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Stimulatory Effects of 5-Hydroxytryptamine on
Fluid Secretion and Transmural Potential Difference
in Rat Small Intestine are Mediated by
Different Receptor Subtypes

E. BEUBLER¥, 1. M. COUPART, J. HARDCASTLE AND P. T. HARDCASTLE

Department of Biomedical Science, The University, Sheffield S10 2TN, UK, *Institut fiir Experimentelle und Klinische Pharmakologie,
Universitétsplatz 4, A-8010 Graz, Austria and tSchool of Pharmacology, Victorian College of Pharmacy, Parkville,
Victoria 3052, Australia

Abstract—The rise in transmural potential difference (PD) and the fluid secretion induced by 5-
hydroxytryptamine (5-HT) were measured in rat small intestine in-vivo. Both cisapride and ketanserin
abolished the 5-HT-induced rise in systolic blood pressure mediated by 5-HT, receptors. Cisapride inhibited
the 5-HT-induced increases in the transintestinal PD, but over the same dose range it had no effect on the
fluid secretion induced by 5-HT. In contrast, ketanserin caused a dose-dependent reduction in 5-HT-
induced fluid secretion at doses that failed to influence the rise in PD. It is concluded that different receptors
are responsible for the effects of 5-HT on fluid secretion and electrical activity in the rat small intestine.

The ability of 5-hydroxytryptamine (5-HT) to influence
transport processes in the small intestine is well-established.
In this tissue 5-HT causes a net secretion of fluid and
electrolytes into the intestinal lumen (Kisloff & Moore 1976;
Donowitz et al 1977) and flux determinations have shown
that a decrease in coupled NaCl absorption and a stimula-
tion of net Cl~ secretion could be responsible (Donowitz et al
1980; Hardcastle et al 1981). Since the Cl- secretory
mechanism is electrogenic, 5-HT action is associated with a
rise in the potential difference and short-circuit current
across the intestinal wall (Hardcastle et al 1981). The nature
of the 5-HT receptors that mediate the stimulation of Cl-
. secretion and inhibition of NaCl absorption has not yet been

clearly established and most studies have used the 5-HT-
induced rise in transintestinal electrical activity to monitor
the effects of antagonists on S-HT action on intestinal ion
transport (Cooke & Carey 1985; Baird & Cuthbert 1987;
Moriarty et al 1987; Bunce et al 1988). Such methods do not
!lOWeVer, detect changes in the activity of electrically neutral
lon transport processes, so in this study the effect of 5-HT
‘Vfls measured both as a change in electrical activity and a
stimulation of fluid secretion. The effects of two 5-HT
antagonists on these actions of 5-HT were investigated. Both
ketanserin (Bradley et al 1986) and cisapride (Schuurkes &
vf‘n Nueten 1985) have been described as 5-HT; antagonists,
With cisapride also exhibiting weak 5-HT; antagonism
(.D\lnbar et al 1986; Van Nueten & Schuurkes 1989). In this
Study however, ketanserin and cisapride, in spite of their

Oth demonstrating 5-HT, antagonism, exerted different

°°t§ on 5-HT-induced changes in fluid movement and

trical activity in the small intestine.

’ Materials and Methods

Me,

Bx a-”frement of transintestinal potential difference in-vivo

. "Periments were carried out on male albino rats, 230-250 g,

gﬁelc?gesmndenpe to: J. Hardcastle, Department of Biomedical
» The University, Sheffield $10 2TN, UK.

obtained from the Sheffield Field Laboratories and allowed
free access to food (diet 86, Oxoid, London) and water. The
rats were anaesthetized with sodium pentobarbitone (60 mg
kg-!'i.p.).

