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MINIREVIEW
Action of Serotonin on the Gastrointestinal Tract (42016)
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Department of Pharmacology, Smith Kline and French Laboratories, Philadelphia, Pennsylvania 19101

Abstract. Serotonin is localized in the enterochromaffin cells of the gastrointestinal
mucosa and within neurons in the enteric nervous system. It can be released into the blood or
into the lumen of the gut. Serotonin inhibits gastric acid secretion and may be an endogenous
enterogastrone, It appears to stimulate the production and release of gastric and colonic mucus.
When placed on the serosal surface of the rabbit ileum in vitro, serotonin increases short-circuit
current and inhibits the mucosal-to-serosal flux of NaCl. Serotonin potentially is involved in
the pathogenesis of diarrhea due to amoebae or cholera. As an enteric neurotransmitter,
serotonin affects neural modulation of gut smooth muscle function and may act either directly
on mesenteric vascular smooth muscle or through enteric nerves to influence gastrointestinal
blood flow. Thus, since serotonin may be involved in multiple physiological processes of
digestion, this report reviews and summarizes the role of this ubiquitous substance in the major
functions of the gastrointestinal system. © 1985 Society for Experimental Biology and Medicine.

Serotonin (5-hydroxytryptamine) is 3-(3-
aminoethyl)-5-hydroxyindole and is found
throughout the gastrointestinal (GI) tract,
mainly in the mucosa and in significant
amounts in the myenteric plexus. The doc-
umented pharmacological effects of serotonin
are manifold. It inhibits gastric acid secretion,
stimulates mucus output, stimulates intestinal
secretion, has both excitatory and inhibitory
effects on motor function, and can alter
mesenteric blood flow. Serotonin also may
have physiologically important actions on
each of these functions including a role as
an enteric neurotransmitter or as an entero-
gastrone. The relevance of serotonin to par-
ticular GI disease states has not been well
defined although attempts have been made
to implicate either serotonin or serotonin
antagonists as potential new therapies.

Localization and Release. The major locus
of serotonin in the body appears to be the
enterochromaffin cells (EC) of the intestinal
mucosa. Immunohistochemically, serotonin-
containing cells are found at the base of the
crypts and villi of the small intestine (1).
Release from the EC has been demonstrated
in the rat duodenum in vitro by transmural
electrical field stimulation (2) and the release
appears to be mediated via adrenergic nerves
(3). In vivo, serotonin is released into the
portal circulation by vagal stimulation (4)
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and by splanchnic nerve stimulation (5).
Vagal stimulation also releases serotonin into
the gut lumen (6). Thus, extrinsic neuronal
release of serotonin may initiate both local
and hormonal effects of the amine. Interest-
ingly, Kellum and Jaffe (7) have shown that
acid perfusion of the canine duodenum raises
portal venous serotonin levels consistent with
a feedback inhibition of gastric acid secretion
by serotonin, thus suggesting a possible role
as an endogenous enterogastrone.

Neuronal actions of serotonin in the GI
tract have been suggested for some time (8-
10). Extensive work on the enteric seroton-
ergic neurons has been reported over the
years supporting an intrinsic neurotransmitter
role for serotonin in the myenteric plexus
(11). Recent immunocytochemical evaluation
of serotonergic neurons in the gut reveals
their cell bodies to be in the myenteric plexus
with their varicose axons reaching in an anal
direction within the myenteric plexus and on
to the submucous plexus (2). Enteric seroton-
ergic neurons are interneurons which com-
prise about 2% of the immunoreactive neu-
rons in the myenteric plexus. They appear
to be organized for the control of descending
neural pathways and possibly descending
motor programs in the gut (13).

