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Abstract

To establish the mechanism(s) and site(s) of action of chole-
cystokinin (CCK) on pancreatic secretion under physiological
conditions, we used an in vivo model using anesthetized rats
with pancreaticobiliary cannulas. Infusion of CCK-8 (10-160
pmol/kg per h) produced a dose-dependent increase in plasma
CCKlevels. CCK-8 infusion at 40 pmol/kg per h produced a
plasma CCKlevel of 7.9±1.5 pMand an80% increase in pancre-
atic protein output over basal. This level was closely approxi-
mated by a postprandial peak plasma CCK level by 6.2±1.1
pM. Pretreatment with atropine or hexamethonium completely
abolished pancreatic protein response to low doses of CCK-8
(1040 pmol/kg per h) but had only partial effect on doses
> 40 pmol/kg per h. Bilateral vagotomy also abolished the
pancreatic responses to low doses of CCK-8. Similarly periva-
gal treatment with a sensory neurotoxin, capsaicin, caused a
complete inhibition of pancreatic protein secretion in response
to CCK-8 infusion. In contrast, pancreatic protein responses to
bethanechol were similar in control and capsaicin-treated rats.
In separate studies we demonstrated that gastroduodenal but
not jejunal application of capsaicin for 30 min abolished pancre-
atic protein secretion in response to physiological doses of
CCK-8. In conclusion, CCKat physiological levels stimulates
pancreatic enzyme secretion via a capsaicin-sensitive afferent
vagal pathway originating from the gastroduodenal mucosa. (J.
Clin. Invest. 1993. 92:418424.) Key words: cholecystokinino
vagal afferent pathway * pancreatic secretion * capsaicin * atro-
pine * vagotomy

Introduction

Cholecystokinin (CCK) is the major mediator of pancreatic
exocrine secretion. The mechanism(s) responsible for CCK-in-
duced pancreatic enzyme secretion under physiological condi-
tions however is unclear. In vitro studies using dispersed pan-
creatic acini demonstrate that CCK-stimulated amylase release
is insensitive to atropine or tetrodotoxin (TTX),' indicating
direct action on pancreatic acini ( 1). Furthermore, the effects
of cholinergic agonists and CCKin isolated pancreatic acini
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tetrodotoxin.

preparations are no more than additive ( 1, 2). This suggests the
effect of CCKon enzyme secretion is cholinergically independ-
ent (3, 4). However, in vivo studies in humans (5-7) and dogs
(8, 9) show that pancreatic secretion stimulated by CCKcan be
blocked by atropine, suggesting action via cholinergic path-
ways. Furthermore, enzyme output in patients after vagotomy
in response to low doses of CCKis reduced compared with
normal controls ( 10). It appears therefore that CCKcan act via
both atropine-sensitive neural pathways to stimulate pancre-
atic exocrine secretion. Currently, it is not known if exogenous
CCKinfusions that produce physiological levels stimulate pan-
creatic secretion via cholinergic or noncholinergic pathways.
This issue has important physiological ramifications. If CCKat
physiological levels stimulates pancreatic secretion via an atro-
pine-sensitive pathway, then cholinergic neural pathways
rather than pancreatic acinar cells represent the primary targets
on which CCKmay act as a major mediator of postprandial
pancreatic enzyme secretion.

In this study we investigated the mechanism and site of
action of CCKon pancreatic enzyme secretion under physio-
logical conditions using an in vivo rat model. Wehypothesize
that CCKat physiological levels acts via stimulation of cholin-
ergic pathways whereas supraphysiological CCKlevels act di-
rectly on pancreatic acini. Furthermore, since recent studies in
the rats demonstrate that afferent fibers of the abdominal vagus
mediate CCK-elicited satiety signals ( 11), we examined the
role of vagal afferent pathways in the mediation of CCK's ac-
tion on pancreatic enzyme secretion. Chemical ablation stud-
ies were also performed to identify specific vagal branches that
are involved in this function.

Methods

Materials
The following were purchased from Sigma Chemical Co. (St. Louis,
MO) atropine sulfate, bethanechol chloride, 2-deoxy-D-glucose
(2DG), and capsaicin. Octapeptide of cholecystokinin was purchased
from Peninsula Laboratories Inc. (Belmont, CA).