The transintestinal potential difference (PD) was meas-
ured in-vivo across a 5 cm segment of mid-intestine. This was
tied off at the distal end and a cannula was inserted into the
proximal end. The loop and the peritoneal cavity were then
filled with 154 mm NaCl. The PD was measured between two
salt bridge electrodes, one in contact with the luminal fluid
and the other in contact, via a wick electrode, with the fluid in
the peritoneal cavity. These electrodes were connected via
calomel half cells to a Vibron electrometer (Electronic
Instruments Ltd., model 33B-2) whose output was displayed
on a Vitatron chart recorder (MSE Scientific Instruments,
2001 series). Drugs were administered through a cannula in
the jugular vein and each dose was washed in with 0-2 mL
154 mm NaCl. The electrical response to 5-HT was taken as
the difference between the maximum PD achieved after each
dose of the drug and the value immediately before its
addition. A dose-response curve was constructed for 5-HT
before the administration of an antagonist and was repeated
10 min-after each dose of the blocker.

During these experiments arterial blood pressure was
measured in the left carotid artery via a saline/heparin filled
cannula connected to a pressure transducer (Bell & Howell)
from which the heart rate was continuously monitored. All
outputs were displayed on a Devices MX2 recorder.

Control experiments were undertaken which showed that
four consecutive 5S-HT dose-response curves, measured over
a period of 180 min, did not differ significantly, validating the
protocol adopted in Fig. 2.

Measurement of intestinal fluid movement in-vivo

Experiments were carried out on female Sprague-Dawley
rats, 170-190 g, deprived of food for 24 h before the
experiment but with free access to water. The rats were
anaesthetized with sodium pentobarbitone (65 mg kg~!s.c.).
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The abdomen was opened and a polythene catheter was
placed in the jejunum about 5 cm distal to the flexura
duodenojejunalis and fixed by ligation. A second ligature
was tied approximately 20 cm distally. One h after the
preparation, 2 mL Tyrode solution was instilled into the
intestinal loop and the catheter withdrawn before tying off
the proximal end. 5-HT creatinine sulphate (equivalent to
7 x 10~ *mol 5-HT min—!) or creatinine sulphate was infused
close intra-arterially into a branch of the superior mesenteric
artery (0-949 mL h~!) using a perfusor (Braun-Melsungen,
FRG). After 30 min the loop was removed from the animal
and the volume of fluid it contained determined gravimetri-
cally. The empty loop was weighed and fluid transport was
taken as the difference between the initial and final volumes
in the loop and expressed as uL g~ ! wet wt/ 30 min. The effect
of 5-HT was calculated by subtracting the mean basal fluid
transport (with creatinine sulphate) from each value
obtained in the presence of 5-HT. When present, cisapride
and ketanserin were administered s.c. 15 min before filling
the intestinal loop.

Expression of results

Results are expressed as mean values + 1 s.e. of the mean of
the number of observations indicated. Significance was
assessed using Student’s ¢-test, paired or unpaired as appro-
priate. Where multiple comparisons were made (Fig. 2a, b)
the significance between individual means and their respec-
tive controls was assessed by analysis of variance followed by
multiple comparison analysis.

Chemicals

5-Hydroxytryptamine creatinine sulphate and creatinine
sulphate were obtained from Sigma Chemical Co., St. Louis,
Mo. 63178, USA and from Fluka Chemische Fabrik, Buchs
SG, Switzerland. Cisapride and ketanserin were gifts from
Janssen Pharmaceutica, Beerse, Belgium.

Results

Effects of cisapride and ketanserin on the 5-HT-induced rise in
systolic pressure

Rapid intravenous bolus injections of 5-HT elicit changes in
blood pressure that can be classified into three phases, each
associated with activation of a different 5-HT receptor. The
first phase is a rapid, transient fall in blood pressure
accompanied by a decrease in heart rate. This constitutes the
Bezold-Jarisch effect and results from a reflex stimulation of
the vagus following activation of 5-HT; receptors on sensory
afferent fibres. The second phase is a brief pressor response
associated with the activation of 5-HT, receptors before the
third phase, mediated via “5-HT-like” receptors, showing a
relatively sustained fall in blood pressure with no accompa-
nying fall in heart rate. These effects are illustrated inset in
Fig. 1. 5-HT increased blood pressure in a dose-dependent
manner (Fig. 1), but this pressor response was effectively
antagonized by prior administration of either cisapride
(5:2x10-7 mol kg~!) or ketanserin (7-6 x 10~% mol kg™!),
demonstrating effective blockade of 5-HT, receptors at these
doses. Cisapride will also interact with 5-HT; receptors at the
doses used in this study as is evident from its ability to
antagonize the Bezold-Jarisch reflex (Dunbar et al 1986).
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FiG. 1. Effects of cisapride and ketanserin on the rise in systolic blood
pressure (B.P.) induced by 5-HT. Drugs were administered via the
Jugular vein and each point represents the mean + 1 s.e. of the mean
of the number of observations indicated. Inset shows the blood
pressure trace with a typical response to 5-HT (1-65x 10~7 mol
kg~1). ® Control. 0 52 x 10~ mol kg~ ! cisapride. & 7-6 x 10~8 mol
kg~ ! ketansesin.

