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Pituitary adenylate cyclase-activating polypeptide (PACAP) and vasoactive intestinal
peptide (VIP) activate protein kinase C in chick cerebral cortex. J.Z. NOWAK, A. DEJDA,
J.B. ZAWILSKA. Pol. J. Pharmacol., 2001, 53, 695–699.

Pituitary adenylate cyclase-activating polypeptide (PACAP��) and vasoactive intesti-
nal peptide (VIP) were tested for their ability to influence protein kinase C (PKC) activity
in the chick cerebral cortical slices. Thirty minutes incubation of the chick tissue with
PACAP�� (0.1–1 �M) or VIP (0.3–3 �M) produced significant and concentration-de-
pendent changes in PKC activity. Both peptides enhanced the enzyme activity in cell
membrane preparation, and decreased it in cytosol preparation obtained from cerebral
cortical slices. These changes in PKC activity suggest that PACAP and VIP are capable
of activating this enzyme in cerebral cortex of chick.

Key words: PACAP (pituitary adenylate cyclase-activating polypeptide), VIP (vasoac-
tive intestinal peptide), protein kinase C, cerebral cortex, chicken

INTRODUCTION

Pituitary adenylate cyclase-activating polypep-
tide (PACAP) is a recently discovered peptide, iso-
lated first from ovine hypothalamus by virtue of its
potent stimulatory activity on cyclic AMP produc-

tion in rat anterior pituitary cells [5]. In an organism,
PACAP exists in two biologically active forms: a
short form consisting of 27 amino acids (PACAP�$)
and a long, predominating form built of 38 amino
acid residues (PACAP�%) [6]. A short PACAP form
displays 68% sequence homology with vasoactive
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intestinal peptide (VIP) [13, 15, 16]. VIP and par-

ticularly PACAP are molecules highly conserved

during phylogeny. The primary structure of PACAP

is identical in all mammals studied thus far, show-

ing differences only in 1–4 amino acids with the

peptide occurring in non-mammalian vertebrates.

The chicken PACAP has one amino acid substitute

compared to its mammalian analogue, whereas the

chicken form of VIP shares 86% sequence identity

with the human/porcine/rat VIP [1, 13, 15, 16].
Biological actions of PACAP and VIP are me-

diated via common receptors designated as VPAC&

and VPAC�, which show similar sensitivity to

PACAP�%, PACAP�$ and VIP. However, PACAP

can additionally interact with its specific receptors

named PAC&, which under physiological conditions

are only poorly recognized by VIP (PACAP�% �

PACAP�$ >> VIP). A major signaling system lin-

ked to these three receptor types is the G�-protein-

-regulated adenylyl cyclase/cyclic AMP. A fraction

of PAC& receptors can also be coupled to phospho-

lipase C (PLC), an enzyme responsible for genera-

tion of two second messengers, i.e. inositol trisphos-

phate (IP�) and diacylglycerol (DAG) [3, 16].
Recently, we have demonstrated that PACAP

potently stimulates cyclic AMP production in the

central nervous system (CNS) of several avians, in-

cluding chick, while VIP appeared to be much less

potent in this respect [10, 11]. PACAP also stimu-

lated the accumulation of IPs in the hypothalamus

and cerebral cortex of chick and duck [9], the effect

reflecting an ability of this peptide to activate

PLC-dependent breakdown of phosphatidylinositol-

-4,5-bisphosphate (PIP�), with a subsequent gene-

ration of IP� and DAG. Although VIP shared this

PACAP activity in the hypothalamus of chick, it

had no stimulatory action on IPs production in the

chick cerebral cortex.
To study further signaling pathways underlying

physiological actions of PACAP and VIP in the

avian CNS, we attempted to determine whether

these two peptides have an impact on protein ki-

nase C (PKC). Such an activity seems possible, as

DAG is a natural activator of PKC, and at least

PACAP can stimulate phosphoinositide metabo-

lism in the avian brain [9]. In this work, we have

shown that both PACAP and VIP can affect PKC

activity in the chick cerebral cortex, inducing a trans-

location of PKC from the cytosol to the cell mem-

brane area.

MATERIALS and METHODS

Animals

White male leghorn chicks (Gallus domesticus)
were obtained on the day of hatching from the local
hatchery and kept in warmed brooders with standard
food and water available ad libitum, for two–three
weeks before use. The animals were kept under
a 12 h light/12 h dark lighting schedule (lights on
between 21.30 and 09.30; light intensity near the
floor of the animals’ room was about 150 lux). The
experiments were performed in accordance with
the Polish governmental regulations concerning ex-
periments on animals and rules followed at the De-
partment of Biogenic Amines.

Tissue preparation

On the day of experiment, the birds were killed
by decapitation, under light, between 08.00–09.00.
Each experiment was carried out on cerebral cortex
(devoid of white matter) of 4 animals, and repeated
at least 2–3 times. Cross-chopped slices (250 �m;
prepared with McIlwain tissue chopper) of the se-
lected brain region were suspended in cold, O�/CO�

(95:5) gassed, glucose-containing modified Krebs-
-Henseleit medium (KHM; containing 118 mM
NaCl, 5 mM KCl, 1.3 mM CaCl�, 1.2 mM MgSO',
1.2 mM KH�PO', 25 mM NaHCO�, and 11.7 mM
D-glucose; pH 7.4). Following adaptation to a new
artificial environment, aliquots of tissue slices were
distributed to assay tubes, peptides or vehicle were
added according to experimental protocol, and in-
cubation was continued for 30 min at 37°C.

