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Abstract
Several of the 28 mammalian transient receptor potential (TRP) channel subunits are expressed
throughout the alimentary canal where they play important roles in taste, chemo- and
mechanosensation, thermoregulation, pain and hyperalgesia, mucosal function and homeostasis,
control of motility by neurons, interstitial cells of Cajal and muscle cells, and vascular function.
While the implications of some TRP channels, notably TRPA1, TRPC4, TRPM5, TRPM6,
TRPM7, TRPV1, TRPV4, and TRPV6, have been investigated in much detail, the understanding
of other TRP channels in their relevance to digestive function lags behind. The polymodal chemo-
and mechanosensory function of TRPA1, TRPM5, TRPV1 and TRPV4 is particularly relevant to
the alimentary canal whose digestive and absorptive function depends on the surveillance and
integration of many chemical and physical stimuli. TRPV5 and TRPV6 as well as TRPM6 and
TRPM7 appear to be essential for the absorption of Ca2+ and Mg2+, respectively, while TRPM7
appears to contribute to the pacemaker activity of the interstitial cells of Cajal, and TRPC4
transduces smooth muscle contraction evoked by muscarinic acetylcholine receptor activation.
The implication of some TRP channels in pathological processes has raised enormous interest in
exploiting them as a therapeutic target. This is particularly true for TRPV1, TRPV4 and TRPA1,
which may be targeted for the treatment of several conditions of chronic abdominal pain.
Consequently, blockers of these TRP channels have been developed, and their clinical usefulness
has yet to be established.
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INTRODUCTION
The physiological function of the digestive tract depends on the appropriate implementation
of a complex set of mechanisms with opposite aims: ingestion and digestion of food and
absorption of nutrients and water, on the one hand, as well as defence against toxins,
antigens and pathogens and the elimination of indigestible waste, on the other hand. To meet
with these challenges, an elaborate system of sensory systems, monitoring processes and
feedback mechanisms has been developed, among which transient receptor potential (TRP)
channels take a prominent position. Although TRP channels contribute to sensory
transduction in every region of the body, they play a particular role in the alimentary canal.
This special position derives from their function as molecular sensors for distinct chemical
and physical modalities that are rather specific to the digestive system [1,2].
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Currently, some 28 different TRP subunit genes have been identified in mammals,
comprising 6 families. The TRP channel subunits are made of 6 transmembrane domains
with a pore between transmembrane domains 5 and 6 [3]. Members of 5 subunit families,
specifically of the vanilloid TRP (TRPV), melastatin TRP (TRPM), ankyrin TRP (TRPA),
polycystin TRP (TRPP) and canonical or classical TRP (TRPC) family, are relevant to spice
sensing, chemo-, thermo- and/or mechanosensation. This article focusses on recent progress
in the understanding of the functional roles of TRP channels in the digestive tract, with
particular emphasis on taste, chemical and mechanical nociception, and visceral
hyperalgesia. The implications of particular TRP channels in Ca2+ and Mg2+ homeostasis, in
the pacemaker activity of the interstitial cells of Cajal (ICCs) and in gastrointestinal (GI)
smooth muscle function are also covered.

EXPRESSION AND FUNCTION OF TRP CHANNELS IN THE DIGESTIVE
TRACT
TRPV1 channels

Presence of TRPV1 in the gut—As has been extensively reviewed before [2,4,5], the
major cellular sources of TRPV1 in the rat, guinea-pig and mouse alimentary canal are
spinal and vagal primary afferent neurons. Both in the dorsal root ganglion (DRG) and
nodose ganglion cells, TRPV1 is restricted to small and medium-sized somata that are
known to give rise to unmyelinated and thinly myelinated fibres. Although virtually all
tissues of the body are supplied by TRPV1-positive nerve fibres, TRPV1-immunoreactive
fibres are considerably more prevalent in visceral than in somatic afferent neurons. Thus, the
majority of nodose ganglion neurons projecting to the stomach and of DRG neurons
projecting to the gut express TRPV1 [6-10], while only 32 % of the vagal afferent neurons
supplying the mouse jejunum contain TRPV1 [11]. There are both regional and species
differences in the chemical coding of primary afferent neurons expressing TRPV1. Thus,
calcitonin gene-related peptide (CGRP), substance P, somatostatin and other neuropeptides
are messenger molecules characteristic of capsaicin-sensitive TRPV1-positive DRG neurons
[2,4,5], while CGRP is absent from vagal afferent neurons containing TRPV1 [11]. Within
the rodent and human gut, TRPV1-positive nerve fibres occur in the musculature, enteric
nerve plexuses, arterioles and mucosa.

In addition to its prominent location in extrinsic sensory neurons, TRPV1 has also been
described in gastrin and parietal cells of the stomach as well as in epithelial cells of the
oesophageal, gastric and small intestinal mucosa [12-17]. Some authors have also found
expression of TRPV1 in neurons of the guinea-pig, porcine and human enteric nervous
system [12,18-20] while other authors failed to confirm this location, given that TRPV1
messenger ribonucleic acid (RNA) disappears from the rat stomach following extrinsic
denervation [7]. The chemical coding of TRPV1-positive DRG neurons innervating the
mouse gut is distinct from that of enteric neurons [21]. Enteric neurons that issue projections
from the rat colon to the spinal cord are likewise TRPV1-negative [22].

