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Abstract: Transient receptor potential melastatin 8 (TRPMS8) is a non-selective cation channel activated by cold
temperature and cooling agents. TRPMS is expressed in peripheral cold thermoreceptors and plays a fundamental role in
sensing mild, cool temperatures. In addition, cumulative evidence obtained in humans and different animals models,
combined with pharmacological and gene silencing techniques, suggest that TRPM8 may also play a role in cold
discomfort and the pathophysiology of cold pain. This article reviews the available evidence in a critical fashion. In
addition, the article reviews the possible role of TRPMS in basal tearing, cold urticaria and airway irritation. Collectively,
these results suggest that pharmacological modulators of TRPMS8 could have potential indications in a variety of
conditions, including dry eye disease, airway irritation, teeth hypersensitivity, migraine and neuropathic pain. However,
additional studies, especially in humans, are needed to verify these preliminary observations. The paucity of potent,
specific pharmacological TRPMS& antagonists available is a current limitation for further progress in this field.
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INTRODUCTION

Hypersensitivity to cold temperature, manifested
clinically as cold hyperalgesia or cold allodynia, is a
frequent, disabling, symptom in patients suffering with
neuropathic pain [1-4]. Allodynia is a term that describes
pain due to a stimulus (cold temperature in this particular
case) that does not normally provoke pain. Cold allodynia is
also evident in animal models of peripheral nerve injury [5].
In some cases, including traumatic upper extremity nerve
injuries [6] and the neuropathy associated with oxaliplatin
treatment [7], cold hyperalgesia and cold allodynia are the
most prevalent symptoms reported by patients. Like other
neuropathic symptoms, cold pain is difficult to manage, with
poor treatment outcomes. Despite rapid advances in this field
[8], it is still unclear the precise role of specific transducer
molecules in the mechanisms of cold pain [9].

In the past decade, the role of Transient Receptor
Potential (TRP) ion channels in cold temperature sensing has
been firmly established [reviewed by 10,11]. In particular,
TRPM8 and TRPA1 have been identified in two distinct
populations of peripheral sensory neurons and are thought to
play differential roles in cold sensing. The canonical view
gives TRPMS8 a critical role in innocuous, mild, cold
temperature sensing [12-14]. In contrast, the threshold of
activation, the expression within peptidergic nociceptors and
behavioural results suggest that TRPA1 is a noxious cold
sensor [15,16]. It should be noted from the start that this
dichotomy is an oversimplification: the transduction and
encoding of cold stimuli is a complex phenomenon that
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involves the operation of more than just these two ion
channels [9,17].

Transient receptor potential melastatin § (TRPMS) is a
cold-activated cation channel expressed in a small
subpopulation of peripheral sensory neurons [18,19].
TRPMBS is also activated by menthol, the natural cooling
agent present in peppermint leaves, and by other natural and
synthetic cooling compounds [20]. Activation of TRPMS8
plays an important role in thermosensation [21] and
thermosensation is a major component of the pain sensation.
Therefore, it is anticipated that thermosensitive channels,
including TRPMS, should be relevant players in pain.

The structure, expression, functional characteristics and
pharmacology of TRPMS8 channels have been extensively
reviewed in recent publications [9, 20, 22-26]. In this short
review article, we will try to avoid excessive overlap with
previous reviews, focusing instead on those aspects of
TRPMS function that are less well understood. We try to
address a very specific question: is TRPMS8 a molecular
target with therapeutic potential in the pain field? If so,
should we focus our efforts on developing specific TRPM8
agonists or antagonists? In other words, is TRPMS activation
analgesic or proalgesic? Answering this basic question may
not be as simple as anticipated. For example, in the case of
TRPV1, both, agonists and antagonists have shown
therapeutic potential in the treatment of pain [27, 28].

SOME BASIC FACTS ABOUT TRPM8 CHANNELS

In humans, the TRPMS protein is 1104 amino acids long,
with 6 transmembrane (TM) domains, a pore P-loop between
the fifth and sixth TM domains and both ends located
intracellularly. TRPMS is thought to assemble into a
tetramer, forming a non-selective cation channel with a
modest permeability to calcium. In recombinant expression
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systems, TRPMS8 is stimulated by temperatures below 25-
28°C [18]. In contrast, activation of transient receptor
potential ankyrin 1 (TRPAL), another cold-activated TRP
channel, requires lower temperatures, with a threshold below
18°C [15]. These absolute threshold values are probably not
very meaningful in vivo because many TRPMS8-expressing
cold-sensitive neurons respond to minute temperature drops
below 34°C [29-31]. As a matter of fact, mammalian cold
thermoreceptors are characterized by spontaneous firing at
normal skin temperatures, and this activity is strongly
temperature sensitive [reviewed by 32]. Both cooling and
menthol shift the voltage activation curve of TRPMS
towards more negative potentials. This effect leads to an
increase in the probability of channel opening and larger
inward currents at physiological membrane potentials [23,
31, 33]. Many antagonist have an opposite effect on voltage-
dependent gating of TRPMS [34, 35]. A number of factors
modulate the sensitivity of TRPMS8 channels to temperature
[reviewed by 22], including membrane PIP, levels [36, 37],
PKC-dependent dephosphorylation [38, 39], phospholipase
A2 activity [40], proinflammatory mediators [41] and
polyphosphates [42]. The activity of TRPMS8 is also
modulated by its specific localization within membrane
lipids rafts [43, 44] and by posttranslational modifications,
such as glycosylation [45-47]. Very little is known about
endogenous modulators of TRPMS activity [48].

