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Abstract

Background

Various transient receptor potential (TRP) channels in sensory neurons contribute to the

transduction of mechanical stimuli in the colon. Recently, even the cold-sensing menthol re-

ceptor TRPM(melastatin)8 was suggested to be involved in murine colonic mechano-

nociception.

Methods

To analyze the roles of TRPM8, TRPA1 and TRPV4 in distension-induced colonic nocicep-

tion and pain, TRP-deficient mice and selective pharmacological blockers in wild-type mice

(WT) were used. Visceromotor responses (VMR) to colorectal distension (CRD) in vivo

were recorded and distension/pressure-induced CGRP release from the isolated murine

colon ex vivo was measured by EIA.

Results

Distension-induced colonic CGRP release was markedly reduced in TRPA1-/- and TRPV4-/-

mice at 90/150 mmHg compared to WT. In TRPM8-deficient mice the reduction was only

distinct at 150 mmHg. Exposure to selective pharmacological antagonists (HC030031,

100 μM; RN1734, 10 μM; AMTB, 10 μM) showed corresponding effects. The unselective

TRP blocker ruthenium red (RR, 10 μM) was as efficient in inhibiting distension-induced

CGRP release as the unselective antagonists of mechanogated DEG/ENaC (amiloride,

100 μM) and stretch-activated channels (gadolinium, 50 μM). VMR to CRD revealed promi-

nent deficits over the whole pressure range (up to 90 mmHg) in TRPA1-/- and TRPV4-/- but

not TRPM8-/- mice; the drug effects of the TRP antagonists were again highly consistent

with the results from mice lacking the respective TRP receptor gene.

Conclusions

TRPA1 and TRPV4 mediate colonic distension pain and CGRP release and appear to gov-

ern a wide and congruent dynamic range of distensions. The role of TRPM8 seems to be

