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Involvement of serotonin and calcium channels in the intestinal fluid

secretion evoked by bile salt and cholera toxin
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1 The enteric nervous system (ENS) is activated when exposing the intestinal mucosa to cholera
toxin or certain bile salts. Cholera toxin stimulates ENS, at least in part, by the release of 5-
hydroxytryptamine (5-HT) from the enterochromaffin cells. Calcium channel blockers of the L-type
markedly attenuate the fluid secretion and the luminal release of 5-HT caused by cholera toxin.

2 The objective of the present study was to elucidate if sodium deoxycholate activated ENS in a
similar manner as cholera toxin. Furthermore, the effect of several calcium channel blockers was
tested on the fluid secretion caused by cholera toxin or bile salt.

3 Sodium deoxycholate (4 mM) caused a release of 5-HT into the intestinal lumen, which was
inhibited by calcium channel blockade. Granisetron, a 5-HT; receptor blocker, partly inhibited the
fluid secretion caused by bile salt.

4 The effects of nifedipine, felodipine, R-felodipine, H186/86 (z-butyl analogue of felodipine) on
the fluid secretion caused by cholera toxin or sodium deoxycholate were studied. Both secretory
states were markedly attenuated in a dose dependent manner by all calcium channel blockers tested
regardless of their effects on arterial pressure.

5 It is concluded that both cholera toxin and bile salt activate ENS, at least in part, via a release of
5-HT from the enterochromaffin cells. The antisecretory effect calcium channel blockers is partly

explained by an inhibition of this release of 5-HT.
Keywords: 5-Hydroxytryptamine; cholera toxin; bile salt; calcium channel blocker; small intestine; fluid transport; enteric

nervous system; enterochromaffin cells (rat)

Abbreviations: Ach, acetylcholine; EC, enterochromaffin; ENS, enteric nervous system; 5-HIAA, 5-hydroxyindoleacetic acid; 5-
HT, 5-hydroxytryptamine; PD, potential difference; VIP, vasoactive intestinal polypeptide

Introduction

Earlier studies performed in this laboratory on the mechanisms
underlying the intestinal fluid secretion evoked by cholera
toxin strongly support the hypothesis that reflex(es) of the
enteric nervous system (ENS) play an important role in cholera
secretion (Cassuto et al., 1981; 1983; Jodal et al., 1993a). The
current model for such an involvement of ENS in cholera is
illustrated in Figure 1. This model is mainly based on
electrophysiological observations reported by Bornstein and
collaborators (Bornstein ez al., 1986; 1988; 1994), on
pharmacological investigations performed in our laboratory,
on immunohistochemical studies by Kirchgessner et al. (1992)
and on chemical ablation experiments by Jodal et al. (1993a).
The studies suggest that the intestinal fluid secretion caused by
most secretagogues, including certain bile salts (Karlstrom,
1986a), the heat stable toxin produced by Escherichia coli
(Eklund et al., 1989) and by inflammation (Brunsson, 1987,
Jodal et al., 1993b; Castagliuolo et al., 1994; Nellgard et al.,
1996), to a large extent is mediated via the ENS. For a recent
survey of this research field the reader is referred to a review by
Jodal & Lundgren (1995).

