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ABSTRACT
Electrical stimulation of vagus nerves (ESV) increases pancreatic exocrine secretion.
In the present study, we have investigated in the rats that possible roles of peptides
such as cholecystokinin (CCK), secretin, vasoactive intestinal polypeptide (VIP), pituitary
adenylate cyclase activating peptide (PACAP), insulin, gastrin releasing peptide (GRP)
and somatostatin on ESV-induced pancreatic secretion. Under the α-chloralose anesthesia, pancreatic juice was collected to determine volume and protein, while distal ends
of truncal vagi were stimulated for 15 min using a current of 9 V, 10 cps and 5 ms.
After 30 min, stimulation was repeated under the systemic administration of several
peptide antagonists or polyclonal antibodies (Ab). Blood was collected from aorta to
measure plasma levels of CCK-8, VIP, PACAP, insulin, GRP, somatostatin, gastrin, and
secretin. ESV produced a significant increase in the pancreatic secretion. The increase
in pancreatic secretion paralleled the increases in plasma CCK-8, VIP, PACAP, insulin,
GRP, somatostatin, gastrin but not secretin. ESV-induced pancreatic flow volume and
protein output were significantly inhibited, but partially, by CCK-A receptor antagonists
(loxiglumide, L364,718), anti-VIP Ab, PACAP antagonist (PACAP 6-38), anti-PACAP Ab,
anti-insulin Ab and anti-GRP Ab but not by CCK-B receptor antagonist (L365,260) and
anti-somatostatin Ab. Hexamethonium completely abolished ESV-induced pancreatic
secretion whereas atropine produced 72% inhibition of ESV-induced pancreatic flow
volume. The present study indicates that pancreatic exocrine secretion induced by ESV
in rats is mediated by several neuropeptides including CCK, VIP, PACAP, GRP and
insulin which require intact nicotinic receptor to exert their actions. Furthermore,
ESV-induced pancreatic secretion is mediated by both cholinergic and peptidergic nerve
pathway.
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IN T R O D U C T IO N
Vagus nerve is important not only for the cephalic phase of pancreatic exocrine secretion but
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also for the gastric and/or intestinal phases in which
vagovagal reflexes play a significant role on pancreatic secretory response to meal. Although it has
been well known that electrical stimulation of vagus
nerve (ESV) increases pancreatic exocrine secretion in most mammals such as the pig (Halfacree et
al., 2001), dog (Kim et al., 1989), sheep (Baldin et
al., 1983), and cat (Lenninger and Ohlin, 1971), the
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study in the rat has been scarce. One possible
mechanism for this secretory response is direct
stimulation of preganglionic nerve fibers which are
connected with peptidergic nerve fibers in the
intrapancreatic ganglion as well as cholinergic nerve
fibers. Besides autonomic nervous system, it is well
established that the pancreatic innervation also
comprises of an important peptidergic component.
Many peptidergic nerve fibers have been found in
rat pancreas to contain neuropeptides such as
vasoactive intestinal polypeptide (VIP), cholecystokinin (CCK), gastrin releasing peptide (GRP), neuropeptide Y (NPY), calcitonin-gene related peptide
(CGRP), neurotensin, galanin, substance-P, and pituitary adenylate cyclase activating polypeptide
(PACAP) (Fridolf et al., 1992; Giorgio et al., 1992).
Another possible mechanism is that the stimulation of the vagus nerves affects the release of gut
hormones, which may in turn regulate pancreatic
exocrine secretion. Several gut hormones or peptides are known to increase in plasma during ESV
in other species, such as the dog, sheep, and pig.
These include gastrin (Bladin et al., 1983; Guzman
et al., 1979), pancreatic polypeptide (Bladin et al.,
1983; Schwartz et al., 1978), VIP (Guzman et al.,
1979; Halfacree et al., 2001), CCK (Chang et al.,
2000; Owyang and Logdon, 2004), somatostatin
(Ahren et al., 1986), insulin (Nishi et al., 1987),
glucagons (Nishi et al., 1987), and motilin (Lee et
al., 1981). It has been reported in the dog that
electrical vagal stimulation-induced pancreatic secretion is in part mediated by the release of CCK,
which is completely suppressed by intravenous atropine (Kim et al., 1989). Nelson et al. showed that
CCK, GRP, VIP, and acethylcholine mediate the
pancreatic response to vagal stimulation and these
peptidergic pathways may act via acethylcholine as
the final common mediator (Nelson et al., 1993). In
their study, they observed that pancreatic secretory
response to vagal stimulation was markedly inhibited
by CCK-A receptor antagonist, GRP receptor blocker,
and VIP polyclonal antibody up to 80% or more.
Unfortunately, they used amylase output of bilepancreatic juice from non pylorus-ligated rats as an
indicator to assess the effect of drugs or antibody
during unilateral cervical vagal stimulation. Under
such experimental conditions, the effects of vagal
stimulation on gastric secretion and emptying could

