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Abstract. Two molecular forms of pituitary adenylate cyclase-activating 
polypeptide (PACAP), i.e., PACAPz7 and PACAP38 (0.0001-1 yM), as well 
as vasoactive intestinal polypeptide (VIP: 0.1-3 yM), have been studied for 
their effects on cyclic AMP formation in the hypothalamus and cerebral 
cortex of duck and goose. All three peptides concentration-dependently 
stimulated cyclic AMP production in the tested brain regions of 
2-3-weeks-old (young) ducks, with VIP showing at least one order of 
magnitude weaker activity than PACAP. This characteristics suggests the 
existence in the duck's brain of adenylyl cyclase-linked PAC, receptors. Both 
forms of PACAP also stimulated the nucleotide formation in the cerebral 
cortex and hypothalamus of 5-6-months-old (adult) ducks or geese grown 
under natural environment. The peptides-evoked effects in adult and young 
ducks were comparable, and clearly greater than those found in adult geese. 
The present data extend our recent observations made on chicks, and suggest 
PACAP to be a potent stimulator of the cyclic AMP generation in the avian 
central nervous system. 
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Pituitary adenylate cyclase-activating polypeptide 
(PACAP) is a member of vasoactive intestinal polypep- 
tide (VIP)/secretin/glucagon family (Christophe 1993, 
Arimura and Shioda 1995, Rawlings and Hezareh 1996). 
It exists in two biologically active molecular forms, 
PACAP 1-27 (PACAP.7) and PACAP 1-38 (PACAPju), 
of which the latter is a predominating form occurring in 
tissues (Miyata et al. 1990, Arimura and Shioda 1995, 
Rawlings and Hezareh 1996). PACAP evokes many ef- 
fects in a variety of tissues, and diverse roles the peptide 
may play - particularly in mammalian species - include 
the role of a central neurotransmitter or neuromodulator, 
endocrine regulator, vasoregulator, and also growth fac- 
tor (Chartrel et al. 1991, Christophe 1993, Arimura and 
Shioda 1995, McRory et al. 1995, Harmar et al. 1998, 
Peeters et al. 1998a,b, Wong et al. 1998). 

One of the most prominent biochemical actions of 
PACAP is its ability to stimulate the cyclic AMP-gener- 
ating system. This effect results from the nature of 
PACAP receptors (designated PAC I ,  VPAC 1 and 
VPAC: (Harmar et al. 1998)), which all belong to the 
large superfamily of G-protein coupled receptors linked 
to the activation of adenylyl cyclase (noteworthy, at least 
one of these receptors, i.e., PAC], can also couple to the 
activation of phospholipase C) (Christophe 1993, 
Arimura and Shioda 1995, Rawlings and Hezareh 1996, 
Harmar et al. 1998). PACAP-evoked elevations in cyclic 
AMP synthesislcontent have been found in many tissues 
of different mammals (Miyata et al. 1990, Christophe 
1993, Onali and Olianas 1994, Arimura and Shioda 
1995, Basile et al. 1995, Nilsson et al. 1996, Rawlings 
and Hezareh 1996), as well as in brains of frogs (Yon et 
al. 1992, Chartrel et al. 1993) and fishes (McRory et al. 
1995, Wong et al. 1998). Recently we have observed a 
stimulatory effect of the peptide on cyclic AMP forma- 
tion in the central nervous system (CNS) of chicks 
(Nowak et al. 1999a,b), thus extending an array of ver- 
tebrates being sensitive to PACAP. In these birds. grown 
from the day of hatching under controlled lighting and 
temperature conditions, the action of PACAP:7 and 
PACAPix varied among tested brain areas, displaying 
large effects in the hypothalamus and cerebral cortex, 
and comparatively moderate effects in the pineal gland, 
and weak ones in optic lobes. In a recent communication 
Peeters et al. ( 1998b) also reported stimulatory effects of 
PACAP on cyclic AMP content in and growth hormone 
release from cultured chicken anterior pituitary cells. 
Our recent preliminary data have shown the ability of a 
short form of PACAP, i.e. PACAPy, to enhance cyclic 

AMP synthesis in the brain of some other birds, such as 
duck, goose and turkey (Nowak et al. 1999b), suggesting 
that the peptide may generally play a neuromodulator 
role in the avian CNS. In this report we present our ex- 
tended data on the effects of the two molecular forms of 
PACAP, i.e., PACAP17 and PACAPix, as well as VIP, 
on cyclic AMP formation in the hypothalamus and cere- 
bral cortex of young and adult ducks, and, in addition, of 
adult geese. 

