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Abstract:

Background: Serotonin (5-HT) is released from enterochromaffin cells in the gastrointestinal tract. 5-HT, via the activation of

5-HT2 and 5-HT3 receptors on vagal fibers, mediates pancreatic secretion through the mechanism independent from cholecystoki-

nin. Melatonin (5-HT derivative) or L-tryptophan (melatonin or 5-HT precursor) given systemically or intraduodenally to the rats

stimulate amylase secretion, but the mechanism is not clear. The aim of this study was to investigate the involvement of 5-HT in the

pancreatostimulatory effect of melatonin or L-tryptophan, administered intraduodenally.

Methods: Wistar rats were surgically equipped with silicone catheters; inserted into pancreato-biliary duct and into the duodenum.

Melatonin, L-tryptophan or 5-HT were given to the rats as a bolus. Combination of 5-HT2 or 5-HT3 receptor antagonists: ketanserin

(100 µg/kg) and MDL 72222 (250 µg/kg) was given intraperitoneally to the animals, 15 min. prior to the administration of the exam-

ined substances. The role of the vagal nerve, sensory fibers and CCK in the control of pancreatic exocrine function were determined.

Blood samples were taken for the determination of  5-HT.

Results: Melatonin, 5-HT or L-tryptophan increased pancreatic amylase secretion. The stimulatory effect of the above substances

was decreased by pretreatment of the rats with ketanserin and MDL 72222. Bilateral vagotomy completely abolished the increase of

amylase output caused by 5-HT, while capsaicin deactivation of sensory nerves or blockade of CCK1 receptor only partially reversed

the stimulatory effect of 5-HT on the pancreas. Intraduodenal L-tryptophan, but not melatonin, increased plasma 5-HT concentra-

tions in a dose- and time-dependent manner.

Conclusion: Stimulation of pancreatic exocrine function caused by intraluminal administration of melatonin, or L-tryptophan is

modified, at least in part, by serotoninergic mechanisms and vagal nerves.
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Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is a neuro-

transmitter produced and released by serotoninergic

neurons in the central nervous system (CNS), but the

main source of 5-HT in mammals appears the gastro-

intestinal tract [1]. 5-HT is synthesized in the entero-

endocrine (EE) cells and also in the serotoninergic

neurons of the myenteric plexus [11, 34]. 5-HT is an

important neurotransmitter and intercellular messen-

ger which modulates gastrointestinal functions such

as motility or secretion [19]. Several families of 5-HT

receptors have been found, most of which are present

in the gut (5-HT1A, 5-HT2A, 5-HT2B, 5-HT3 and

5-HT4) [39]. Recent studies have reported that 5-HT2
and 5-HT3 receptors may be involved in the regula-

tion of pancreatic exocrine secretion [26, 31]. Accord-

ing to Li, Owyang and colleagues [26, 31], both 5-HT

and cholecystokinin (CCK) are able to stimulate the

vagal cholinergic pathways to mediate pancreatic en-

zyme secretion.

Melatonin (5-hydroxy-N-acetyltryptamine), a deriva-

tive of 5-HT, is produced in the gut [2, 5, 11]. Melatonin

is synthesized from its precursor L-tryptophan (L-trp) in

a four step reaction [15, 28, 36]. We have reported

previously that melatonin, as well as L-trp, produced

dose-dependent stimulation of pancreatic enzyme se-

cretion when given intraperitoneally to the rats, how-

ever, the above substances failed to affect in vitro

amylase release from pancreatic acini [14]. Also, in-

traduodenal administration of melatonin or L-trp re-

sulted in significant and dose-dependent stimulation

of pancreatic exocrine secretion. The mechanism of

this effect may be related to the CCK release and to

the activation of neural pathways; sensory nerves and

vago-vagal enteropancreatic reflex [18, 30].

Pancreatic enzyme secretion is controlled by neural

and hormonal mechanisms, involving the sensory fi-

bers, vagal nerves, central nervous system with DVC

(dorsal vagal complex), enteric nervous system (ENS)

and hormones such as CCK, 5-HT and many others

[23, 24, 27]. CCK is believed to stimulate pancreatic

exocrine secretion through the activation of specific

CCK1 receptors on vagal afferents which trigger

vago-vagal entero-pancreatic reflex [24].