Recently, Bidaux et al. reported on splice variants of
TRPMS in prostate tissue [49]. These short isoforms add
complexity to the regulation of TRPMS because they act as
dominant negative subunits, antagonizing channel opening
by cold temperature. The authors did not detect the short
isoforms of TRPMS in human dorsal root ganglia (DRG).

CHEMICAL AND FUNCTIONAL CHARACTERIS-
TICS OF TRPMS-EXPRESSING NEURONS

Good progress has been made in characterizing the
molecular and functional phenotype of TRPMS&-expressing
neurons, specially since the generation of transgenic mouse
lines that label this subpopulation of sensory neurons [50-
52].

TRPMS8 resides primarily in small diameter, non-
peptidergic (but see below), non-IB4, expressing, neurons
within the dorsal root and trigeminal ganglia [18, 19, 50, 51,
53]. Neurochemical markers suggest that TRPMS is
expressed in unmyelinated C-fibers and lightly myelinated
Ad fibers [50]. Peripheral terminals of sensory neurons
innervating the skin, tongue, teeth, colon, cornea also
express TRPMS [50-54]. More recent studies indicate that a
small fraction of TRPMS8-expressing fibers co-express
neuropetides (e.g. CGRP), both, in rodents [50] and humans
[55], suggesting that these fibers may represent a
functionally non-uniform population. Sensory neurons
expressing TRPMS8 project to superficial laminae of the
spinal cord dorsal horn, in particular to lamina I and the
outer region of lamina II, similar to the termination of
CGRP-containing fibers [50]. In cold receptor fibers,
menthol, at micromolar concentrations, causes a marked
increase in the mean firing frequency and a shift to warmer
values of the stimulus response curve [52, 56, 57].

The co-expression of TRPV1 in a fraction of TRPMS-
containing neurons, suggested by dual responses to menthol

Ferndndez-Peiia and Viana

and capsaicin [18, 58-60], has been controversial and
ascribed to culturing artefacts [15], but has been confirmed
in subsequent studies in intact fibers [50, 52, 54]. An
important study by Xing and colleagues showed that TRPMS
channels were expressed on two distinct classes of cold-
sensitive DRG neurons. One class had non-nociceptive
characteristics, including lack of responses to capsaicin and
ATP. In contrast, the other class was activated by algesic
substances (ATP, capsaicin and low pH) [61]. This was an
early indication that TRPMS& may play a role in sensing cold
pain. Furthermore, the nerve endings of TRPMS&-containing
fibers terminate in peripheral zones mediating distinct
perceptions of cold and pain, suggesting that TRPMS
expressing neurons may be responsible for a wide range of
sensory functions [50]. Another experimental strategy
documenting the degree of overlap between TRPMS and
TRPV1 comes from studies using the ultrapotent vanilloid
agonist resiniferatoxin. In rats treated systemically with
resiniferatoxin, mRNA levels for TRPV1 and TRPAI
decreased by more than 50%. In contrast, TRPMS levels
decreased only 8%, a non-significant effect [62]. Similar
results were obtained in a different study [63]. This result
suggests a low level of co-expression of TRPMS8 and
nociceptor markers.

The biophysical and pharmacological properties of the
non-selective cation currents activated by cold (Icold) found
in cold-sensitive neurons are consistent with the properties of
TRPMS&-dependent currents measured in transfected cells
[31, 64, 65]. The temperature threshold of cultured cold-
sensitive neurons is modulated by TRPMS8 expression levels
(here expression is meant in a functional sense) and by the
co-expresison of voltage-gated, dendrotoxin-sensitive, Kv1
potassium channels [66]. Interestingly, local injection of
dendrotoxin and 4-AP increased the nocifensive responses to
cold in mice, suggesting that changes in the excitability of
cold afferents could trigger cold pain [9].

About 20% of neurons in the DRG are activated by
noxious cold stimulation, producing differential biochemical
changes in TRPMS8 and TRPAl-expressing neurons [67].
About 50% of TRPMS-expressing neurons showed rapid
activation of extracellular signal-regulated protein kinase
(ERK) following a cold stimulus of 4°C. In contrast, most
TRPA1-activated neurons showed strong phosphorylation of
p38. Both kinases are activated by intracellular calcium
elevation but it is unclear what the functional consequences
of these changes are on cold-sensing neurons. In contrast,
mild cooling, sufficient to activate cold thermoreceptors, did
not result in the phosphorylation of ERK [68].