Effects of cisapride and ketanserin on the 5-HT-induced
increase in the transintestinal PD

The intestinal loop generated a PD of 4-7 mV, serosa
positive and this was increased transiently by 5-HT (Fig. 2).
Ten min after cisapride administration the basal PD was
not significantly different from its initial value. Cisapride
reduced the PD changes induced by increasing doses of 5-HT
and also suppressed the maximal responses (Fig. 2a), effects
that were both dose-dependent. This action of cisapride does
not appear to represent a non-specific inhibition of secretion
as the rise in PD induced by 13 x 10~ mol kg~! PGE, was
unaffected (control: 4-8+0-4(6) mV, +2:1x 10~ mol kg~!
cisapride: 4-6+0-3(6) mV, P>0-05). Ketanserin had no
significant effect on the basal PD nor on the changes induced
by 5-HT (Fig. 2b). Both cisapride and ketanserin, at the
lowest doses tested, blocked the increase in systolic blood
pressure observed in response to 5-HT administration

(Fig. 1).

Effects of cisapride and ketanserin on 5-HT-induced fluid
secretion

Under control conditions there was a net absorption of fluid
of 137 +24(25) uL g~ wet wt/30 min. 5-HT reversed this to a
net secretion of 116+36(22) uL g~' wet wt/30 min
(P <0-001). Ketanserin alone has no effect on basal fluid
movement (Beubler et al 1984, 1989), but in these experi-
ments it reduced the secretory response to 5-HT in a dose-
dependent manner (Fig. 3a). The failure of ketanserin to
influence basal fluid movement or the 5-HT-induced changes
in PD suggests that its inhibition of 5-HT-induced fluid
secretion was not the result of a non-specific action.
Cisapride (2.1 x 10~ mol kg~!; 8.3 x 10-% mol kg~!) had no
significant effect on basal fluid movement (P> 0.05 in both
cases). A stimulation of fluid secretion can be demonstrated
using a 15 min incubation period, but the transient nature of
this response is evident from the brief rise in short-circuit
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FIG. 2. Effects of cisapride (a) and ketanserin (b) on the increase in
PD (APD) across rat small intestine in-vivo induced by 5-HT. Drugs
were administered via the jugular vein and each point represents the
meant 1 s.e. of the mean, expressed as % control value, of the
number of observations indicated. *Indicates a significant difference
(P<0-05) from the control value. The responses to the higher doses
of S-HT applied in the presence of the antagonists were compared
with the maximal control response to 5-HT. Key; a: @ control, O
52x1077, A 2-1x 1075, o 8-3x 1076 cisapride mol kg~!. n=8
100% A PD=4-01+02 (8) mV. b: ® control, O 76x1078, a
30x10-7, 4 12X107° ketanserin mol kg~!. n=5. 100% A
PD=424035) mV.
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Current induced by cisapride (Hardcastle et al 1984), and this
Probably accounts for the failure to detect a significant
secretion in the 30 min incubation period used in the present
-$tudy. The fluid secretion induced by 5-HT (Fig. 3b) was not
aﬂ'°¢ted by cisapride. This lack of effect could not be
attributed to restricted access of cisapride from its subcuta-
Beous injection site since its actions in inhibiting the 5-HT-
l.nd“f’ed rises in PD were similar when cisapride was
nistered either subcutaneously or intravenously.