According to model of Figure 1 ENS is activated by the
release of amines/peptides from the endocrine cells of the
intestinal epithelium. This has been particularly well studied
with regard to the release of serotonin from the enterochro-
maffin (EC) cells when exposing the intestinal mucosa to
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cholera toxin. Such a release has been demonstrated by
electron microscopy (Osaka et al., 1975) and histochemistry
(Nilsson et al., 1983). Furthermore, a release of 5-HT into the
intestinal lumen accompanies cholera secretion both in rats
and humans (Beubler et al., 1989; Peterson er al., 1993;
Peterson & Whipp, 1995; Bearcroft et al., 1996; Timar Peregrin
et al., 1997a) and 5-HT; receptor antagonists diminish cholera
secretion (Beubler & Horina, 1990; Sjoqvist er al., 1992) at
least in rats. In humans the observations regarding the effect of
5-HT; receptor blockade are conflicting (Eherer et al., 1994;
Turvill & Farthing 1997). Finally, placing a 5-HT solution in
the intestinal lumen or giving 5-HT at a close location intra-
arterially evokes a fluid secretion, which is almost completely
blocked by agents interfering with the functions of ENS
(Cassuto et al., 1982, Sjoqvist et al., 1992). Together these
observations strongly suggest that 5-HT released from EC cells
participate in the cholera toxin induced fluid secretion.
Karlstrom and coworkers (Karlstrom, 1986a,b; Karlstrom
et al., 1983; 1986a,b) showed that the bile salt sodium
deoxycholate stimulates intestinal fluid secretion and motility
to a large extent via enteric nervous reflex(es). Only a small
part of the change in the net fluid transport evoked by the bile
salt could be explained by a reduced absorptive capacity of the
villus epithelium (Karlstrom et al., 1986b). Observations
reported by Eklund et al. (1989) suggested that, in the case
of the bile salt induced secretion, ENS may not be activated by
the release of compounds from the endocrine cells of the
intestinal epithelium. Bile salt may diffuse into the villus
lamina propria to directly or indirectly activate the afferent
limb of the secretory reflex. One of the aims of the present
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Figure 1 Schematic figure of the model proposed for the secretory nervous reflex activated by cholera toxin (CT). (a) illustrates the
intramural reflex activated by the toxin. The reflex arch consists of at least three neurons. The transmitter of the afferent neuron is
presently unknown. The efferent neuron releases vasoactive intestinal polypeptide (VIP) and there is a cholinergic interneuron
(Ach=acetylcholine). (b) depicts how cholera toxin may activate the enteric nerves by causing the release of peptides and/or 5-
hydroxytryptamine (5-HT) from the endocrine cells of the mucosa. It should be underlined that the figure is highly schematic. The
nerves activated by peptides and/or 5-HT are situated just underneath the intestinal epithelium.

study was to elucidate if 5-HT participated in the fluid
secretion caused by sodium deoxycholate.

Several studies have reported that it is possible to inhibit
cholera toxin induced secretion by calcium channel blockers of
the L-type (Beubler et al., 1989, Timar Peregrin et al., 1997a.b).
One aim of this investigation was to elucidate if the bile salt
induced secretion is also attenuated by calcium channel
blockers. The antisecretory potency of nifedipine and two
stereoisomeric forms of felodipine, was investigated. Both
drugs are used clinically to treat arterial hypertension implying
that they lower blood pressure. This may be of importance in
explaining their effect on intestinal fluid transport. A fourth
blocker, H 186/86, was therefore also tested. This drug, which
is the ¢-butyl analogue of felodipine, is devoid of the blood
pressure lowering effect of felodipine (Berntsson et al., 1987).
Thus, experiments with this compound made it possible to
elucidate if lowering of arterial pressure per se may explain the
effects of calcium channel blockade on intestinal fluid
secretion.

Methods

Operative procedures

Experiments were performed on adult male Sprague-Dawley
rats, weighing 300—500 g (Alab AB, Stockholm, Sweden or
Charles River, Margate, U.K.). The animals were kept under
standardized environmental conditions (22°C, 60% humidity,
artificial light from 0600— 1800 h) in the animal quarters for at
least 7 days prior to the experiments. The study was approved by
the Animal ethics committee at Gteborg university.