Effects on Gastric Acid Secretion. Follow-
ing either peripheral or central administration,
serotonin inhibits acid secretion in a number
of species. In the conscious gastric fistula rat,
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serotonin inhibited basal acid secretion and
pepsin output when administered ip or icv.
(14). In the 1solated rat stomach preparation,
107 M serotonin inhibited histamine and
pentagastrin-stimulated acid secretion without
altering basal or bethanechol-stimulated se-
cretion. The serotonin response was antago-
nized by methysergide and by indomethacin
indicating more than one possible mechanism
of action (15). In man, methysergide has
been shown to increase basal and pentagas-
trin-stimulated acid secretion, while meter-
goline actually inhibited secretion, raising
questions concerning the action of endoge-
nous serotonin on gastric secretion (16). En-
dogenous serotonin, released by duodenal
acidification, inhibited acid output in canine
gastric fistula preparations but did not inhibit
acid output from a Heidenhain pouch (17).
The H, antihistamine/antiserotonin agent,
cyproheptadine, inhibits histamine-stimulated
acid secretion in the dog making the inter-
pretation of the mechanism of action of
serotonin less well defined (18). In summary,
serotonin appears to inhibit gastric acid se-
cretion and may be an enterogastrone. Any
interpretations of the actions of serotonin
based on data with available “serotonin an-
tagonists” must be examined critically.
Effects on Mucus Output. The notion that
a physiologic role for serotonin in the GI
tract might be to stimulate the production of
a protective mucous lining has been put forth
by Black and colleagues (19). These investi-
gators demonstrated that serotonin, S5-hy-
droxytryptophan, and L-tryptophan increase
the hexose output of the luminally perfused
rat colon. The effect was blocked by chlor-
promazine and methysergide, which also be-
haved as an agonist. In an earlier study (20),
it was shown that iv serotonin produced an
increase in output of gastric mucus in addi-
tion to reducing histamine-stimulated acid
secretion. It has been suggested that the
mucus-stimulating property of serotonin was
not dependent upon its motility-enhancing
effect (21). Whether serotonin can stimulate
mucus output from the duodenum does not
appear to have been thoroughly studied.
Effects on Intestinal Transport. It is well
recognized that serotonin causes net water
and electrolyte secretion in the small intestine
in vivo (22-24). These changes are not ac-
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companied by changes in enterocyte adenyl-
ate cyclase, cyclic AMP, or cyclic GMP con-
tent (22, 24). In in vitro Ussing chamber
studies, serotonin added to the serosal solu-
tion elicits a transient increase in short-circuit
current. This response is due to inhibition of
mucosal-to-serosal flux of Na and Cl and a
stimulation of net Cl secretion (24, 25). How-
ever, as Cooke and Carey (26) have shown
when electrical field stimulation is applied to
the short-circuited guinea pig ileum in vitro,
serotonin is not the mediator of ileal chloride
secretion evoked by activation of enteric
nerves. The effects of serotonin are calcium
dependent in that removal of Ca®* from the
serosal bath or treatment with the Ca®*-
channel blocker verapamil prevents the re-
sponses (27). No effect is seen with mucosal
application of serotonin. In the rat colon in
vivo, intravenous infusion of serotonin de-
creases net water and Na absorption from a
luminal perfusate (28). In vitro, serotonin
increases short-circuit current by causing a
decrease in net Na and Cl absorption, The
decrease in net Cl absorption is greater than
that of Na. Again, removal of Ca’* from the
serosal solution inhibits all serotonin effects
while tetrodotoxin, an inhibitor of neuro-
transmission, had no effect on serotonin-
induced changes in electrolyte transport (28).
These studies show that water and electrolyte
flux in the small and large intestine are
significantly influenced by serotonin acting
to alter enterocyte plasma membrane per-
meability to Ca?".

Similar studies in the rat jejunum also
have demonstrated a net increase in chloride
secretion in vitro and an increase in potential
difference in vivo, following serotonin (29).
In addition, Hardcastle and co-workers (29)
provided evidence that the action of serotonin
was primarily on crypt cells rather than villus
cells and was not mediated via a change in
cellular levels of cAMP. Other recent data
from in vivo studies in rats and in cats suggest
that the intestinal secretory action of seroto-
nin is mediated by a neuronal mechanism
(30). In addition, these workers demonstrated
that secretion induced in vivo by cholera
toxin can be inhibited by serotonin tachy-
phylaxis, thus suggesting a possible role for
serotonin in cholera diarrhea. However, such
a role for serotonin is questionable since
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the presumed intracellular mediator of chol-
era toxin-induced diarrhea is cAMP (31).
Whether serotonin antagonists can exert an
antisecretory action against cholera toxin-
induced secretion remains to be evaluated.