Discussion

‘Ketansel'in and cisapride act as 5-HT receptor antagonists,
:lnd]ggth are considered to affect 5-HT; receptors (Bradley et
“°0nsid6’ Schuurkes & Van Nueten 1985). Ketanserin is
rildered to be particularly useful in characterizing 5-HT,

Ptors, being inactive at 5-HT; receptors and having little
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Fi1G. 3. Effects of ketanserin (a) and cisapride (b) on the intestinal
fluid secretion in the rat induced by 5-HT (7 x 10~!% mol min~!
intra-arterially). Ketanserin and cisapride were administered sub-
cutaneously 15 min before commencing the determination of fluid
transport. Fluid transport is expressed as % of the control value
(246 + 36(22) uL g~' wet wt/30 min) and each bar represents the
mean + | s.e. of the mean of the number of observations indicated
and significance was assessed using an unpaired ¢-test *P <0-05;
**P<(-01; ***P <0-001.

affinity for the *“5-HT)-like” receptor (Bradley et al 1986).
Ketanserin does however, have some affinity for x-adreno-
ceptors but the involvement of such receptors in the actions
of 5-HT reported here can be ruled out. The 5-HT-induced
rise in the transintestinal PD in-vivo is unaffected by the a-
antagonist phenoxybenzamine (Hardcastle et al 1981) and -
adrenoreceptor stimulation enhances fluid absorption, not
fluid secretion (Levens et al 1979). Although cisapride has
been used as an antagonist for 5-HT, receptors (Schuurkes &
Van Nueten 1985; Moriarty et al 1987) it has been shown to
exhibit weak S-HT-M receptor antagonism as assessed using
the Bezold-Jarisch reflex (Dunbar et al 1986). The classical
5-HT receptor groups of D and M receptors (Gaddum &
Picarelli 1957) have been subsumed into the more recent
classification of 5-HT, and 5-HTj, respectively (Bradley et al
1986), although there is now doubt over whether the M
receptor is indeed a 5-HT; receptor (Fozard 1987). In spite of
their possible affinity for other receptors, the ability of
cisapride and ketanserin to antagonize the 5S-HT-induced rise
in systolic blood pressure is confirmation of their affinity for
5-HT; receptors (Fig. 1). However, ketanserin and cisapride
acted differently in their ability to block the actions of 5-HT
on fluid transport and the transmural PD in the small
intestine. Ketanserin inhibited 5-HT-induced fluid secretion
without affecting the electrical responses to 5-HT (Figs 2b,
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3a), while in contrast, cisapride had no effect on 5-HT-
induced fluid secretion but reduced the electrical responses
(Figs 2a, 3b). The ability of cisapride to antagonize the
electrical response to 5-HT (measured as an increase in short-
circuit current) has been noted previously in a variety of
in-vitro preparations including guinea-pig stripped ileum
(Cooke & Carey 1984), rat stripped ileum (Moriarty et al
1987) and rat stripped descending colon (Bunce et al 1988),
as has the lack of effect of ketanserin on the electrical
responses to 5-HT induced in rat stripped ileum (Ball et al
1988), guinea-pig stripped ileum and colon (Baird & Cuth-
bert 1987) and rat stripped descending colon (Bunce et al
1988). However, the actions of these agents on 5-HT-induced
fluid secretion has not previously been reported. The present
study indicates that the 5-HT receptors responsible for the
effects of 5-HT on fluid secretion and electrical activity in the
intestine must be of two types—one stimulating electrogenic
Cl- secretion and inhibited by cisapride but not by ketan-
serin, the other inhibiting electroneutral NaCl absorption
and antagonized by ketanserin but not by cisapride. By
definition (Bradley et al 1986), the effect on NaCl absorption
must be mediated by 5-HT, receptors, while that on Cl-
secretion is not. However, the inability of cisapride to block
5-HT-induced fluid secretion in spite of demonstrating
antagonism against 5-HT;-mediated changes in blood pres-
sure raises the possibility of subtypes of 5-HT; receptors.
Another 5-HT, antagonist, mianserin, shares with cisapride
the ability to inhibit the electrical response to 5-HT (Hard-
castle et al 1981). It also reduces nutrient absorption by the
small intestine, an effect that is not observed with either
cisapride or ketanserin (Hardcastle et al 1986).

