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Comparative effects ofPACAP and VIP on pancreatic endocrine
secretions and vascular resistance in rat
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1 The effects of pituitary adenylate cyclase-activating polypeptide (PACAP), vasoactive intestinal
peptide (VIP) and secretin on pancreatic endocrine secretions and vascular resistance were investigated
and compared in the isolated perfused pancreas of the rat. The PACAP/VIP receptor types involved
have been characterized.
2 On insulin secretion, in the range 1011 to 10-8 M, PACAP and VIP elicited a concentration-
dependent biphasic response from pancreas perfused with 8.3 mM glucose; the peptides were equipotent.
In contrast, secretin was ineffective in the range 10-11 to 10-9 m; at 10-8 and 10-7 M, it induced only
low and transient insulin responses. On the other hand, the peptides did not modify the basal insulin
release in the presence of a non stimulating glucose concentration (2.8 mM).
3 On glucagon secretion, PACAP and VIP (10-"I to 10-8 M) but also secretin (10-9 to 10' M) caused
a concentration-dependent peak shaped response from pancreas perfused with 2.8 mm glucose; PACAP
and VIP were equipotent and 20 times more potent than secretin. On the other hand, the peptides did
not affect the glucagon release in the presence of 8.3 mM glucose.
4 On pancreatic vessels, in the range 1011 to 10-9 M, the three peptides were equipotent in inducing a

concentration-dependent sustained increase in pancreatic flow rate. On the other hand, at the high
concentration of 10' M PACAP but not VIP provoked a transient decrease of flow rate.

5 This study provides evidence for PACAP/VIP type II receptors mediating insulin and glucagon
secretion as well as vasodilatation in rat pancreas. In addition, the different efficacies of secretin suggest
that these effects are mediated by different PACAP/VIP type II receptor subtypes.

Keywords: Pituitary adenylate cyclase-activating polypeptide (PACAP); vasoactive intestinal peptide (VIP); secretin; insulin
secretion; glucagon secretion; vessel; rat pancreas

Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP) is
a neuropeptide initially from ovine hypothalamus on the basis
of its ability to stimulate adenylate cyclase in rat pituitary cells
(Miyata et al., 1989). Two biological active forms of the pep-
tide have been identified, one major with 38 amino acids
(PACAP-38) and the other with 27 residues (PACAP-27),
sharing the same N-terminal 27 amino acids (Miyata et al.,
1990). PACAP belongs to the secretin/glucagon/vasoactive
intestinal peptide (VIP) family of peptides and shares a high
degree of amino acid homology (68%) with VIP (Arimura,
1992). Recent studies have demonstrated the existence of at
least two types of high-affinity receptors for PACAP on the
basis of their relative affinities for PACAP and VIP, denomi-
nated type I and type II (Arimura, 1992; Christophe, 1993;
Rawlings, 1994). Type I receptors are PACAP-preferring re-
ceptors whereas Type II receptors recognize PACAP and VIP
with a similar affinity and appear to be identical with VIP
receptors. The Type II receptors (or VIP receptors) have been
subdivided into VIP1 and VIP2; one pharmacological criterion
to distinguish between the two subtypes is the ability of se-
cretin to activate the VIP1 but not the VIP2 receptors (see
Harmar & Lutz, 1994).
PACAP and VIP are widely distributed, occurring in the

central nervous system and peripheral tissues such as pituitary,

adrenal, lung, testis, gastrointestinal tract and pancreas where
they exert diverse biological effects (Christophe, 1993; Arimura
& Shioda, 1995). In the pancreas, PACAP- and VIP-like im-
munoreactivity has been observed in nerve fibres innervating
islets and blood vessels (Bishop et al., 1980; Fridolf et al., 1992;
Koves et al., 1993; Yada et al., 1994), suggesting that these
peptides may play a physiological role in the control of en-
docrine secretions and vascular tone. VIP (Schebalin et al.,
1977; Szecowka et al., 1980) and more recently PACAP (Ka-
wai et al., 1991; Fridolf et al., 1992; Yokota et al., 1993) have
been reported to stimulate insulin and glucagon secretions.
However, the PACAP/VIP receptor types involved in these
effects have not been elucidated. Indeed, no study has com-
pared the effect of these peptides on glucagon secretion; on the
other hand, for insulin secretion it has been reported that
PACAP was more potent than VIP suggesting an action at a
PACAP receptor type I (Yada et al., 1994) whereas it has been
shown that receptors with similar binding properties to the
type II are expressed in an insulin-secreting fi cell line (Inagaki
et al., 1994). In addition, these peptides are known to exhibit a
vasolidator effect in various vascular beds (see Christophe,
1993) and VIP has been reported to increase whole pancreatic
blood flow in rat (Jansson, 1994).