In all animals anaesthesia was induced with pentobarbitone
i.p. (Mebumal, 60 mg kg~' body wt). The anaesthetized
animals were placed on a operating table. Body temperature
was monitored by a rectal thermistor and was kept at 37°C by
means of a heated operation table and a heating lamp. A

tracheal cannula was inserted to assure free airways, and a
femoral vein was cannulated for the administration of drugs.
Arterial pressure was recorded by means of a pressure
transducer (DPT-6000 Single-Use Transducer, Peter von Berg
Medizinteknik Gmbh, Englhartin, Germany) via a catheter in
the femoral artery. This catheter was also used to maintain
anaesthesia by continuous infusion of chloralose (2—
4 mg ml~'; 0.02 ml min~") which was given in a solution
containing glucose (138 mM) and NaHCO; (33 mM) to prevent
dehydration and acidosis during and after surgery.

After tracheotomy, a midline abdominal incision was
performed. One or two jejunal segments, 5—7 cm long, were
isolated with intact vascular supply. The rest of the small
intestine and the colon were extirpated. In order to interrupt the
extrinsic autonomic nervous supply to the intestinal segment, all
nerves along the superior mesenteric artery were cut.

Gravimetric recording of intestinal net fluid transport

Net intestinal fluid transport was measured by a gravimetric
technique developed in the laboratory and described in detail
by Cassuto et al. (1981; 1982; 1983). In short, the intestinal
segment was placed on a specially designed plastic balance
suspended 3—5 mm above the abdominal wall and connected
to a force displacement transducer (Grass FT03C), allowing a
continuous recording of changes of intestinal weight. In the
bile salt experiments the jejunal segment was connected to a
recirculating system containing a reservoir (25 ml) to minimize
recirculation of the fluid (Karlstrém, 1986a). The intestinal
segment was perfused throughout the experiment at a rate of
0.1 ml min~' by means of pump (Ismatec, type Minimicro 2/6;
Ismatec, Zurich, Switzerland).

Net fluid transport across the intestinal epithelium
(reflected as changes in intestinal weight) was continuously
recorded by connecting the force displacement transducer to
a Grass polygraph. To minimize evaporation, the intestinal
segment was carefully covered by a plastic film, and the rat
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was placed in a plastic cage in which the temperature was
kept constant at 37°C. The head of the rat was placed outside
the cage wall to allow the animal to breathe air of room
temperature. The rate of net fluid transport measured during
15 min periods was related to the serosal surface area of the
investigated segment.

Simultaneous measurements of intestinal net fluid
transport, luminal release of serotonin and its main
metabolite and transepithelial potential difference

In some experiments two isolated intestinal segments were
perfused at a constant rate of 5.66 ml h~' with a modified
Krebs-Henseleit solution (see below). Net intestinal fluid
transport was estimated from the weight of the fluid leaving
the intestinal segment collected during 30 min periods and the
known perfusion rate, assuming that the volume of the
intestinal lumen was maintained at a constant level.

The concentration of the 5-hydroxytryptamine (5-HT) and
its main metabolite, 5-hydroxyindoleacetic acid (5-HIAA), in
the collected intestinal perfusate was determined by HPLC
with electrochemical detection as described in detail by Timar
Peregrin et al. (1997a).

The potential difference (PD) across the jejunal epithelium
was measured between two agar bridge electrodes, one in
contact with the luminal fluid via a plastic tubing and the other
in contact with the fluid in the peritoneal cavity. The electrodes
were connected via calomel half cells (Calomel electrode K401,
Radiometer, Copenhagen, Denmark) to an amplifier whose
output was displayed on a Grass polygraph.

Experimental protocol

Serotonin experiments Two types of experiments was per-
formed. In one series of experiments the effects of bile salt on
net fluid transport, transepithelial PD and luminal release of 5-
HT and 5-HIAA were investigated. Two intestinal segments
were perfused as described above. After a 1 h period of
perfusion with a modified Krebs-Henseleit solution devoid of
bile salt, the intestines were perfused with a solution containing
sodium deoxycholate (4 mM). In one series of experiments
(nifedipine series) samples of the luminal solution leaving the
intestine were collected every 30 min throughout the experi-
ments. The drug was given 1 h after starting the perfusion with
the bile salt solution. In two other series (felodipine and H186/
86 series) samples were only collected 30 min before and 30—
60 min after giving the drugs. In all experiments PD was
monitored throughout the experiments.