confined to signaling extreme noxious distension, at least in the healthy colon.
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Introduction
Distension-induced colonic pain during physiological digestive processes is a major problem in
gastroenterological practice. The majority of patients who consult a gastroenterologist suffer
from pain associated with inflammatory bowel diseases (IBD) or irritable bowel syndrome
(IBS) [1,2]. Afferent spinal nerves encode noxious stimuli to the colon, whereas vagal sensory
neurons may also play a role in nociception of the proximal gastrointestinal tract. To date it is
poorly understood how mechanical force is converted into an electrochemical signal. The exis-
tence of a mechanoreceptor signalling complex comprising a cluster of stretch-activated mem-
brane ion channels is assumed [3]. The structural identity of its components is still unknown,
however, epithelial sodium channel with degenerin subunits (DEG/ENaC) and various TRP
channels have been implicated in mechanotransduction [2–4]. The family of mammalian TRP
ion channels comprises six subfamilies with a total of 27 members in humans and 28 in the
mouse [2]. TRPV(vanilloid)1 and recently TRPV4, TRPA(ankyrin)1 and TRPM(melastatin)8
were proposed to be involved in pressure/distension-induced mechanoreception or pain in the
colon [5–15]. TRPV1 is probably the most extensively studied subtype of the TRP family with
regard to somatic but also visceral pain processing. It is activated by noxious heat, low pH and
the chili pepper extract capsaicin which causes distinct visceral pain when applied as an enema
[4]. Various TRPV1 channel antagonists have even been investigated in several clinical trials,
however, caused critical side effects such as hyperthermia [16]. Still, other promising candi-
dates within the TRP family such as TRPV4 are potential targets for the alleviation of abdomi-
nal pain. Physiologically, TRPV4 (formerly called OTRPC4, TRP12 or VR-OAC) responds to
hypoosmotic stimuli, however, there has been some evidence that TRPV4, expressed in Xeno-
pus oocytes, was also directly activated by membrane stretch in excised patches, excluding the
involvement of cytoplasmatic factors in mechanotransduction [17–20]. Accordingly, TRPV4 is
proposed to play a major role in colonic high-threshold mechanosensory function as mechano-
sensory responses were found strongly reduced in TRPV4 knockout mice [4,16]. Another can-
didate supposedly participating in mediating colonic nociception is TRPA1 [4,6,16]. Its
molecular structure comprises a large number of ankyrin repeats which may function as a
spring and intracellular anchor transmitting forces to the channel [4,21]. On the other hand,
TRPA1 strongly interacts with the cell lipid membrane in which it is embedded [22]. Corre-
spondingly, TRPA1 has been shown to be indirectly activated by compounds such as trinitro-
phenol and lipopolysaccharides that integrate in and crenate the plasma membrane [23,24].
Among its chemical activators are extracts of mustard, cinnamon, onions, and garlic [4]. How-
ever, physiologically more important TRPA1 is also activated by endogenous lipid peroxida-
tion products (LPP) of oxidative stress such as 4-hydroxy-nonenal and acrolein that
accumulate during inflammation. LPPs activate the sensitized TRPA1 receptor channel during
experimental colitis which leads to increased release of the proinflammmatory neuropeptide
substance P initiating and maintaining colitis [25]. Finally, TRPM8 is increasingly recognized
for its role in modulation of pain and nociception... The channel was initially demonstrated to
be gated in response to cold temperatures and cooling agents such as the peppermint constitu-
ent menthol. Its role in injury-evoked cold and mechanical allodynia in the somatic sensory
nervous system was recently characterized [12]. Concerning bowel hypersensitivity, pepper-
mint remedies are reported to reduce symptoms, while the underlying molecular mechanisms
remain unclear. Both, pro- and anti-nociceptive roles were reported for TRPM8 in high-
threshold colonic afferents, as it produces initial activation followed by mechanical desensitiza-
tion [12]. However, the analgesic effect of TRPM8-expressing afferents may also be centrally
mediated through activation of inhibitory interneurons in the spinal dorsal horn [16]. All of
these TRP channels, except TRPM8, are enriched within DRG neurons innervating the colon
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compared to somatic DRGs [2]. The mentioned TRP channels are believed to play an essential
role in modulation of a putative mechanoreceptor signaling complex [3,4]. Many previous
studies that analyzed TRP channel function in colonic mechanotransduction employed in vitro
electrophysiology or measured visceromotor responses (VMR) to colorectal distension (CRD),
although only one pressure or a narrow pressure range (15–60 mmHg) was applied [5–15]. In
the present study we investigated VMR to CRD over a wide range of pressures/distensions in
vivo and quantified neuropeptide (calcitonin gene-related peptide, CGRP) release from the
nerve terminals of the isolated murine colon ex vivo as an index of peptidergic nociceptor acti-
vation. We compared TRPA1, TRPV4, and TRPM8 knockout mice and used selective pharma-
cological blockers of each TRP channel to analyze their role in distension-induced colonic
nociception and pain. Finally, we compared the efficacy of null mutation and pharmacological
TRP antagonists with classical blockers of mechanogated DEG/ENaC and stretch-activated ion
channels (SAC), such as amiloride and gadolinium, respectively.

Materials and Methods

Animals
Mice of both sexes aged 10–14 weeks were used in these experiments. All experiments were ap-
proved by the Animal Protection Authority of the District Government of Mittelfranken,
Ansbach, Germany. Breeding pairs of TRPA1+/- mice were donated by Drs. Kwan and Corey
(Harvard, Boston, MA) [26]. Mice have been continuously backcrossed to C57BL/6 mice (>9
generations) and were congenic. Homozygous breeding pairs of TRPV4 knockout mice were
generously provided by Dr. Liedtke [27], TRPM8 knockouts by Dr. Patapoutian [28]. All mice
were genotyped using commercially available primers (Metabion, Martinsried, Germany).