The present study was designed to compare the effects of
PACAP and VIP on pancreatic endocrine secretions and vas-
cular resistance in order to characterize the PACAP/VIP re-
ceptor types involved. This work was performed on the
isolated perfused pancreas of the rat, a preparation which
preserves the anatomical integrity of the islets of Langerhans
and pancreatic vessels.
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Methods

Our experiments were performed with male Wistar rats fed ad
libitum and weighing 320-350 g. The surgical procedure for
the isolated perfused rat pancreas has already been described
(Loubatieres et al., 1969; Bertrand et al., 1986). After total
isolation from all neighbouring tissues, the pancreas was per-

fused through its own arterial system and at a constant pres-

sure with a Krebs-Ringer bicarbonate buffer containing 2 g 1-'

pure bovine serum albumin (fraction V) and glucose 8.3 or 2.8
mM. A mixture of 02 (95%) and CO2 (5%) was continuously
bubbled through this medium; the pH was about 7.4. The
preparation was maintained at 37.5°C. Any change in pan-

creatic vascular bed resistance induced change in pancreatic
effluent output. The pressure (ranging between 40 and 45
cmH2O) was selected to give a flow rate of 2.5 ml min-' during
a 30-min stabilization period.

The first sample was taken after the stabilization period.
The test substances were infused for 20 min from time 45 min.
The flow rate was measured during 1 min for each sample; an

aliquot of 800 Ml was immediately frozen in a chilled tube
containing 50 M1 of a mixture of 32 mM EDTA and 10 000 kiu
ml-'aprotinin (Antagosan, Hoechst, Puteaux, France) for
glucagon determination and the remainder was frozen for in-
sulin determination.

Insulin was determined by radioimmunoassay using char-
coal separation (Herbert et al., 1965), an anti-porcine insulin
antibody (ICN, Biochemicals, Orsay, France) and pure rat
insulin (Novo, Copenhagen, Denmark) as the reference stan-
dard, the biologic activity of which was 14.2 Mu ng-'. Gluca-
gon was measured by the method of Unger et al. (1970) using
the BR 124 glucagon antiserum from the Institut de Biochimie
Clinique (Geneva, Switzerland) and porcine glucagon (Novo,
Coppenhagen, Denmark) as standard.

For the kinetics of insulin or glucagon output as well as the
kinetics of flow rate, the results are expressed as changes in
relation to the value at time 45 taken as 100%. Data are ex-

pressed as means + standard error of the mean (s.e.mean).
In order to obtain the concentration-response curves for test

substances, we used: (1) for insulin secretion, the increase of
mean insulin output over the 20 min of substance infusion
calculated as follows: AUC/20 (AUC = area under the curve);
(2) for glucagon secretion, the increase in glucagon output rate
during the first 5 min of agonist infusion (AUC/5); (3) for flow
rate, the mean flow rate over the 20 min of infusion. The values
obtained were plotted as a function of the logarithm of peptide
concentrations. For each peptide we carried out a linear re-

gression analysis from the values and a comparison of potency
was performed by the parallel method (Armitage, 1980).

The data were submitted to analysis of variance followed by
Newman-Keuls test for multiple comparisons.

Drugs

VIP and secretion were obtained from Bachem (U.K.). PA-
CAP(1-38) amide was synthesized by the solid phase technique
and then purified by reverse phase h.p.l.c. on a semipreparative
column (Whatman C18, 10 gm, 22 x 500 mm) according to the
procedure of Le Nguyen et al. (1987). The purity of the peptide
was characterized by analytical h.p.l.c., capillary electrophor-
esis, mass spectrometry and its composition confirmed by
amino acid analysis. The peptides were dissolved in sterile
isotonic saline containing 0.2% bovine serum albumin.