have affects the observation on pancreatic secretion.
The aims of the present study was to find out the
possible roles of neuropeptides in ESV-induced
pancreatic exocrine secretion: 1) to study the hormones or peptides profile in plasma by radioimmunoassay during ESV such as CCK-8, VIP, PACAP,
insulin, GRP, somatostatin, gastrin, and secretin,
and 2) to investigate a possible role of CCK, VIP,
PACAP, insulin, GRP, and somatostatin by using
antagonists or polyclonal antibody on ESV-induced
pancreatic exocrine secretion in anesthetized rats.

M A T E R IA L S A N D M E T H O D S
M aterials
α-Chloralose, hexamethonium, dimethylsulfoxide
(DMSO), and Tween-80 were purchased from Sigma
Chemical (St. Louise, MO), atropine sulfate, from
American Reagent (Shirley, NY). Loxiglumide was a
gift of The Rotta Research Laboratories (Milan,
Italy), and CCK receptor antagonists, L364,718 and
L365,260 were gifts from Merck Sharp & Dohme
Research Lab (Rahway, NJ). PACAP antagonist,
PACAP 6-38 was purchased from Peninsular Lab (La
Jolla, CA). Polyclonal antisera used in the present
study were generously provided from Dr. Chey
(Rochester, NY). The specificity and titer of these
antisera are listed in Table 1.

Table 1. Characteristics of antisera used in the present investigation
Antibody

Titer

Amount
used (ml)

PACAP-38
(R1-6.1)
GRP (R5-14.1)

1：125,000

1.0

1：400,000

0.5

Insulin (R17-9)

1：90,000

0.5

VIP (R6-5.1)

1：350,000

0.2

SS-14 (R22)

1：400,000

0.5

Cross-reaction
(%)
0
Bombesin; 100%
Secretin; 0.4%
Glucagon; 0.0035%
PP; 0.0075%
SS-14; 0.0004%
PACAP; 0.22%
PHI; 0.0027%
Secretin; 0.015%
Gastrin-17; 0.01%
Secretin; 0.001%

