Neurosci. Bull. February, 2018, 34(1):120-142
https://doi.org/10.1007/s12264-017-0200-8

WWW.neurosci.cn

® CrossMark

www.springer.com/12264

REVIEW

Regulation of Pain and Itch by TRP Channels

Carlene Moore' - Rupali Gupta' - Sven-Eric Jordt? - Yong Chen'® -

Wolfgang B. Liedtke'?

Received: 17 August 2017/ Accepted: 27 October 2017/ Published online: 27 December 2017
© Shanghai Institutes for Biological Sciences, CAS and Springer Nature Singapore Pte Ltd. 2017

Abstract Nociception is an important physiological pro-
cess that detects harmful signals and results in pain
perception. In this review, we discuss important experi-
mental evidence involving some TRP ion channels as
molecular sensors of chemical, thermal, and mechanical
noxious stimuli to evoke the pain and itch sensations.
Among them are the TRPA1 channel, members of the
vanilloid subfamily (TRPV1, TRPV3, and TRPV4), and
finally members of the melastatin group (TRPM2, TRPM3,
and TRPMS). Given that pain and itch are pro-survival,
evolutionarily-honed protective mechanisms, care has to be
exercised when developing inhibitory/modulatory com-
pounds targeting specific pain/itch-TRPs so that physio-
logical protective mechanisms are not disabled to a degree
that stimulus-mediated injury can occur. Such events have
impeded the development of safe and effective TRPV1-
modulating compounds and have diverted substantial
resources. A beneficial outcome can be readily accom-
plished via simple dosing strategies, and also by incorpo-
rating medicinal chemistry design features during
compound design and synthesis. Beyond clinical use,
where compounds that target more than one channel might
have a place and possibly have advantageous features,
highly specific and high-potency compounds will be
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helpful in mechanistic discovery at the structure-function
level.
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Introduction

Pain and itch are vital, survival-enhancing mechanisms that
protect from harm that potentially threatens organismal
integrity, survival, and the ability to generate offspring.
Pain and itch have unique behavioral responses. Pain-
related behavior and activation of the neural pathways
dedicated to sensing harm involve acute withdrawal or
other protective behaviors. Conversely, itch is an irritating
sensation that leads to a scratch reflex, bringing attention to
the affected area so as to remove puritogens and bring
temporary relief [1]. Itch and pain are distinct sensations
that both rely on a nervous system with dedicated sensory
subdivisions that interact.

Itch can be classified as either acute or chronic. Acute
itch serves an important protective function as a sentinel
against potentially harmful external agents such as insects,
toxic plants, and other irritants, while at the same time, via
the scratching component, removing the offending agent.
On the other hand, chronic itch accompanies a number of
skin diseases such as atopic dermatitis and dermatitis
herpetiformis, as well as systemic conditions, including
hepatic cholestasis, diabetic neuropathy, kidney failure,
and lymphomas. Itch-sensitive neurons are divided into
mechano-insensitive and mechano-sensitive C-fibers acti-
vated by pruritogens [2].
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Pain is thought to be dominant to itch as painful stimuli
relieve itch [1]. Pain with a unique conscious sensation that
can be described is, by definition, exclusively human. In
humans, there are numerous pathological conditions, such
as diabetes, viral infections, metabolic, toxic, and traumatic
nerve damage, and inflammation of neural structures,
which can produce unrelenting pain that can be viewed as
one form of pathological pain. Of note, pathological pain
can also manifest as purely episodic, e.g. migraine or
cluster headaches, trigeminal neuralgia, and peripheral or
visceral neuralgic pain, in which inter-episode pain is
minimal or absent, interrupted by subjectively disruptive to
destructive episodes/ attacks of pain.