Experimental procedures
Animal preparation. Male Sprague-Dawley rats, weighing between
250 and 300 g, were fasted overnight and anesthetized with a mixture of
xylazine and ketamine (13 and 87 mg/kg body wt, respectively).
Through a midline incision, a polyethylene catheter was inserted into
the common bile-pancreatic duct at the ampulla. A second catheter
was placed into the duodenum, slightly above the sphincter of Oddi for
intestinal perfusion of pancreaticobiliary juice. The abdominal wound
was covered with a saline gauge and the animal was maintained at 37°C
with a heating pad.

Pancreatic secretion study. After 60 min of stabilization, combined
bile-pancreatic secretions were collected every 15 min. The volume was
measured and an aliquot was taken and diluted with distilled water for
protein determination. The remainder of the undiluted bile pancreatic
juice was returned to the intestine via the duodenal cannula during the
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next collection period. Pancreaticobiliary juice protein was measured
spectrophotometrically using the assay method of Bradford ( 12). Our
previous study ( 13) confirmed that the increase in protein output in
the bile pancreatic juice after CCK-8 stimulation mainly reflected pro-
tein from the pancreatic source. Biliary juice protein did not increase
with CCKstimulation.

CCK-8 dose-response studies. Graded doses of CCK-8 (10-160
pmol/kg per h) were infused for 60 min. Six rats were tested for each
dose. Pancreaticobiliary juice was collected every 15 min. Blood sam-
ples for CCKmeasurement were obtained at the end of each infusion
by cardiac puncture. Plasma CCKlevels were measured by a bioassay
method previously reported ( 14). In separate studies, postprandial
plasma CCK response was determined by obtaining blood samples
from rats fed 5 ml of 18% casein. Casein was instilled into the stomach
with an orogastric tube and blood samples were obtained 15 min after
casein administration.

Atropine, hexamethonium, and TTX infusion studies. To deter-
mine the role of cholinergic pathways in the mediation of CCK's ac-
tion, atropine ( 100 ,g/kg per h) was infused 30 min before infusion of
CCK-8 and was administered throughout the remainder of the experi-
ment. Pancreatic protein outputs and plasma CCKlevels were com-
pared with those obtained without atropine. Similar studies were per-
formed with hexamethonium treatment ( 15 mg/kg bolus plus 7.5 mg/
kg per h continuous infusion) to determine the role of presynaptic
cholinergic neurons in the mediation of CCK-stimulated pancreatic
enzyme secretion.

To exert total neural blockade, TTX, a nonspecific blocker of neuro-
nal axonal transmission, was administered by regional intraarterial in-
fusion into the pancreatic artery through the abdominal aorta with the
ligation of the renal arteries and temporary blockade of the iliac bifur-
cation. A loading dose of 10 pg/kg TTX was given followed by 2 pg/kg
per h of continuous infusion throughout the experiment. A tracheal
cannula was inserted to secure free airways and the rats were artificially
ventilated. Complete neural blockade was established by demonstrat-
ing that pancreatic secretion in response to 2DGstimulation was com-
pletely abolished but responses to bethanechol remained unaffected.

Bilateral subdiaphragmatic vagotomy. To demonstrate that physio-
logical levels of plasma CCKact via stimulation of the vagal pathways,
acute bilateral subdiaphragmatic vagotomy was performed. Through a
midline incision of the abdominal wall, the stomach was carefully ma-
nipulated to expose the esophagus. The subdiaphragmatic vagal trunks
were exposed halfway between the diaphragm and the gastric cardia.
Both anterior and posterior trunks of the vagal nerves were transected.
For control experiments, the abdominal vagal nerves were exposed but
not cut. CCKdose-response studies were performed as described. To
demonstrate completeness of vagotomy, pancreatic protein secretion
in response to 2DGwas tested. 2DG, a nonmetabolicable glucose ana-
logue, causes hypothalamia, glucopenia, and excites the dorsal vagal
nuclei. It has traditionally been used as an agent for testing complete-
ness of vagotomy ( 15, 16). A dose of 75 mg/kg i.v. was used.

Perivagal application of capsaicin. To investigate the role of vagal
afferent pathway in the mediation of CCK's action, we examined the
effects of perivagal application of capsaicin. Afteranesthesiathe abdom-
inal vagal trunks were exposed. A small piece of gauze soaked in 0.1
capsaicin solution (0.1 ml per rat) was left on the vagal trunks for 30
min. Solutions of vehicle alone were applied to control rats. CCKdose-
response studies as described above were performed 5 d after surgery in
these two groups of rats.