In another type of experiment the effects of granisetron, a 5-
HT; receptor blocker (0.11 umol (40 ug) per kg body wt.;
n=1>5), given i.v. was investigated with regard to its effect on the
bile salt induced fluid secretion. Net fluid transport was
recorded with the gravimetric method described above. The
intestinal segment was first perfused with an isotonic solution
devoid of bile salt for 15-30 min during which net fluid
transport was constant. The segment was then perfused with a
solution containing sodium deoxycholate (4 mM) which within
30 min evoked a net fluid secretion. After recording a constant
net fluid secretion for at least 20—30 min granisetron was
administered.

Calcium channel blockade experiments Two types of experi-
ments were performed. In one type pure crystalline cholera
toxin (20 ug) dissolved in 0.5 ml physiological saline was
introduced into the intestinal lumen. Within 3 h all animals
developed a steady intestinal net fluid secretion. After a control

period of constant fluid secretion lasting for at least 30 min the
drugs to be tested were given into the femoral vein, implying that
the drugs were administered between 2 and 3.5 h after exposing
the intestinal mucosa to cholera toxin. The following drugs were
used: nifedipine (n=7), two stereoisomers of felodipine
(felodipine n=06; R-felodipine n=7) and H186/86 (z-butyl
analogue of felodipine (Berntsson et al., 1987); n=15), a calcium
channel blocker synthesized by AB Astra-Hissle, Sweden.

In another type of experiments net fluid secretion was
evoked by sodium deoxycholate. Net fluid transport was
monitored with the gravimetric technique described earlier. A
jejunal segment was perfused with a modified Krebs-Henseleit
solution until net fluid transport had been maintained at a
steady state level for at least 30 min. After this control period,
the intestines were perfused with a solution containing sodium
deoxycholate, 4 mM. After 1 h of bile salt perfusion a calcium
channel blocker was administered i.v. while the bile salt
perfusion continued. The following drugs were tested:
nifedipine, the two stereoisomers of felodipine and H186/86.
All drugs were tested in five experiments.

Solutions and drugs

In the bile salt experiments the lumen of the intestinal segment
was perfused with a modified Krebs-Henseleit solution
containing (in mM): NaCl, 122; NaHCO,, 25; KCI, 4.7;
KH,PO,, 1.2; mannitol 20. The bile salt solution also
contained 4 mM sodium deoxycholate. The osmolality of the
solutions ranged between 290 and 310 mosm kg~' H,O.

The modified Krebs-Henseleit solution used in all cholera
toxin experiments contained (mm): NaCl, 122; NaHCOs, 25;
KCl, 4.7, KH,PO,, 1.2; MgCl,, 1.2; CaCl,, 2.5; mannitol 30.
The osmolality ranged between 305 and 315 mosm kg~!' H,O.

The following drugs were used in the experiments:
pentobarbitone, cholera toxin (List Biological Laboratories
Inc., Campbell; U.S.A.), granisetron (SmithKline Beecham
Pharmaceuticals, Brentford; Middelsex, U.K.), nifedipine
(Sigma Chemical Co., St Louis, MO, U.S.A.), H 186/86, R-
felodipine, felodipine (Astra-Héssle AB, Mélndal, Sweden).

Statistics

Statistical analyses were performed using sign test and
Wilcoxon’s signed rank test. Differences resulting in P values
of 0.05 or less were considered significant. Values are given as
mean +s.e. mean.