A gene family involved in pain sensory function is the
transient receptor potential (TRP) channel super-family.
This family is made up of ion channel proteins that
function as non-selective cation-permeable channels, vir-
tually all of which (28 in mammals) conduct Ca’" [3]. In
general, TRP channels have fascinated researchers, clini-
cians, drug developers, and generally-interested scholars
because they function as molecular sensors of multiple
physical and chemical stimuli, including changes in pH,
chemical irritants including pungent peppers, wasabi,
mustard, and menthol, as well as thermal, mechanical,
osmotic, and actinic (radiation) cues. The TRP super-
family is composed of 28 members divided into six
subfamilies, classified as canonical (TRPC), vanilloid
(TRPV), ankyrin (TRPA), melastatin (TRPM), polycystin
(TRPP), and mucolipin (TRPML) [4]. Reflecting on the
acronym, it has also been proposed that TRP could refer to
“targeted relief of pain”. We propose here the “P” to be
ambiguous and to stand for pain or pruritus.

TRP channels, now elucidated as several high-resolution
cryo-EM structures, consist of four subunits, each contain-
ing six transmembrane segments (S1-S6). A domain
between S5 and S6, containing a hydrophilic loop, forms
the ion-conducting pore and the selectivity filter [5, 6]
(Fig. 1). The most highly variable regions within TRP
channels are the carboxyl and amino terminal ends. The
ankyrin repeat domain is located within the amino terminus
of TRP channels. However, the TRP box, which is a
conserved six amino-acid sequence in the TRPC, TRPM,
TRPA, and TRPV subfamilies, is located at the carboxyl
terminus. Several studies have shown that this region is
important for ligand binding. In addition to the ankyrin
repeat and TRP box domains, TRP family members contain
other domains, including the Ca®'-binding EF-hand
domain, PDZ domains that anchor the receptor proteins
in the membrane to cytoskeletal components, or a NUDIX
(hydrolase of a nucleoside diphosphate linked to some
other moiety, X) domain. These domains are found in
various TRP family members [7]. Diversity in their domain
structure indicates that TRP channels may form complexes

with multiple proteins involved in different cellular
processes, facilitating their participation in many signaling
processes.

Twenty years after the first description of TRPV1 as the
first family member with a postulated and later verified link
to pain (followed by TRPV4, 3 years thereafter), the
evidence has become increasingly robust that TRP chan-
nels function in physiological and pathological pain. In this
review, we elaborate on relevant highlights related to the
TRPA, TRPM, and TRPV subfamilies and the roles of their
members in both physiological and pathological pain as
well as in itch. In addition, we propose to refer to the TRP
ion channels involved in pain transduction and transmis-
sion as a functional subfamily of “pain-TRPs”, following
the previously-claimed functional subfamilies of “thermo-
TRPs”, and “mechano-TRPs” previously coined by one of
us [8], and likewise refer to TRP ion channels involved in
itch as “itch-TRPs”.

TRP Ankyrin Subfamily

The TRPA subfamily is named for the large number of
ankyrin repeats in the cytosolic N-termini of its members.
The mammalian genome contains a single TRPA gene,
TRPAT1 [9]. The TRPAL protein has 14 ankyrin repeats and
forms a nonselective cation channel permeable to Ca®™
[10, 11]. TRPATI channels are highly expressed in periph-
eral nociceptors, some studies reporting additional sites of
expression. TRPAL is functionally involved in a variety of
physiological or cellular processes in humans [12-14]
including nociception, especially in response to chemical
irritants, itch, neurogenic inflammation, and potentially
thermosensation [13, 15-19], and may affect the immune
system and vascular function [11].

TRPAI is a Universal Chemo-Irritant Receptor Involved
in Neuropathic Cold-Pain

TRPAL is a polymodal nocisensor gated by a wide range of
chemical irritants. It is present in a subpopulation of Ad-
and C-fiber nociceptive neurons in dorsal root, trigeminal,
and vagal (nodose or jugular) ganglia. TRPAI is activated
by pain-inducing natural products, including mustard oil
(allyl isothiocyanate), the pungent ingredient in mustard,
wasabi, and horseradish, cinnamaldehyde from cinnamon,
and pungent compounds in garlic (allicin) and onions
(diallyl disulfide) [17, 20-22]. These natural products
evoke pain-related behaviors in animals, and pain and
irritation in humans (Fig. 1). The chemical reactivity and
structural diversity of these compounds suggest that
TRPA1 does not fit into the mold of the traditional
definition of a pharmacological receptor, but may in fact be
a chemical reactivity detector, acting as a chemical
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Fig. 1 TRP channels involved in the regulation of pain and itch.

