
Introduction

Gastrointestinal (GI) motility and secretion are
controlled and coordinated by the autonomic ner-
vous system (ANS) which includes elements that
are intrinsic to the bowel wall that make up the
enteric nervous system (ENS) and extrinsic ele-
ments that connect the gut wall to the central ner-
vous system (CNS). The ENS is considered an
independent nervous system comprising ganglio-
nated plexuses that run uninterrupted along the
length of the bowel. Sensory neurones, inter-neu-
rones and motor neurones make up the “hard-wi-
red” reflex circuits that are the basis for coordi-
nated peristalsis and secretion essential for dige-
stion. 5-Hydroxytryptamine (5-HT) is an impor-
tant mediator in these reflex pathways. The ENS
also receives input from the sympathetic and pa-
rasympathetic division of the ANS and this helps
coordinate different regions of the gut in tune
with the needs of the individual. The extrinsic
nerve bundles also contain sensory fibres that
carry information to the CNS and help regulate
digestive function, provide inputs to central auto-
nomic circuits that regulate feeding and illness
behaviour, and give rise to both painful and non-
painful sensations. It is the role of 5-HT in these
sensory functions that is the focus of this review.

Extrinsic Sensory Innervation
There are two sources of extrinsic afferents in-

nervating the GI tract: vagal and spinal1. Vagal
afferent fibres arise from cell bodies in the infe-
rior nodose and superior jugular ganglia, located
bilaterally, proximal to the carotid bifurcation,
and innervate the digestive tract from the
pharynx to the proximal colon. Spinal afferent fi-
bres arise from cell bodies located within the
dorsal root ganglia (DRG) and project centrally
into the spinal cord. Spinal afferents are subdivi-
ded into splanchnic and pelvic afferents. These
afferent fibres follow the path of sympathetic and
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Abstract. – 5-Hydroxytryptamine (5-HT)
is a major transmitter molecule within the gas-
trointestinal tract. It is contained in ente-
rochromaffin (EC) cells, which form part of the
epithelial lining of the gut and in enteric neu-
rones in the submucosal and myenteric
plexuses. 5-HT is present in murine mucosal
mast cells in the lamina propria and some
studies have suggested that human mast cells
may also contain 5-HT especially in conditions
associated with mastocytosis. The strategic
positioning of the enteric and extrinsic senso-
ry innervation in close proximity to these
sources of 5-HT, in conjunction with their
demonstrated sensitivity to this mediator, sug-
gests the involvement of 5-HT in the transduc-
tion of visceral stimuli and reflex responses af-
fecting motor and secretory function. Under
physiological conditions, the release of 5-HT
from these storage sites may result in the or-
chestration of reflexes responsible for transit
of material along the bowel at a rate that is ap-
propriate for digestion and absorption of nutri-
ents. However, in the pathophysiological state,
5-HT acting together with other inflammatory
mediators may cause inappropriate intestinal
secretomotor activity and/or initiate sensa-
tions such as nausea or discomfort/pain. Cur-
rent evidence suggests that the bioavailability
of 5-HT within the gut wall is altered in a num-
ber of post-inflammatory models of gut dys-
function with increased numbers of EC cells
and mast cells with increased 5-HT content in
proximity to sensory nerve endings, and de-
creased serotonin reuptake mechanisms.
Changes may also occur in the sensory inner-
vation or pathways within the central nervous
system. These processes may contribute to
pain mechanisms in the irritable bowel syn-
drome, in which visceral hypersensitivity is a
predominant feature and may also contribute
to motor dysfunction leading to altered bowel
habit. 
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parasympathetic neurones respectively, and have
their cell bodies in thoracolumbar and sacral dor-
sal root ganglia.

5-HT Receptor Expression and Function
5-HT can act on a number of G-protein cou-

pled receptors as well as on ligand-gated chan-
nels known as 5-HT3 receptors2. Many of these
different receptor subtypes are widely distributed
within the gut wall. However, in the context of
sensory signalling most attention has focused on
5-HT4 and 5-HT3 receptors. In particular, eviden-
ce for the importance of 5-HT3 mediated signal-
ling is given by the abundance of mRNA for the
5-HT3 receptor in nodose ganglion cell bodies3.
Immunohistochemical evidence suggests that 5-
HT3 receptors are present on both DRG and no-
dose ganglion cells that innervate the GI tract4,5.
More recently the relative expression of a variety
of ion channels and receptors on nodose and
DRG neurones has been examined and one of the
most striking differences was in the expression of
5-HT3 receptors which was 15 fold greater in no-
dose neurones innervating the abdominal viscera
than DRG neurones6. In contrast, 5-HT4 receptor
expression was equally low in both sensory neu-
ronal populations. 