Solutions and chemicals
Synthetic interstitial fluid (SIF) comprised (in mM) 107.8 NaCl, 26.2 NaCO3, 9.64 Na-gluco-
nate, 7.6 sucrose, 5.05 glucose, 3.48 KCl, 1.67 NaH2PO4, 1.53 CaCl2 and 0.69 MgSO4, gassed
with 95% O2 and 5% CO2 to obtain pH 7.4 [29]. Stock solutions of the TRPA1 antagonist
HC030031, the TRPM8 antagonist AMTB hydrochloride and the TRPV4 antagonist RN 1734
(all purchased from Tocris Biosciences, Ellisville, USA) were made up in absolute methanol.
Gadolinium(III) chloride, amiloride hydrochloride hydrate and ruthenium red (all purchased
from Sigma-Aldrich, Steinheim, Germany) and the final dilutions were prepared by dissolving
the stock solutions in SIF on the day of each experiment. The pH was adjusted to 7.4 by adding
drops of HCl or NaOH.

Calcitonin gene-related peptide (CGRP) release measurements
CGRP release measurements from the isolated mouse colon were performed as established be-
fore [30]. In the present study, four centimeters of the mouse distal colon were excised, starting
at the junction of the sigmoid/rectum. Colons were emptied from stool, rinsed with saline and
ligated at one end with a cotton wool string. On the other end a thin flexible tube was inserted
and the colon was fastened over the tube (colon serosal side up) so that air could be inflated to
produce pressure inside the colon (mucosal side). For equilibration the colon was placed in SIF
inside a temperature-controlled shaking bath at 38°C for 30 min. A series of 4 test tubes were
each filled with 800μl of SIF and placed in the shaking bath. The fixed colonic tissue was trans-
ferred into the first tube (S1). After 5 min the colon was moved into the second tube for anoth-
er 5 min (S2). In the third tube (S3) the colon was insufflated with air of a defined pressure
(between 30 and 150 mmHg) for 5 min. In some experiments the third tube was filled with SIF
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containing the respective TRPA1, TRPV4 or TRPM8 receptor antagonist or ruthenium red,
amiloride, and gadolinium. Finally, the air was drained off and the colon transferred to the
fourth tube (S4) for further 5 minutes. Acquired data are shown raw and/or normalized to the
S2 baseline value (ΔCGRP release pg/ml eluate).

CGRP enzyme immunoassay (EIA)
CGRP release was quantified immediately after the end of each experiment using a commer-
cially available enzyme immunoassay (Bertin Pharma, Montigny le Bretonneux, France). At
the end of each five minutes exposure period, 100 μl of eluate was mixed with 25 μl of CGRP
EIA buffer comprising potassium phosphate buffer (0.1 M), NaCl (0.15 M), 0.1% BSA (g/g),
0.01% sodium azide (g/g) and protease inhibitors. All EIA plates were determined photometri-
cally using a microplate reader (Dynatech, Guernsey, Channel Islands, UK). The detection
limit for the CGRP-EIA was 5 pg/ml.

Measurement and analysis of visceromotor responses (VMR) to
colorectal distension (CRD)
Assessment of colon sensitivity in response to CRD was performed as previously published
[31]. Electrodes were made by stripping 3 mm of insulation from the ends of teflon-coated
stainless steel wires (Science Products GmbH, Hofheim, Germany). 4 days before CRD mea-
surements the electrodes were implanted into the abdominal musculature of mice. Tunneling
of the electrodes to the dorsum of the neck was necessary to avoid cropping. During the proce-
dure mice were anesthetized with isoflurane, additionally, metamizole (200 mg/kg BW) was
given intravenously continuously during surgery and for 48 hours postsurgery via i.p. injec-
tions three times per day. During the recovery period of 4 days, mice were acclimatized to the
recording chamber. On the day of testing, mice were lightly anesthetized with isoflurane and
restrained in a custom-made clear polycarbonate tube and a balloon catheter (Cordis Power
Flex P3; Cordis, Waterloo, Belgium) was smoothly inserted transanally. The tip of the catheter
was placed 5 cm from the anus, secured by tape to the tail. Graded distension pressures were
applied up to 90 mmHg and each pressure stimulus was applied for 20 s followed by a 4 min re-
covery period each (inflation time 5s). The various TRP-receptor antagonists (150μl/injection)
were injected i.p. 10 minutes prior to the CRD experiments.