THE EXPRESSION AND FUNCTION OF TRPMS
FOLLOWING NERVE INJURY

A number of studies have investigated changes in the
expression of several TRP channels, including TRPA1 and
TRPMS, in different experimental models of chronic pain.
These models are accompanied by lasting alterations in cold
sensitivity, such as cold allodynia and cold hyperalgesia. The
results reported are quite variable, with considerable
inconsistencies in the findings.

Mice with a sciatic nerve injury responded in the acetone
test with enhanced nocifensive behaviors, and these
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responses were abolished in TRPMS8 knock out mice [14]. In
the spinal nerve ligation (SNL) model of neuropathic pain
[5] in rats, TRPMS levels, measured by in-situ hybridization
decreased in injured DRG (L5) and remained unchanged in
the neighbouring, uninjured, L4 DRG [69]. Moreover, in the
same model TRPAL1 levels increased at L4 and decreased at
L5 [69, 70]. In this model of nerve injury, the same authors
showed that antisense knock down of TRPA1 by intrathecal
delivery, but not TRPMS, alleviated cold hyperalgesia [71].
In different mice strains subject to a SNL lesion both,
TRPMS8 and TRPA1 levels decreased markedly in the
injured DRGs [72]. In the (SNL) model in rats, the
percentage of uninjured mechanosensitive C fibers
responding to strong cold (i.e 0°C) or icilin, examined in an
in vitro skin-nerve preparation, did not change significantly
[73]. In contrast, the percentage of mechanosensitive Ad-
fibers responding to cold stimulation or icilin nearly doubled
in the SNL group. Because Ruthenium Red, a blocker of
TRPA1 without effects on TRPMS, reduced icilin-induced
activity significantly, the authors concluded that the effects
were likely mediated by TRPALl. In culture, similar
increments in the percentage of cold-sensitive neurons
among uninjured afferents have been observed [73, 74]. The
increase in the percentage of mustard oil-sensitive neurons,
suggested the involvement of TRPA1 channels [70].

In the chronic constriction injury (CCI) model in rats,
TRPMS8 RNA levels showed a delayed increase (statistically
significant increase at 14 days post-CClI, but not 7 days post-
CCI surgery) in affected DRG neurons [62]. In the same
model, immunostaining revealed an increase in the
percentage of TRPMS8-immunoreactive neurons when
compared with the sham-operated group [75]. Systemic
application of capsazepine, a non-specific blocker of TRPMS
channels reduced the cold-evoked symptoms [75]. These
findings could not be reproduced in mice with CCI, and the
very opposite was found: they showed a decrease in TRPM8
and TRPA1 mRNA levels, despite persistent cold and
menthol hypersensitivity [76]. The levels of TREK-1
decreased as well. The percentage of TRPM8 and TRPA1-
expressing neurons in the DRG, measured by in-situ
hybridization, were also reduced significantly 7-14 days
following the injury. Moreover, in calcium imaging
experiments, the authors found no alterations in the number
of cold or menthol responsive neurons in the DRG [76].

In summary, we can conclude that the correlation
between behavioural responses to cold following nerve
injury and the expression of TRPMS8 or TRPA1 is generally
very poor. Moreover, a phenotypic switch in the expression
of TRPMS or TRPA1l among injured neurons is also
unlikely. Thus, to explain the persistent cold hypersensitivity
following injury we should look for alternative explanations:
modulation in the gating of other channels by cold
temperature, expression of other molecular sensors at the
peripheral level or a systems level explanation that involves
alterations in the processing of nociceptive information at
central levels. Regardless, an important caveat in most of
these studies is the fact that mRNA abundance (often just
one mRNA species was examined) may not accurately
reflect protein levels and/or ion channel function [77].
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THE ANALGESIC EFFECT OF TRPMS8 ACTIVA-
TION

Moderate cooling, the physiological stimulus of TRPMS-
expressing peripheral thermoreceptors, has clear analgesic
properties in some painful conditions (e.g. osteoarthritis)
[78-80]. Cooling the skin can produce a soothing sensation
on the background of inflammatory pain. However, these
beneficial effects of cold temperature are not necessarily
TRPMS&-mediated [81]. For example, the reduction in firing
rate of capsaicin-sensitized nociceptors produced by cooling
[82] are likely due to an antagonist effect of cold temperature
on TRPV1 channels [33, 83]. In contrast, ischemic block of
cold-specific afferent input can unmask cold-induced
burning pain [84, 85], suggestive of central interactions
between different thermosensitive inputs.

Natural agonists of TRPMS8 such as menthol, a cyclic
terpene alcohol extracted from peppermint leaves (mentha
piperita), have been used for centuries due to their analgesic,
antipruritic and counterirritant effects [86-88]. Menthol is
used in over the counter medications to treat cold symptoms
and pain in toothpastes, beverages, and also in cigarettes.
Menthol can be applied topically on the skin, as a
mouthwash, or inhaled to reduce cough or irritation of the
airways. Human psychophysical studies indicate that the
actions of menthol on sensory perception are rather complex.
In one study, the author found that application of menthol to
the human skin raised the threshold for the sensation of a
warm stimulus, without changing the threshold for heat pain
[89]. In another study, the same author found that menthol
can transiently reduce the sensory irritation produced by
capsaicin [90]. Both, cooling the skin and menthol (1%), can
relieve the sensation of itch produced by intradermal
histamine injection [91], a finding at odds with a previous
study [92].