SS-14: somatostatin-14, PP: pancreatic polypeptide, PHI: peptide histidine isoleucine.
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A nim al prep aratio n
Male Sprague-Dawley rats weighing between 250
and 300 g were fasted for 24 h with free access to
tap water before surgery. Under anesthesia, with
intraperitoneal injection of α-chloralose (100 mg/
kg), each rat was prepared with tracheostomy and
cannulation of a jugular vein with a polyethylene
tube (PE-50, ID 0.58 mm, OD 0.96 mm). The rats
were kept warm on a heating pad with temperature
of 38 o C. After a midline abdominal incision, the
pylorus was ligated. The pancreatic duct was cannulated with a polyethylene tube (PE-10, ID 0.28
mm, OD 0.61 mm) through a small incision at the
junction between the bile-pancreatic duct and the
duodenal wall for collection of pancreatic juice. The
bile duct was ligated at the level proximal to the
pancreas, a PE-10 tube was inserted in the duct
proximal to the ligation, and the other end of the
tube was introduced into the mid duodenum via a
small incision in the duodenal wall. The pancreatic
juice was collected with a VWR glass micropipette.
E xperim ental p rocedu re
E ffect of E S V on plasm a concen tration o f
C C K -8, V IP , P A C A P , insu lin, G R P , som ato statin,
gastrin, and secretin: After surgery, both anterior
and posterior subdiaphragmatic vagal trunks were
exposed and ligated proximally by placing platinum
electrodes at the distal ends. And then, the
electrodes were connected to a stimulator (Grass,
model S88) through stimulus isolation unit (Grass,
model SIU5). To investigate the (neuro) peptide
responses in plasma during ESV, bilateral vagus
nerves were stimulated for 0 min (control group), 5
min, and 10 min using a current of 9 V, 10 cps,
and 5 ms. Blood was collected from abdominal
aorta at 0, 5, and 10 min during the electrical
stimulation and kept in ice-chilled heparin-treated
glass tubes. The plasma was separated by
centrifugation with 1,875×g at 4 o C for 25 min. The
plasma samples were treated with 500 kallikrein
inhibitor units/ml of aprotinin and were stored frozen
at -20 o C for future determination of peptides by
radioimmunoassay.
Effect of ESV on pancreatic secretion: Pancreatic
juice was collected continuously in 15 min samples
throughout the experiment. After 2 ∼3 basal samples, distal ends of truncal vagi were stimulated for
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15 min using a current of 9 V, 10 cps, and 5 ms.
Thirty min after first ESV, same electrical stimulation
was repeated. In all pancreatic secretion study, the
same ESV was repeated twice and all data was
represented as ratio of % responses to the first
ESV.
E ffect o f atro pine and hexam eth oniu m : To
determine neural role on the ESV-induced pancreatic secretion, atropine, a muscarinic receptor
blocker (10 mg/kg iv injection followed by 20
mg/kg/h iv infusion), or hexamethonium, a nicotinic
ganglionic blocker (10 mg/kg iv injection followed by
10 mg/ kg/h iv infusion) was infused for 30 min,
starting 15 min before the second ESV.
E ffect o f C C K receptor antagon ists: To investigate the role of CCK on the ESV- induced pancreatic
secretion, the CCK-A receptor antagonist, loxiglumide (10 mg/kg/h iv infusion), or L364,718 (1 mg/
kg/h iv infusion), or the CCK-B receptor antagonist,
L365,260 (1 mg/kg/h iv infusion), was infused for
30 min, starting 15 min before the second ESV.
Isotonic saline (carrier for loxiglumide), or saline with
4% DMSO and 4% Tween-80 (carrier for L364,718
and L365,260) were also infused for 30 min, starting
15 min before the first ESV.
E ffect of an ti-V IP an tib ody (A b), anti-P A C A P
A b, and P A C A P an tag onist: To investigate the
role of VIP or PACAP on the ESV-induced pancreatic
secretion, anti-VIP Ab (0.2 ml/rat) or anti-PACAP
Ab (1.0 ml/rat) was injected as iv bolus at 5 min
before the second ESV. As a control, a normal
rabbit serum was also injected at 5 min before the
first ESV. PACAP 6-38 (0.2 mg/kg), a potent PACAP
antagonist was injected in an iv bolus at 5 min
before the second ESV. In another group of rats, a
combination of anti-VIP Ab (0.2 ml/rat) and PACAP
antagonist (0.2 mg/kg) was administered at 5 min
before the second ESV.
E ffect of an ti-insu lin A b, anti-G R P A b , an d antisom atostatin A b: Anti-insulin, anti-GRP, or anti-somatostatin Ab also was given to determine its effect
on the ESV-induced pancreatic secretion. Anti-insulin Ab (0.5 ml/rat), anti-GRP Ab (0.5 ml/rat), or antisomatostatin Ab (0.5 ml/rat) was injected in an iv
bolus at 5 min before the second ESV in 3 separated groups. A normal rabbit serum was also
injected in another group of rats at 5 min before
the first ESV.
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A ssay
Pancreatic juice was collected continuously in the
glass micropipette with a capacity of 3.85 μl/10 mm
tube length. The volume was measured in 15 min
samples with a ruler to calculate the volume of
pancreatic flow. Pancreatic protein was measured
using BCA protein assay reagents (Pierce, Rockford,
IL). Plasma CCK-8, VIP, PACAP, insulin, GRP,
somatostatin, and secretin were measured by the
specific radioimmunoassay methods.
S tatistical analysis
All the results were expressed as means±SE.
Changes in plasma hormonal concentrations before
and after vagal stimulation were compared by