Local roles of TRPV1 in the GI tract—Through release of peptide transmitters in the
periphery, TRPV1-expressing sensory nerve fibres can modify GI vascular, immune and
smooth muscle functions (Figure 1). Following tissue irritation or injury, some of these
reactions (e.g., vasodilatation and plasma protein extravasation) contribute to the process of
neurogenic inflammation [23]. The neuropeptides involved in the efferent-like mode of
operation include CGRP, somatostatin and the tachykinins substance P and neurokinin A
[4,24,25]. Administration of capsaicin to the oesophageal, gastric and intestinal mucosa
increases mucosal blood flow, a response which is mimicked by exposure to excess acid
[26]. The acid- and carbon dioxide-evoked hyperaemia in the oesophageal and duodenal
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mucosa is inhibited by the TRPV1 antagonist capsazepine, which indicates that acid
activates TRPV1 on sensory nerve fibres which release the vasodilator peptide CGRP [27].
Through this type of mechanism TRPV1-positive sensory nerve fibres are able to protect the
oesophageal, gastric and intestinal mucosa from a variety of injurious insults [26].

Apart from protecting the GI mucosa [26,28,29], TRPV1 activation has been found to
exacerbate inflammation in certain models of pancreatitis, ileitis and colitis [4]. In the mouse
gastric mucosa, ethanol-induced injury appears to involve TRPV1-mediated release of
substance P and subsequent formation of reactive oxygen species [30]. Emerging evidence
indicates that TRPV1 contributes to pancreatic islet inflammation associated with type I
diabetes and, in addition, plays a role in insulin-dependent glucose regulation, type II
diabetes, adipogenesis and obesity [31-34]. The mechanisms whereby stimulation of
TRPV1, under some conditions, reduces and, under other conditions, exaggerates tissue
inflammation and injury have not yet been fully elucidated. One explanation is that the
peptide mediators of TRPV1-positive afferent neurons cover a wide spectrum of actions:
Tachykinins facilitate inflammation, while CGRP promotes vasodilatation but not
necessarily inflammation, and somatostatin is capable of inhibiting inflammatory processes
[24-26].

The messengers released from capsaicin-sensitive afferent nerve endings in the gut act on
many targets including the enteric nervous system, GI smooth muscle and epithelium to
modify motility and secretion [4,26,35-37]. Tachykinins and adenosine triphosphate
stimulate motor activity, while CGRP, vasoactive intestinal polypeptide and nitric oxide
account for motor inhibition due to TRPV1 activation [36-38]. Local motor effects mediated
by TRPV1 may become operative when the GI tract is disturbed by endogenous or
exogenous irritants. For instance, TRPV1 and substance P are involved in the acid-evoked
contraction of opossum oesophageal longitudinal muscle [39]. The circular muscle of the
isolated human gut is powerfully relaxed by capsaicin, and this effect appears to be mediated
by nitric oxide and, to some extent, vasoactive intestinal polypeptide [36]. Despite these
motor effects of TRPV1 stimulation in vitro, the motor activity of the small and large
intestine of experimental animals is maintained at a physiological level following functional
ablation of capsaicin-sensitive afferent neurons [36]. Likewise, no obvious changes in GI
motor function have thus far been reported to occur in mice deficient in TRPV1.

Ingestion of capsaicin by humans increases amplitude and velocity of oesophageal pressure
waves, decreases proximal gastric tone, inhibits phasic contractions of the proximal stomach
and inhibits gastric emptying, but does not significantly alter orocaecal transit time [40,41].
The capsaicin-induced improvement of oesophageal motility has been observed in healthy
volunteers as well as in patients with gastro-oesophageal reflux disease [40,42]. The
relevance of TRPV1 to GI motor control may be most pronounced under pathopysiological
conditions, both locally within the gut and via activation of sympathetic reflexes, resulting in
inhibition of GI transit (ileus) following laparotomy or peritoneal irritation [26,36,43]. This
contention is also borne out by the observation that the gastroparesis associated with
experimental colitis is relieved by TRPV1 blockers [44].