The current study was undertaken to: 1) investigate

the effects of 5-HT administered into duodenal lumen

on pancreatic exocrine secretion in the anesthetized

rats with pancreato-biliary fistulas; 2) assess the in-

volvement of vagal nerves, sensory fibers and CCK

receptors in the above pancreatostimulatory effects of

5-HT; 3) determine the possible involvement of the

serotoninergic mechanism in pancreatic amylase se-

cretion induced in vivo by intraduodenal administra-

tion of melatonin or its precursor L-tryptophan.

Materials and Methods

Materials

The following items were purchased from Sigma (St.

Louis, MO, USA); 5-HT, 5-HT2 receptor antagonist

ketanserin, 5-HT3 receptor antagonist MDL 72222,

melatonin, L-trp and specific CCK1 receptor antago-

nist lorglumide. TCo 5-HT radioimmunoassay com-

mercial kit was from DRG International Inc. (Moun-

tainside, WI, USA). Morbital (Pentobarbitalum) was

from BIOWET (Pu³awy, Poland). Silicone tubes were

purchased from Rainchelt Chemietechnik, GmBH,

(Helderberg, Germany). The experimental procedures

were approved by the Jagiellonian University Ethical

Committee for Animal Experimentation and run in

accordance with the statements of the European Un-

ion regarding the handling of experimental animals.

Animal study

The study was performed on Wistar rats (total number

= 110 rats), weighing 300–350 g. Animals were

housed in cages under controlled environmental con-

ditions at a 24 h light/dark cycle at a constant tem-

perature (24°C) with free access to food (standard pel-

let lab chow) and tap water. The food was withdrawn

overnight before the preparative surgery experiment,

but access to water was allowed ad libitum. All ex-

periments were performed in the morning. The

surgery was performed under pentobarbital anesthesia

(Morbital), given intraperitoneally (ip) at a dose of

15 mg/300 g body weight. Supplemental doses were

used every 2 h as needed to maintain an adequate

anesthesia level.

Through an upper midline laparotomy, the duode-

num was identified and the bile-pancreatic duct was

exposed and isolated as its entrance to the duodenum.

A silicone catheter diameter 0.5 mm (Rainchelt Che-

mietechnik, GmBH, Helderberg, Germany) was in-

serted through a small incision into the common bile-

pancreatic duct for bile and pancreatic juice collection
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and was secured with a fine suture. A second silicone

cannula (diameter 0.7 mm) (Reichelt Chemietechnik,

GmbH, Heidelberg, Germany) was placed into the

duodenum and its tip was fixed proximally to the am-

pulla for the reinfusion of previously harvested bile-

pancreatic juice (after dilution with saline 1:2, v/v)

and for the administration of the investigated sub-

stances. The abdominal incision was sutured with

a double layer suture and the animals were kept under

heating lamps to maintain the right body temperature

(37°C). At the end of the experiment, the abdominal

vena cava was exposed and the blood was withdrawn

into EDTA containing tubes for determination of sero-

tonin by radioimmunoassay (RIA).

During the experiment, the animals were placed in

individual Bollmann cages. The bile-pancreatic juice

(BPJ) samples were collected in small preweighed vi-

als in 15 min aliquots to measure the volume of each

sample and protein concentration. Basal secretion of

pancreatic juice was measured by collecting of BPJ

for 60 min to allow the stabilization of flow affected

by surgical manipulation. The amylase concentration

of each sample was measured by enzymatic method,

as described previously [13]. The results were ex-

pressed as total amylase (IU per 15 min) outputs. Dur-

ing the experiments, previously collected pancreato-

biliary juice was re-infused via duodenal cannula into

the duodenum at the rate of 1 ml/h.

The study included five sets of experiments.

Part I – the effects of 5-HT, melatonin or L-trp

given intraduodenally (id) on pancreatic exocrine se-

cretion under basal conditions were studied. Part II –

the involvement of 5-HT2 and 5-HT3 receptors in the

secretory effect of examined substances was investi-

gated. Part III included a group of animals with sen-

sory nerves deactivated with capsaicin. Part IV – in

this part of the study rats with bilaterally transected

vagal nerves were employed. Part V – CCK1 receptor

antagonist – lorglumide, was used to determine the in-

volvement of CCK in the secretory effects of 5-HT on

exocrine pancreas.