Female 2-3-weeks-old (young) and 5-6-months-old 
(adult) ducks (Atlas plat~rl l~~rlcl los  ,f cior~~esticw) and 
adult geese ( A ~ ~ s e r  atlser $ dor~~estica) were used. 
Young ducks refer to the animals that were purchased lo- 
cally on the day of hatching and kept until experirnenta- 
tion in warmed brooders under 12 h light: 12 h dark 
lighting schedule (LD; lights on at 22.00 h and off at 
10.00 h), with aci libit~tr71 standard "avian" food and tap 
water. The adult animals, that were grown under natural 
environmental lighting and temperature conditions, 
were purchased (in November 1998) from local farmers: 
these animals were kept until sacrifice in an unheated 
room (average temperature of 1 1 + 3'C) under artificial 
illumination of 9 h light: 15 h dark (similar to a natural 
day-night cyclicity in November), with a free access to 
standard "avian" food and tap water. On the day of ex- 
periment, the birds (adult - three on each occasion; young 
- usually 4-5 animals per experiment) were killed by de- 
capitation, under light, between 09.00- 11.00. Each ex- 
periment was carried out on the hypothalamal tissue 
pooled from two-three animals and cerebral cortex (de- 
void of white matter) of one animal, and repeated 2-3 
times. Cross-chopped slices (250 ym; prepared with 
McIlwain tissue chopper) of the tested brain re,' u i o n ~  
were suspended in cold, 0:lCO: (955 )  gassed, glucose- 
-containing modified Krebs-Henseleit medium (contain- 
ing 118 mM NaCl, 5 mM KC1, 1.3 mM CaCl:, 1.2 mM 
MgSO4, 1.2 mM KH:PO4. 25 mM NaHCOi, and 1 1.7 
mM D-glucose; pH 7.4). The formation of [ i ~ ] c y c l i c  
AMP in  jadenin nine prelabeled tissues was assayed ac- 
cording to Shimizu et al. (1969). The formed r cyclic 
AMP was isolated by a sequential Dowex-alumina chro- 
matography according to Salomon et al. ( 1974). The re- 
sults were individually corrected for a percentage 
recovery with the aid of  cyclic AMP added to each 
column system prior to the nucleotide extraction. The ac- 
cumulation of cyclic AMP during a 10-min stimulation 
period was assessed as a per cent of the conversion of 
[3~]adenine  to ['H]cyclic AMP. The effects of PACAPs 
and VIP were tested in the medium without any protease 
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inhibitors. Details of the whole procedure were de- 
\cr~bed by us earlier (Nowak and Sek 1994. Nowak et al. 
1995). 

The following drug\ were used: PACAP27 (human, 
ovine. rat - P-202; RBI. Natick. MA. USA), PACAP38 

YOUNG DUCK 

CEREBRAL CORTEX 

[ HYPOTHALAMUS 

Peptide concentration ( -log [MI ) 

Fig. 1 .  The effects of PACAPy. PACAP38 and VIP on cyclic 
AMP formation in [3~]adenine-prelabeled slices of the cere- 
bral cortex and hypothalamus of young duck. Results are ex- 
pressed in percent of conversion and represent means * SEM. 
shoming net effects of the peptides, i.e.. after subtraction of re- 
spective basal (control) values mhich mere (in percent of con- 
version): cerebral cortex, 2.03 k0.39(11); hypothalamus, 0.85 
k 0.17(9). Number of samples: 5-  13 and 9- 13 for cerebral cor- 
tex and hypothalamus, respectively. 

(mammalian - A- 1439; Sigma, St. Louis, MO, USA) and 
VIP (human, porcine, rat -V-6130: Sigma, St. Louis, 
MO, USA). [ ' ~ l ~ d e n i n e  (specific activity 26.9 
Cilmmol) and [ " ~ ] c ~ c l i c  AMP (specific activity 52.3 
mCiImmo1) were purchased from DuPont New England 
Nuclear (Bad Homburg, Germany). Other chemicals 
were of analytical purity and were obtained mainly from 
Sigma (St. Louis. MO. USA). 

Data were expressed as means f SEM. and were ana- 
lyzed by one-way analysis of variance followed by New- 
man-Keuls test. using GraphPad software. 