There is some evidence that mucosal functions in the GI tract may be under the direct
control of TRPV1 channels expressed by epithelial cells. For instance, acid- or capsaicin-
evoked stimulation of epithelial TRPV1 in the feline and human oesophagus induces the
formation of platelet-activating factor, which in the in vivo setting may give rise to
oesophagitis [16]. Exposure of human isolated antral glands to capsaicin causes release of
gastrin and somatostatin, an effect that is thought to be mediated by TRPV1 expressed by
gastrin cells and that is blunted by a chilli-rich diet ingested for 3 weeks [17].
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Roles of TRPV1 in abdominal pain and hypersensitivity—Activation of TRPV1 on
afferent neurons innervating the gut elicits pain in humans and pain-related behaviour in
rodents [4,5,45]. The available evidence indicates that TRPV1 may be involved in pain and
hyperalgesia throughout the alimentary canal from the mouth to the anus. In addition,
TRPV1-expressing vagal afferents in the oesophagus may contribute to the cough evoked by
gastro-oesophageal reflux of gastric contents [46]. Intraoesophageal instillation of capsaicin
in human volunteers evokes symptoms of heartburn, while the sensitivity to balloon
distension or acid exposure remains unchanged [47]. Intragastric administration of capsaicin
in humans increases the sensitivity to proximal gastric distension [41], and ingestion of
capsaicin capsules induces gastric sensations of pressure, heartburn and warmth [48].
Infusion of capsaicin into the proximal small intestine of human volunteers likewise evokes
sensations of pain, cramps, pressure, warmth and nausea [48,49]. The capsaicin-induced
sensations are most intense in the duodenum and appear to decrease along the intestine [48]
although local capsaicin instillation in ileostomy and colostomy patients is also painful
[50,51]. Ingestion of capsaicin for 7 days leads to a decrease in jejunal mechanosensation
and to an increase in the jejunal sensitivity to capsaicin [52], and oral chilli intake for 3 days
has been reported to increase rectal sensitivity to urgency [53]. In contrast, ingestion of
capsaicin (0.25 mg) capsules three times per day for 4 weeks causes desensitization of the
duodenum to both acute capsaicin administration and balloon distension [54].

TRPV1 can be sensitized by many proalgesic pathways [4,45,55,56], and there is increasing
evidence that GI inflammation causes chemical and mechanical hyperalgesia at least in part
by upregulation and sensitization of TRPV1. Nerve growth factor, various inflammatory
mediators as well as endocrine factors of the GI mucosa such as 5-hydroxytryptamine (5-
HT) are thought to be involved in this process. Importantly, TRPV1 in afferent neurons has
also been found to be upregulated in the absence of overt inflammation as is typical of
functional GI disorders [2]. This is true for patients with irritable bowel syndrome in which
the increased density of TRPV1 in the rectosigmoid colon correlates with pain severity [57].
Non-erosive reflux disease [58], idiopathic rectal hypersensitivity and faecal urgency [20]
are other instances of TRPV1 upregulation in the absence of inflammation. Thus, a
proportion of patients with functional dyspepsia are more responsive to ingestion of
capsaicin capsules than healthy controls [59]. A role of TRPV1 in functional dyspepsia is
also suggested by the beneficial effect of a 5 week treatment with capsaicin-containing
capsules [60]. Furthermore, the homozygous G315C polymorphism of the TRPV1 gene has
been found to be inversely related with symptom severity in functional dyspepsia patients
[61]. Patients suffering from diarrhoea-predominant irritable bowel syndrome exhibit
hypersensitivity to the painful and burning sensations which chilli elicits in the GI tract [62].
Likewise, TRPV1 has a bearing on post-inflammatory colonic hyperalgesia in rodents, as
upregulation of TRPV1 expression and function persists long after the initial inflammatory
insult has subsided [63-65].

TRPV1 contributes not only to chemical nociception but also to inflammatory mechanical
hyperalgesia in the GI tract. In pelvic afferents innervating the mouse colon, TRPV1 is
preferentially expressed by mechanoreceptors that respond to distension with a low
frequency of firing, the distension responses of these fibres being sensitized by capsaicin or
acidosis [66]. Pelvic afferents innervating the smooth muscle and myenteric plexus of the
mouse rectum are likewise sensitive to low-threshold distension and capsaicin [67].
Accordingly, capsaicin enhances the visceromotor response to colorectal distension (an
indirect measure of abdominal pain), this effect being inhibited by the TRPV1 blocker
SB-705498 [68]. Acute stress exposure of adult rats that have been subjected to maternal
separation as neonates causes hypersensitivity to colorectal distension, which is reversed by
TRPV1 blockade [69]. Importantly, TRPV1 blockade also prevents the development of
mechanical hyperalgesia, that is evoked by repetitive colorectal distension in rats, but does
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not cause hypoalgesia [70]. The molecular implication of TRPV1 in mechanical pain is not
fully understood because the mechanosensitivity of TRPV1 channels awaits to be
characterized.

It should not go unnoticed that activation of TRPV1 in the brainstem has an antiemetic
effect [71,72], although a pathophysiological role of TRPV1 in emesis has not yet been
established.

Thermosensation and thermoregulation by abdominal TRPV1—The fact that
TRPV1 is a heat sensor explains why the sensation caused by capsaicin is described as “hot”
and “burning”. Although capsaicin and related TRPV1 agonists evoke a thermoregulatory
response [73,74], TRPV1 knockout mice have a normal body temperature and do not seem
to have a deficit in heat sensing, which is probably due to developmental compensations in
heat sensing [2], given that many TRPV1 blockers cause substantial hyperthermia in mice,
rats, dogs, monkeys and humans [75-77]. The hyperthermic action of TRPV1 blockers
involves cutaneous vasoconstriction and shivering-related thermogenesis, but not warmth-
seeking behaviour, and is inhibited by the antipyretic drug acetaminophen [75,76]. Further
analysis has shown that the rise of body temperature results from blockade of the proton
mode of TRPV1 activation [75,77]. It would appear, therefore, that the body temperature is
tonically suppressed by a low tissue pH [77] within the abdominal cavity [75] in which the
stomach and colon have an acidic environment [78].