Vagal afferent rootlet section. To further demonstrate that vagal
afferent pathway mediates CCK's action on pancreatic enzyme secre-
tion, parallel studies with vagal afferent rootlet section were performed.
In the rats selective afferent or efferent rootlet section is possible be-
cause the afferent rootlet enters the medulla dorsal to the site where
efferent rootlet exists. The rats were placed in a head holder with the aid
of an operating microscopy and the basal aspect of the occipital bone
was exposed by postauricular scalp incision. This revealed the vagus
nerve as it penetrated through the duramater and separated into affer-
ent and efferent groups of rootlets. The vagal afferent group consists of

two to four rootlets that reach the dorsal lateral surface of the medulla.
Through the dorsal approach the afferent rootlets were exposed directly
and transected under direct vision. In the control group, craniotomy
was performed in sham operations but rootlet sections were not per-
formed. 2 d after left vagal afferent rootlet section, a right cervical
vagotomy was performed before CCKdose-response studies.

Gastroduodenal mucosal application of capsaicin. To investigate if
the CCK-sensitive afferent nerve endings originate from the gastroduo-
denal mucosa, we examined the effects of mucosal application of cap-
saicin in the stomach and duodenum ( 17). Capsaicin was also applied
to the jejunum to examine regional specificity. After laparotomy, cap-
saicin (6 mg/ml) was topically applied to the gastroduodenal or jejunal
mucosa for 30 min. Saline application was used in control rats. CCK
dose-response studies were performed 4 d after local capsaicin applica-
tion. Rats were checked for normal eye wiping movement, which
indicates that local mucosal treatment of capsaicin has no systemic
effect ( 17).

Bethanechol and CCKinteraction studies. To investigate ifthe stim-
ulatory action of CCKrequires the presence of a cholinergic tone, we
examined the effect of bethanechol, a muscarinic receptor agonist, on
CCK-evoked pancreatic secretion in vagotomized rats. Acute subdia-
phragmatic vagotomy was performed as described above in two groups
of rats. In the first group of rats, which served as the control, after a
60-min basal period, pancreatic protein secretion in response to intrave-
nous infusion of bethanechol (0.5 mg/kg per h) was measured for a
total of 120 min. The second group of rats received intravenous infu-
sion ofCCK-8 (40 pmol/kg per h) alone for 30 min followed by concur-
rent intravenous administration of bethanechol (0.5 mg/kg per h) for
an additional 120 min.

Statistical analysis
Results were expressed as mean±SE. The multivariate analysis of vari-
ance method was used to evaluate the effect of the repeated measure-
ment over time, treatment effect, and the interaction between them.
Significance was accepted at the 5% level.

Results

Plasma CCKlevels
After a 12-h fast, the basal plasma CCKlevels were 0.5±0.1
pM. The basal levels were not affected by vagotomy (0.6±0.1
pM) or atropine administration (0.55±0.09 pM). Intravenous
infusion of CCKproduced a dose-related increase in plasma
CCKlevels (Fig. 1). The plasma CCKlevels during infusion of
40 and 160 pmol/kg per h were 7.9±0.5 and 19±2.5 pM, re-
spectively. Plasma CCKresponses to CCKinfusion were not
affected by bilateral vagotomy (Fig. 1 ) or atropine administra-
tion (data not shown).

To determine which rate of CCK-8 infusion would produce
a physiological plasma CCKlevel, we measured plasma CCK
levels after administration of a casein meal. Casein feeding re-
sulted in a postprandial peak increase in plasma CCKlevels to
7.3±1.1 pM(Fig. 1 ). Therefore it appears that the infusion of
CCK-8 at 40 pmol/kg per h produced a plasma CCK level
(7.9±0.5 pM) similar to that seen physiologically after a casein
meal (7.3±1. 1 pM). In contrast, the 80 and 160 pmol /kg per h
doses produced markedly supraphysiological plasma CCKlev-
els (Fig. 1).