Similar to reports in humans, behavioural responses to
topical menthol in rodents are also complex. A recent study
found that low (0.01 to 1%) and high (10-40%)
concentrations of menthol had opposite effects on thermal
preference in rats, with decreased cold avoidance at high
concentrations [93]. Proudfoot and colleagues showed that
TRPMS agonists, including menthol, relieved pain in certain
neuropathic models [94]. The main difference with the
opposite effects described by Caspani et al. (see below) is
the much higher concentration of menthol used in the later
study [76]. It is important to emphasize that these effects of
menthol are not necessarily TRPMS8-dependent since
menthol is also known to inhibit voltage-gated sodium [95,
96] and calcium channels [97], which could reduce
nociceptive  transmission. Menthol has  additional
pharmacological effects, including activation of ionotropic
GABA, receptors [98, 99]. For example, the depressant
action of menthol on respiratory rhythm generation in the
brainstem has been ascribed to a GABA s-mediated effect
[100].

In a recent study, expression of TRPMS8 was found in a
subpopulation of nociceptive afferents innervating the
colonic wall. Interestingly, activation of individual fibers by
icilin resulted in a marked desensitization to capsaicin and
also to mechanosensitive responses mediated by TRPAI
[54]. These results suggest that activation of TRPMS could
have an antinociceptive effect in visceral afferents. Indeed,
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several studies have reported on the beneficial effects of
peppermint oil in the treatment of irritable bowel syndrome
[reviewed by 101].

THE ALGESIC EFFECT OF TRPM8 ACTIVATION

In healthy volunteers, a decrease in skin temperature
from 34°C towards 0°C evokes a monotonic increase in cold
pain. However, it is worth noting that reported cold pain
thresholds vary widely across individuals and across studies:
10°C to 14°C [102], 0°C to 25.5°C [103]. Another study
reported 18% of non-responders for a stimulus of 5°C,
usually considered a severe noxious cold stimulus [104].
Although TRPMS8 would be strongly activated at these low
temperatures, they can not be considered a specific stimulus
for TRPMS-containing nerve terminals because other nerve
afferents are also activated in this temperature range, as
evidenced by recordings in TRPM8 KO mice [12, 105].
Notably, very mild cold temperatures (25-30°C) can also
evoke cold pain, a sensation termed innocuous cold
nociception [106].

Several studies, both in animal models and in humans,
have concluded that activation of TRPMS8 can produce pain
or discomfort. One potential problem with some of these
studies is the fact that involvement of TRPMS8 was deduced
solely on the actions of menthol, assuming a specific
activation of menthol on TRPMS8 when applied to the skin. If
this was the case, one would predict the absence of responses
to menthol in sensory neurons of TRPMS-deficient mice.
This expectation was only fulfilled in the study by Bautista
et al.: menthol responses were abolished in DRG neurons of
TRPMS8 KO mice, compared to 16.9% responses in wiltype
animals [12]. In contrast, in the study by Colburn and
colleagues, responses to menthol were markedly reduced but
not abolished, changing from 21% in wiltype to 4.9% of the
neurons in TRPM8 KO mice [14]. Of note, in a third
transgenic line of TRPMS-deficient animals, responses to
menthol were only 1.4%, compared to 4.2% in wildtype
DRG neurons [13], a similar ratio to the study by Colburn
despite the much lower level of responses. The clear
differences between these studies are rather puzzling
although we should not forget that in all three cases, neurons
were maintained in culture. Regardless, menthol also
activates TRPA1, a nociceptor-specific channel expressed in
sensory terminals as well [107, 108], and TRPV3, a warm-
activated TRP channel [109]. A recent study investigated the
effect of intradermal application of menthol on cold
hypersensitivity in different strains of mice. The results were
remarkable: cold hypersensitivity to menthol was abolished
in TRPA1 KO mice but developed normally in TRPM8 KO
animals [110]. Also interesting, the effect of menthol in
TRPM8 KO animals developed on the background of a
pronounced basal hyposensitivity to cold.

Sensory responses to topical menthol application to the
skin or mouth are complex. Part of the variability may
depend on concentration, site and duration of application. At
very low concentrations, menthol causes a pleasant cooling
sensation in human volunteers [l111], consistent with
activation of “classical” cold thermoreceptors [112]. At
higher concentrations (10-40%), menthol evokes variable
sensations in  humans, including coolness, warm,
spontaneous pain, cold hyperalgesia [104, 113-115] and
shifts in cold pain threshold to warmer temperatures [104,
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114, 116, 117]. Interestingly, this shift in cold pain threshold
was attenuated by topical application of capsaicin or
cinnamaldehyde [116]. Often, pain produced by menthol is
described as burning [104, 117]. Microneurographic studies
in humans show that menthol also activates cold-sensitive
nociceptors [118].