The role of serotonin in the diarrhea of
amebiasis has recently been reported (32).
When lysates of Entamoeba histolytica were
placed on the serosal side of epithelial sheets
of either rabbit ileum or rat colon in Ussing
chambers, a significant increase in short-
circuit current was recorded. This response
was calcium dependent and was partially
inhibited by the serotonin antagonist bufo-
tenin or by a serotonin antibody. Not only
did the lysates mimic the effects on intestinal
secretion of serotonin, but serotonin was also
discovered to be present in the lysates. These
data support the interesting hypothesis that
serotonin is the mediator of the diarrhea of
amebiasis.

Effects on Motility. Depending upon the
localization of study within the GI tract,
serotonin has direct and indirect, excitatory
and inhibitory actions on GI smooth muscle.
In the guinea pig stomach, serotonin has
been associated with vagally mediated recep-
tive relaxation primarily by a neural mecha-
nism (8). Exogenous administration of sero-
tonin to the conscious dog produces a dra-
matic increase in circular muscle contractions
resembling phase II of the migrating motor
complex in the jejunum and ileum (33). This
excitatory response also has been demon-
strated by Burks (9) in the isolated perfused
canine small intestine. In Burks’ preparation,
the response to serotonin was reduced after
tetrodotoxin, thus indicating a major intrinsic
neural component to the response. Studies
on the guinea pig ileum support the notion
that the primary effect of serotonin in the
intestine is a neuronal action, with little
direct effect on longitudinal smooth muscle
and essentially no direct effect on ileal circular
smooth muscle (10). Costa and Furness (10)
conclude that in the guinea pig intestine
serotonin stimulates (a) excitatory cholinergic
nerves, (b) excitatory noncholinergic nerves,
and (c) inhibitory noncholinergic nerves. This
agrees well with the immunocytochemical
evidence discussed earlier that serotonin is a
neurotransmitter at enteric interneurons.
Both a direct smooth muscle action and an
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indirect neural action of serotonin have been
described in the human colon, in vitro, where
the response of the tissues to the agonist is
relaxation (34).

Neurophysiological investigations have
further characterized the role of serotonin in
the gut. In the guinea pig ileum, microion-
tophoretic application of serotonin mimicked
the effect of fiber tract stimulation of myen-
teric neurons producing a slow excitatory
postsynaptic potential (EPSP) (35). The effect
was blocked by methysergide and by seroto-
nin tachyphylaxis. The neurons stimulated
by serotonin appear to be tonic-type mech-
anosensitive neurons which produce pro-
longed discharges consistent with a prolonged
excitatory or inhibitory action (36). In addi-
tion, iontophoretic application of serotonin
on the guinea pig ileal myenteric plexus
depressed the amplitude of the fast EPSPs
from presumed cholinergic neurons (37).
Methysergide not only blocked this effect of
serotonin, but also depressed the amplitude
of the EPSPs. This suggests that serotonin
and methysergide may inhibit the release of
acetylcholine, presynaptically. These data are
in apparent contrast to those of Vizi and
Vizi (38) who demonstrated the release of
acetylcholine by serotonin in the guinea pig
ileum-myenteric plexus preparation studied
in the organ bath. It is clear that the conclu-
sions of this experiment and others depend
on the precise locus of action of serotonin
and serotonin antagonists. Even though there
is solid evidence for a transmitter role for
serotonin in the gut, the neuronal effects of
serotonin are complex and are not yet fully
understood.

The multiple actions of serotonin also
have been demonstrated on the motor activity
of the sphincters in the GI tract. The net
effect of exogenous serotonin on the opossum
lower esophageal sphincter (LES) is contrac-
tion (39). Methysergide reverses the serotonin-
induced LES contraction to a relaxation
which, in turn, is antagonized by tetrodotoxin,
5-methoxy-N, N-dimethyltryptamine and se-
rotonin tachyphylaxis., The authors conclude
that serotonin (a) acts directly on LES smooth
muscle, (b) stimulates cholinergic excitatory
nerves, and (c) stimulates nonadrenergic in-
hibitory nerves. Moreover, additional phar-
macologic evidence suggests that endogenous
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serotonin participates in the vagal inhibitory
pathway to the LES (40). In the feline sphinc-
ter of Oddi, serotonin also has excitatory and
inhibitory actions with a net relaxation or
biphasic response to exogenous administra-
tion (41). As in the LES, the sphincter of
Oddi appears to contain serotonin receptors
on the smooth muscle, on the excitatory
cholinergic neurons, and on the noncholiner-
gic inhibitory neurons. The ileocecal sphincter
in the cat also responds to serotonin with
excitation and inhibition. Contractile respon-
ses appear to be antagonized by cinanserin
and relaxation responses by methysergide
(42). In contrast to the LES and the sphincter
of Oddi, the effects of serotonin on the
ileocecal sphincter appear to be directly on
the smooth muscle.