Results

Serotonin experiments

The possible involvement of 5-HT in the bile salt induced
secretion was studied in two types of experiments. In one series
the release of 5-HT and 5-HIAA into the intestinal lumen was
followed in two perfused segments. The results from the
experiments with nifedipine are illustrated in Figure 2. In these
experiments samples of the fluid leaving the two segments were
collected every 30 min throughout the experiments. Exposing
the intestinal mucosa to sodium deoxycholate (4 mM) caused a
statistically significant increase of the luminal release of 5-HT
(from 0.104+0.05 to 1.20+0.51 nmol 30 min~! 100 cm 2 ser-
osal surface; P<0.05), whereas 5-HIAA could not be detected
in any luminal sample. Concomitantly, net fluid transport
turned from absorption (139469 ul min~' 100 cm~?) to
secretion (437473 ul min=' 100 cm~% P<0.05) and PD
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increased in four out of five experiments (data not shown).
After giving nifedipine i.v. (5.75 umol kg~' body wt) all
studied variables decreased to control (Figure 2). No significant
changes in the recorded variables were observed in the control
segment not exposed to bile salt.

In two other series of experiments the calcium channel
blockers felodipine (2.6 umol kg=! body wt.) and H186/86
(2.2 umol kg™' body wt.) were administered to the animals.
The experiments were in principle performed as illustrated on
Figure 2 but samples from the intestinal segments were
collected only 30 min before and 30—60 min after giving the
drugs. The results are given in Table 1. Only a release of 5-HT
was detected. It was significantly larger in the intestinal
segments exposed to bile salt. The increased amine release was
accompanied by an increased PD and intestinal fluid secretion.
All three calcium channel blockers tested significantly
attenuated the increased 5-HT release (Table 1) as well as the
increase of PD and fluid secretion evoked by sodium
deoxycholate. No significant changes in the recorded variables
were observed in the control segments not exposed to bile salt
(data not shown).
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Figure 2 Release of 5-HT into the intestinal lumen in control
segments and in segments exposed to sodium deoxycholate (4 mm)
before and after giving nifedipine (5.75 umol (2 mg) per kg body wt).
n=>5. Means+s.c.mean.

Table 1
the intestinal lumen

It is evident from Figure 2 and Table 1 that there was a large
variation in 5-HT release among the experiments. It reflects the
fact that the measured luminal 5-HT concentrations fell
roughly into two groups, the concentration in one group
being about ten times higher than that in the other group. This
was seen in one third of the 15 experiments performed. The
reason for this large variation between animals is not known.

In another type of experiment (n=15) granisetron, a 5-HTs-
receptor blocker, was given i.v. in a dose of 0.11 umol (40 ug)
per kg. The use of this dose was based on dose-response curve
for granisetron determined with regard to its inhibitory effect
on the duodenal bicarbonate secretion (Jaup et al., 1998) and
on the intestinal fluid secretion caused by cholera toxin
(Sjoqvist et al., 1992). Furthermore, in the latter study the
dose used attenuated the bradycardia evoked by i.v. injection
of 5-HT. Net fluid transport was recorded with the
gravimetric technique. The bile salt induced secretion
(154+ 30 ul min~! 100 cm~2) was decreased to 43+
7 Wl min~=" 100 cm~? (P<0.05) by granisetron. In no experi-
ment was fluid secretion totally abolished. In control
experiments the drug was shown not to influence basal net
fluid transport in the intestine (data not shown).

Calcium channel blockade experiments

All the experiments reported below and illustrated in
Figures 3-6 were performed wusing the gravimetric
technique for estimating net fluid transport. Cholera toxin
placed in the intestinal lumen evoked within 2—-3h a
pronounced net fluid secretion in all experiments. Similarly,
exposing the intestinal mucosa to an electrolyte solution
containing 4 mM sodium deoxycholate caused net fluid
secretion within 30 min. Four different calcium channel
blockers were investigated with regard to their effects on
the fluid secretion. The effect on cholera secretion of one of
them, nifedipine, has been reported elsewhere (Timar
Peregrin et al., 1997a.b).