In future studies, it would be useful to test other agonists
of TRPMS8 channels rather than menthol. Alternatively, one
may consider a careful comparison of the effects of different
concentrations of menthol [93, 111]. It is questionable that a
30-40% solution of any compound (this is the concentration
of menthol used most often in human psychophysical
studies) could sustain the label of “specific agonist” in any
rigorous pharmacological study.

It is also remarkable that 30% of volunteers reported no
cold allodynia or hyperalgesia during menthol application
[104]. In a small group of neuropathic pain patients, menthol
(40%) did not aggravate pre-existing cold allodynia
symptoms; in most patients the trend was in the opposite
direction (i.e. hypoalgesia) [119]. Perhaps, menthol is having
multiple effects (e.g. excitation of TRPMS, inhibition of
Nav, etc), or is acting simultaneously on different
populations of afferents (e.g. cold-specific thermoreceptors
and polymodal nociceptors) interacting at central levels [85].
These multiple effects may balance each other in different
ways, leading to variable results.

A recent study by the group of D. McKemy nicely shows
that the importance of TRPMS8 modulation in pathological
cold pain varies in different animal models [35]. The authors
used unilateral intraplantar injections of complete Freund's
adjuvant (CFA) to mimic inflammatory pain, which results
in cold hypersensitivity that is TRPMS8-dependent [14].
Intraperiotoneal injection of 1-phenylethyl-4-(benzyloxy)-3-
methoxybenzyl(2-aminoethyl)carbamate (PBMC), a select-
ive blocker of TRPMS8 channels, reduced (but did not
abolish) responses to evaporative cooling (i.e. acetone test).
They observed similar effects of PBMC, a modest relief, in
the CCI model as well. In contrast, PBMC did not alter the
time course of cold hypersensitivity produced in the
oxaliplatin model.

In the chronic constriction injury (CCI) of neuropathic
pain, Su ef al. found that TRPMS8 expression levels increased
with a time course that matched the development of cold
allodynia [120], a finding that disagrees with the results of
Caspani et al, discussed previously [76]. Moreover, cold
allodynia increased after intrathecal application of menthol
and decreased after injection of antisense against TRPMS.
So far, this is one of the strongest indications of the
participation of TRPMS in cold-induced pain.

In the spinal nerve ligation model, the development of
cold hypersensitivity was accompanied by enhanced
responses to topical application of 1 mM icilin [73], a
TRPM8 and TRPA1 agonist. Of note, the responses to
vehicle (1% DMSO) also increased markedly above baseline
in the operated rats.

TRPMS8 AND OXALIPLATIN-INDUCED COLD HY-
PERALGESIA

Oxaliplatin is a platinum-based chemotherapeutic agent
widely used in the treatment of colorectal cancer. The



Role of TRPMS in Cold pain

administration of this drug causes multiple neurological side
effects, including acute cold-triggered paresthesias and a
chronic peripheral neuropathy characterized by mechanical
and cold hypersensitivity and minimal alterations in noxious
heat sensitivity [121]. The neuropathy is often disabling
enough to limit the dosage and the duration of the treatment,
and has a negative impact on the quality of life of many
patients treated with oxaliplatin [122]. The pathophysiologic
mechanisms underlying oxaliplatin-induced toxicity remain
unclear.

In animals models of oxaliplatin-induced neuropathy,
there have been contrasting reports on the role of TRPMS
and TRPAI in the cold hypersensitivity. One study found a
transient upregulation of TRPM8 mRNA in mice treated
with oxaliplatin [123]. Moreover, the authors showed that
i.p. injection of capsazepine, a non-specific inhibitior of
TRPMS, reduced cold-evoked responses in treated mice. The
pharmacological data obtained by Gauchan and colleagues
contrast to those obtained in another recent study. The
authors tested PBMC, a novel antagonist of TRPMS
channels, and found no effect on cold hypersensitivity in the
oxaliplatin model, despite robust efficacy in other models of
cold pain [35]. Nevertheless, allodynic responses in
oxaliplatin-treated animals were abolished in TRPM8 KO
mice, suggesting a role of these channels in the cold
hypersensitivity. In a comprehensive study performed on the
same animal model, the elevation in TRPMS levels could not
be replicated [124]. However, in behavioural experiments in
which the animals were exposed to cooling ramps from 30 to
0°C, the oxaliplatin-treated WT mice hardly tolerated
temperatures below 15 °C, while TRPMS8 ko mice showed
virtually no responses to innocuous and noxious cold
temperatures. The authors also found that ivabradine, a
specific blocker of HCN channels, also blocked the cold
hyperalgesia produced by oxaliplatin. Previously, it was
shown that TRPMS8-expressing cold receptors express high
levels of HCN1 channels and pharmacological or genetic
reduction of these channels reduced cold-evoked responses
in vivo [125]. In light of these findings, Descoueur and
colleagues concluded that cold hypersensitivity was due to
molecular remodelling of TRPMS-expressing cold
nociceptors that became more excitable following oxaliplatin
treatment. Altogether, these studies suggest an important role
of TRPMS8 channels in the cold sensation during the
oxaliplatin-induced neuropathy. Balancing these observa-
tions are other studies that suggest fundamental roles of
TRPA1 [126] and Navl.6 channels [127] in cold
hypersensitivity following oxaliplatin treatment.