TRPV2 and TRPV3 channels
TRPV2, which is typically activated by temperatures above 52 °C, has been localized to
rodent DRG and nodose ganglion neurons supplying the GI tract [79-81]. In contrast to
TRPV1, TRPV2 occurs primarily in medium and large diameter afferent neurons [80]. In the
rat and guinea-pig small intestine, TRPV2 is not only found in fibres within the muscularis
and myenteric plexus but also in myenteric cell bodies [79,80].

TRPV3 is highly expressed by epithelial cells in the nose and tongue [82] as well as in
superficial epithelial cells of the mouse distal colon, but not in the superficial epithelial cells
of the stomach, duodenum and proximal colon [83]. It likewise occurs in DRG and nodose
ganglion neurons, but retrograde labelling failed to identify TRPV3 in vagal afferent
neurons supplying the mouse stomach [80,81]. However, the muscle and mucosa of the
mouse stomach and small intestine contain TRPV3 messenger RNA [80].

While any implication of TRPV2 and TRPV3 in GI function awaits to be explored, TRPV3
is a sensor for many spices [82] including carvacrol (oregano), eugenol, thymol (thyme),
vanillin (vanilla), camphor and menthol (mint) [2,45].

TRPV4 channels
Presence of TRPV4 in the gut—TRPV4 is present in the nodose ganglion, DRG,
stomach, small intestine and colon of rodents [80,81,84,85]. Retrograde labelling revealed
that vagal afferent neurons projecting to the mouse forestomach express TRPV4 and that, in
these neurons, TRPV4 is coexpressed with TRPV1, TRPV2 and TRPA1 to various degrees
[80]. TRPV4 has also been localized to mesenteric and pelvic afferent neurons innervating
the murine and human intestine [84-86]. The expression of TRPV4 in spinal afferent
neurons exhibits a pronounced regional difference, as TRPV4 is particularly abundant in
DRG neurons supplying the colon, in which it is coexpressed with CGRP [84-86]. In the
human colon, TRPV4 immunoreactivity is found in fine nerve fibres associated with blood
vessels in the submucosa and serosa, while the myenteric plexus, the circular and the
longitudinal smooth muscle are largely negative [84]. In the mouse colon, TRPV4 also
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occurs in brush-bordered epithelial cells, but not in mucus-secreting epithelial cells, as well
as in unidentified cells of the submucosal and muscular layers [85].

Functional implications of TRPV4 in the gut—The sensory modalities of TRPV4
include strong acidosis, hypo-osmolarity, warmth, mechanical stimuli such as distension of
the gut, 5,6-epoxyeicosatrienoic acid (an endogenously formed metabolite of arachidonic
acid), and the synthetic phorbol ester 4-α-phorbol 12,13-didecanoate [87]. In the colon,
TRPV4 has turned out to play a major role in mechanical pain and hyperalgesia. TRPV4
agonists excite colonic afferent neurons [86] and enhance the mechanosensory responses of
colonic serosal and mesenteric afferent nerve fibres, while the mechanosensitivity of these
high threshold afferents is substantially attenuated in TRPV4 knockout mice [84]. The
TRPV4 agonist-induced sensitization of colonic afferent nerve fibres goes hand in hand with
mechanical hyperalgesia [85,86]. Vice versa, TRPV4 knockout or intravertebral
pretreatment of mice with small interfering RNA (siRNA) specific to TRPV4 reduces the
visceromotor response to colonic distension in the noxious range [84,85]. This specific
contribution to high threshold mechanosensory function makes TRPV4 currently the only
nociceptor-specific TRP channel in the gut [5].

TRPV4 and protease-activated receptor-2 (PAR-2) are colocalized in spinal afferent
neurons, in which these two entities interact with each other in causing mechanical
hyperalgesia in the mouse colon [85,86]. Thus, the excitatory effect of TRPV4 stimulation
on firing of colonic afferents is increased by a PAR-2 agonist [86], and a subnociceptive
dose of a PAR-2 agonist is able to sensitize colonic afferents to a subnociceptive dose of a
TRPV4 agonist [85]. Activation of PAR-2 likewise evokes discharge of action potentials in
colonic afferent nerve fibres and enhances the visceromotor response to colorectal
distension. These effects of PAR-2 agonism are absent in TRPV4 knockout mice as well as
after pretreatment with TRPV4 siRNA [85,86]. It follows that TRPV4 is involved in
mechanical nociception under basal conditions and mediates the mechanical hyperalgesia
evoked by PAR-2 agonism. However, this interaction is not confined to PAR-2, given that
5-HT and histamine can enhance the expression of TRPV4 in DRG neurons projecting to the
mouse colon and are able to enforce the ability of TRPV4 agonism to induce mechanical
hyperalgesia [88]. Importantly, the colonic hypersensitivity to colorectal distension evoked
by 5-HT and histamine is attenuated by TRPV4 siRNA [88].