Pancreatic secretion studies
The basal pancreatic protein secretion was stable, averaging
130±18 mg/h. Intravenous infusion of CCK-8 produced a
dose-dependent increase in pancreatic protein secretion (Fig.
2). CCK-8 infusion of 40 pmol/kg per h, which produced a
plasma CCK level similar to the postprandial peak plasma
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level, caused an 80%increase in pancreatic protein output over
basal (Fig. 2). On the other hand, infusion of supraphysiologi-
cal doses of CCK-8 at 80 and 160 pmol/kg per h produced an
180 and 238% increase in pancreatic protein output over basal
(Fig. 2).

Effect of atropine and hexamethonium. Administration of
atropine (100 ,g/kg per h) or hexamethonium (15 mg/kg fol-
lowed by 7.5 mg/kg per hr) did not affect basal pancreatic
output but completely abolished pancreatic responses to CCK-
8 infusion at 10, 20, and 40 pmol/kg per h (Fig. 2). In contrast,
atropine or hexamethonium produced only partial or no inhibi-
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Figure 2. CCK-8 infusion evoked a dose-dependent increase in pan-
creatic protein secretion. Doses > 40 pmol/kg per h are considered
supraphysiological. Administration of atropine ( 100 gg/kg per h) and
hexamethonium ( 15 mg/kg + 7.5 mg/kg per h) completely abolished
pancreatic responses to physiological doses of CCK-8 ( c 40 pmol/kg
per h) but were much less potent at higher CCK-8 doses (80-160
pmol/kg per h). Values are mean±SE for six rats in each group. *P
< 0.05.
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Figure 1. Infusion of chole-
cystokinin octapeptide
(CCK-8) induced dose-de-
pendent increase in plasma
CCKlevels. Infusion of
CCK-8 at 40 pmol/kg per h
produced plasma levels simi-
lar to those seen after a casein
meal. Vagotomy had no ef-
fect on basal and CCK-8 in-
fusion-stimulated plasma
CCKlevels. Values are
mean±SE for six rats in each
group.

tion of pancreatic responses to supraphysiological doses of
CCK-8 (Fig. 2). These observations indicate that at physiologi-
cal levels, CCKacts at a presynaptic site of the cholinergic
pathway, whereas at supraphysiological levels CCK acts
mainly via an atropine-insensitive pathway.

Effect of vagotomy. Immediately after vagotomy there was
no change in basal pancreatic protein secretion. However, the
responses to physiological doses of CCK-8 (10, 20, and 40
pmol/kg per h) were completely abolished (Fig. 3). This sug-
gests that the vagal pathway is the primary site of action of
CCKunder physiological conditions. In contrast, vagotomy
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Figure 3. Immediately after vagotomy (TV) there was no change in
basal pancreatic protein secretion but the responses to physiological
doses (< 40 pmol/kg/hr) of CCK-8 were completely abolished. In
contrast vagotomy had no effect on responses to supraphysiological
levels of CCK-8. Infusion of tetrodotoxin (TTX) (10 ag/kg + 2 ,g/
kg per h) into the pancreatic artery inhibited 65%of the pancreatic
response to CCK-8 infusion at 80-160 pmol/kg per h, indicating that
supraphysiological levels of CCKact on intrapancreatic neurons and
directly on pancreatic acini. *P < 0.0.
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had little or no effect on responses to supraphysiological levels
of CCK-8 (80 and 160 pmol/kg per h) (Fig. 3). To demon-
strate that we have performed complete vagotomy we studied
the effect of 2DG, which has previously been shown to stimu-
late pancreatic secretion via a vagal cholinergic pathway ( 15,
16). In intact rats, 2DG (75 mg/kg) caused an increase of
pancreatic protein secretion by 150% over basal. In rats with
truncal vagotomy, there was no increase in pancreatic secretion
in response to 2DGadministration.

To investigate the mechanisms responsible for pancreatic
response to supraphysiological levels of CCK, we examined the
effect of intraarterial infusion of TTX, which exerts total
neural blockade. TTX inhibited 65-75% of the pancreatic re-
sponses to CCK-8 infusion at 80 and 160 pmol/kg per h (Fig.
3). In separate studies, we demonstrated that intraarterial ad-
ministration of TTX completely abolished pancreatic re-
sponses to 2DGbut had no effect on stimulation evoked by
bethanechol, which acted directly on pancreatic acini. These
observations indicate that supraphysiological levels of CCKact
on intrapancreatic neurons and directly on pancreatic acini to
mediate pancreatic enzyme secretion.