Many aspects of ligand-5-HT3 receptor inte-
raction were established using isolated nodose
neurones7. 5-HT has been shown to activate an
inward current which is mimicked by 2-methyl
5HT, and antagonized by the selective 5-HT3 re-
ceptor antagonists. Ion substitution experiments
show this to be predominantly a Na+ and K+ con-
ductance. Taken together these experiments indi-
cate that 5-HT3 receptors, located on GI mucosal
vagal afferents, may be an important modulator
of activity. Similar currents have been described
in DRG neurones.

Peripheral actions of 5-HT on sensory signal-
ling have been examined by recording from affe-
rent neurones as they emanate from the bowel
wall at different levels of the GI tract. In the
small intestine, 5-HT triggers mesenteric afferent
firing, which is the result of both a direct action
on 5-HT3 receptors and an indirect action throu-
gh an increase in motility8. The action on moti-
lity is likely to arise from the widespread distri-
bution of 5-HT receptors on enteric neuronal and
muscle elements leading to contraction, and sin-
ce many visceral afferents are also mechanosen-
sitive this would lead to an increase in afferent
discharge secondary to contraction. In the small
intestine the direct effect on afferent firing is via

activation of vagal, rather than spinal afferents,
and since the latter are considered the major
pathway for nociception this would suggest that
peripheral 5-HT is not directly involved in visce-
ral pain signalling9. However, in the colon 5-HT
has been shown to activate spinal afferents via
both 5-HT3 receptor- and non-5-HT3 receptor-de-
pendent mechanisms4. This would be in keeping
with a role for 5-HT signalling in the pathogene-
sis of irritable bowel syndrome (IBS) and altered
visceral sensitivity in the context of post-inflam-
matory states. Interestingly, colonic afferents that
respond to 5-HT have receptive fields in the sero-
sa and mesenteric connections, well away from
sources of endogenous 5-HT in the mucosa and
ENS. However, 5-HT may also be derived from
mast cells some of which reside in the perito-
neum and which may be recruited under inflam-
matory conditions to augment afferent
sensitivity10. Furthermore the 5-HT3 antagonist,
alosetron, inhibits spinal cord c-fos expression in
response to noxious colorectal distension11. This
indicates that 5-HT may play a role in signalling
noxious information within the spinal cord
although these studies did not distinguish
between central and peripheral actions of 5-HT3.
In this respect, 5-HT has been shown to play an
important role in descending spinal pathways
that modulates synaptic transmission in the dor-
sal horn12. 5-HT3 receptor knockout mice have
not been used to investigate GI sensory signal-
ling but 5-HT3 receptors have been shown to con-
tribute to somatic nociceptive signalling13.

Enterochromaffin Cells
Chemosensory mechanisms are highly conser-

ved in evolution. Sensory elements in the gut
wall include sensory nerve terminals of extrinsic
and enteric origin which respond directly to their
chemical mileu and specialized chemosensory
cells within the mucosal epithelium that monitor
the luminal environment and indirectly activate
sensory endings following the release of a variety
of chemical mediators, including 5-HT. In this
respect, enterochromaffin (EC) cells share a
number of morphological features with other se-
condary sense cells such as taste buds on the ton-
gue, and this similarity has led to the cells in the
gut being referred to as intestinal “taste” cells.
EC cells have an apical tuft of microvilli exposed
to the intestinal lumen which is proposed to mo-
nitor luminal contents and, in response to an ap-
propriate stimulus, releases the contents of stora-
ge granules across the basolateral membrane to
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stimulate afferent terminals in close proximity
within the lamina propria14. Sensory nerve termi-
nals do not penetrate the epithelium into the ho-
stile environment within the lumen and so these
“taste cells” provide an important interface
between the gut and the gut contents. 

EC cells sense chemical changes in the gut lu-
men and release 5-HT which then activates the
processes of both enteric and extrinsic sensory
neurones. In the case of vagal afferents recorded
in vivo, it is those endings close to the mucosal
epithelium that are particularly sensitive to 5-HT.
Sensitivity to 5-HT is lost after topical anaesthe-
sia while the response of muscle mechanorecep-
tors to distension persists8. Responses of myente-
ric after-hyperpolarization (AH) cells to 5-HT
are also mediated by 5-HT3 receptors15 although
5-HT4 and the orphan 5-HT1P receptors may also
play a role in chemical transduction16. 