min (the reference value).
The test substances were studied in the concentration range

l0-"-10-7M. As shown in Figure 1, in the range 10-" to
10-8M, PACAP induced a biphasic insulin release in a con-
centration-dependent manner. The increase in mean insulin
output rate averaged a maximum of + 536+ 36% with PA-
CAP 10-8M (Figure 3). VIP (10-" to 10-8M) like PACAP,
elicited a concentration-dependent biphasic insulin response
and a comparable maximal increase of mean insulin output
rate: +505+29% at 10-8M (Figures 2a and 3). In contrast,
secretin was ineffective in the range 10- l -10 9M and induced
only transient weak insulin responses at 10-8 and 10-7M
(Figures 2b and 3): the insulin output rate peaked within 2 min
only at + 118 +44% and + 313 + 50%, respectively, and then
rapidly returned to basal values.
On the other hand, in the presence of a non-stimulating

glucose concentration (2.8 mM), these peptides did not affect
basal insulin release. The mean insulin output during the 20
min of peptide infusion were 0.8 +0.3; 1.2+0.3 and 0.7 +0.2
ng with PACAP 10-8M, VIP 10-8M and secretin 10-7M, re-
spectively, versus 1.1 + 0.4 ng in controls (results not shown).

Comparative effects of peptides on glucagon secretion

When pancreata were perfused with 2.8 mM glucose, the glu-
cagon output rate in controls decreased during the first 50 min
and then remained relatively stable (Figure 4).

In the range 10- " to 10-8M, PACAP induced an immediate
and transient (5-10 min) glucagon response in a concentra-
tion-dependent manner (Figure 4). VIP (10-" to 10-8M) and
also secretin (10-9 to 10-7M) provoked a concentration-de-
pendent glucagon response with a sharp peak (Figure 5). As
shown in Figure 6, the three peptides elicited comparable
maximal increase in the mean glucagon output rate:
+ 192 + 22, + 202+ 29 and + 196+ 16% with PACAP 10-8M,
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Results

Comparative effects of PACAP, VIP and secretin on
insulin secretion

In pancreata perfused with the slightly stimulating glucose
concentration of 8.3 mM, the insulin output rate in controls
was relatively stable and averaged 28.6+4.4 ng min-' at 45
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Figure 1 Effects of PACAP on insulin secretion from the rat
isolated pancreas perfused with 8.3 mm glucose: (0) 10-11M (n=6);
(A) 10-9M (n= 5); (M) 10-8M (n= 7); controls (0) (n =12). Each
point represents the mean with s.e.mean.
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FIgure 3 Concentration-response curves for the effects of PACAP
(0), VIP (A) and secretin (U) on insulin secretion from the rat
isolated pancreas. Each point represents the mean with s.e.mean of
4- 12 experiments.
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Figure 2 Effects of VIP and secretin on insulin secretion from the
rat isolated pancreas perfused with 8.3 mm glucose: (a) VIP, (0)
10"-lM nn=4); (A) 10-9M (n=5); (O) 10-8M (n=6); (b) secretin,
(A) 10- M (n= 5); (U) 10-8M (n= 5); ([i]) 10-7M (n=6). Each point
represents the mean with s.e.mean.

VIP 10-8M and secretin 10-7M, respectively. PACAP and VIP
were equipotent and were about 20 fold more potent than
secretin with [5-45] for 95% confidence limits.
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Figure 4 Effects of PACAP on glucagon secretion from the rat
isolated pancreas perfused with 2.8 mm glucose: (0) 10 - M (n = 5);
(A) I0-M (n=4); (U) 10-8 (n5=); controls (0) (n= 5). Each point
represents the mean with s.e.mean.
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65 75 85 Figure 6 Concentration-response curves for the effects of PACAP
(0), VIP (A) and secretin (M) on glucagon secretion from rat
isolated pancreas. Each point represents the mean with s.e.mean of
4- 6 experiments.
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Figure 5 Effects of VIP and secretin on glucagon secretion from the
rat isolated pancreas perfused with 2.8 mm glucose: (a) VIP, (0)
IO-IM n=5); (A) 10-9M (n=6); (-) 10-8M (n=6); (b) secretin,
(A) 10- M (n= 5); (A) 10-8M (n=4); (EJ) 10-7M (n= 5). Each point
represents the mean with s.e.mean.

On the other hand, in the presence of 8.3 mM glucose, the
peptides did not significantly affect basal glucagon release. The
mean glucagon output during the 5 min of peptide infusion

were 285 +35; 302+ 21 and 383 +46 pg with PACAP 10-8M,
VIP 10-8M and secretin 10-7M, respectively, versus 315 + 33 pg
in controls (results not shown).