The net movement of fluid across the intestine is deter-
mined by the net movement of solute. The fluid secretion
induced by 5-HT results from its ability to both inhibit
electroneutral NaCl absorption and to stimulate electrogenic
Cl- secretion. Cisapride reduced the electrical response to
5-HT, but failed to influence 5-HT-induced fluid secretion. It
would therefore appear to be capable of antagonizing the
actions of S-HT on the Cl- secretory process without altering
its effects on NaCl absorption. This is consistent with the
movement of fluid being primarily linked to the cotransport
of NaCl, since an inhibition of Cl1- secretion is not reflected
in reduced fluid secretion. Ketanserin had contrasting
actions. This agent failed to influence the electrical response
of the intestine to 5-HT, but reversed the 5-HT-induced
inhibition of NaCl absorption. Under these circumstances
the Cl- still secreted in response to 5-HT would be re-
absorbed by the NaCl cotransport mechanism and so net ion
secretion would not be enhanced, thus accounting for the
inhibition of 5-HT-induced fluid secretion.

Although 5-HT influences both NaCl absorption and Cl-
secretion, the receptors responsible for these effects appear to
be different. There is still no concensus regarding the location
of these 5-HT receptors that regulate intestinal ion transport.
Specific 5-HT binding sites have not been detected on rat
intestinal epithelial cell membranes (Gaginella et al 1983),
although in chicken isolated enterocytes, 5-HT has been
shown to inhibit sodium absorption by releasing endogenous
Ca?+ (Hirose & Chang 1988). Tetrodotoxin and atropine
inhibit 5-HT-induced increases in the short-circuit current
across guinea-pig ileum (Cooke & Carey 1985), suggesting

that 5-HT does not interact with receptors on the enterocyte
but indirectly via a cholinergic mechanism. In contragg
tetrodotoxin does not affect the action of 5-HT in rat colo,;
(Zimmerman & Binder 1984), nor does atropine antagonizg
the 5-HT-induced rise in the PD across rat small intestine
(Hardcastle et al 1981), so further clarification of the site of
the 5-HT receptors is required. 5-HT influences both electrg.
genic and electroneutral jon transport mechanismg,
Attempts to characterize the 5-HT receptors that regulate
these processes solely by determining the effects of a variety
of 5-HT antagonists on the electrical response to 5-HT which
have concluded that the receptor type cannot be designateq
5-HT-like, 5-HT; or 5-HT; (Bunce et al 1988), must be
interpreted with caution because, even if successful, it only
provides information about one aspect of 5-HT action in the
regulation of intestinal ion transport.

Acknowledgement
We are grateful to Janssen Pharmaceutica, Beerse, Belgium
for financial support.

References

Baird, A. W., Cuthbert, A. W. (1987) Neuronal involvement in type [
hypersensitivity reactions in gut epithelia. Br. J. Pharmacol. 92:
647-655

Ball, M. T., Bunce, K. T., Spraggs, C. F. (1988) Neuronal and non-
neuronal S-HT receptors control electrolyte secretion in rat
isolated ileal mucosa. Ibid. 94: 465P

Beubler, E., Bukhave, K., Rask-Madsen, J. (1984) Colonic secretion
mediated by prostaglandin E; and 5-hydroxytryptamine may
contribute to diarrhea due to morphine withdrawal in the rat.
Gastroenterology 87: 1042-1048

Beubler, E., Kollar, G., Saria, A., Bukhave, K., Rask-Madsen, J.
(1989) Involvement of S-hydroxytryptamine, prostaglandin E,,
and cyclic adenosine monophosphate in cholera-induced fluid
secretion in the small intestine of the ratin vivo. Ibid. 96: 368-376

Bradley, P. B., Engel, G., Fenuik, W., Fozard, J. R., Humphrey,
P.P. A., Middlemiss, D. N., Mylecharane, E. J., Richardson,
B. P., Saxena, P. R. (1986) Proposals for the classification and
nomenclature of functional receptors for 5-hydroxytryptamine.
Neuropharmacology 25: 563-576