Table 2. Plasma concentrations of immunoreactive (neuro)
peptides during electrical vagal stimulation
Plasma concentration, pM
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ
0 min
5 min
10 min
CCK-8
VIP
GRP
Insulin
Gastrin
Somatostatin
PACAP
Secretin

13.7±1.7
2.5±0.2
4.6±0.4
18.6±6.8
11.0±3.2
5.8±0.8
6.9±1.7
3.6±0.9

17.7±1.3
4.2±0.7*
15.9±2.3*
45.5±10.0*
23.5±2.4*
9.0±2.3
8.8±5.3
3.8±0.7

21.0±1.1*
2.8±0.3
18.3±4.2*
64.9±6.3*
30.1±2.4*
9.8±1.6*
13.7±2.1*
3.8±0.8

Data are expressed as mean±SE. *p＜0.05 vs. 0 min sample.

analysis of variance using a model of repeated
measurement of single factor in the same element
and the rank order test of Newman and Keuls.
Student's t test for paired data was used to
evaluate the statistical significance of differences
between the two groups. p values ＜0.05 were considered statistically significant.

RESULTS
Effect of ESV on plasm a concentration of pep tides
ESV significantly increased plasma concentrations
of CCK-8, VIP, PACAP, insulin, GRP, somatostatin,
and gastrin (Table 2) and their increases paralleled
the increment in pancreatic secretion as shown in
Fig. 1. However, plasma secretin concentration did
not change during ESV.
E ffect o f E S V on pan creatic secretion
The electrical stimulation resulted in a prompt
increase in pancreatic secretion (Fig. 1). The pancreatic flow volume significantly increased from 7.7
±1.4 μl/15 min to 24.2±5.0 μl/15 min and from 6.3
±1.0 μl/15 min to 19.7±4.6 μl/15 min during the
first and second ESV, respectively. The pancreatic
protein output also increased significantly from
206.1±33.6 μg/15 min to 900.5±238.3 μg/15 min
and 191.1±47.2 μg/15 min to 735.5±236.0 μg/15
min during the first ESV and second ESV, respec-

Fig. 1. Effect of electrical stimulation of truncal vagi on pancreatic exocrine secretion. Electrical stimulation of vagus nerve (ESV,
9 V, 10 cps, and 5 ms) significantly increased pancreatic volume flow and protein output. Thirty minute after the first ESV, same
electrical stimulation was repeated. Data are expressed as mean±SE. *p ＜0.05: control compared with values before ESV.
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Fig. 2. Effect of atropine and hexamethonium (C6) on vagally
stimulated pancreatic exocrine secretion of flow volume (□)
and protein output (■). Atropine (10 mg/kg bolus iv injection
followed by 20 mg/kg/h iv infusion), or hexamethonium (10
mg/kg bolus iv injection followed by 10 mg/kg/h iv infusion)
was infused for 30 min, starting 15 min before the second
ESV. Data are expressed as mean±SE. *p ＜0.05: compared
with control values. In this and the following figures, ratio (%)
represents% responses to the first ESV (100%), as described
in Materials and Methods.