Nifedipine The effect of nifedipine (5.75 umol (2 mg) per kg
body wt. i.v.) on the bile salt induced secretion was studied in
five experiments. The dose was chosen based on the dose
response curve earlier reported for cholera secretion (Timar
Peregrin et al., 1997b). In all experiments the net fluid secretion
evoked by bile salt (166412 ul min~' 100 cm~?%) was com-
pletely abolished within 15—30 min and turned into a net fluid
absorption (134454 ul min~' 100 cm~2; P<0.05). The drug
decreased arterial pressure by 20—40 mmHg.

Nifedipine at the dose used in this study has been shown not
to influence fluid transport in control intestinal segments
(Timar Peregrin et al., 1997b).

The effect of three different calcium channel blockers on the release of 5-hydroxytryptamine (pmol 30 min~' 100cm ~2) into

Control segment
Before drug

Drug (pmol 30 min~' 100 cm~?)

Nifedipine 3574138 2134106
Felodipine 418+348 3314208
H186/86 7834482 1153+689

After drug

Bile segment
Before drug After drug
(pmol 30min~"'100cm ~?)

1200+ 515F 394 +128*
779+ 578+ 505 +410*
2519+ 1486+ 1284+ 786*

One intestinal segment was exposed to sodium deoxycholate (4 mMm; bile segment) dissolved in an isotonic electrolyte solution, whereas
another segment was perfused with the electrolyte solution alone (control segment). Mean +s.e.mean n=>5 in each group. *Statistically
significant difference when compared to ‘Before drug’; fStatistically significant difference when compared to corresponding observation

in ‘Control segment’.
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Figure 3 The effect of granisetron (0.11 umol (40 ug) per kg body
wt i.v) on the fluid secretion (gravimetric technique) caused by
sodium deoxycholate (4 mm). C: control recording; B: perfusion with
bile salt. n=35. Means+s.e.mean.
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Figure 4 The effect of increasing doses of felodipine on arterial
pressure (upper panel) and on the intestinal net fluid secretion (lower
panel; gravimetric technique) evoked by exposing the intestinal
mucosa to cholera toxin. The drug was administered i.v. C: control
recording. n=6. Means+s.e.mean.

Felodipine In six experiments with cholera toxin felodipine
was given iv. in doses of. 0.26 umol (0.1 mg), 1.3 umol
(0.5 mg) and 2.6 umol (1 mg) per kg body wt. (Figure 4). In
the lower dose range the drug caused a blood pressure drop of
about 25 mmHg. Increasing the dose did not lower blood
pressure further. Net fluid secretion was reduced dose-
dependently (Figure 4). The highest dose used decreased net
fluid secretion from 207413 to 31+49 ul min—' 100 cm?
serosa (n=06; P<0.05) within 10—25 min. The decreased rate
of secretion was maintained for at least 30 min.

In five experiments with sodium deoxycholate we measured
the effect of felodipine in a dose of 2.6 umol (1 mg) per kg body
wt. i.v. on bile salt induced secretion. Net fluid secretion
(166422 pl min~—' 100 cm™?) turned to a net fluid absorption
(4444 pl min~' 100 cm =2, P<0.05) within 30 min after
giving the drug. The effect on fluid transport remained
unchanged for at least 75 min. Blood pressure was decreased
40—-50 mmHg.

R-felodipine R-felodipine was given i.v. in the same doses as
felodipine in seven experiments with cholera toxin. The drug
lowered the systemic arterial pressure and net fluid secretion
dose-dependently (Figure 5). The lowering of arterial pressure
was less pronounced than when giving felodipine particularly in
the lower dose range. At the highest dose a decrease of the net
fluid secretion from 199427 to 34+22 ul min—' 100 cm 2
(P<0.01) was observed (Figure 5)

In five experiments the effects of R-felodipine on bile salt

induced secretion was investigated using a dose of 2.6 umol

(1 mg) per kg body wt. Net fluid secretion (166+
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Figure 5 Dose-response curves for R-felodipine given iv. with
regard to the effects on arterial pressure (upper panel) and on net
fluid secretion caused by cholera toxin (lower panel; gravimetric
technique). C: control recording. n="7. Means +s.c.mean.
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28 pul min~' 100 cm~?) was effectively inhibited and turned
into net fluid absorption (104456 ul min—' 100 cm ™%
P <0.05). Arterial pressure was lowered 25—35 mmHg.