Effect ofperivagal application of capsaicin. Similar to trun-
cal vagotomy, perivagal application of capsaicin completely
abolished pancreatic protein secretion in response to physiolog-
ical doses of CCK-8 infusion (10, 20, and 40 pmol/kg per h)
but had no effect on the responses to supraphysiological doses
(80 and 160 pmol/kg per h) (Fig. 4). In contrast, we demon-
strated. that pancreatic protein secretion in response to 2DG
stimulation remained intact in rats with perivagal capsaicin
treatment, indicating that capsaicin did not affect efferent va-
gal function (Fig. 5).

Effect of vagal afferent rootlet section. To further demon-
strate that vagal afferent pathway mediates CCK's action on
pancreatic enzyme secretion, parallel studies with vagal affer-
ent rootlet section were performed. Similar to perivagal appli-
cation of capsaicin, afferent rootlet section also completely
abolished pancreatic responses to physiological doses of CCK-
8 (10, 20, and 40 pmol/kg per h) but was ineffective to modify
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Figure 4. Perivagal application of capsaicin or vagal afferent rootlet
section completely abolished the pancreatic responses to physiological
doses (< 40 pmol/kg per h) of CCK-8 but had no effect on the re-
sponses to supraphysiological doses. Values are mean±SE for six rats
in each group. *P < 0.05.
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Figure 5. Pancreatic protein responses to 2DGstimulation remained
intact in rats with perivagal capsaicin treatment, indicating that cap-
saicin does not affect efferent vagal function. Values are mean±SE
for six rats in each group.

the responses to supraphysiological doses of CCK-8 (80 and
160 pmol/kg per h) (Fig. 4).

Effect of gastroduodenal mucosal application of capsaicin.
Compared with control, gastroduodenal mucosal application
of capsaicin completely abolished pancreatic protein responses
to physiological doses of CCK-8 (10, 20, and 40 pmol/kg per
h) but had no effect on the responses to supraphysiological
doses (80 and 160 pmol/kg per h) (Fig. 6). In separate studies
we demonstrated that gastroduodenal mucosal application of
capsaicin did not affect pancreatic protein responses to stimula-
tion by 2DG, indicating that gastroduodenal administration of
capsaicin did not affect efferent vagal transmission or pancre-
atic acini secretory function.

In contrast to duodenal application of capsaicin, jejunal
mucosal application of capsaicin did not affect pancreatic pro-
tein responses to both physiological and supraphysiological
doses of CCK-8 (Fig. 6).
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Figure 6. Gastroduodenal mucosal application of capsaicin (6 mg/ml
for 30 min) completely abolished the pancreatic responses to physio-
logical doses (< 40 pmol/kg per h) of CCK-8 but had no effect on the
responses to supraphysiological doses. Values are mean±SE for six
rats in each group. *P < 0.05.
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Effect of bethanechol on CCK-evoked pancreatic secretion
in acute vagotomized rats. Intravenous infusion of bethanechol
(0.5 mg/kg per h) in acute vagotomized rats produced a 65%
increase in pancreatic protein secretion over basal. On the
other hand, administration of CCK-8 (40 pmol/kg per h)
alone failed to stimulate pancreatic secretion in these rats (Fig.
7). Furthermore infusion of CCK-8 also did not evoke addi-
tional increase in pancreatic secretion stimulated by bethane-
chol (Fig. 7). This indicates that failure of CCK-8 given at
physiological doses to evoke pancreatic secretion in acute vagot-
omized rats is not due to absence of cholinergic tone.

Discussion

The mechanism(s) by which CCKacts to stimulate pancreatic
enzyme secretion remains controversial. In this study we inves-
tigated the relative roles of neural activation and direct acini
stimulation at physiological and supraphysiological levels of
CCKusing an in vivo rat model. Our results clearly indicate
that the sites of CCK's action to stimulate pancreatic secretion
are dose dependent. Doses of CCK-8 that produce physiologi-
cal plasma CCKlevels act via stimulation of the vagal afferent
pathway, whereas doses that produce supraphysiological CCK
levels act to stimulate intrapancreatic neurons and to a lesser
degree pancreatic acini. These observations support a predomi-
nantly neural physiological role for CCKto stimulate pancre-
atic enzyme secretion.