Comparative effects of peptides on pancreatic flow rate

PACAP (10-"1 to 10-9M) elicited a progressive and sustained
increase in the pancreatic flow rate in a concentration-depen-
dent manner (Figure 7). Over the same range of concentra-
tions, both VIP and secretin were effective on the vascular bed
(Figure 8). The concentration-response curves of the peptides
on flow rate are shown in Figure 9. The three peptides ex-

hibited similar potency and efficacy; they were concentration-
dependently effective in the range 10-" to 10-9M and induced
similar maximal increases in the mean pancreatic flow rate of
about 12%.

In contrast, at the high concentration of 10-7M, PACAP
induced an immediate and transient decrease in pancreatic
flow rate: the maximum decrease was reached at the second
minute (-37+5%) and the return to basal value occurred
within 10 min (Figure 10). At this concentration, neither VIP
nor secretin elicited a decrease in pancreatic flow rate. In ad-
dition VIP, even at the high concentration of 10-6M, elicited a

vasodilator effect (results not shown): the mean flow rate
during the 10 min infusion was + 14+3% versus -17+3%
with PACAP 10-7M.

Discussion

The present study shows that PACAP and VIP are equipotent
in inducing insulin and glucagon secretion as well as vasodi-
latation, thus providing evidence for the involvement of PA-
CAP/VIP receptors of type II in the three effects. In addition,
the different behaviour of secretin suggests the involvement of
PACAP/VIP type II receptors of different subtypes.
PACAP can interact with at least two types of receptors:

type I receptors highly specific for PACAP and type II re-
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Figure 7 Effects of PACAP on vascular flow rate from the isolated
perfused pancreas of the rat: (0) 10-1 1M (n = 9); (A) 10-'0M (n = 7);
(A) 10- M (n = 7), controls (Q)(n = I1). Each point represents the
mean with s.e.mean.
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ceptors which show a similar affinity for PACAP and VIP
(Arimura, 1992; Christophe, 1993). The type II receptors
which appear to be classic VIP receptors, have been subdivided
into VIP, and VIP2 on the basis of cloning and functional
expression studies. One major pharmacological difference be-
tween the two subtypes is the ability of secretin to activate the
VIP, receptor but not the VIP2 receptor (Ishihara et al., 1992;
Lutz et al., 1993; Usdin et al., 1994).
On insulin secretion, PACAP and VIP induced a con-

centration-dependent biphasic response in the range 1011 to
1O-8M. The peptides exhibited comparable potency and effi-
cacy which is consistent with the involvement of PACAP/VIP
receptors of type II (or VIP receptor) mediating insulin se-
cretion. Our results conflict with those of a recent study which
reported that PACAP (27 or 38) stimulated insulin release
from rat pancreatic islets at sub-picomolar concentrations with
a maximum at 10-13M and that the peptide was 4 log units
more potent than VIP in increasing cytosolic Ca21 con-
centration in B cells; the authors therefore concluded that the
effects of PACAP are mediated by a PACAP selective type I
receptor (Yada et al., 1994). In contrast, it has been reported
that PACAP-27 was concentration-dependently effective in the
range 101`0 to 10-8M and appeared to be only about ten fold
more potent than VIP on insulin secretion from rat isolated
pancreas perfused with 5.5 mM glucose (Kawai et al., 1991).
These apparent discrepancies may be explained by the different
experimental conditions used. Furthermore, in our study, the
failure for secretin to elicit, as did PACAP and VIP, a biphasic
insulin secretion suggests a PACAP/VIP type II receptor of
VIP2 subtype mediating insulin release. Our data support a
recent study reporting the cloning from an insulin-secreting
pancreatic cell of a PACAP receptor type 3 which is homo-
logous with the VIP2 subtype (Inagaki et al., 1994). In addi-
tion, Usdin et al. (1994) have reported that the VIP2 receptor
mRNA has been found in pancreatic islets which are mainly
composed of insulin secreting cells (about 80%).
PACAP and VIP (101- l to 10-8M) induced a concentration-

dependent peak-shaped response on glucagon secretion with
comparable potency and efficacy. Various studies have re-

ported that glucagon secretion was stimulated by VIP (Sche-
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Figure 8 Effects of VIP and secretin on vascular flow rate from the
isolated perfused pancreas of the rat: (a) VIP, (0) 10-11M (n=6);
(A) 10-'OM (n=5); (A) 10-9M (n=5) (b) secretin, (0) 10-11M
(n=4); (A) 10-10M (n=6); (A) 10-9M (n= 8). Each point represents
the mean with s.e.mean.