H 186/86 H 186/86 in a dose of 2.2 umol (1 mg) per kg body
wt. administered i.v. caused a decrease of cholera toxin induced
fluid secretion within 15 min. Secretion decreased from
168+35 to 36+41 plmin~' cm~2 (n=35; P<0.05; Figure 6)
and remained around that level during the whole registration
period (60 min). Systemic arterial pressure was hardly
influenced by this drug compared with the other calcium
channel blockers tested.

Similarly, in five experiments with bile salt net fluid
secretion was reduced from 250+37 to 104+
33 ul min~' 100 cm 2 (P <0.05) within 15 min by H 186/86
(2.2 yumol (1 mg) per kg body wt.). The secretion further
decreased to reach a value of zero within 60 min. Con-
comitantly, arterial pressure decreased 5—15 mmHg.

Discussion

5-HT and bile salt induced fluid secretion

There are, as reviewed briefly in the introduction, several types
of observations that support the proposal that 5-HT plays an

important role in the pathophysiology of cholera toxin induced
secretion. Electron microscopy and histochemical studies have
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Figure 6 The effects of giving H186/86 (2.2 umol (1 mg) per kg
body wt i.v.) on blood pressure (upper panel) and on intestinal net
fluid transport induced by cholera toxin (lower panel; gravimeteric
technique). The drug was administered at time 0. Means +s.e.mean.
n=>3.

revealed that the enterochromaffin (EC) cells release their
contents of 5-HT when exposed to cholera toxin (Osaka et al.,
1975; Nilsson et al., 1983). An increased release of 5-HT into
the intestinal lumen is evoked by cholera toxin (Beubler et al.,
1989; Peterson et al., 1993; Peterson & Whipp 1995; Bearcroft
et al., 1996; Timar Peregrin et al., 1997a), an effect that is
blocked by L-type of calcium blocker (Timar Peregrin et al.,
1997a,b). Concomitantly, fluid secretion is markedly attenu-
ated. Furthermore, 5-HT receptor antagonists decrease the
fluid secretion caused by cholera toxin at least in rats (Beubler
& Horina 1990; Sjoqvist et al., 1992). As pointed out in the
introduction the observations in humans regarding the effect of
5-HT; receptor blockade are conflicting (Eherer ez al., 1994;
Turvill & Farthing, 1997). We have suggested that the 5-HT
released from the EC cells activate neural dendrites located just
underneath the intestinal epithelium (Cassuto et al., 1981;
1982; Nilsson et al., 1983; see Figure 1) to evoke a fluid
secretion.

In the present study we investigated if the bile salt sodium
deoxycholate also released 5-HT from the EC cells by
following its release into the intestinal lumen before and after
perfusing with a solution containing 4 mM sodium deoxycho-
late. It was shown that the bile salt evoked an increased release
of 5-HT into the intestine. Furthermore, granisetron, a blocker
of 5-HT; receptors, partly inhibited the bile salt induced fluid
secretion. Thus, these observations suggest that 5-HT is
released from the EC cells not only by cholera toxin but also
by bile salts (c.f. Figure 1). Furthermore, it was demonstrated
that three different calcium channel blockers (nifedipine,
felodipine, H186/86) significantly attenuated the 5-HT release.
This may partly explain their inhibitory action on the bile
induced fluid secretion as discussed below.

