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Pituitary adenylate cyclase-activating polypeptide (PACAP)-evoked in-
crease in cyclic AMP production in chick cerebral cortex: lack of a role
of the protein kinase C pathway. J.B. ZAWILSKA, P. NIEWIADOMSKI,
J.Z. NOWAK. Pol. J. Pharmacol., 2003, 55, 245–250.

Pituitary adenylate cyclase-activating polypeptide 38 (PACAP38) is
a potent activator of cyclic AMP formation in the chick brain. The peptide
also stimulates inositol phosphates accumulation and protein kinase C
(PKC) activity in the chick cerebral cortex. In this work, we analyzed
whether PACAP38-induced increase in cyclic AMP production in the chick
cerebrum can be modified by a PKC pathway. 4�-Phorbol 12,13-dibutyrate
(4�-PDB), a PKC activator, did not significantly affect the PACAP38-
evoked increase in [�H]cyclic AMP production in [�H]adenine-prelabeled
slices of the chick cerebral cortex. Of the tested PKC inhibitors, i.e. chelery-
thrine, H-7, NPC-15437 and staurosporine, only chelerythrine markedly de-
creased, in a concentration-dependent manner, the PACAP38-activated cy-
clic AMP accumulation in the chick cerebrum. These results suggest that (1)
the process of cyclic AMP production stimulated by PACAP in the cerebral
cortex of chick is not PKC-dependent, and that (2) chelerythrine, a widely
used PKC inhibitor, influences the intracellular signaling pathway(s) associ-
ated with PACAP receptors in the chick brain in a way not involving PKC.
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INTRODUCTION

Pituitary adenylate cyclase-activating polypep-
tide (PACAP) was originally isolated from ovine
hypothalami based on its ability to stimulate adeny-
lyl cyclase in the rat anterior pituitary cells. The
peptide exists in two biologically active forms, i.e.
PACAP38 and PACAP27, consisting of 38 and first
27 amino acids, respectively. The short form of
PACAP shows 68% amino acid sequence homo-
logy with vasoactive intestinal peptide (VIP). The
primary structure of PACAP has been remarkably
well conserved in the course of evolution. It is
identical in all mammals studied so far, and shows
only 1–4 amino acid differences among other verte-
brate species. PACAP displays a widespread distri-
bution and appears to be biologically active in vari-
ous tissues, including the central nervous system,
pituitary, adrenal gland, liver, pancreas, as well as
the nerve fibers in the lung and the gut. In addition
to playing a role of a hormone, neurotransmit-
ter/neuromodulator, and hypophysiotrophic factor,
PACAP is also endowed with strong neuroprotec-
tive and neurotrophic activity [1, 20, 25].

The diverse biological actions of PACAP are
mediated via specific membrane-bound receptors,
which belong to the class B of a superfamily of G
protein-coupled receptors. Three types of receptors
for PACAP have been discovered so far: PAC1
(Type I; PACAP-specific) receptor shows selective
affinity for both forms of PACAP, whereas VPAC1
and VPAC2 (Type II) receptors are equally sensi-
tive to PACAP and VIP [5, 20]. The adenylyl cy-
clase/cyclic AMP is the main intracellular signal
transduction pathway coupled with all mentioned
types of receptors [5, 20]. A fraction of PACAP re-
ceptors can be also coupled to phospholipase C
(PLC) [20], an enzyme responsible for the phos-
phoinositide turnover with concomitant production
of two second messengers, i.e. inositol(1,4,5)tris-
phosphate (IP*) and 1,2-diacylglycerol (DAG).

Recently, we have shown that PACAP is a po-
tent stimulator of cyclic AMP production in the
brains of domestic fowls, including young cocks
[13, 14, 16]. Using ["��I]-PACAP27 and ["��+I]-VIP
as specific radioligands, the presence of PAC1 and
VPAC type receptors in the chick cerebral cortical
membranes has been demonstrated, both being
linked to the activation of adenylyl cyclase-related
signal transduction pathway [16, 22, 23]. In addi-
tion to its action on the cyclic AMP-generating sys-

tem, PACAP concentration-dependently enhanced
inositol phosphate accumulation and activated pro-
tein kinase C (PKC) in the cerebral cortex of chick
[12, 15].

PKC is present in a vast range of different cells.
Activation of PKC results in phosphorylation of
numerous substrates, and such an action has been
linked to a wide variety of biological responses
[11]. There is growing evidence that stimulation of
PKC can significantly influence (either potentiate
or inhibit) the formation of cyclic AMP elicited by
various transmitters and hormones (e.g. [4, 7, 10,
21, 23]). In view of all these facts, a hypothesis that
the PACAP-induced cyclic AMP production in the
chick brain is, at least in part, a PKC-dependent/
sensitive event, seemed plausible. Thus, the aim of
this study was twofold: (1) to examine whether the
stimulatory effect of PACAP on cyclic AMP accu-
mulation in the chick cerebral cortex involves
PKC, and (2) to see whether the PACAP-related
cyclic AMP response can be modulated by a con-
comitant activation of PKC.