Upon distension of the colon a polysynaptic reflex leads to abdominal contractions, compa-
rable to the muscular defense or guarding of peritonitis patients. These visceromotor responses
(VMR) to colorectal distension were quantified by measuring the electromyogramm (EMG) of
the abdominal musculature (external oblique muscles). EMG activity was amplified and fil-
tered using the Bridge Amp ML221 amplifier, data was recorded, integrated, and analyzed on-
and offline using LabChart (both ADInstruments, Colorado Springs, USA). Representative raw
EMG recordings are depicted in mV [ordinate: VMR (EMG in mV)]. The integrated electro-
myogramm (iEMG) values are depicted over the entire pressure range (ordinate: VMR iEMG
in μVxs). iEMG baseline activity during the 10 seconds before stimulation was subtracted from
the first 10 seconds of the reflex response. At the end of each experiment mice were killed in a
100% carbon dioxide atmosphere by cervical dislocation.

Statistical analysis
Results are presented as mean ± standard error of the mean (SEM). The number (n) that is
quoted throughout the manuscript refers to the number of animals used per experiment. The
statistical level of significance (P< 0.05, P<0.01) is indicated with one or two asterisks, respec-
tively. Applied statistical tests are denoted in the results section or in the figure legends.
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Results

TRPA1, TRPV4 and TRPM8 antagonism reduces distension-induced
colonic CGRP release
In order to analyze whether the lack of either TRPA1, TRPV4 and TRPM8 or respective phar-
macological blocks reduce nociceptor activity, we employed the established ex vivomodel of
measuring pressure/distension-induced CGRP release from the isolated mouse colon [30]. Ini-
tial experiments in wild-type (WT) mice demonstrated a bimodal pressure-response relation-
ship with a plateau between 90 mmHg and 130 mmHg (Fig 1). For further CGRP release
experiments we used middle (90 mmHg) and high (150 mmHg) pressure to characterize the
different mouse phenotypes. Baseline CGRP release from the isolated colon of WT and the dif-
ferent knockout mice did not significantly differ (Fig 2). At 90 mmHg colonic CGRP release
fromWTmice increased by ~70 pg/ml, and that from TRPM8-deficient mice was not signifi-
cantly less. However, colon from TRPA1-deficient mice showed only ~45 pg/ml increase, and
CGRP release from TRPV4-/- colon was about halved compared to WT (Fig 2A and 2B). 150
mmHg-induced CGRP release in WT mice was substantially increased compared to 90 mmHg
(Fig 2C and 2D). Colon from TRPA1 knockout mice showed about the same amount of CGRP
release as with 90 mmHg, however, relative to WT the deficit was much more prominent at
150 mmHg. Attenuation of 150 mmHg-induced CGRP release from TRPV4-/- colon was in the
range of TRPA1-/- colons. However, in contrast to the middle pressure level, colon from
TRPM8-deficient mice showed a distinct reduction of CGRP release to about 60% compared to
WT mice.