EC cells are distributed along the length of the
GI tract, although the highest numbers are loca-
ted in the small intestine and rectum17. Release of
5-HT from the EC cells is Ca2+-dependent, and is
mediated by luminal (chemical or mechanical) or
neuronal stimuli. Stimuli known to release 5-HT
from EC cells include mucosal stroking, chemi-
cal stimulation with nutrients (e.g., glucose),
toxins (e.g., cholera toxin, chemotherapeutics)
and endogenous chemical stimuli such as adeno-
sine18. Recent evidence has demonstrated that EC
cell number and 5-HT bioavailability are also in-
fluenced by GI inflammation. EC cell number is
increased in clinical and experimental models of
inflammatory bowel disease at a time when ex-
pression of the serotonin reuptake transporter
(SERT) is reduced19,20. Similar changes have
been reported in patients with IBS, particularly in
post-infectious IBS21,22. These changes may po-
tentially contribute the visceral hypersensitivity,
which is one of the hallmarks of IBS since 5-HT
can have a profound effect on visceral afferent si-
gnalling. A recent study has examined the effect
of supernatant from mucosal biopsies taken from
IBS patients and control subjects to examine the
potential for altered mediator release in the mu-
cosa to modulate afferent sensitivity23. Indeed,
supernatant from control subjects had no effect
on mesenteric afferent firing or calcium signals
recorded from isolated DRGs, while that from
patients had a marked effect on firing. 5-HT ac-
ting via 5-HT3 receptor contributed to this aug-
mented sensory activity since the response was
blunted by blocking 5-HT3 receptors. This sugge-
sts that altered 5-HT bioavailability may play a

role. However, mast cells have also been implica-
ted in the response and a similar study has identi-
fied a role of mast cell proteases in altered sen-
sory signalling24,25. 

Pharmacotherapy for IBS
5-HT3 antagonists such as alosetron have pro-

ved effective in the treatment of IBS26 but subse-
quently withdrawn because of a small number of
cases of ischaemic colitis in patients treated with
the drug. This might implicate 5-HT3 receptors in
the regulation of mesenteric blood flow and, in-
deed, 5-HT causes vasodilation of submucosal
arterioles in vitro via a neurogenic mechanism
involving 5-HT3 receptors27. However, a detailed
in vivo study found no evidence that blocking 5-
HT3 receptors interfered with baseline colonic
blood flow or haemodynamic responses to
ischaemia and reperfusion28. 

Another 5-HT ligand, tegaserod, which is a
partial agonist at the 5-HT4 receptor has also
been found to be effective in patients with con-
stipation predominant IBS29 but again use has
been restricted because of a small number of
cardiovascular adverse events. The mechanism
of action of 5-HT agonists on visceral afferent
signalling may be complicated because of
prokinetic effects leading to a reduction in con-
stipation. However, direct actions of 5-HT4 re-
ceptors on afferent activity have been described
some of which are consistent with an anti-noci-
ceptive effect30, while others describe an in-
crease in afferent firing via positive coupling of
the receptor to adenylate cyclase31. There is al-
so striking recent evidence suggesting that 5-
HT4 receptors may have an enteric neuroprotec-
tive role which may counter some of the dege-
nerative effects that have been described in the
ENS with ageing and which may contribute to
the aetiology of constipation32. 

5-HT, Vagal Afferents and Emesis
The emetic response is an adaptive mechanism

for the elimination of harmful contents from the GI
tract. Detection of toxins by specialized cell types
such as EC cells serves to protect the gut and the
organism from potentially harmful ingesta. 5-HT
has been shown to be a major mediator of emetic
and diarrhoeal responses to luminal toxins, and
emesis induced clinically, for example as a side ef-
fect of chemo- and radiotherapy, appears to be cau-
sed through this toxin detection system. In the fer-
ret, for example, intravenous cisplatin (a chemothe-
rapeutic agent used in the treatment of some solid
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tumours) induces prodromal retching and emesis
that can be attenuated both by vagotomy and by 5-
HT3 receptor antagonism33. Cisplatin also causes a
profound increase in mesenteric afferent firing that
is reversed by 5-HT3 receptor blockade34. 

Radiation-induced emesis is also significantly
attenuated by 5-HT3 blockers35. These experi-
ments indicate that the major mechanism whe-
reby chemotherapeutic agents like cisplatin and
radiation cause emesis is via release of intestinal
5-HT, which then subsequently acts on vagal af-
ferents stimulating the emetic reflex. These expe-
riments are further supported by the clinical ex-
perience with 5-HT3 antagonists which have re-
volutionized the treatment of vomiting associated
with the treatment of malignancy. They also
further highlight the role of the EC cell as a lumi-
nal sensor, in this case causing a massive release
of serotonin in response to a perceived toxin. 

Conclusion

The GI tract is a major source of the body’s 5-
HT which can have profound effects on motility
and secretion, blood flow regulation and may al-
so have a neuroprotective role. 5-HT is also a si-
gnalling molecule for sensory transmission both
in the ENS and via extrinsic afferents to the
CNS. A role in vagal afferent signalling is parti-
cularly evident with chemosensory mechanisms
serving as an emetic trigger, and 5-HT3 receptor
antagonists have had a major impact on the treat-
ment of cancer therapy-induced nausea and vo-
miting. 5-HT3 and 5-HT4 ligands are also effecti-
ve in treating IBS but treatment has been limited
by adverse events in a small number of patients.
New drugs aimed at targeting these sensory me-
chanisms may be able to provide effective symp-
tomatic relief without side effects.
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