MATERIALS and METHODS

Animals

White male leghorn chicks (Gallus domesticus;
HyLine) were purchased locally on the day of hatch-
ing, and kept in temperature-controlled warmed
brooders (28 ± 1°C during the first 5 days and 25 ±
1°C afterwards) with standard food and tap water
available ad libitum, for a minimum of two weeks
before use. The animals were maintained under
a 12 h light : 12 h dark (LD) lighting schedule (lights
on between 21.30 and 9.30). The lighting cycle was
produced by overhead cool fluorescent lamps pro-
viding light intensity at the level of the animals’
eyes of approximately 150 lx. The experiments
were carried out in strict accordance with the Po-
lish regulations concerning experiments on animals
(Dz.U. 97.11.724) and rules followed at the Depart-
ment of Biogenic Amines.

On the day of an experiment, the animals were
killed by decapitation under standard laboratory il-
lumination between 9.00 and 9.30, and their cere-
bral cortex was rapidly isolated. Cross-chopped
slices (250 �m; prepared with McIlwain tissue
chopper) of cerebral cortex were suspended in cold,
O�/CO� (95:5)-gassed, glucose-containing modi-
fied Krebs-Henseleit medium (KHM; mmol/l): 118
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NaCl, 5 KCl, 1.3 CaCl�, 1.2 MgSO,, 1.2 KH�PO,,
25 NaHCO*, 11.7 D-glucose; pH 7.4.

Assay of cyclic AMP formation

The formation of [*H]cyclic AMP in [*H]ade-
nine prelabeled tissues was assayed according to
Shimizu et al. [19]. In brief, slices were resus-
pended in 15 ml of O�/CO� (95:5)-gassed fresh
KHM. Then, [*H]adenine was added to the incuba-
tion mixture. After a 45 min incubation at 37°C, the
slices were washed, distributed into Eppendorf
tubes containing freshly gassed O�/CO� KHM, and
preincubated for 10 min (experiments with 4�-PDB
and with PKC inhibitors without IBMX) or 15 min
(experiments with IBMX, and with chelerythrine
and IBMX; added 15 and 10 min, respectively, be-
fore exposition of slices to PACAP) at 37°C with
the tested compounds. Subsequently PACAP38 was
added, and the incubation continued for 15 min.
The reaction was terminated by adding 0.55 ml of
10% trichloroacetic acid. The slices were homoge-
nized and centrifuged, and the resulting super-
natants (of which 50 �l aliquots were saved for the
determination of total radioactivity) were trans-
ferred into test tubes. The [*H]cyclic AMP formed
was isolated by a sequential co-chromatography
using Dowex 50Wx4 and aluminum oxide co-
lumns, with a tracer [",C]cyclic AMP used for
measurement of the recovery of each assay (the
mean recovery was 40–48%) according to the
method of Salomon et al. [18]. Data presented have
been corrected for recovery and expressed as per
cent conversion ([*H]cyclic AMP x 100/total [*H]).

Chemicals

2,8-[*H]Adenine (sp. activity 28.8 Ci/mmol)
and [",C]cyclic AMP (sp. activity 52.3 mCi/mmol)
were purchased from DuPont New England Nu-
clear (Boston, MA, USA). Chelerythrine, 3-isobutyl-
1-methylxanthine (IBMX), NPC-15437 (S-2,6-di-
amino-N[[1-(1-oxotridecyl)-2-piperidinyl]methyl]-
hexanamide), 4�-phorbol 12,13-dibutyrate (4�-PDB),
PACAP38 and staurosporine were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). H-7
((±)-1-5-(isoquinolinesulfonyl)-2-methylpiperazine)
was from Tocris Cookson Ltd., Bristol, UK. Other
chemicals were of analytical purity and were ob-
tained mainly from Sigma Chemical Co. (St. Louis,
MO, USA).

Data were expressed as mean ± SEM values. To
calculate statistical significance of differences be-

tween group means, a one-way analysis of variance
followed by post-hoc Student-Newman-Keuls test
was employed, using GraphPad software (Graph-
Pad, San Diego, CA, USA).