It might be argued that the serotonin released into the
intestinal lumen does not emanate from the EC cells but from
other sources. Two other sources seem possible: serotonergic
neurons and/or mast cells (Furness & Costa, 1982; Wingren et
al., 1983). It should be underlined that more than 90% of the
5-HT in the intestinal wall is contained in the EC cells.
Furthermore, granules containing 5-HT are located not only in
the basal part of the EC cells but also in the apical parts facing
the intestinal lumen (Ahlman et al., 1978). Measurements of 5-
HT in rat and guinea-pig intestine show similar values
(Penttild, 1969; Juorio & Gabella, 1974). From these it can
be calculated that the increased release of 5-HT during 30 min
evoked by bile salt in the present study represents about 20%
of the total amount of 5-HT found in the muscle layers where
the cell somas and many of the axons of the serotonergic
neurons are located (Furness & Costa, 1982). It is unlikely that
such a large proportion of a transmitter in a group of neurons
is released during such a comparatively short time as half an
hour. Hence, the observed release of 5-HT did not emanate
from serotonergic neurons in the outer layers of the intestine
but was mainly released from the mucosa.

There are observations that suggest that mast cells may be
involved in the secretory response to sodium deoxycholate
(Gelbmann et al., 1995). It is not possible on the basis of the
present results to exclude that part of the 5-HT released into
the intestinal lumen is emanated from mast cells. However, it
seems less likely considering that the amount of 5-HT in the
EC cells is so much larger than that contained in the mast cells.

Calcium channel blockade and intestinal fluid secretion
A major part of the present study was devoted to the study of

the effect of different calcium channel blockers on the fluid
secretion caused by cholera toxin and bile salt. Both these
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secretory agents have been shown to elicit their effects to a
large extent via an activation of the ENS (Cassuto et al., 1981;
1982; 1983; Karlstrom, 1986a). The blockers used were all of
the dihydropyridine type influencing calcium channels of the
L-type. All blockers markedly inhibited the induced fluid
secretion in a dose dependent fashion when tested. In the case
of bile salt the blockers turned fluid secretion into absorption
in most cases. The present observations made on cholera toxin
induced fluid secretion confirm those of other studies that
calcium channel blockers of the L-type markedly diminish
cholera secretion in jejunal segments of rats (Beubler et al.,
1989; Timar Peregrin et al., 1997a, b).

It might be argued that the decreased fluid transport evoked
by calcium channel blockade is related to the fall of arterial
pressure induced by the drugs. The lowered blood pressure
may decrease mucosal blood flow and/or mean hydrostatic
pressure in the crypt capillaries. However, mean capillary
hydrostatic pressure in the intestine and villus plasma flow are
autoregulated and kept at a constant, normal level when
lowering arterial pressure to 60 mmHg at least in cats
(Haglund & Lundgren, 1972; Lundgren & Svanvik, 1973).
Furthermore, comparing the effects of the different calcium
channels blockers in this study made it unlikely that the
observed effect on fluid transport was an indirect haemody-
namic effect. Thus, H 186/86 which was inefficient in lowering
arterial pressure decreased fluid secretion to the same extent as
felodipine, a drug that caused a marked arterial hypotension.

Sites of action for calcium channel blockade

In a recent study we attempted to localize the site of action for
a calcium channel blocker nifedipine with regard to its effect
on cholera toxin induced fluid secretion (Timar Peregrin ez al.,
1997b). It was shown that nifedipine inhibits the release of
serotonin from the enterochromaffin cells caused by the toxin
as was also shown in this study for bile salt. On the other hand,
nifedipine did not influence the electrolyte secretion evoked by
stimulating electrically the submucosal efferent neurons in
vitro. We concluded that the effect of nifedipine on cholera
secretion was at least in part mediated by decreasing the release
of amines and possibly also peptides from the endocrine cells
of the intestinal epithelium (Figure 1). The present results
extend these conclusions also to the fluid secretion evoked by
sodium deoxycholate. These observations obviously imply that
the release of serotonin from the enterochromaffin cells is
dependent on voltage gated calcium channels of the L-type.
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