As TRPV4 is upregulated in inflammatory bowel disease, and serosal blood vessels in
tissues obtained from patients with active colitis are more densely innervated by TRPV4-
positive nerve fibres than in healthy controls [84] it would appear that TRPV4 is a novel
therapeutic target in patients with abdominal pain.

TRPV5 and TRPV6 channels
TRPV5 and TRPV6 are typically expressed in epithelia including the mucosa of the small
intestine where, in particular, TRPV6 is involved in Ca2+ absorption [89]. Both channels are
targets of calciotropic hormone regulation, including vitamin D and parathyroid hormone.
TRPV5 knockout mice upregulate their intestinal TRPV6 expression to compensate for the
negative Ca2+ balance caused by the loss of TRPV5-mediated Ca2+ reabsorption in the
kidney [89]. In contrast, TRPV6 knockout mice do not display any compensatory
mechanism, which results in secondary hyperparathyreodism [89].

TRPA1 channels
Presence of TRPA1 in the digestive system—TRPA1 is expressed by trigeminal
ganglion, nodose ganglion and DRG neurons [80,81,90-96]. In the DRG neurons, especially
in those projecting to the gut, TRPA1 is preferentially expressed by small and medium
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diameter cell bodies in which it is colocalized with TRPV1 and CGRP. Similarly, TRPA1
on nodose ganglion neurons in the guinea-pig is primarily associated with small to medium
diameter somata and co-expressed with PAR-2 [95]. Within the GI tract, TRPA1 has been
found in the stomach, small intestine and colon of the rat and mouse, the major source being
peripheral nerve fibres of DRG and nodose ganglion neurons [80,93,94,96,97]. In addition,
TRPA1 occurs in neurons of the human and mouse enteric nervous system [91,97], in 5-
hydroxytryptamine (5-HT)-releasing enterochromaffin cells, and in cholecystokinin-
releasing endocrine cells of the human, rat and mouse GI mucosa [98,99]. In the dog,
TRPA1 is strongly expressed in the stomach, pancreas, small intestine and colon [100].

Functional implications of TRPA1 in the alimentary canal—TRPA1 was originally
identified as a cold-activated channel but later turned out to be a multimodal sensor for
various spices and an extensive list of irritant chemicals. Most of these chemicals are
reactive electrophiles which need to be recognized and avoided because of their potential to
damage tissues through modification of nucleic acids, proteins and other biomolecules
[101]. Its sensory modalities place TRPA1 specifically in a position (i) to taste spicy
compounds present in mustard, horseradish, wasabi, garlic, onion, cinnamon, ginger,
oregano, wintergreen and clove, (ii) to detect toxic environmental stimuli such as nicotine,
formaldehyde, acrolein, iodoacetamide and methyl p-hydroxybenzoate, an antibacterial
added to food, drug and cosmetic products, and (iii) to survey the alimentary canal for
potentially deleterious conditions arising from the presence of alkalosis, H2S, oxidative
insults (4-hydroxy-2-nonenal, H2O2, acetaldehyde). In addition, there is evidence that
TRPA1 contributes to mechanosensation in the gut.

TRPA1 agonists such as allyl isothiocyanate (AITC) excite vagal afferent C-fibres, but not
Aδ-fibres, in the guinea-pig oesophagus [102] and colonic afferent neurons in the mouse
[96]. Intracolonic administration of AITC and other TRPA1 agonists to rodents activates
spinal afferent neurons, as shown by c-Fos expression in the spinal cord [96,103], and
causes symptoms of pain as deduced from the observation of a visceromotor response [92].
These nociceptive reactions to TRPA1 stimulation in the gut are inhibited by the TRPA1
blocker HC-030031 [103], by intrathecal pretreatment with a TRPA1 antisense
oligodeoxynucleotide [92] and TRPA1 gene knockout [93,96]. In addition to stimulating
afferent neurons, TRPA1 agonists sensitize colonic afferents to mechanical stimulation and
enhance the visceromotor response to colorectal distension, these effects being prevented by
TRPA1 gene knockout or HC-030031 [93,96].

In the mouse GI tract, TRPA1 is required for normal mechano- and chemosensory function
in distinct subsets of vagal, splanchnic and pelvic afferent neurons [93]. Spike discharges in
response to punctate mechanical stimulation in splanchnic afferents with receptive fields in
the mesentery and serosa and in pelvic afferents with receptive fields in the mucosa,
muscularis and serosa are attenuated in TRPA1 knockout mice, while the response of pelvic
afferents to muscle stretch remains unabated [93]. Despite these findings there is at present
uncertainty as to whether TRPA1 contributes to normal mechanonociception in the colon,
given that the visceromotor response to noxious colorectal distension has been reported to be
reduced [93] or to remain unchanged [96] in TRPA1 knockout mice. In contrast, there is
pharmacological evidence that in the rat stomach TRPA1 plays a role in mechanical
nociception, because the pseudoaffective pain reaction (contraction of the acromiotrapezius
muscle) to gastric distension is attenuated by a TRPA1 antisense oligodeoxynucleotide and
HC-030031 [94].