Consistently, the use of selective pharmacological blockers for each ion channel confirmed
the findings gained from the knockouts (Fig 3). The inhibitory efficacy of TRPA1 and TRPV4
antagonists (HC030031, 100 μM; RN1734, 10 μM) was about equal. The TRPM8 receptor an-
tagonist AMTB (10 μM) inhibited neuropeptide release only at the high pressure level, consis-
tent with the findings from the knockouts (Fig 3B). The unselective TRP channel blocker

Fig 1. Normalized pressure/distension (30 mmHg—150mmHg)-induced CGRP release from isolated
colon of wild-type C57BL/6 mice (ΔCGRP release in pg/ml). Pressure-dependent increased CGRP
release shows a plateau in the middle pressure range. “*” indicates significance level at p < 0.05, “##” at
p < 0.01 (Mann-Whitney U-test) versus 30 mmHg-induced colonic CGRP release. Each data point is
representative for 6–10 experiments with different animals.

doi:10.1371/journal.pone.0128242.g001
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ruthenium red (RR, 10 μM) showed about the same efficacy as the specific TRP channel antag-
onists (except AMTB at 90 mmHg). Also amiloride (100 μM) and gadolinium (50 μM), the
blockers of DEG/ENaC and SACs, appeared equally effective at both pressures compared to
RR and the TRP inhibitors (Fig 3).

Fig 2. (A,C) Time course of 90 and 150 mmHg-induced CGRP release from the isolated colon of wild-type (WT) mice as compared to TRPA1, TRPV4 and
TRPM8 knockout mice. (B,D) Normalized 90 and 150 mmHg-induced CGRP release from the isolated colon of WT as compared to TRPA1, TRPV4 and
TRPM8 knockout mice. TRPA1-/- and TRPV4-/- mice show reduced pressure-induced colonic CGRP release compared to WTs at both pressure levels. In
TRPM8-deficient mice pressure-induced CGRP release was only reduced at the high (150 mmHg) pressure level compared to WT. “+”, “#” and “*” indicate
significance levels at p < 0.05 (Mann-Whitney U-test) versusWTmice. Each data point n = 6–10.

doi:10.1371/journal.pone.0128242.g002
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Lack of TRPA1, TRPV4 but not TRPM8 function attenuates VMR to
CRD up to 90 mmHg
To scrutinize whether reduced colonic nociceptor activity as a result of TRPA1, TRPV4 or
TRPM8 null mutation/block was relevant for distension-induced colonic pain behavior, we
chose the established model of measuring VMR to CRD. Integrated EMG activity from the ab-
dominal muscles was measured to quantify the VMR. Baseline EMG-activity of WT and all
knockout strains was about equal. The striking differences in EMG activity (in mV) between
the different mouse strains are illustrated in Figs 4 and 5 showing representative EMGs at 90
mmHg. VMR to CRD was markedly reduced in TRPA1 and TRPV4 but not TRPM8 knockout
mice at all pressure levels up to 90 mmHg (Fig 6A). Consistently, i.p. injection into WT mice of

Fig 3. (A) Exposure of the isolated colon of wild-type (WT) mice to selective antagonists of TRPA1
(HC030031, HC, 100 μM) and TRPV4 (RN1734, RN, 10 μM) inhibited 90 mmHg-induced CGRP release. The
TRPM8 antagonist AMTB (10 μM) had no effect at this pressure level. The unselective TRP-channel blocker
ruthenium red (RR, 10 μM), the DEG/ENaC antagonist amiloride (Amil, 100 μM) and the SAC blocker
gadolinium (Gadol, 50 μM) were about equally effective as HC and RN. (B) Analogeous results at 150 mmHg
with the same pharmacological blockers, however, the TRPM8 antagonist AMTB distinctly reduced 150
mmHg-induced CGRP release. “*” indicates significance level at p < 0.05 and “**” at p < 0.01 (Mann-Whitney
U-test) versusWT. Each data point is representative for 6–10 experiments.

doi:10.1371/journal.pone.0128242.g003
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the selective TRPA1 antagonist HC030031 (10 mg/kg BW) or the TRPV4 antagonist RN1734
(1 mg/kg BW) led to reduced VMR which effect was relatively more prominent at the higher
pressure levels (Fig 6B). The TRPM8 receptor antagonist AMTB (10 mg/kg BW) did not
change VMR to CRD compared to vehicle-injected mice in the tested pressure range. Both, in
vitro and in in vivo experiments did not show sex-specificity of any of the observed responses.