For each part of the experiment, animal groups of

5–6 rats were used. Melatonin was dissolved in a drop

of DMSO (dimethyl sulfoxide) and then diluted in

physiologic saline to obtain the appropriate concen-

tration. L-trp and 5-HT were dissolved in physiologic

saline containing a drop of 0.1 M HCl. All substances

were given in a volume of 0.5 ml to the rats id as a bo-

lus injection.

PART I

Effects of 5-HT, melatonin and L-trp adminis-

tered id on exocrine pancreatic secretion under

basal conditions

The following experiments, with BPJ returned to the

duodenum throughout the experiment, were per-

formed: 1. Control (id bolus injection of vehicle);

2. 5-HT at doses 2 and 20 mg/kg was given id to the

rats. 3. Melatonin at doses 5 and 25 mg/kg; 4. L-trp at

doses of 50 and 250 mg/kg were given id to the rats.

Each dose of melatonin, L-trp or 5-HT was adminis-

tered to a separate group of animals.

PART II

The involvement of 5-HT
2

and 5-HT
3

receptors

in the secretory effects of 5-HT, melatonin and

L-trp

In the second set of experiments, we estimated the in-

volvement of 5-HT receptors in the secretory effects

of the examined substances (melatonin, L-trp or

5-HT) on exocrine pancreas. Equal groups of rats

were used: 1) Control (id bolus injection of vehicle);

2) ketanserin (5-HT1 receptor antagonist) and MDL

72222 (5-HT3 receptor antagonist) at doses of

100 µg/kg and 250 µg/kg, respectively, administered

ip were followed by selected doses of melatonin

(5 and 25 mg/kg) id; 3) ketanserin together with MDL

72222 at doses of 100 µg/kg and 250 µg/kg, respec-

tively, were administered ip and followed by L-trp at

doses of 50 and 250 mg/kg id; 4) 5-HT2 receptor

blocker and 5-HT3 receptor blocker ip followed by se-

lected doses of 5-HT (2 and 20 mg/kg) were given id.

Both 5-HT antagonists (ketanserin and MDL 72222)

were given id at the same time (as one bolus).

PART III

The role of sensory nerves in the pancreatic

amylase secretion caused by luminal

administered 5-HT

The involvement of sensory fibers in the effects of

5-HT on the basal pancreatic enzyme secretion was

studied in rats with their sensory nerves deactivated

with capsaicin (CD). Deactivation of sensory fibers

was attained using CD at a total dose of 100 mg/kg
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given subcutaneously (sc) 10 days before the tests, as

described previously [18]. During the experiment,

pancreatic juice was returned to the duodenum and se-

lected doses of 5-HT (2 and 20 mg/kg id) were given

to the rats. In the control tests, BPJ was returned to the

duodenum with the application of vehicle instead of

5-HT.

PART IV

The involvement of vagal fibers on pancreatic

secretory response to id administered 5-HT

The studies were designed to evaluate the role of va-

gal nerves in the pancreatic secretory effects of 5-HT

in rats with a subdiaphragmatic vagotomy. The ani-

mals were anesthetized with pentobarbital (Morbital)

and the esophagus was exposed through a midline

laparotomy and subdiaphragmatic vagal trunks were

isolated at the level of gastric cardia. Both the anterior

and posterior trunks of vagal nerves were transected,

and the abdomen was sutured. Rats were allowed to

recover, for 7 days before the start of experiments.

BPJ was returned into the duodenum and selected

dose of 5-HT (2 and 20 m/kg id) were given to the

separate group of animals. The control group of the

animals received the id bolus of the vehicle instead of

5-HT.

PART V

The participation of CCK in pancreatic exocrine

secretory effects caused by 5-HT

The experiments were performed to assess the effects

of CCK1 receptor antagonist, lorglumide on the pan-

creatic secretory response to 5-HT. Lorglumide was

given id as a bolus injection 15 min prior the admini-

stration of 5-HT at selected doses (2 and 20 mg/kg id),

in a volume of 0.5 ml. Several study groups, (each

group consist of 5–6 rats) were employed including:

1) vehicle (0.5 ml of saline) injected id as a bolus;

2) lorglumide (1.0 mg/kg) given id; followed 15 min

later by id injection of vehicle; 3) lorglumide

(1.0 mg/kg id) followed 15 min later by 5-HT (at

doses of 2 and 20 mg/kg id).