balin et al., 1977; Szecowka et al., 1980) and more recently by
PACAP (Fridolf et al., 1992; Yokota et al., 1993). However,
this is the first study which compares the effects ofPACAP and
VIP under the same experimental conditions. In addition, in
contrast to what is observed on insulin secretion, secretin is
effective although 20 fold less potent; the apparent rank order
of agonist potency was PACAP = VIP > secretin. Thus, our

data are consistent with PACAP/VIP type II receptors med-
iating glucagon secretion and suggest the involvement of re-

ceptors of the VIP, subtype rather than the VIP2 subtype.
The insulin and glucagon secretory effects of PACAP and

VIP were dependent on the glucose concentration: whereas
they stimulated insulin secretion in the pancreas perfused with
a moderate stimulatory glucose concentration (8.3 mM), they
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Figure 9 Concentration-response curves for the effects of PACAP
(0), VIP (A) and secretin (V) on pancreatic flow rate. Each point
represents the mean with s.e.mean of 4-11 experiments.

were ineffective on basal insulin secretion in the presence of a
low glucose concentration (2.8 mM). These peptides are not
initiators but potentiators of glucose-induced insulin release.
In contrast, they stimulated glucagon secretion at low glucose
concentration but not at 8.3 mM glucose. Thus, pancreatic
glucagon and insulin cells have different sensitivities to pep-
tides according to the glucose concentration. As insulin and
glucagon are respectively hypo- and hyperglycaemic hor-
mones, PACAP and VIP could play a role in the regulation of
glycaemia.
On the pancreatic flow rate PACAP and VIP induced a

vasodilator effect in the range 10- "to 10-9M and were equi-
potent. It is well known that PACAP and VIP vasodilate
various vascular beds but differences in their potency have
been reported. Thus in rat, PACAP exhibited a similar potency
to VIP in decreasing systemic arterial pressure (Nandha et al.,
1991; Absood et al., 1992) and relaxing tail or mesenteric ar-
teries (Absood et al., 1992; Huang et al., 1993). In contrast,
PACAP has been reported to be 100 fold more potent than
VIP in relaxing rabbit aorta (Warren et al., 1991). These dis-
crepancies may be explained by differences in species and/or in
vessels studied. In our study, the fact that PACAP and VIP
exhibited comparable potency provides evidence for PACAP/
VIP type II receptors mediating vasodilatation in rat pancreas.
In addition, the ability of secretin to exhibit such an effect
suggests the involvement of VIP, receptors rather than VIP2
receptors. Our data are supported by a recent study showing
by in situ hybridization that VIP, receptor mRNA is clearly
associated with blood vessels in rat pancreas (Usdin et al.,
1994). It has been shown that VIP increased whole pancreas
blood flow without affecting islet blood flow in rat in vivo and
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Figure 10 Comparative effects of the peptides at 10-7M on
pancreatic flow rate: (0) PACAP (n = 7); (A) VIP (n = 5) and (V)
secretin (n = 8).

thus, there is no correlation between increase in islet blood
flow and hormone secretions (Jansson, 1994). On the other
hand, it must be noted that, at the high concentration of
10-7M, the vasodilator effect ofPACAP was reversed to a clear
transient decrease in pancreatic flow rate. This vasoconstrictor
effect was not recorded with VIP even at the high concentra-
tion of 10-6M. In cats, PACAP has been reported to cause, at
high doses, biphasic changes (an initial decrease followed by an
increase) in both arterial pressure and systemic vascular re-
sistance, whereas VIP produced only decreases. In these in vivo
studies, the pressor responses to PACAP were abolished by cx-
adrenoceptor blockade or by adrenalectomy, suggesting that
they are mediated by an a-adrenoceptor mechanism that is
dependent on the release of adrenal catecholamines (Minkes et
al., 1992; Santiago et al., 1993). Such an effect cannot occur in
our in vitro study and, although the vasoconstrictor response
to PACAP was recorded at a high concentration (10-7M), the
failure of VIP to induce this response may suggest the in-
volvement of specific PACAP type I receptors. Further studies
are required to confirm this.

In conclusion, PACAP and VIP are equipotent in inducing
insulin and glucagon secretions as well as vasodilatation which
is indicative of the involvement of PACAP/VIP receptors of
type II. In addition, the different efficacies of secretin suggest
that these effects are mediated by different PACAP/VIP type II
receptor subtypes: insulin secretion appears to be mediated by
VIP2 subtype whereas glucagon secretion and vasodilatation
seem to involve VIP1 subtypes.

We wish to thank J. Boyer and C. Clement for expert technical
assistance and V. Montesinos for editorial help.
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