Discussion
This study provides evidence for a governing role of TRPA1 and TRPV4 in mechanoreception
and pain of the healthy mouse colon, whereas TRPM8 is involved in mediating only high-pres-
sure noxious mechanical stimuli.

Fig 4. Representative pictures of murine visceromotor responses (VMR) to 90 mmHg-induced colorectal distension.Original EMG (in mV) recorded
from the abdominal muscle in the different mouse strains during the 25 s of pressure/distension stimulation.

doi:10.1371/journal.pone.0128242.g004
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TRPA1
Previous electrophysiological single-fiber recordings from vagal and pelvic nerve branches
showed that TRPA1-deficient mice exhibit reduced mechanosensitivity of colonic mucosal af-
ferents. TRPA1 deletion led to increased mechanosensory thresholds of high-threshold colonic
splanchnic and pelvic serosal as well as mesenteric afferents. Previously, TRPA1-/- mice showed
reduced pain behavior in the model of CRD at 80 mmHg colonic pressure but no phenotype in
the range of 15 mmHg—60 mmHg [2,6,8]. Our data demonstrate attenuation of CRD-induced
VMR throughout a wide pressure range in TRPA1 knockout mice. The distinct attenuation of
stimulated colonic CGRP release in TRPA1-/- mice and in WTs treated with HC030031 sup-
ports a major role of TRPA1 and peptidergic neurons in colonic mechanotransduction, al-
though a specific working mechanism cannot be demonstrated yet. TRPA1 is known as an
almost universal chemoreceptor-channel that is also activated by endogenous substances re-
sulting from oxidative/nitrosative stress and involved in pathomechanisms of chronic inflam-
matory diseases [24,32,33]. Arachidonic acid is among the intracellular activators of TRPA1
[32] and is an inflammatory mediator in its own right as well as a substrate for the formation
of multiple eicosanoids including prostaglandin E2 (PGE2). Intriguingly, massive amounts of
PGE2 are formed and released from the isolated colon upon distension, and the stimulus-re-
sponse relationship (PGE2 versus pressure) is even steeper than for distension-induced CGRP/
substance P release [30]. In fact, the pancellular phospholipase A2, releasing arachidonic acid
from plasma and endosomal membranes, is definitely mechanosensitive and activated by
membrane stretch [34–36]. This could be a candidate mechanism involving TRPA1 in
mechanosensitivity, although the receptor-channel itself is not stretch-activated.

TRPV4
Alike TRPA1 and TRPV1, TRPV4 appears to function as a polymodal molecular integrator of
various microenvironmental stimuli. TRPV4 was initially described as the transducer of
hypoosmotic stimuli [27]. It was also characterized as a mechanosensor since the channel
opens in response to hypotonicity-induced cell swelling and shear stress [37]. The physiological
relevance of a TRPV4 homolog as an osmotic and mechanical sensor was demonstrated in an
elegant in vivo approach assessing avoidance behaviour towards pertinent stimuli in transgenic
Caenorhabditis elegans [38]. Reduced pain behavior upon noxious somatic mechanical stimuli
was reported in TRPV4-/- mice [27,39,40]. Functional significance of the TRPV4 receptor in
colonic DRGs was first derived from pharmacological studies using the non-selective TRPV4
agonist 4α-PDD to induce calcium transients and 5,6-EET formation which potentiated
mechanosensory responses in WT but not TRPV4-/- mice [2,7,9]. The argument for arachi-
donic acid possibly mediating secondary mechanosensitivity of TRPA1 (see above) also applies
to TRPV4, because this precursor of all eicosanoids, including 5,6-EET, is among the endoge-
nous TRPV4 agonists [39,41,42]. Recently, pain responses to colorectal distension, studied at
80 mmHg, were found reduced to half in TRPV4-/- mice [7]; we demonstrate an even larger
deficit. In addition, similar to TRPA1-/- mice, we observed a distinct attenuation of VMR over
the entire pressure range in TRPV4-/- mice. The consistent influence of TRPV4 null mutation
and pharmacological block on distension-induced colonic CGRP release indicate a peripheral
site of action.