RESULTS and DISCUSSION

To investigate a possible participation of PKC
in the stimulatory action of PACAP38 on cyclic
AMP production in chick cerebral cortex, we have
employed four inhibitors of PKC with different
chemical formulas and potencies, i.e. chelerythrine,
staurosporine, H-7 and NPC-15437. Prior treatment
of the chick cortical slices with these compounds
did not affect the basal cyclic AMP accumulation.
Of the tested PKC inhibitors, only chelerythrine
(1–50 �M) potently reduced, in a concentration-
dependent manner, increases in cyclic AMP forma-
tion evoked by 30 nM (data not shown) and 100 nM
PACAP38 (Fig. 1). Staurosporine (0.3–3 �M) and
H-7 (100 and 300 �M) did not affect the stimula-
tory action of PACAP38 on cyclic AMP formation
in the chick cerebrum. There was a tendency of
NPC-15437 (3–300 �M) to decrease the PACAP-
evoked cyclic AMP response, yet the obtained val-
ues did not reach the level of statistical significance
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Fig. 1. Chelerythrine inhibits PACAP38 (100 nM)-stimulated
increase in cyclic AMP production in the [�H]adenine prela-
beled slices of the chick cerebral cortex. Results are means
± SEM values from n = 9–20 measurements, expressed as per
cent of PACAP38 response (7.69 ± 0.43 % conversion defined
as 100%; n = 19). � p < 0.001 vs. control, � p < 0.01 vs. PACAP38,
� p < 0.001 vs. PACAP38



(Tab. 1). The effectiveness of chelerythrine in coun-

teracting the PACAP-induced increase in cyclic

AMP formation in the chick cerebrum, together

with a non-significant activity of NPC-15437, and

lack of effect of H-7 and staurosporine, suggests

that the observed action of chelerythrine may be in-

dependent of PKC. It should be noted that although

chelerythrine is widely used as a specific PKC in-

hibitor [6], some interactions of this compound

with other effectors, such as, e.g. activation of cy-

clic nucleotide phosphodiesterase or inhibition of

5-phosphatase activity, have already been reported

[3, 9]. In our experimental model, the action of

chelerythrine was observed both in the presence

and absence of 0.5 mM IBMX (Fig. 2), a phos-

phodiesterase inhibitor, implying that an alteration

of cyclic AMP hydrolysis was not involved. Thus,

the exact molecular mechanism(s) underlying the

suppressive effect of chelerythrine on the PACAP-

induced increase in cyclic AMP formation in the

cerebral cortex of chick remains to be established.
An interaction between intracellular systems

linked to adenylyl cyclase and PKC is a subject of

increasing interest [17]. The tumor-promoting phor-

bol esters, which directly activate PKC by substi-

tuting for the endogenous activator DAG [11], en-

hance cyclic AMP accumulation elicited by various

neurotransmitters and hormones in a variety of tis-

sues (e.g. [4, 7, 8, 17]). We have recently demon-

strated that these compounds potentiate increases

in cyclic AMP formation mediated by H�-like his-

tamine receptors in the cerebral cortex and pineal

gland of chick [21, 24]. Hence, it could be hypothe-

sized that the PACAP-evoked stimulation of cyclic

AMP formation in the chick cerebral cortex may

also be a subject of modulation by PKC. To test this

assumption, we examined effects of a biologically

active 4�-phorbol ester, i.e. 4�-PDB, known to en-

ter cells and activate PKC [2], on the action of PA-

CAP. Pretreatment of the chick cerebral cortical

slices with 10 �M 4�-PDB did not significantly af-

fect either the basal or PACAP38-stimulated cyclic

AMP formation (Fig. 3). These data indicate that

a concomitant stimulation of PKC does not modu-

late the studied action of PACAP. One likely expla-

nation of this observation is that adenylyl cyclase

isozyme linked to PAC1-type receptors in the chick

cerebral cortex is not sensitive to phosphorylation

by the PKC subtype coexpressed in the same cells,

a situation being already described for other experi-

mental models [7, 8].
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Fig. 2. Lack of effect of 3-isobutyl-1-methylxanthine (IBMX;
0.5 mM) on the suppressive action of chelerythrine on PACAP38
(100 nM)-stimulated increase in cyclic AMP production in the
[�H]adenine prelabeled slices of the chick cerebral cortex. Re-
sults are means ± SEM values from n = 4–17 measurements, ex-
pressed as per cent of basal cyclic AMP production in the pres-
ence of 0.5 mM IBMX (2.80 ± 0.26% conversion defined as
100%; n = 9). � p < 0.001 vs. IBMX, � p < 0.001 vs. PACAP38
with IBMX, � p < 0.01 vs. control (incubation in the absence of
IBMX)
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Fig. 3. Effects of 4�-phorbol 12,13-dibutyrate (4�-PDB; 10 �M)
on basal and PACAP38 (1–100 nM)-stimulated cAMP produc-
tion in the [�H]adenine prelabeled slices of the chick cerebral
cortex. Results are means ± SEM values from n = 8–17 meas-
urements, expressed as per cent conversion. � p < 0.001 vs. con-
trol, � p < 0.001 vs. PDB 10 �M



In summary, although PACAP, in addition to its
ability to potently increase cyclic AMP formation,
stimulates phosphoinositide turnover and activates
PKC in the cerebral cortex of chick, we were un-
able to clearly demonstrate a cross-talk between
these two signaling pathways, at least with respect
to cyclic AMP generation.
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