In the past a number of investigators were unable to demon-
strate inhibition of CCKor CCK-like peptide-evoked pancre-
atic enzyme secretion with atropine in the dog ( 18, 19). These
studies all used high doses of exogenous CCKand did not as-
sess whether these CCKdoses reproduced physiological condi-
tions. On the other hand, Konturek et al. (20), using a canine
model, demonstrated that pancreatic enzyme outputs in re-
sponse to low doses of exogenous CCKwas inhibited by atro-
pine, whereas enzyme outputs in response to high doses of
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Figure 7. Effect of bethanechol on CCK-8-evoked pancreatic protein
secretion in acute vagotomized rats. After acute subdiaphragmatic
vagotomy, bethanechol (0.5 mg/kg per h) was administered by con-
tinuous intravenous infusion for 120 min in both groups of rats. In
one group, CCK-8 (40 pmol/kg per h) was infused 30 min before
bethanechol infusion and continued for a total of 180 min. Values
are mean±SE for six rats in each group. No significant difference was
observed between the two groups.

CCKwere relatively insensitive to atropine. These observa-
tions are very much in accordance with our present findings.
Unfortunately, in that study, the CCKpreparation used was
impure and there were no determinations of plasma CCK
made in their investigation, therefore, no assessment of physio-
logical relevance could be made. More recently we (5) and
others (6, 7) have shown that, in humans, CCKinfusion that
produced plasma CCK levels similar to those seen postpran-
dially stimulated pancreatic secretion by an atropine-sensitive
pathway. These observations suggest that in both humans and
experimental animals cholinergic neural pathways rather than
pancreatic acini represent the primary targets in which CCK
acts to stimulate pancreatic enzyme secretion.

Since atropine and hexamethonium completely abolished
pancreatic enzyme responses to physiological doses of CCK, it
suggests that CCK is acting on a presynaptic site along the
cholinergic pathway. To further identify the location of action
we examined the effect of bilateral subdiaphragmatic vagot-
omy. Similar to atropine or hexamethonium, vagotomy com-
pletely abolished pancreatic responses to low (physiological)
doses of CCKbut had little effect on responses to supraphysio-
logical doses of CCK-8. Weruled out the possibility that a basal
vagal cholinergic tone is necessary for CCKto directly stimu-
late pancreatic acinar secretion by showing that CCKdid not
produce an additional increase in pancreatic secretion stimu-
lated by bethanechol after acute vagotomy (Fig. 7). Our results
therefore indicate that CCKstimulates pancreatic secretion via
vagal pathway. This observation is supported by previous stud-
ies showing reduction in basal and nutrient-stimulated pancre-
atic secretion after truncal vagotomy (10, 18). Additionally,
Malagelada et al. ( 10) reported that pancreatic secretion in-
duced by low but not high doses of CCK is impaired after
vagotomy in humans. Furthermore, studies on dogs with dener-
vated autotransplanted pancreas show impaired responsive-
ness to nutrients (21 ). Subsequent vagotomy or administra-
tion of atropine does not further impair pancreatic responses to
nutrient stimuli in this model (19, 21). These observatiqns
indicate the importance of vagal innervation in the mediation
of CCK-evoked pancreatic enzyme secretion. It is important,
however, to contrast these findings with some earlier studies
that show that vagotomy does not significantly reduce pancre-
atic enzyme secretion in response to exogenous CCK( 18, 21-
24). These contradictory findings are likely to be related to the
use of supraphysiological doses of CCKin earlier studies and
different lengths of time after vagotomy before the experiment
begins. In fact our preliminary studies in rats indicate that re-
sponsiveness of the pancreas to CCK stimulation returns
within 2 wk after vagotomy, possibly because of recruitment of
a population of intrapancreatic neurons that were previously
unresponsive to physiological concentrations of CCK(unpub-
lished data).

