating that PACAP
may recruit multiple signaling pathways to regulate SgII
gene transcription and SN release. The present study re-
vealed that calcium influx is a key process in the regulatory
mechanisms underlying the effect of PACAP, because cal-
cium channel blockers strongly inhibited both SN secretion
and SgII gene transcription. In addition, nimodipine blocked
the PACAP-induced SN release, a result that is in good
agreement with the fact that PACAP induces the opening of
L-type VOCCs in chromaffin cells (Tanaka et al., 1996). How-
ever, we found that nimodipine does not affect PACAP-in-
duced SgII gene expression, suggesting that non L-type
VOCCs, such as P-, Q- or N-types, which are also present on
bovine chromaffin cells (Artalejo et al., 1994), may be acti-
vated by PACAP to ultimately up-regulate the expression of
the SgII gene. Alternatively, mechanisms involving store-

Fig. 9. Supershift EMSA of the SgII CRE by Fos, Jun, and CREB/ATF antibodies. Effects of PACAP, forskolin, TPA, or high K1. A, supershift EMSA
with nuclear extracts from control chromaffin cells using antibodies against Fos family members (Fos Ab), Jun family members (Jun Ab), and
ATF1/CREB/CREM transcription factors (CREB Ab). B, supershift EMSA with nuclear extracts from PACAP-treated chromaffin cells as described in
A. C, supershift EMSA with nuclear extracts from forskolin-treated chromaffin cells as described in A. D, supershift EMSA with nuclear extracts from
TPA-treated chromaffin cells as described in A. E, supershift EMSA with nuclear extracts from K1-treated chromaffin cells as described in A. The
asterisks denote the supershifted probe and the arrows indicate the shifted probe.
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operated calcium channels whose activity is associated with
low-magnitude calcium influx, such as those described for the
long-term effect of PACAP on catecholamine secretion (Tau-
penot et al., 1999) could be implicated in SgII gene expression
upon PACAP stimulation. It has been shown that the stim-
ulatory effect of PACAP on the VIP gene is also dependent on
calcium influx (Lee et al., 1999), whereas the regulation of
the genes encoding proenkephalin (Hahm et al., 1998) and
chromogranin A (Taupenot et al., 1998) by PACAP in chro-
maffin cells is calcium-independent. Altogether, these obser-
vations indicate that several Ca21 routes could be activated
by PACAP to differentially regulate the secretion and biosyn-
thesis of the various components of chromaffin cell granules.

PKA and PKC inhibitors also markedly attenuated
PACAP-induced stimulation of SN secretion by chromaffin
cells but they did not affect SgII mRNA levels. Because
PACAP-induced SgII gene expression was significantly re-
duced by H7, a general protein kinase inhibitor, the involve-
ment of other protein kinases such as MAPK has been con-
sidered. PACAP has been shown to activate the MAP kinases
ERK1/2 in PC12 cells (Barrie et al., 1997) but no data are
available in primary chromaffin cells. In fact, we found that
the mitogen-activated protein kinase kinase inhibitor U0126
was very effective in reducing the stimulatory activity of
PACAP on SgII gene expression. Concurrently, the p38
MAPK seems to be involved only in the secretory process of

SN and only to a limited extent. In agreement with these
observations, PACAP induced a marked increase in ERK1/2
phosphorylation and a modest effect, if any, on p38 phosphor-
ylation in chromaffin cells. We cannot rule out the possibility
that the minor decrease observed with the p38 inhibitor
could be caused not only by an effect on PACAP-induced SN
secretion, but perhaps also by a slight effect on SgII process-
ing to secretoneurin. This is the first study to show an effect
of PACAP on MAPK, particularly ERK1/2, in primary cul-
tures of chromaffin cells and their major role in gene tran-
scription, at least for the SgII gene and its derived secretory
product SN.

It appears from these data that PACAP activates several
pathways in bovine chromaffin cells to regulate the release of
a peptide such as SN and its gene transcription, as summa-
rized in Fig. 10. According to this model, PACAP stimulation
of chromaffin cells most probably via PAC1-R, provokes the
secretion of SN through activation of multiple pathways in-
cluding calcium influx, PKA, PKC, ERK1/2, and to a lesser
extent p38 MAPK. Concurrently, PACAP induction of SgII
gene expression seems to recruit only calcium entry through
a nonL-type VOCC, and ERK1/2 (Fig. 10). Based on these
results, it can be hypothesized that, since secretion is a rapid
event for the cell response as shown by the time course
experiments, numerous signal transduction cascades are
concomitantly activated by PACAP to trigger SN release,

Fig. 10. Model of the transduction pathways involved in the effect of PACAP on SN release and SgII gene transcription in chromaffin cells. The results
reported herein suggest that PACAP binding to its receptor (PAC-1R) on chromaffin cells provokes calcium influx through L-type calcium channels
and serine/threonine protein kinase (PKA, PKC, and ERK 1/2) activation, probably by phosphorylation, leading to secretion of SN. Note that the p38
MAPK pathway plays only a minor role in SN secretion compared with calcium or the other protein kinases, the inhibition of which reduced by about
50% the PACAP-evoked SN release. PACAP also stimulates extracellular calcium entry through a non-L-type calcium channel and triggers a transient
increase in ERK 1/2 phosphorylation leading to induction of SgII mRNA levels, which occurs within 1 h and lasts for several hours. The signaling
pathways implicated in the effect of PACAP most probably impinge on the binding activity of CRE to AP-1-like transcription factors, leading to
enhanced SgII gene transcription. The dashed arrows indicate the activated transduction pathways leading to SN secretion and the solid line arrows
indicate the pathways involved in SgII gene expression under PACAP stimulation. Although these mechanisms may also play a role in the acute effects
of PACAP, the present model only refers to the transduction pathways recruited during long-term exposure to PACAP. Ad cycl, adenylyl cyclase; G
prot, G protein; PAC1-R, type I PACAP receptor; PLC, phospholipase C.
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whereas activation of specific transduction pathways is nec-
essary and sufficient to evoke SgII gene transcription which
will ultimately replenish the releasable pool of SN. In this
respect, it is noteworthy that PACAP provoked a transient
increase of ERK1/2 phosphorylation which apparently re-
turned to baseline within 10 min after treatment. The induc-
tion of SgII mRNA levels was observed as early as 1 h after
the onset of PACAP exposure, and lasted at least for 16 h.
Altogether, these data suggest that PACAP triggers the
phosphorylation of ERK1/2 which rapidly leads to an in-
crease in SgII gene transcription. The fact that SgII mRNA
levels still increased after 16 h suggests either that the initial
induction of ERK1/2 activity is sufficient to trigger a long-
lasting stimulation of SgII mRNA levels or that a low level of
ERK1/2 phosphorylation is maintained during all the period
of SgII gene expression evoked by PACAP.