Young ducks. PACAP27 and PACAP38. used in a con- 
centration range of 0.001 - 1 pM, similarly and concentra- 
tion-dependently stimulated cyclic AMP formation in 
cerebral cortex. producing at a 1 p M  dose the effect of 
207-227'1; of control. PACAP27 and PACAP38. applied 
at 0.1 and 1 pM concentrations, acted more strongly in 
the hypothalamus, producing increases in cyclic AMP 
production of 268-276 and 346-39252 of control. respec- 
tively (Fig. 1). In parallel experiments, VIP (0.1- 1 p M  in 
the hypothalamus and 0.1-3 yM in cerebral cortex) ap- 
peared to be at least one order of magnitude weaker (than 
PACAP) stimulator of the nucleotide synthesis in the 
studied brain regions (Fig. 1). None of the tested peptides 
did not reach a plateau (indicating a maximal response) 
at the used concentration range, making impossible cal- 
culation of EC5o values (representing the concentrations 
required for half-maximal cyclic AMP production). 

Adult ducks and geese. The obtained results are 
shown in Figs. 2 and 3. PACAP27 (0.001-1 pM) and 
PACAP38 (0.0001-1 yM) stimulated cyclic AMP pro- 
duction in a concentration-dependent manner in the hy- 
pothalamus and cerebral cortex of both adult duck and 
goose. Maximal responses (E,,,,,) have been reached at 
0.1 yM of both PACAP27 and PACAP38 in the goose hy- 
pothalamus (267 and 320% of control. respectively). 
with calculated EC50 values of 10.4 nM for PACAP27 
and 1.7 nM for PACAP'x, as well as in the duck cerebral 
cortex at 0.1 p M  of PACAP38 (E,,,,, = 300% of control; 
E C ~ O  = 26.7 nM). Both peptides at concentrations used 
did not reach a plateau in the duck hypothalamus. A 
raphly similar potency of PACAP27 and PACAP38 in 
evoking the cyclic AMP response in the duck hypotha- 
lamus and goose cerebral cortex was observed, whereas 
in the goose hypothalamus PACAP38 appeared to be 
clearly more potent than its 27-form. 

Interestingly. as demonstrated in our recent experi- 
ments carried out on chicks (Nowak et al. 1999a) both - 
short and long - forms of PACAP evoked decisively 
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larger cyclic A M P  responses in the hypothalamus and in the hypothalamus where the peptide action did not ap- 
cerebral cortex of these birds (E,,,, of 900-1.000 and proach aplateau until 1 pM). yet displaying comparable 
500-600% of respective control, reached in both cases at ECjo values (i.e.. 26.9 and 26.3 nM. respectively, for 
0.1 pM concentration: with the exception of PACAP38 PACAP27, and 18.6 nM for PACAP38 in cerebral cor- 
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Fig. 2. The effects of PACAP38 and PACAP27 on cyclic AMP 
formation in [3~]adenine-prelabeled slices of the cerebral cor- 
tex and hypothalamus of adult duck. Results are expressed in 
percent conversion and represent means + SEM. showing 
"net" effects of the peptides, i.e.. after subtraction of respec- 
tive basal (control) values which were (in percent conversion): 
cerebral cortex, 1.98 + 0.16(6) and 1.85 k 0.2 l(8); hypothala- 
mus. 0.89 i 0.1 l(5) and 1.09 i 0.15(10) for PACAP38 ( 1 1  = 
4-9 for points on the curve) and PACAP27 (8- lo), respec- 
tively. 

Fig. 3. The effects of PACAP38 and PACAP27 on cyclic 
-3 AMP formation in ['Hladenine-prelabeled slices of cere- 

bral cortex and hypothalamus of adult goose. Results are 
expressed in per cent conversion and represent means i SEM. 
showing "net" effects of the peptides. i.e.. after subtraction 
of respective basal (control) values which were (in percent 
conversion): cerebral cortex. 1.49 +_ 0.15(5) and 1.79 i 
0.10(8); hypothalamus. 0.85 k 0.04(5) and 1.36 k 0.09(9) 
for PACAP38 ( n  = 4-5 for points on the curve) and 
PACAP27 ( n  = 8-14). respectively. 
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tex). The observed rank-order of potency in evoking the 
cyclic AMP response in the chick brain. i.e. PACAPj8 = 

PACAP27 >> VIP. indicates the role of PACI-subtype 
receptor in mediating the reported PACAP effects 
(Rawlings and Hezareh 1996. Harmar et al. 1998). In the 
duck CNS the difference in potency between VIP and 
PACAPjs or PACAP27 was of one order of magnitude 
(in chicks - three orders of magnitude: Nowak et al. 
1999a.b). which may suggest that the receptor mediating 
the PACAP action on cyclic AMP production in ducks 
may also represent the PAC1 subtype. It should be noted 
that the presence of PAC I receptors in the chick brain has 
already been identified by molecular biology ap~roaches  
(Peeters et al. 1999). In addition to PAC1 receptors. 
which prefer PACAP over VIP. these peptides can inter- 
act with other receptors known as VPACl and VPAC. 
that are equally sensitive to both forms of PACAP and 
VIP (PACAPiU = PACAP27 = VIP) (Arimura and Shioda 
1995. Rawlings and Hezareh 1996. Harmar et al. 1998). 