Determination of 5-HT plasma level

Plasma 5-HT concentrations were measured after the

id administration of melatonin or its precursor, L-trp

by radioimmunoassay (RIA) using a rat serotonin RIA

commercial kit, according to the manufacturer’s

protocol. The blood samples were taken at the 30th or

60th min after intraduodenal injections of melatonin or

L-trp.

Statistical analysis

Comparison of the differences between the mean val-

ues of various groups of experiments was made by an

analysis of variance and the Student’s t-test for un-

paired data. Differences with a p value of < 0.05 were

considered statistically significant. Results are ex-

pressed as the means ± SEM.

Results

Basal secretion of amylase averaged about 420 ± 41 IU/

15 min (Fig. 1). Intraduodenal administration of mela-

tonin at doses of 5 or 25 mg/kg resulted in the dose-

dependent increase of pancreatic amylase secretion,

reaching 2525 ± 189 IU/15 min at dose of 25 mg/kg id

of melatonin (Fig. 1). Melatonin precursor; L-trp also
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Fig. 1. Time course of amylase outputs in pancreato-biliary juice fol-
lowing the bolus of intraduodenal (id) administration of melatonin at
doses of 5 or 25 mg/kg. Control – amylase output in rats treated with
vehicle instead of melatonin. The results are the means ± SEM of
separate experiments, each performed on a group of 5–6 animals.
An asterisk (*) indicates a significant (p < 0.05) increase above the
control value



resulted in the significant and dose-dependent rise of

amylase output reaching 997 ± 92 IU/15 min at

250 mg/kg dose of L-trp (Fig. 2).

Intraduodenal infusion of 5-HT (2 and 20 mg/kg

id) significantly increased amylase secretion. The

most effective dose was 20 mg/kg of 5-HT, which in-

creased amylase output up to 1937 IU/15 min (Fig. 3).

Ketanserin and MDL 72222 did not affect basal pan-

creatic enzyme secretion significantly when given

alone to the rats (Fig. 4). The application of the above

5-HT receptor antagonists prior to the administration

of 5-HT completely reversed the stimulatory effects

of 5-HT at the dose of 2 mg/kg id, as well as at the

dose of 20 mg/kg id (Fig. 4).

Intraperitoneal administration of ketanserin and

MDL 72222 at doses of 100 µg/kg and 250 µg/kg

completely reversed amylase output as induced by

intraduodenal administration of melatonin at dose

5 mg/kg, but only partially averted the stimulatory ef-

fect of melatonin at dose of 25 mg/kg id (Fig. 5).

5-HT2 and 5-HT3 receptor blockers slightly decreased

the pancreatic amylase secretion caused by the ad-

ministration of the melatonin precursor, L-trp given at

dose of 50 mg/kg id into duodenal lumen, but failed to

affect the arousing influence for amylase augmenta-

tion induced by the intraluminal administration of

L-trp at the highest dose (Fig. 6).

Bilateral, subdiaphragmatic vagotomy failed to sig-

nificantly affect basal pancreatic amylase secretion

but completely abolished the increases in amylase

output in response to 5-HT at selected doses of

2 mg/kg id or 20 mg/kg id (Fig 7).
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In the rats with sensory nerves deactivated with

CD, basal secretion of the enzyme was not signifi-

cantly different from those obtained in animals with

intact sensory nerves (Fig. 8). Deactivation of sensory

nerves with CD partially reversed the stimulatory ef-

fects of serotonin on pancreatic enzyme secretion

(Fig. 8). The above reduction of serotonin-induced

amylase secretion in CD rats was mostly pronounced

at the dose of 2 mg/kg of 5-HT.

Pretreatment of the animals with CCK1 receptor

antagonist, lorglumide, partially reversed amylase

output stimulated by intraduodenal application of se-

rotonin at doses of 20 mg/kg, whereas amylase secre-

tion in response to 2 mg/kg id 5-HT was completely

inhibited by lorglumide (Fig. 9).