At this time, the molecular basis of the coupling between
PAC1-R and MAP kinases or calcium influx in bovine chro-
maffin cells is not known (Fig. 10) except that PKA and PKC
are not implicated since inhibitors of these kinases do not
affect PACAP-induced SgII mRNA elevation. Cooperation
between calcium influx and MAPK to regulate gene tran-
scription has been well evidenced by several studies, notably
in PC12 cells, showing a stimulus-dependent induction of
MAP kinases through calcium influx and subsequent activa-
tion of the protooncogene small G-protein Ras or stimulation
of PKA or PKC (Rosen et al., 1994; Tang et al., 1998; Sakai et
al., 1999). Further studies are required to elucidate the
mechanisms by which PACAP induces MAPK phosphoryla-
tion and activation in primary chromaffin cells.

It is now well established that the routes leading to stim-
ulation of neuropeptide gene expression by second messen-
gers culminate either in the induction of immediate-early
genes which can be blocked by protein synthesis inhibitors or
in the activation by phosphorylation/dephosphorylation of
pre-existing transcription factors which is unaffected by pro-
tein synthesis blockers (Bacher et al., 1996; MacArthur and
Eiden, 1996; Anouar et al., 1999). These transcriptional
trans-activators usually belong to the CREB/ATF and Fos/
Jun families of basic-leucine zipper proteins which interact
with cis-acting elements known as CRE (cAMP and calcium
response element)- or TRE (TPA response element)-like se-
quences on neuropeptide gene promoters (Bacher et al., 1996;
MacArthur and Eiden, 1996; Eiden et al., 1998; Anouar et al.,
1999). Prototypical transduction mechanisms that have been
well characterized in several systems include the cAMP/
PKA/CREB which can be induced by the adenylate cyclase-
stimulating agent forskolin or by intracellular calcium in-
crease, or the diacyl glycerol/PKC/AP-1 which can be
activated by TPA.

Although the activation of the PKA and PKC pathways by
forskolin and TPA, respectively, stimulates SgII gene tran-
scription, activation of these pathways by PACAP does not
seem to impinge on SgII gene transcription in chromaffin
cells. It is thus conceivable that, under PACAP stimulation,
the ERK1/2 pathway, but not the PKA or PKC pathways,
plays a predominant role in SgII gene transcription. In ad-
dition, the present study shows that the factors involved in
the effect of PACAP on SgII gene expression differ from those
implicated in the effect of forskolin, since the former was
insensitive to protein synthesis inhibition by cycloheximide
while the latter was cycloheximide-sensitive. In this respect,

the effect of PACAP on SgII gene transcription is similar to
the effect of TPA which is also mediated by pre-existing
trans-activating factors. Furthermore, we found that both
PACAP and TPA increased the binding activity of the SgII
CRE to proteins of chromaffin cell nuclear extracts, while
forskolin did not exert such an effect, indicating some mech-
anistic relationship between PACAP and TPA in regulating
SgII gene transcription in chromaffin cells. Thus, these secre-
tagogues probably affect the activity of constitutive tran-
scription factors by a post-translational modification leading
to increased binding to the SgII CRE. The nature of the
CRE-bound proteins has been studied by using antibodies to
Fos, Jun and ATF/CREB. This analysis revealed that AP-1-
like complexes composed of a Fos-like protein associated with
a Jun-like or an ATF/CREB-like protein interact with the
SgII CRE, and that PACAP or TPA increased the binding of
these pre-existing AP-1-like transcription factors to the SgII
CRE. According to the model shown in Fig. 10, PACAP stim-
ulates SgII gene expression by activating calcium influx and
MAP kinases that in turn stimulate the activity of AP-1-like
transcription factors. These modified AP-1-related transcrip-
tion factors bind more efficiently to the CRE, resulting in
enhanced transcription of the SgII gene in chromaffin cells.
In support of this scheme, it is now well known that MAP
kinases regulate AP-1 activity in a variety of tissues (Karin,
1995).

In conclusion, this study has revealed that PACAP stimu-
lates SN release and SgII gene transcription in primary
cultures of bovine chromaffin cells and has identified the
complex potential signaling pathways underlying this regu-
lation. Some aspects of the mechanisms described such as the
activation of MAP kinases or the involvement of AP-1-like
transcription factors may be of general relevance for neu-
ropeptide gene regulation by the neurotrophic factor PACAP
in neuroendocrine cells. Finally, the tight regulation of SN
release and gene transcription, akin to the regulation of
neuropeptides, by trans-synaptic stimuli including PACAP in
chromaffin cells supports the view that SN can be regarded
as an authentic neuropeptide.
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