Increasing evidence indicates that TRPA1 contributes to the mechanical hypersensitivity
that is associated with GI inflammation. Thus, colitis induced by trinitrobenzene sulfonic
acid (TNBS) in rats causes upregulation of TRPA1 in DRG neurons innervating the rat
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colon and enhances the visceromotor response to colorectal distension, this effect being
reduced by intrathecal pretreatment with a TRPA1 antisense oligodeoxynucleotide [92].
Likewise, the effect of TNBS-induced colitis to enhance spinal neuron activation and the
visceromotor pain reaction due to colorectal distension is absent in TRPA1 knockout mice
[96]. This observation is consistent with the ability of TNBS-induced colitis to amplify the
ability of TRPA1 agonists to sensitize mechanosensitive afferents in the splanchnic and
pelvic nerves [93].

The inflammation-evoked gain in TRPA1 function is likely to depend on several
proinflammatory mediators including bradykinin and endogenous PAR-2 agonists.
Pharmacological and gene knockout experiments indicate that TRPA1 mediates the
bradykinin-induced mechanical sensitization of splanchnic afferents innervating the colonic
serosa of the mouse as well as the bradykinin-evoked mechanical hypersensitivity of vagal
afferent neurons of the guinea-pig oesophagus, while the activation of vagal and splanchnic
afferents by bradykinin is independent of TRPA1 [93,102]. Mast cell activation and
activation of PAR-2 are further stimuli that cause mechanical hypersensitivity of vagal
afferent neurons in the guinea-pig oesophagus via a TRPA1-dependent mechanism [95].
Similarly, the ability of a PAR-2 agonist to enhance the visceromotor response to colorectal
distension is abrogated by TRPA1 gene deletion [96], while the effect of a PAR-2 agonist to
stimulate colonic afferents in the splanchnic nerves is unaltered in TRPA1 knockout mice
[93].

In addition to mechanical hypersensitivity, TRPA1 contributes to inflammation-evoked
chemical hypersensitivity in the gut. Induction of mild colitis with dextran sulphate sodium
causes colonic hypersensitivity to AITC as revealed by increased expression of c-Fos in the
mouse spinal cord, this effect being prevented by HC-030031 [103]. Similarly, TNBS-
induced colitis in the rat amplifies the visceromotor response to intracolonic AITC in a
TRPA1 antisense oligodeoxynucleotide-sensitive manner [92]. TNBS-evoked colitis is
associated with an upregulation of TRPA1 in DRG neurons supplying the colon [92], an
effect that may involve neurotrophic factors formed under conditions of inflammation [91].

Within the GI tract, activation of TRPA1 has been found to modify both epithelial and
muscular functions. Thus, stimulation of TRPA1 on the mouse neuroendocrine cell line
STC-1 causes cell activation and release of cholecystokinin [98], and activation of TRPA1
on rat enterochromaffin cells leads to release of 5-HT [99]. In vivo, AITC has a protective
effect against experimentally induced gastric lesions in the rat, an effect that appears to
involve endogenous prostaglandins [104].

The effects of TRPA1 stimulation on GI motor activity are region- and species-dependent.
Although intracolonic AITC (2.5 %) does not alter compliance of the mouse colon in vivo
[96], isolated segments of the mouse colon, but not small intestine, contract in response to
AITC, the reponse being depressed by tetrodotoxin [97]. In the guinea-pig ileum, AITC is
able to evoke contraction via a mechanism that involves 5-HT and activation of 5-HT3
receptors, which suggests that the AITC-induced release of 5-HT from enterochromaffin
cells has an impact on the control of intestinal motility [99]. While the effect of TRPA1
stimulation in the intestine is to facilitate motor activity, gastric emptying in the rat in vivo is
delayed by TRPA1 agonists via an action involving 5-HT and 5-HT3 receptors [105].
Administration of TRPA1 agonists to the dog in vivo stimulates motor activity in the gastric
antrum and jejeunum and elicits giant migrating contractions in the colon [100]. The
prokinetic effects of TRPA1 agonists could be utilized in the therapy of motor stasis in the
gut, given that in mice AITC is able to antagonize atonic constipation induced by clonidine
as well as spastic constipation induced by loperamide [106].
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The emerging pathophysiological implications of TRPA1 suggest that TRPA1 blockers hold
therapeutic potential. TRPA1 blockers such as HC-030031 have already been characterized,
and it awaits to be explored whether interference with TRPA1 disturbs temperature
homeostasis, as it has been found with TRPV1 blockers.