Bunce, K. T., Ball, M. T., Gunning, S. J. (1988) SHT-induced
secretion in the rat colon appears to be mediated by a novel SHT
receptor blocked by benzamides. Gastroenterology 94: A 54

Cooke, H. I, Carey, H. V. (1984) The effects of cisapride on
serotonin-evoked mucosal responses in guinea-pig ileum. Eur. J.
Pharmacol. 98: 147-148

Cooke, H. J., Carey, H. V. (1985) Pharmacological analysis of 5-
hydroxytryptamine actions on guinea-pig ileal mucosa. Ibid. 111:
329-337

Donowitz, M., Charney, A. N., Heffernan, J. M. (1977) Effect of
serotonin treatment on intestinal transport in the rabbit. Am. J.
Physiol. 232: E85-94

Donowitz, M., Asarkof, N., Pike, G. (1980) Calcium dependence of
serotonin-induced changes in rabbit ileal electrolyte transport.
J. Clin. Invest. 66: 341-352

Dunbar, A. W_, McClelland, C. M., Sanger, G. J. (1986) BRL 24924:
a stimulant of gut motility which is also a potent antagonist of the
Bezold-Jarisch reflex in anaesthetised rats. Br. J. Pharmacol. 88:
319P

Fozard, J. R. (1987) 5-HT: The enigma variations. TIPS 8: 501-506

Gaddum, J. H., Picarelli, Z. P. (1957) Two kinds of tryptamine
receptor. Br. J. Pharmacol. 12: 323-328

Gaginella, T. S., Rimele, T. J., Wietecha, M. (1983) Studies on rat
intestinal epithelial cell receptors for serotonin and opiates. J.
Physiol. 335: 101-111

Hardcastle, J., Hardcastle, P. T., Redfern, J. S. (1981) Action of 5-
hydroxytryptamine on intestinal ion transport in the rat. Ibid.
320: 41-55



S-HT-INDUCED INTESTINAL SECRETION 39

Hardcastle, J., Hardcastle, P. T., Kelleher, D. K. (1984). The gction
of R51619 on transport processes in the rat small intestine. J.
Pharm. Pharmacol. 36: 139-140 )

Hardcastle, J., Hardcastle, P. T., Cookson, J. (1986) The mﬂuc1:|ce of
5-hydroxytryptamine on absorptive processes in rat small intes-
tine. IRCS Med. Sci. 14: 986-987

Hirose, R., Chang, E. B. (1988) Effects of serotonin on Na*-H*
exchange and intracellular calcium in isolated chicken entero-
cytes. Am. J. Physiol. 254: G891-897

Kisloff, B., Moore, E. W. (1976) Effect of serotonin on water and
electrolyte transport in the in vivo rabbit small intestine. Gastro-
enterology 71: 1033-1038
vens, N. R., Munday, K. A., Parsons, B. J,, Poat, J. A., Stewart,
C. P.(1979) Noradrenaline as a possible mediator of the actions of
angiotensin on fluid transport by rat jejunum in vivo. J. Physiol
286: 351-360

Moriarty, K. J., Higgs, N. B., Woodford, M., Warhurst, G.,
Turnberg, L. A. (1987) Inhibition of the effect of serotonin on rat
ileal transport by cisapride: evidence in favour of the involvement
of 5-HT, receptors. Gut 28: 844-848

Schuurkes, J. A. J., Van Nueten, J. M. (1985) Evidence against a
serotonergic mechanism for the motility stimulating properties of
cisapride. Gastroenterology 88: 1577

Van Nueten, J. M., Schuurkes, J. A. J. (1989) 5-HT;-serotonergic
mechanisms and stimulation of gastrointestinal (GI) motility by
cisapride. Br. J. Pharmacol. 96: 331P

Zimmerman, T. W, Binder, H. J. (1984) Serotonin-induced altera-
tion of colonic electrolyte transport in the rat. Gastroenterology
86: 310-317