TRPMS8 AND OROFACIAL/DENTAL PAIN

Orofacial pain is common in several pathological
conditions affecting the sensory branches of the trigeminal
nerve. They include many different disorders, such as pain
secondary to endodontic procedures, sinusitis, posherpetic
neuralgia and trigeminal neuralgia [128, 129]. Typical of
many chronic orofacial pain conditions is the presence of
cold hypersensitivity [130]. Cold hyperalgesia has also been
described in animal models of trigeminal neuropathic pain
[131]. TRPMS8 channels are expressed in many cold-
sensitive trigeminal neurons [18, 132] and trigeminal nerve
endings [50] but their specific involvement in trigeminal
cold pain is unknown at present.
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Exposure of dentin, resulting from the erosion of the
tooth enamel by caries, mechanical and chemical (e.g. acidic
beverages) abrasion or gingival retraction can cause a form
of localized sharp tooth pain known as tooth
hypersensitivity. This  hypersensitivity is commonly
triggered by cold temperatures within the oral cavity (e.g. a
cold drink) but it is still unclear how healthy and injured
teeth detect cold temperatures. Proposed mechanisms
include fluid movement within dentinal tubules that result in
mechanical activation of intradental afferents (hydrodynamic
theory), direct activation of trigeminal afferents within the
internal dentin layer by cold and sensory responses mediated
by odontoblasts [133], the dentin-producing cells at the
pulpal-dentinal border [134].

Intradental A and C fibers respond to rapid cooling of the
dentin surface. Functional analysis of dental primary afferent
neurons in rats revealed the expression of three TRP
channels involved in thermo sensation: TRPV1, TRPMS8 and
TRPA1 [135]. Moreover, an important expression of the
TTX-resistant Navl.8, a sodium channel implicated in
noxious cold transduction [136], was also found. In this
study, some of the TRPMS positive neurons co-localized
with TRPV1, suggesting that nociceptive cold pain could be
mediated by TRPMS.

Human odontoblasts express thermosensitive ion
channels, including TRPV1, TRPAl and TRPMS [137].
Moreover, these cells responded to cold, icilin,
cinnamaldehyde and menthol with intracellular calcium
elevations [137]. Pharmacological and gene silencing studies
suggested the participation of TRPMS8 and TRPA1 in these
cold-evoked responses. In contrast, mouse and rat
odontoblasts  express several thermosensitive and
mechanosensitive TRP and K2p channels, but lack TRPA1
and TRPMS [138, 139].

Pulpitis, the inflammation of the tooth pulp, can also
trigger neuroplastic changes and sensitization of trigeminal
nociceptors, resulting in cold hyperalgesia. In patients
diagnosed with irreversible pulpitis, and suffering from cold
hyperalgesia, a semiquantitative study showed that the
axonal area labelled with TRPMS8 pulpal nerves was reduced
when compared with normal molar teeth [140]. It should be
noted that TRPMS labelling was missing from the fine axon
terminals within the odontoblastic layer, where activation by
a cold stimulus seems most likely. In a rat model of tooth
injury exposing the pulp, the levels of TRPA1 protein in the
trigeminal ganglion increased transiently following injury
[141]. This is rather remarkable, considering that neurons
innervating the injured teeth must represent a minimal
percentage of the total within the trigeminal ganglion.

TRPMS8 AND MIGRAINE

Migraine is a highly prevalent, episodic neurological
disorder affecting most commonly women and characterized
by severe headaches that are often associated with autonomic
symptoms (e.g. nausea) and sensitivity to light and sound.
Recently, in a genome wide association study, a TRPMS8
gene variant was associated with increased susceptibility to
common migraine [142]. Interestingly, TRPMS& was linked
to migraine in women only. Although intriguing, it is not
clear whether the association between TRPMS and migraine
is causal and what the pathophysiological mechanism is. One
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could speculate that TRPMS activity is antinociceptive for
migrane and is depressed below a critical threshold in
migrane sufferers. In this context, it is also worth mentioning
that two recent studies provided a clear link between the
activity of TRPA1 and two models of headache [143, 144].

TRPMS8 AND DRY EYE DISEASE

The eye surface is innervated by functionally distinct
subtypes of trigeminal peripheral nerve endings activated by
different physicochemical stimuli. A fraction of these
terminals is activated by cold and menthol, suggesting the
expression of TRPMS on their surface [145-147]. Topical
application of menthol (200 uM) to human eyes produced a
transient sensation of ‘freshness’ often followed by a feeling
of warmth. Interestingly, menthol led to the disappearance of
thermal sensations of the cornea stimulated with cold air
[147].