TRPM8
Previous work addressing TRPM8 in the mouse colon found immunoreactive expression in a
subpopulation of spinal sensory afferents and an extensive co-expression with CGRP in the se-
rosa, in myenteric ganglia and at the base of the mucosa [12,41,42]. The data on pro- or anti-
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nociceptive effects of TRPM8 are confusing at first glance. Recently, exposure to the TRPM8
agonist icilin left the mechanoreceptive colonic nerve fibers with a slight transient desensitiza-
tion (to punctuate pressure) that was interpreted as an indirect, secondary, effect on TRPV1
and/or TRPA1 [12]. Such a cross-desensitization may also account for a recently demonstrated
inhibition of capsaicin (TRPV1)-induced CGRP release by icilin in an ex vivomodel of the dis-
tal colon [43]. Pharmacological approaches often bear the burden of unselectivity. Icilin was
found to not only activate TRPM8 but also TRPA1 and it was shown to even inhibit TRPM8
through mechanisms different from desensitization that do not require the prototypical inter-
action site in the S2-S3 loop [44–48]. In our model, using the same anatomical region (distal
colon), both pharmacological block and TRPM8 null mutation inhibited high-pressure

Fig 5. Representative pictures of murine visceromotor responses (VMR) to 90 mmHg-induced colorectal distension.Original abdominal EMG (in
mV) in mice treated with the respective TRP receptor antagonist compared to wild-type mice.

doi:10.1371/journal.pone.0128242.g005
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mechanically induced CGRP release which indicates a pronociceptive role for TRPM8. In
agreement, a recent study supports a pronociceptive role of TRPM8 in colitis-induced visceral
hyperalgesia in mice [42]. Enemas with the TRPM8 agonist WS-12 induced behavioral visceral
pain-like responses which were much greater in mice with colitis compared to controls and
were decreased by pretreatment with the TRPM8 antagonist AMTB [42]. Summarized, these
collective data suggest that TRPM8 plays an important role in colonic nociception. Whether
TRPM8 modulation results in pro- or anti-nociception may depend on the noxious stimulus
(physical, chemical, thermal), on the concentration of the pharmacological agonist (TRPM8

Fig 6. (A) Visceromotor responses to colorectal distension in WT compared to TRPM8, TRPA1 and TRPV4
knockout mice. Visceromotor responses (VMR) are presented as integrated EMG (iEMG in μVxs). TRPA1
and TRPV4 but not TRPM8 knockouts demonstrate reduced pain behavior at all tested pressure levels.
Baseline EMG activity was about equal in all mouse strains. (B) Accordingly, the respective pharmacological
blockers for TRPA1 and TRPV4 but not TRPM8 reduced VMRs at all pressure levels at the given dosage (HC
10 mg/kg, RN 1 mg/kg, AMTB 10 mg/kg). “+”indicates significance for TRPA1-/- or HC vs. WT, “#” for
TRPV4-/- or RN vs. WT (p < 0.05; 2-way ANOVA followed by post hoc LSD test). Each data point is
representative for 6–10 experiments.