tively. The pancreatic flow volume and protein output
induced by a second period of vagal stimulation
were essentially similar to those of the first one. As
the stimulation was stopped, the increased pancreatic
secretion quickly declined to basal value.
E ffect of atrop ine and hexam eth oniu m
The increase in pancreatic flow volume and protein output in response to ESV were significantly
suppressed by intravenous administration of atropine (Fig. 2). The ESV-induced flow volume and
protein output were significantly decreased by
72.2%, and 78.6%, respectively. When hexametonium was given, the ESV-induced pancreatic flow
volume and protein output were completely suppressed.
E ffect of infusio n of C C K receptor an tag onists
As shown in Fig. 3, intravenous infusion of CCKA receptor antagonists significantly reduced ESVinduced pancreatic secretion. Loxiglumide reduced
flow volume, and protein output by 48.2%, and
70.0%, respectively. L364,718 also reduced flow
volume, and protein output by 56.4%, and 73.3%,
respectively. However, ESV-induced pancreatic secretion was not influenced by the infusion of L365,
260, a CCK-B receptor antagonist. L365,260 slightly
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Fig. 3. Effect of CCK receptor antagonists on ESV-induced
pancreatic exocrine secretion of flow volume ( □) and protein
output (■). CCK-A receptor antagonists, loxiglumide (10 mg/
kg/h iv infusion), L364,718 (1 mg/kg/h iv infusion) or a CCKB receptor antagonist, L365,260 (1 mg/kg/h iv infusion) were
infused for 30 min, starting 15 min before the second ESV.
Data are expressed as mean±SE. *p ＜0.05: compared with
control values.

decreased flow volume, and protein output by 14.0%,
and 12.9%, respectively which were not statistically
significant.
E ffect of an ti-V IP A b, anti-P A C A P A b, and th e
P A C A P antago nist
ESV-induced pancreatic secretion was significantly but partially inhibited by the anti-VIP Ab, antiPACAP Ab, or PACAP antagonist. As shown in Fig.
4, anti-VIP Ab, anti-PACAP Ab, and PACAP antagonist reduced flow volume by 30.9%, 43.0%, 50.8%,
respectively; and reduced protein output by 44.7%,
58.9%, 54.9%, respectively. Infusion of PACAP 6-38,
a potent PACAP antagonist in combination with the
anti-VIP Ab also reduced flow volume and protein
output by 46.4%, and 77.3%, respectively. When a
PACAP antagonist was given together with the antiVIP Ab, there was no additive effect, or potentiation
in the inhibition of ESV-induced pancreatic secretion.
Effect of anti-insulin Ab, anti-G RP Ab, and antisom ato statin A b
The anti-insulin Ab or anti-GRP Ab significantly
reduced flow volume by 54.1% and 64.6%, and
protein output by 65.1%, and 70.6%, respectively
(Fig. 5). On the contrary, no significant change by
anti-somatostatin Ab was observed. Normal rabbit
serum did not show any discernable effect on ESVinduced pancreatic secretion (data not shown).
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Fig. 4. Effect of anti-VIP antibody (VIP Ab), anti-PACAP Ab
(PACAP Ab), or PACAP receptor antagonist (Ant) on vagally
stimulated pancreatic exocrine secretion of flow volume ( □)
and protein output (■). Anti-VIP Ab (0.2 ml/rat), anti-PACAP
Ab (1.0 ml/rat), or PACAP 6-38, a potent PACAP antagonist
(0.2 mg/kg) were injected as iv bolus at 5 min before the
second ESV. In another group of rats, combination of antiVIP Ab (0.2 ml/rat) and anti-PACAP antagonist (0.2 mg/kg)
was given before the second ESV. Data are expressed as
mean±SE. *p ＜0.05: compared with control values.
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