Plasma 5-HT immunoreactivity measured in intact

rats averaged 90 ± 5 pg/ml (Fig. 10). Administration

of L-trp, given at doses of 50 or 250 mg/kg id resulted

in the marked augmentation of plasma 5-HT concen-

trations (dose- and time-dependent), reaching the

highest value (145 ± 15 pg/ml) at the dose of

250 mg/kg of L-trp at 60th min after id administration

of melatonin precursor (Fig. 10). The intraduodenal

application of melatonin failed to affect the 5-HT

plasma concentration significantly (Fig. 10).

Discussion

The major findings of the present study are summa-

rized as follows: 1) intraduodenal administration of

5-HT increased pancreatic amylase secretion; 2) ad-

ministration of 5-HT receptor antagonists, ketanserin

and MDL 72222 reversed the stimulation of pancre-

atic exocrine secretion caused by intraluminal infu-

sion of 5-HT, and partially reduced pancreatic enzyme

response to melatonin or L-trp; 3) bilateral vagotomy
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completely abolished the effects of 5-HT on pancre-

atic enzyme secretion, but capsaicin deactivation of

sensory nerves only partially reduced the amylase

output caused by intraduodenal administration of se-

rotonin; 4) pretreatment of rats with CCK-receptor

antagonist, lorglumide significantly, but not com-

pletely, decreased the amylase output made by in-

traduodenal application of 5-HT; 5) intraduodenal ad-

ministration of L-trp resulted in significant dose- and

time-dependent rise of 5-HT concentration.

5-HT has been the subject of research studies for

over 50 years [19]. It has been identified as neuro-

transmitter in the CSN, and a modulator of gastroin-

testinal secretory function and motility [38]. About

95% of 5-HT in the body was found in the GI tract;

90% was detected in enterochromaffin cells (EE) and

about 10% in enteric neurons [39]. In the enteric nerv-

ous system, 5-HT acts as an neurotransmitter and

a paracrine signaling molecule participating in muco-

sal sensory transduction [20]. 5-HT works as neuro-

modulator in the descending pathways from the brain-

stem to the dorsal horn of spinal cord [19]. Amino

acid; L-tryptophan is a precursor of 5-HT, which is fi-

nally metabolized to melatonin [5, 6].

Our previous observations have shown that intrape-

ritoneal as well as intraduodenal administration of

melatonin or its precursor; L-trp, dose-dependently

stimulated basal pancreatic enzyme secretion, but

failed to affect amylase release from isolated rat pan-

creatic acini. The above effect was reversed by CD

denervation of sensory nerves or by vagotomy [15,

18]. The mechanism of this stimulatory action of

these substances on the pancreatic gland seems to be

indirect and depends on the release of CCK and acti-

vation of afferent nerves to trigger entero-pancreatic

reflexes [18, 30]. In our present study we have dem-

onstrated that the stimulatory effects of melatonin or

L-trp was partially reversed by pretreatment of rats
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with 5-HT receptor antagonists, suggesting the in-

volvement of the serotoninergic mechanism in the

melatonin-induced pancreatic exocrine function.

Exocrine pancreatic secretion is regulated by hor-

monal and neuronal interactions involving various

regulatory peptides, enteric nervous system, and vagal

nerves [8]. CCK, a major pancreatic secretagogue at

low doses, stimulated postprandial pancreatic secre-

tion via mechanism dependent on the activation of the

vagal afferent fibers [22, 24, 25, 31]. Furthermore,

5-HT originating from intestinal EE cells via activa-

tion of 5HT3 and 5HT2 receptors localized on vagal

afferent fibers, mediates luminal-factor-dependent

pancreatic exocrine secretion [22, 26, 27, 31, 42]. De-

tection of 5-HT3 receptors together with CCK1 recep-

tors on vagal nodose neurons of the rat suggests that

both 5-HT and CCK could activate primary vagal af-

ferent neurons to stimulate pancreatic exocrine func-

tion [21, 26].

In our study, combination of MDL 72222 and ketan-

serin (5-HT2 and 5-HT3 receptor antagonists) signifi-

cantly inhibited pancreatic enzyme secretion induced

by luminal administration of L-trp or melatonin and

completely reversed the stimulatory effects of 5-HT on

amylase output. This observation indicates that both

5-HT2 and 5-HT3 receptors are implicated in the stimu-

latory effect of luminal melatonin and L-trp on pancre-

atic exocrine secretion. In accordance with our find-

ings, it was previously demonstrated that both 5-HT3
and 5-HT2 receptors take part in the secretory effects of

secretin on the pancreas [20].