TRPM4 and TRPM5 channels
TRPM4 and TRPM5 messenger RNA is abundantly expressed in the human digestive
system [107]. Of particular note is that TRPM5 occurs not only on the receptor cells of the
lingual taste buds but also on chemosensory cells throughout the gut. Thus, TRPM5 is
present in the stomach, small intestine and colon of mice and humans, the channel occurring
in solitary brush (also termed tufted or caveolated) cells at the surface epithelium of the
small and large intestine and in endocrine cells of the duodenal glands [103,107,108-112]. In
addition, TRPM5 is present in pancreatic islets of the mouse in which it is expressed by the
insulin-secreting β cells [113].

In the taste buds of the tongue, the Ca2+-gated TRPM5 channel contributes to the signal
transduction of sweet, umami and bitter tastants [108,114]. These tastants bind to G-protein-
coupled taste receptors which initiate a second-messenger signalling cascade that leads to an
increase in the intracellular Ca2+ concentration which gates TRPM5 and causes
depolarization of the taste cells and transmission to gustatory afferent neurons [115]. The
expression of TRPM5 in chemosensory cells of the GI tract is thought to indicate that
TRPM5 may exert taste functions throughout the alimentary canal and contribute to the
surveillance of the chemical composition in its lumen. In keeping with this role, the
expression of TRPM5 in the upper small intestine is inversely correlated with the blood
glucose concentration in type 2 diabetes subjects [112]. In the pancreatic islets TRPM5
regulates the glucose-dependent release of insulin, given that the effect of glucose to release
insulin is significantly reduced in TRPM5 knockout mice, which causes an impaired glucose
tolerance in these animals [113]. In addition, TRPM5-positive taste cells in the intestine may
play local effector roles as they release β-endorphin into the intestinal lumen when they are
exposed to hyperosmolar solutions or glucose [111].

TRPM6 and TRPM7 channels
TRPM6 occurs along the gut, and both TRPM6 and TRPM7 have been found in the mouse
colon [107,116]. Apart from epithelial cells, TRPM7 is found in ICCs of the myenteric
plexus and circular muscle throughout the GI tract of mice and humans [117,118]. TRPM6
and TRPM7 possess an atypical α-kinase domain and are involved in Mg2+ homeostasis,
given that genetic and functional data indicate that both channel kinases are involved in the
cellular Mg2+ absorption in the colonic mucosa and in the reabsorption of Mg2+ in the
kidney [119]. Hypomagnesaemia associated with dietary Mg2+ restriction in mice causes
upregulation of TRPM6 expression both in the intestine and kidney [116]. TRPM6 and
TRPM7 can form heteromeric ion channels, but there is still controversy as to whether
TRPM6 can also function on its own and TRPM7 is required for trafficking of TRPM6 to
the plasma membrane [119].

Electrophysiological, molecular biological, and immunohistochemical experiments indicate
that TRPM7 contributes to the nonselective cation current that underlies the pacemaker
activity of ICCs in the GI tract [117]. Thus, the electrophysiological and pharmacological
properties of the nonselective cation current in ICCs of the mouse are identical to those of
TRPM7, and the pacemaker activity of the ICCs is inhibited by TRPM7-specific siRNA
[117]. TRPM7 expressed on ICCs is also likely to contribute to pacemaker activity in the
human gut, since slow waves in the isolated muscle of the human small and large intestine
are attenuated by blockade of TRPM7 channels with La3+ [118].
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TRPM8 channels
TRPM8 is expressed by a distinct population of primary afferent neurons originating in the
nodose ganglion and DRG as well as by the papillae of the tongue [80,81,90]. Unlike that of
TRPA1, the colocalization of TRPM8 with TRPV1 is limited [81,90,94]. Within the gut,
TRPM8 has been localized to the muscle of the rat stomach and colon [120] as well as to the
liver [107]. The expression of TRPM8 in the mouse stomach and small intestine remains
controversial, given that both positive [80] and negative [97] results have been reported.

TRPM8 is activated by temperatures in the cool to cold range as well as by various chemical
entities including menthol, icilin, geraniol, L-carvone, isopulegol and linalool. Thus,
TRPM8 may play a chemosensory role in the alimentary canal, although its precise
functional implications in the gut await to be investigated. In the mouse colon, menthol
induces a long lasting relaxation of smooth muscle [97], but it remains questionable if this
motor effect involves TRPM8 because the presence of this TRP channel in the gut has not
unequivocally been established [80,97].

TRPP2 channels
TRPP2 and the related PKD1 polycystin L3 (PKD1L3), which is required for the formation
of functional TRPP2 channels, are expressed by a select class (type III) of taste
chemoreceptor cells of the mouse tongue, which are distinct from those mediating sweet,
umami and bitter tastes [121-123]. Although several members of the TRPV, TRPA and
TRPC channel subfamilies are sensitive to alterations in extracellular pH [78], genetic and
functional studies corroborate that TRPP2 is the sour taste receptor [121-123]. Targeted
ablation of TRPP2-expressing taste receptor cells results in a specific and total loss of sour
taste transduction, whereas responses to sweet, umami, bitter and salty tastants remain
unchanged [121].