Although it is not proven. the current results may sug- 
gest that in the CNS of the chick (Nowak et al. 1999a.b). 
duck (present data). and possibly goose. there may be a 
similar type of PACAP receptor. whose density (likely 
responsible for the peptide maximal effect) may differ 
among species. Another aspect worth of mentioning is 
that the difference in maximal responses observed in 
young and adult ducks and adult geese on one side. and 
2-4-weeks-old chicks on the other side. may be species-. 
and not age- or way of breeding-dependent, as we did not 
detect a significant difference between the effects of 
PACAP between 2-3-weeks-old ducks (kept from the 
day of hatching under controlled daily light-dark cycle. 
room temperature and access to food) and adult animals 
grown under natural environmental conditions. 

In terms of E,,,, and ECjo values characterizing the 
action of PACAP on cyclic AMP generation. and/or 
some differences in the effects observed between the two 
forms of the peptide. the presented here results. includ- 
ing those obtained for the chick CNS (Peeters et al. 
1998b. Nowak et al. 1999a.b). are not unique for avians. 
as tremendous variability in the mentioned parameters 
has already been reported by many researchers. Such a 
\lariability appears to be dependent on a given tissue and 
species. as well as type and density of PACAP receptors. 
For example. in the rat pituitary cell cultures both forms 
of PACAP (27 and 38) showed a similar potency. with 
Elm,,, = 4 0 0 7 ~  of control reached at 0.01 yM (Miyata et 
al. 1990): both peptides showed even greater potency in 
the rat cerebellar neuroblasts. reaching Elma, of about 

1000% of control at low nanomolar concentrations 
(Basile et al. 1995). However. in the monkey retina. the 
maximal stinlulation of adenylyl cyclase activity. pro- 
duced by 0.01 yM of PACAP38 and 0.1 pM of 
PACAPy.  reached only the value of 70% above basal 
level (Nilsson et al. 1996). whereas in the rat retina the 
reported Ell,,, was about 800% of control. reached by 
PACAPjx at 0.01 pM and PACAP27 at a concentration 
>1 yM (Onali and Olianas 1993). In nonmammalian tis- 
sues. such as fragments of the frog anteriorpituitary. the 
reported parameters for PACAPjx were: En,,, = 1000% 
of control. and ECjo = 0.21 pM (Chartel et al. 1991 ). 
while in the frog hypothalanlic slices 3 yM of PACAP27 
increased cyclic AMP production by 168% above basal 
level. yet still not reaching a plateau (Wong et al. 1998). 

In the vast literature regarding PACAP. we found 
only one paper describing distribution of PACAP-con- 
taining perikarya and nerve fibers in the avian CNS 
(Peeters et al. 199th). This recently published study. 
carried out on chicken forebrain. showed a clearly 
larger density of the peptide-immunoreacti\~e cells in 
the anterior part of the hypothalamus (preoptic and 
supraoptic region). in the nucleus paraventricularis 
magnocellularis. in the median eminence. as well as in 
the posterior labe of pituitary. Assunling the existence 
of an analogy in the PACAP-specific neuronal net- 
work in brains among different avian species. the 
PACAP-containing cells (identified in chicken fore- 
brain) may likely be a source of the endogenous pep- 
tide in the hypothalan~us of the duck and goose. Yet. 
more study is needed to verify such a suggestion. Pee- 
ters et al. (1998b) have recently reported that PACAP 
is capable of stimulating growth hormone secretion 
from cultured chicken pituitary cells. suggesting that 
one of the peptide's physiological roles in chicks may 
be the role of a neuroendocrine regulator. If this holds 
true for ducks and geese. one might hypothesize on the 
neuroendocrine role of PACAP in avians generally. 

In conclusion. this paper extends our earlier observa- 
tions made on chicks. and shows that PACAP27 and 
P A C A P ~ E  are capable of potently stimulating cyclic 
AMP biosynthesis in the hypothalamus and cerebral cor- 
tex of ducks and geese. including both young animals 
grown under controlled conditions and adult animals 
grown "freely" in a natural environment. 
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