To investigate if CCKexerts its action via an afferent or
efferent vagal pathway we examined the effect of perivagal
treatment with the sensory neurotoxin capsaicin. Capsaicin is
becoming widely used as a tool to investigate the role of affer-
ent C-fibers in a number of physiological processes (25). Sys-
temic administration of capsaicin has been shown to affect neu-
rotransmission in all somatic and visceral capsaicin-sensitive
fibers. In addition, since capsaicin crosses the blood-brain
barrier, systemic administration of capsaicin may also produce
effects in the central nervous system. In this study we applied
capsaicin directly to the vagal trunks to avoid effects on affer-
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ent terminals in the peripheral and central nervous system.
Perivagal application of capsaicin has been shown to inhibit
axonal transport of peptides including substance P and somato-
statin (26). Previous studies have demonstrated that perivagal
capsaicin treatment abolishes the vagal afferent pathway by
which CCKincreases satiety ( 11 ) and decreases gastric empty-
ing (27). Weshowed that perivagal pretreatment with capsai-
cin impaired pancreatic responses to physiological doses of
CCK-8, an effect similar to that observed with vagotomy or
atropine. Similar findings were observed with vagal afferent
rootlet section. This indicates that vagal afferent pathway is the
primary site of action of CCK. To ensure that capsaicin treat-
ment does not affect efferent vagal function, we demonstrated
that pancreatic response to 2DGstimulation remained intact
in capsaicin-treated rats. Since pancreatic responses to stimula-
tion by physiological doses of CCKwere impaired in these rats,
whose efferent vagal function was intact, it argues against CCK
acting on vagal efferent pathway to mediate pancreatic secre-
tion. Wehave previously demonstrated that CCKstimulates
acetylcholine release from rat pancreatic lobules, indicating
CCKcan evoke intrapancreatic cholinergic transmission (5).
However the doses of CCK-8 (1 ,uM) needed to stimulate intra-
pancreatic nerves in the lobule preparation were > 106 times
significantly higher than postprandial levels of CCK, raising
questions as to the physiological relevance of this observation.
Our current in vivo studies further demonstrated that only su-
praphysiological levels of CCKact on intrapancreatic neurons
to mediate pancreatic enzyme secretion (Fig. 3).

Using combined immunohistochemistry and retrograde
tracing, the presence of capsaicin-sensitive afferent nerve fibers
has been shown in the gastrointestinal mucosa (28). These
neural fibers are known to participate in the regulation of motil-
ity, acid secretion, and blood flow ( 17, 29). To further localize
the site of action of CCKon the vagal afferent pathway we
examined the effect of mucosal application of capsaicin in dif-
ferent regions of the gastrointestinal tract. This technique has
been used to chemically denervate sensory fibers in the duo-
denal mucosa ( 17). Our studies demonstrated that gastroduo-
denal application of capsaicin completely abolished pancreatic
secretory responses to physiological doses of CCK-8 but had no
effect on the responses to supraphysiological doses. In contrast,
jejunal mucosal application of capsaicin did not affect pancre-
atic responses to CCK-8. These observations indicate that
CCK-sensitive afferent fibers originate from the vagal branch
from the mucosa of the stomach and duodenum but not from
the jejunum.

In conclusion, we have demonstrated that the mechanisms
and sites of action of CCKon pancreatic enzyme secretion are
dose dependent. Doses of CCK-8 that produce physiological
plasma CCKlevels act via stimulation of vagal afferent path-
way originated from the gastroduodenal mucosa (Fig. 8). In
contrast, doses of CCK-8 that produce supraphysiological
plasma CCKlevels act on intrapancreatic neurons and, to a
lesser degree, on pancreatic acini (Fig. 8). These findings have
important physiological ramifications. Not only do they ex-
plain the discrepancies in previous in vivo versus in vitro stud-
ies but they revolutionize our current concept on the mecha-
nism of action of CCKon pancreatic exocrine secretion. Under
physiological conditions, cholinergic vagal afferent pathway
rather than pancreatic acinar cells represent the primary targets
on which CCKmay act as a major mediator of postprandial
pancreatic enzyme secretion.

Figure 8. The sites and
mechanisms of action
of CCKto stimulate
pancreatic enzyme se-
cretion. Doses of CCK-8
that produce physiologi-
cal plasma CCKlevels
act via stimulation of
vagal afferent pathway

CCIC_ lm._ originated from the gas-
elK troduodenal mucosa.dos)e In contrast, doses that

produce supraphysiolog-
Ch. rw nwrm ical plasma CCKlevels

act on intrapancreatic
CCK neurons and, to a larger
(Supraphso"okicdos) extent, on pancreatic

acini.
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