The effects of serotonin and serotonin
antagonists have been evaluated in two species
on the intrinsic pattern of gastrointestinal
motor activity known as the migrating myo-
electric or motor complex (MMC). In the
dog, cyproheptadine blocked the initiation
and migration of MMCs along the small
intestine and significantly increased the period
of the MMC (43). These data suggesting a
role for serotonin in the regulation of the
canine MMC were supported by similar re-
sults with another serotonin antagonist, 5-
methoxy-N, N-dimethyltryptamine and with
the serotonin synthesis inhibitor, parachlo-
rophenylalanine. Methysergide appeared to
behave as a partial serotonin agonist, en-
hancing contractile activity throughout the
small intestine and disrupting the MMC. In
contrast, recent data in conscious sheep dem-
onstrate that methysergide significantly in-
creases the number of MMC cycles recorded
(44). These data suggest that in the sheep
serotonin also plays a regulatory (and poten-
tially inhibitory) role on the MMC. Together
these studies provide one functional correla-
tion to the anatomical and neurophysiological
evidence in support of intrinsic serotonergic
neuronal pathways in the gut.

Effects on Mesenteric Blood Flow. The
influence of serotonin on the mesenteric cir-
culation is paradoxical and appears to be
subject to dose, preparation, species, and
motor activity. Hashimoto and Kumakura
(45) showed, in anesthetized dogs, that per-
fusion of the mesenteric vasculature with 1-
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100 ug of serotonin produced vasoconstric-
tion. Later, Adar and Salzman (46) reported
that intravenous injections of 30 ug/kg in
anesthetized dogs caused similar reductions
in mesenteric biood flow. In the former study,
the vascular response was associated with
vigorous intestinal motor activity. This rela-
tionship with motility has been observed
with other agents, such as acetylcholine, and
it is difficult to assess what is the primary
response (47). Some evidence suggests that
the major effect of serotonin is on intestinal
motor function in this relationship. In anes-
thetized dogs, Chou and Dabney (48) reported
that perfusion of the canine mesenteric ar-
terial supply in situ with 2 ug/min of sero-
tonin decreased ileal compliance while not
significantly altering vascular resistance. This
decrease in ileal wall compliance may have
masked a vasodilator response since in half
the animals examined, vascular resistance
decreased while ileal compliance fell only
slightly. This suggests that when serotonin
does increase visceral motor activity, me-
chanical compression of the mesenteric mi-
crocirculation manifests as a vasoconstric-
tion (47).

In the chloralose anesthetized cat, Biber et
al. (49) showed that both intraarterial infusion
and injection of serotonin produced intestinal
vasodilation. Prior treatment with tetrodo-
toxin reversed the vasodilation to vasocon-
striction. The vasodilator response was unaf-
fected by intestinal motor activity in this
species. Also, infusion of 20-50 mg/min in-
creased the capillary filtration coefficient
(CFCQ) as well as mesenteric blood flow. Lower
doses (10-15 mg/min) increased CFC without
changing blood flow suggesting a change in
capillary permeability. In vitro, serotonin in-
creased isometric tension in both mesenteric
arteries and veins (49). This report shows
that the paradoxical effect of serotonin may
be explained by the differences in the site of
action. In vitro methods generally permit
study only of larger vessels. This may explain
the contraction of vessels in vitro to serotonin
while in vivo, blood flow was increased indi-
cating that resistance vessels of the mesenteric
microvasculature respond to serotonin by
relaxation.

While these studies shed some light on the
action of serotonin on GI blood flow, more
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definitive studies are necessary to fully delin-
eate the role of this biogenic amine in the
regulation of the mesenteric circulation.
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