Partial purification of protein kinases

The procedure was adapted from Guy et al. [2].
Following the incubation with the tested peptides,
tubes containing tissue slices were placed on ice,
and KHM was replaced by cold buffer consisting of
50 mM Tris/HCl, 2 mM EDTA, 0.5 mM EGTA
(pH 7.4; buffer A), supplemented with 0.33 M su-
crose and 1 mM PMSF. Samples were homogenized
and homogenates were centrifuged at 100,000 × g
for 1 h at 4°C. The resulting supernatants were ap-
plied onto DEAE-cellulose columns, and the re-
tained PKC was eluted with buffer A supplemented
with 150 mM NaCl. Pellets (containing “mem-
brane” form of PKC) were dissolved in buffer A
supplemented with 0.5% Triton X-100, and centri-
fuged at 100,000 × g for 1 h at 4°C. The resulting
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supernatants were applied onto DEAE-cellulose col-
umns, and PKC was eluted with buffer A, enriched
with 150 mM NaCl and 0.5% Triton X-100. Elu-
ates were collected and tested for PKC activity.

Assay of protein kinase C activity

The assay was a slightly modified procedure
described by Witt and Roskoski [18] and Guy et al.
[2]. The final incubation mixture (75 �l) contained:
3.75 �mole of TRIS/HCl, 1.25 �mole of Mg-aceta-
te, 50 nmole of CaCl�, 40 �g of histone, 25 �g of
phosphatidylserine, 1 �g of diolein, 2.5 nmole of
ATP (containing [�-��P]ATP) and an aliquot of
tested eluate. The reaction was initiated by the ad-
dition of ATP/[�-��P]ATP. Following 10 min incu-
bation at 30°C, the samples were immersed in an
ice-bath, and aliquotes of PKC assay mixture were
transferred to disks of phosphocellulose paper
(Whatman P-81), which then were dried, rinsed
with tap water, dried again, and the radioactivity
absorbed onto the phosphocellulose was measured
by liquid scintillation spectrometry using vials con-
taining Bray’s scintillation coctail.

Chemicals

The used neuropeptides PACAP�% (A-1439) and
VIP (V-6130) were purchased from Sigma (St.
Louis, MO, USA). Radiolabelled compound [�-��P]-
ATP (specific activity 3000 Ci/mmol) was pur-
chased from Amersham-Pharmacia Biotech (Buck-
inghamshire, UK). Other chemicals were of analy-
tical purity and were obtained mainly from Sigma
(St. Louis, MO, USA).

Statistical analysis

Data were expressed as means ± SEM, and were
analyzed by one-way analysis of variance followed
by Newman-Keuls test, using GraphPad software.

RESULTS and DISCUSSION

PACAP�% (0.1–1 �M) and VIP (0.3–3 �M)
concentration-dependently increased the activity of
cell membrane PKC and simultaneously decreased
the enzyme activity in a cytosol preparation of the
chick cerebral cortex (Fig. 1). Such a picture of
changes in PKC activity is consistent with a trans-
location of this enzyme from the cytosol to the
membrane area of a given cell/tissue (e.g. [12, 17]),

a phenomenon generally reflecting the activation of
PKC [7, 8].

A physiological activator of PKC is DAG,
which is generated from PIP� in parallel with IP�

in a process catalyzed by a receptor-coupled PLC.
Our recent study has shown that PACAP�% stimu-
lated accumulation of IPs (including IP�) in slices
of the chick cerebral cortex and hypothalamus [9].
This study has also demonstrated that VIP was less
potent (than any form of PACAP) in this respect in
the chick hypothalamus, and, interestingly, had no
stimulatory action on IPs accumulation in the chick
cerebral cortex [9]. A difference between PACAP
and VIP in evoking the IPs response in the chick
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cerebral cortex may suggest the role of PLC-linked
PAC& type receptor. However, VIP, being unable to
stimulate the generation of DAG (judging from its
inability to enhance IPs accumulation) in the chick
cerebral cortex, did affect the PKC activity in this
brain area. Thus, an obvious disagreement between
PKC and IPs data regarding the effects of PACAP
and VIP in the chick cerebral cortex raises a ques-
tion on the mechanism, as well as type of receptor,
through which both neuropeptides exerted their
PKC translocating effects.

Based on available data, and regardless of the
receptor (R) type being involved, the sequence of
PACAP-driven events may be envisaged to follow
a likely scheme: PACAP � R (type ?) � PLC �

IP�/DAG � PKC. However, such a scheme does
not seem to apply to VIP which appeared to be un-
able to activate phosphoinositide metabolism in the
chick cerebral cortex. A possible explanation of
this fact may be that VIP affects PKC indirectly,
via an unknown intermediate capable of stimulat-
ing PLC activity. It should be noted that VIP can
stimulate adenylyl cyclase/cyclic AMP system in
the avian CNS [10, 11], and might utilize this path-
way (extended to a cyclic AMP-dependent protein
kinase A-catalyzed phosphorylation) to mediate its
action on PKC, although it is much weaker in this
respect than PACAP. Alternatively, VIP, as well as
PACAP, might exert their action on PKC via a re-
ceptor-triggered mechanism related to the intracel-
lular mobilization of Ca�0, a phenomenon which
may occur without activation of adenylyl cyclase
or PLC [1]. Such a Ca�0-related mechanism may
function, as Ca�0 can produce a conformational
change in PKC that results in the release of the
pseudosubstrate (that occupies the active site when
the enzyme is inactive) from its binding site in the
catalytic domain, leading to enzyme activation [4,
8, 14].

In summary, this study showed for the first time
that VIP and PACAP are capable of affecting PKC,
evoking its likely translocation from the cytosol to
the cell membrane area in the chick cerebral cortex.
Since PKC comprises at least 10 isozymes [8, 14],
it would be interesting to know which member(s)
of the PKC family respond(s) to VIP-PACAP
stimulation.
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