doi:10.1371/journal.pone.0128242.g006
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sensitization vs. desensitization) and on the state of the TRPM8 receptor in healthy or inflamed
tissue (normal vs. sensitized vs. desensitized) which may explain contradictions between differ-
ent studies. In somatosensory neurons TRPM8 serves as a specific transducer channel for cold
stimuli, a mechanism that would involve it in mechanonociception is not known [41]. On a
higher level of nociceptive processing, in the spinal dorsal horn, input from TRPM8-expressing
cutaneous primary afferents (“cold fibers”) seems to exert antinociceptive, gate-controlling, ef-
fects in an animal model of neuropathic pain [49,50]. Accordingly, a recent paper demonstrat-
ed that TRPM8 is essential for mediating menthol’s analgesic effects in vivo in various models
of acute and inflammatory pain [51]. Genetic deletion and pharmacological inhibition of
TRPM8 would, thus, lead to disinhibition of the spinal “gate control”mechanism and result in
increased, not diminished, pain responses. However, the marked attenuation of high-pressure
stimulated CGRP release in this study rather suggests a peripheral pronociceptive role of
TRPM8. Further in vivo studies in humans have to analyze peak pressure levels in the GI tract
during digestive processes in the healthy state and under pathologic circumstances. Due to eth-
ical restrictions high pressure CRD could not be performed in mice. However, it seems likely
that TRPM8 is a promising new target for pain relief in patients with IBD and IBS for two rea-
sons. First, our in vitro studies reveal that the TRPM8 antagonist AMTB does inhibit nocicep-
tor activity (CGRP release) at high pressures to about the same degree as TRPA1 and TRPV4
antagonists did. Indeed, high-amplitude propagating contractions (HAPCs) in the human
colon were shown to reach about 160 mmHg [52]. Second, inflammatory processes (IBD) or
post-inflammatory (IBS) conditions/states of nociceptor sensitization decrease mechanical
thresholds, a mechanism that may ascribe TRPM8 an important role under
pathologic conditions.

DEG/ENaC and SAC
Amiloride is an antagonist of DEG/ENaC and ASIC channels and gadolinium unselectively
blocks SACs. However, previous publications identify both compounds to also block various
TRP channels, thus, both compounds are unable to discriminate between DEG/ENaC, SAC
and TRP-mediated effects [3,53]. In our hands both drugs reduced pressure/distension-in-
duced CGRP release to about the same degree and similar to the unselective TRP channel
blocker ruthenium red.

Noteworthy, our study does not present data that indicate that the studied TRP channels
are mechanically activated. Additionally, TRP channels are also expressed in other neuronal
subpopulations than extrinsic sensory neurons and even in non-neuronal tissue which may
both have indirect effects on our results. For example, functional TRPA1 expression was re-
cently demonstrated in intrinsic inhibitory motorneurons, mediating inhibition of spontane-
ous neurogenic contractions and transit of the colon [54]. Additionally, TRPV4 receptor
expression in colonic epithelial cells was reported to participate in intestinal inflammation
through the release of various cytokines and chemokines [55]. Our results may, thus, be influ-
enced by the effects of global, genetic null mutation or pharmacological blockage of TRP chan-
nels expressed in cells other than extrinsic sensory nerve fibers. Finally, in this study we used
the unselective TRP-channel blocker ruthenium red which is also an antagonist of murine
Piezo 1 channel, which was recently identified to be mechanically-activated [56]. Both
mechano-activated Piezo channels 1 and 2 have not yet been studied in the context of colonic
nociception, although a Piezo-blocking peptide GsMTx4, a tarantula venom ingredient, is
already available.
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Conclusion
Our results suggest that TRP receptor-channels play a dominant role in colonic mechanonoci-
ception and release of pro-inflammatory neuropeptides, and that blockage of TRPA1, TRPV4
and possibly TRPM8 may represent a therapeutic option for patients with colonic discomfort
and pain. Especially luminal/topical application of the respective TRP receptor antagonists
avoiding systemic side effects may represent an interesting novel approach to these patients.
The fact that the efficacy of either TRPA1, TRPV4 or TRPM8 (at high pressure only) block/de-
letion is about the same suggests that the TRP channels form a redundant modulating system
within the mechano-gated receptor complex. Further studies have to clarify the role of the in-
vestigated TRP channels in visceral hyperalgesia in (post-) inflammatory states such as IBD or
IBS.
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