Dry eye disease is a common ophthalmological problem,
particularly in the elderly, characterized by a dryness
sensation of the eyes that leads to persistent ocular
discomfort and can also decrease visual function [148]. The
aetiology and mechanisms involved in dry eye disease are
uncertain but ultimately converge on alterations in the tear
film that protects the corneal surface [149, 150]. A recent
study found a fundamental role of TRPMS8 activation in
regulating basal tear secretion in mice [52]. Moreover, tear
production in human volunteers was also regulated by
corneal surface temperature — basal tearing rate was
significantly lower at 43°C than at 18-20°C. This basal
tearing is crucial to maintaining ocular surface wetness.
Mechanistically, cold-sensitive corneal afferents expressing
TRPMS give rise to the afferent limb of the basal tearing
reflex [52]. They detect small temperature variations on the
corneal surface, for example, secondary to tear evaporation.
Another recent study provided additional pharmacological
evidence for the presence of TRPMS in corneal afferents in
rats [151]. These findings open new possibilities for the
treatment of dry eye disease with TRPMS8 agonists [152].
Other related diseases that are accompanied by dry mucosal
surfaces, including burning mouth syndrome and vaginal
dryness may also benefit from these observations.

TRPMS IN THE AIRWAYS

The upper and lower airways are constantly exposed to
changes in temperature during the flow of air in and out of
the lung. Airways are densely innervated by sensory termi-
nals that participate in important reflexes (e.g. coughing,
sneezing). Some of these afferents are activated by cold tem-
perature and by menthol, suggesting the expression of
TRPMS [153-155].

TRPMBS is also expressed in human bronchial epithelial
cells and the activation by cold or menthol increases mucin
secretion and inflammatory cytokines by a TRPMS-
dependent mechanism [156, 157]. Expression in the bron-
chial epithelial cells is restricted to a short variant that is
localized primarily within the endoplasmic reticulum [157].

Menthol has been used for decades as a flavorant in ciga-
rettes. This practice has generated a strong debate between
the tobacco industry, academic researchers and legislators
because of the possible influence of menthol on smoking
initiation [158]. According to some studies, menthol could
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facilitate the smoking behaviour by reducing the perceived
harshness and/or bitterness of inhaled tobacco smoke. In a
recent study, using plethysmography in mice, it was shown
that inhaled menthol had potent counterirritant properties on
the effects produced by acrolein, acetic acid and cyclohex-
anone, three airway irritants present in cigarette smoke
[159]. The authors concluded that the counterirritant effects
of menthol were likely mediated by activation of TRPMS
channels. The authors reached this conclusion based on the
effects produced by AMTB, a specific TRPMS8 antagonist
[160]. However, the effects of AMTB were significant but
discrete, with only a mild suppression of the counterirritant
effects produced by menthol. To unambiguously demon-
strate the contribution of TRPMS channels to the counterirri-
tant effects of menthol it would have been useful to test the
effects on TRPMS-deficient mice. If confirmed, these find-
ings suggest that TRPMS8 agonists could be useful in the
treatment of chemically-induced airway irritation. As men-
tioned previously, menthol is known to have inhibitory ac-
tions on voltage-gated calcium [97, 161] and sodium chan-
nels [96] expressed in primary sensory neurons and both
effects may also contribute to the inhibition of excitability of
airway chemosensitive terminals. Interestingly, the same
study found that menthol metabolites produced a mild form
of irritation by activation of TRPA1 channels.

TRPMS8 AND COLD-INDUCED URTICARIA

Cold-induced wurticaria is a rare skin condition
characterized by erythematous, pruritic weals following
exposure to cold stimuli. Systemic shock and hypotension
after immersion in cold water represent a potentially life-
threatening situation in these patients. There are acquired and
familial forms of the disease and the pathogenesis is poorly
understood. Activation of mast cells by an anti-IgE
dependent mechanism is thought to play a role [162]. A
recent study suggested the participation of TRPMS in cold-
induced urticaria [163]. The authors documented the
expression of TRPMS8 in RBL-2H3 cells, a rat basophilic
leukemia mast cell line. Moreover, application of menthol or
cold stimuli produced a dose-dependent release of histamine
from these cells. In contrast, a study performed on humans
found no evidence of TRPMS8 expression in mast cells [164].
Also, these cells did not degranulate in response to cold or to
application of TRPMS8 agonists (menthol and WS-12).
Finally, cutaneous anaphylactic responses and the activation
of mast cells from TRPMS-/- mice were similar to WT,
strongly suggesting that TRPMS plays no role in the
induction of cold-induced urticaria [164].