TRPC channels
TRPC channels are widely distributed in the GI tract, the cellular sources being vagal
afferent neurons, enteric neurons, smooth muscle cells, and ICCs. TRPC1, TRPC3, TRPC5
and TRPC6 occur in nodose ganglion neurons in which TRPC1 and TRPC6 are, at least in
part, coexpressed with TRPV1 and TRPA1, given that systemic pretreatment of rats with a
neurotoxic dose of capsaicin causes a loss of TRPV1, TRPA1, TRPC1 and TRPC6 from
vagal afferent neurons [81]. All seven types of TRPC channels appear to occur in the murine
stomach [124]. Within the murine and canine gut, TRPC4, TRPC6 and TRPC7 as well as
splice variants of TRPC4 and TRPC7 are present in the GI and vascular smooth muscle,
TRPC4 being the most abundant subunit [117,125-128]. The guinea-pig enteric nervous
system expresses TRPC1, TRPC3, TRPC4 and TRPC6, which are differentially distributed
to the myenteric and submucosal plexuses [129]. While TRPC1 is widely distributed to
myenteric neurons with cholinergic and nitrergic phenotypes as well as to submucosal
cholinergic and noncholinergic secretomotor neurons, TRPC3 is restricted to submucosal
neurons containing neuropeptide Y [129]. TRPC4 and TRPC6 are likewise preferentially
expressed by noncholinergic secretomotor neurons of the submucosal plexus [129].

The roles of TRPC channels in digestive function are incompletely understood. While
TRPC4 does not seem to contribute to the basal pattern of pacemaker activity in the ICCs
[127], TRPC4, TRPC5 and TRPC6 operate as downstream effectors of GI muscarinic
acetylcholine receptors. For instance, TRPC5 and TRPC6 are activated by cholinergic
stimulation of ICCs and smooth muscle in the murine stomach and intestine, and the
nonselective cation current evoked by muscarinic receptor stimulation is abolished in
TRPC4 knockout mice [117,127,128]. TRPC4 activity appears to account for more than 80
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% of the muscarinic receptor-induced cation current in intestinal smooth muscle, while the
residual current is mediated by TRPC6 [128].

CONCLUSIONS
The digestive tract contains several TRP channels which play essential roles in taste, chemo-
and mechanosensation, thermoregulation, pain and hyperalgesia, mucosal function and
homeostasis, control of motility by neurons, ICCs and muscle cells, and vascular function.
The polymodal chemo- and mechanosensory function of TRPA1, TRPM5, TRPV1 and
TRPV4 is particularly relevant to the alimentary canal whose digestive and absorptive
function depends on the surveillance and integration of many chemical and physical stimuli.
TRPV5 and TRPV6 as well as TRPM6 and TRPM7 appear to be essential for the absorption
of Ca2+ and Mg2+, respectively, while TRPM7 appears to contribute to the pacemaker
activity of ICCs, and TRPC4 transduces smooth muscle contraction evoked by muscarinic
acetylcholine receptor activation.

As is evident from the available information, TRP channels in the digestive system can
function in at least three different capacities: (i) as molecular sensors (detectors or primary
transducers) of chemical and physical stimuli, (ii) as downstream or secondary transducers
(or effectors) of cell activation induced by G protein-coupled receptors or other ion
channels, and (iii) as ion transport channels (Figure 2). The secondary transducer roles place
TRP channels in a position to orchestrate many physiological and pathological cell
processes. This holds true for the sensitization of afferent nerve fibres to several modalities
in response to inflammatory mediators. A secondary transducer role is also typical of
TRPM5 in its taste function and of TRPC channels in their role to control smooth muscle
responsiveness to acetylcholine.

The implication of TRP channels in physiological and pathological processes within the
alimentary canal, the changes in TRP channel function associated with GI inflammation and
hyperalgesia, and the emergence of TRP channelopathies [87] have raised enormous interest
in the therapeutic exploitation of these molecular entities. This is in particular true for
TRPV1, TRPV4 and TRPA1 which may be targeted for the treatment of inflammatory and
functional abdominal pain syndromes. Consequently, many blockers of TRPV1 and, more
recently, TRPA1 have been developed, but their therapeutic efficacy and safety in GI
disorders have not yet been established. Interference with TRP channels is a challenging
therapeutic approach [2,45,130], given that these channels seem to play many important
physiological roles within and outside the GI system.
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Figure 1.
Dual functional implications of TRP-expressing abdominal afferent neurons. Following
stimulation via activation of TRP channels, afferent nerve fibres release neuropeptides from
their peripheral endings, whereby they regulate vascular function, secretory processes,
mucosal homeostasis and motor activity. Through their afferent function, TRP-expressing
neurons contribute to chemosensation, mechanosensation, thermosensation, pain and
hyperalgesia and elicit autonomic reflexes.
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Figure 2.
Schematic diagram illustrating 3 different roles of TRP channels in the digestive system: (i)
their role as molecular sensors (detectors or primary transducers) of chemical and physical
stimuli, (ii) their role as downstream or secondary transducers (effectors) of cell activation
induced by G protein-coupled receptors or other ion channels, and (iii) their role as ion
transport channels.
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