Sensory nerves participate in neural-reflex stimula-

tion of the pancreatic exocrine secretion modulated by

CCK and deactivation of these nerve fibers by neuro-

toxin capsaicin reduces pancreatic secretory response

to food ingestion [17]. Li and Owyang [27] have also

shown that perivagal or intestinal mucosal application

of capsaicin in conscious rats abolished 5-HT-induced

pancreatic secretion. In our observations, the deacti-

vation of sensory nerves with capsaicin only partially

reversed the stimulatory effects of intraduodenal infu-

sion of serotonin.

According to Blackshaw at al. [4] only a minority

of all subtypes of gastrointestinal vagal afferent fibers

have responded with excitation after acute capsaicin

administration. They have suggested the complexity

in functional expression of the vanilloid receptors-1

(VR1 receptors) on peripheral sensory endings. This

proportion of capsaicin sensitive fibers is influenced

by many factors as: in vivo or in vitro nature of the

preparation, the location of the receptive field, the

route of the administration of capsaicin. Capsaicin

might produce functional impairment of afferent fi-

bers without evoking excitation [3, 4]. In addition,

about half of the vagal afferents innervating the gas-

trointestinal tract express low levels of VR1 receptors

[32, 41].

The study by Kasimay et al. [16] has indicated that

pharmacological doses of melatonin delay gastric

emptying via mechanisms involving CCK and 5-HT

receptors. These findings documented the relationship

between 5-HT and its derivative, melatonin, suggest-

ing that high doses of melatonin might inhibit gastric

motility by interaction with 5-HT receptors present on

the vagal afferents [37]. In turn, Drago et al. [9] have

demonstrated that low doses of melatonin increase in-

testinal motility in rats.

As we have observed, the blockade of the CCK re-

ceptor by lorglumide partially reversed the stimula-

tory effect of serotonin on the exocrine pancreas, sug-

gesting that CCK and 5-HT actions are not independ-

ent. Our observations are in agreement with the

results of Saita and Verberne [34]. They reported that

the actions of CCK on sympathetic vasomotor func-

tion are partly dependent on 5-HT3 receptors. Mussa

et al. [29] have demonstrated that cholecystokinin and

serotonin agonist, phenylbiguanide activate pancre-

atic vagal afferent discharge via activation of CCK1
and 5-HT3 receptors, respectively, moreover phenyl-

biguanide acts partly via interaction with CCK1 recep-

tor [29].

Previous reports have shown that 5-HT3 receptors

contribute to some effects of CCK, including the sati-

ety or stimulation of vagal afferent neurons [1, 33].

Hayes et al. [13] have reported that 5-HT3 receptors

mediate CCK-induced satiation through indirect

mechanisms involving the inhibition of gastric empty-

ing. Taken together, it is possible that part of the ef-

fects of serotonin on the GI system is mediated

through the central site of action [13].

Tryptophan is a precursor of both serotonin and

melatonin. The range of data have shown that the

tryptophan depletion and low production of melatonin

is involved in pathogenesis of gastrointestinal and

CNS dysfunctions. Kilkens et al. [17] have provided

evidence that serotoninergic modulation by acute

tryptophan depletion affects both visceral perception

as well as cognition in patients with irritable bowel

syndrome (IBS). Esteban et al. [10] have demon-

strated that synthesis of 5-HT and melatonin could be
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modulated by oral ingestion of tryptophan. We have

also observed that plasma 5-HT concentration in-

creased after intraduodenal administration of L-trp.

On the other hand, intraduodenal application of

melatonin failed to affect serotonin plasma level sig-

nificantly. This observation is in agreement with sug-

gestions that melatonin could be a feedback modula-

tor of 5-HT [7].

In conclusion: 5-HT mechanisms are implicated in

the stimulatory effects caused by intraduodenal admini-

stration of melatonin or its precursor L-tryptophan, but

some of these effects could be modulated by interactions

between 5-HT and CCK receptors.
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