TRPA1 AND COLD PAIN

Although this review focuses on the role of TRPMS in
cold pain, we should briefly discuss the possible role of
TRPA1 in cold nociception, a controversial issue in the
literature [reviewed by 165]. As already indicated, TRPA1
was originally identified as a TRP channel activated by
noxious cold [15]. Subsequent characterization of TRPAI
KO mice resulted in conflicting results as far as cold sensing
deficits [16, 166, 167]. TRPA1l is now recognized as a
critical chemosensor in nociceptor terminals [reviewed by
168], co-expressed with TRPV1, activated by bradykinin and
important for the detection of many chemical irritants and
oxidants [167, 169, 170]. Other studies suggest a role of
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TRPA1 in somatic and visceral mechanosensation [171-
173].

Recently, a TRPAl gain of function mutation was
identified in a Colombian family [174]. Affected individuals
manifest an episodic pain syndrome triggered by physical
stress, including fasting, fatigue and cold. Psychophysical
quantitative sensory testing did not reveal alterations in cold
pain thresholds. In contrast, the mutant channel, with a point
mutation in the S4 transmembrane segment, showed greater
activation by cold temperature, characterized by larger shift
in the activation curve towards negative potentials compared
to wildtype channels.

In our opinion, TRPA1 does not play a significant role in
acute noxious cold sensation by somatic sensory neurons
innervating the skin [175]. Most findings in the literature are
consistent with this view. In healthy volunteers, application
of cinnamaldehyde to the skin does not evoke cold
sensations, rather it evokes burning pain and reduces the
threshold for heat pain [116]. Moreover, cinnamaldehyde
(10%) does not affect cold pain thresholds in humans [114]
and mustard oil, another TRPA1 agonist, does not sensitise
spinal dorsal horn neurones to peripheral noxious cold
stimulation [176]. In vivo, cold fibers are not modulated by
TRPA1 agonists or antagonists (i.e. RR) [177]. Systemic
treatment of adult mice with resiniferatoxin, an ultrapotent
vanilloid agonists, destroyed TRPVI/TRPA1 expressing
nociceptors. Surprisingly, these animals showed a significant
hyperalgesia to cold [63]. Compared to the action of various
chemical agonists, the activation of TRPA1 by cold
temperature is very modest [66, 178]. However, some human
studies suggest a possible role of TRPA1 in cold sensation.
For example, application of TRPA1 agonists to the tongue
induces a brief cold hyperalgesia [179].

In contrast to most evidence against a role of TRPA1 in
physiological noxious cold sensing, this channel is clearly
involved in mediating cold hypersensitivity after
inflammatory or neuropathic nerve injury [126, 180, 181]. In
line with this view, intrathecal delivery of antisense
oligodeoxynucleotides or TPRA1 antagonists has no effect
on cold-evoked behaviours in normal animals but reduces
the cold hypersensitivity seen after nerve injury [71] or
inflammation [180, 182]. Whether this activation is direct or
involves intracellular mediators (e.g. calcium -elevations)
remains unclear [16, 183]. Notably, many visceral neurons in
the vagus nerve are cold-sensitive by a TRPA1-dependent
mechanism [184]. Regardless of the role of TRPAI in
physiological cold transduction, TRPA1 modulators have
promising potential in the treatment of pathological cold pain
[185].

CONCLUDING REMARKS

A couple of years ago we compared the therapeutic
prospects of TRPMS8 channel modulators in the treatment of
cold pain to the tip of a floating iceberg, showing some
promise but with much of this potential still hidden beneath
the surface [22]. Rather than melting, this promise appears to
be gaining strength. Research published mostly in the last
two years indicates that TRPMS8 could be involved in the
development of cold hyperalgesia in different diseases and
syndromes. The diverse neurochemical phenotype of
TRPMS-expressing neurons, the wide range of thermal
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thresholds and the behavioural results of TRPM8 KO mice
do indeed suggest a role for TRPMS in cold pain. Thus,
TRPM8 could play dual actions, being analgesic or
proalgesic depending on context, peripheral territory and
degree of activation. Part of the problem, limiting the
conclusive power of the published studies, resides in the fact
that most conclusions regarding the role of TRPMS in cold
nociception are based on studies that used pharmacological
tools that are no longer considered specific for TRPMS8. For
example, topical application of menthol to the skin evokes
spontaneous sensations of pain in humans [113,114] and
activates cold-sensitive nociceptors [118]. However, it is
clear now that menthol can also activate other nociceptor-
specific channels, like TRPA1 [107], limiting the conclusive
power of the aforesaid studies.

On the other hand, activation of cold-sensitive
thermoreceptors could also alleviate some forms of pain, itch
and airway irritation. Another interesting development is the
realization that cold-sensitive and menthol-sensitive
afferents play important roles in disorders that may not be
categorized as strictly painful, such as eye discomfort and
dry eye disease. In the future, these may represent novel
therapeutic applications for TRPM8 modulators

Currently, one limitation from the experimental and the
clinical point of view is the paucity of specific TRPMS
antagonists available, although things may change rapidly if
one reviews the patent literature. Once more compounds
enter clinical trials, the value of TRPMS antagonists in
different pain conditions will be clarified. Finally, the
possible adverse effects of these compounds on
thermoregulation should not be overlooked [35, 186, 187].
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