warning sensor that translates chemical reactivity into a
pain signal. Indeed, reactive cysteine residues in the
intracellular N-terminal domain of TRPA1 are essential
for the majority of electrophilic agonists to gate the ion
channel [23, 24]. More recent studies have discovered
additional sites within the ion channel protein, including
lysine residues, that also contribute to reactivity detection
[24-26]. TRPAI1 is also sensitive to non-reactive irritating
natural products, including carvacrol (from clove), thymol
(from thyme), gingerol (from ginger), and menthol (mint)
[27-29].

Chemosensory nerve endings in the cornea, nose, and
larynx constantly monitor the environment for airborne
chemical threats, which initiate defensive reflexes such as
lachrymation, sneezing, and coughing. The upper and
lower respiratory tract are innervated by primary afferent
C-fibers and Ad-fibers. The airway-innervating trigeminal
and vagal ganglia show appreciable TRPA1 expression
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[20, 30-32]. A significant number of airborne chemicals
including industrial pollutants, but also natural substances,
induce airway irritation by activating sensory neurons
innervating the lung/airway in a TRPA1-dependent manner
[28, 33-36]. TRPA1 expressed in airway-innervating
neurons mediates acute irritation responses to tobacco
smoke and smoke from fires, activated by the smoke
irritants acrolein and croton aldehyde [28, 32, 36-38].
The most potent TRPA1 agonists identified so far are
tear gas agents such as 2-chloroacetophenone and
2-chlorobenzalmalononitrile that activate TRPA1 in the
low nanomolar or picomolar range [39, 40]. TRPAI-
deficient mice lack acute nocifensive responses to these
extremely painful agents [40]. TRPAL is also sensitive to
oxidizing chemical exposure, including chlorine gas,
hydrogen peroxide, and ozone [32, 34]. Respiratory reflex
responses to such exposure are absent in TRPA1-deficient
mice [32, 34]. TRPA1 activity also contributes to the
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toxicological effects of particulates and metals such as
zinc, cadmium, and copper, underscoring the essential role
of TRPALI in the detection of toxic environmental agents
[41-43]. Airborne environmental exposure to contaminants
such as ozone, particulates, and acrolein affect cardiovas-
cular function even at very low levels, initiating changes in
blood pressure and heart rate. TRPA1 activation by inhaled
diesel exhaust and acrolein has been demonstrated to
initiate cardiac arrhythmia in mice and rats, likely through
changes in vagal sensory-autonomic control of cardiac
function [44, 45].

While the function of TRPA1 as a chemosensor is firmly
established, its role in thermal sensing remains a matter of
debate. In mammals, exposure to temperatures below
~ 15 °C can elicit pain. TRPA1 was initially identified as
a sensor for noxious cold; however, this study under-
reported the prevalence of TRPAIl-expressing sensory
neurons that turned out to be much larger than the
population responding to noxious cold [20, 46]. Studies
in TRPA1-deficient mice have reported contradictory data,
some finding no difference in noxious cold-induced
nocifensive behavior [36, 47-49], and also when TRPA1
expression is specifically ablated in sensory neurons or
inhibited by a selective antagonist [50, 51]. The complete
ablation of TRPAI-expressing sensory neurons does not
change the sensitivity of trigeminal nerves to cold [52].
Other studies have detected diminished responses to cold
stimuli in TRPA1-deficient mice; however, the mice had
been exposed to freezing temperatures that may have
damaged tissue and induced inflammation [13, 53]. The
thermal sensitivity of TRPAI is clearly species-specific,
some reports finding that human and other primate
orthologs lack cold sensitivity, while others finding bi-
modal (cold and heat) sensitivity [12, 54-56].

TRPAI1 channels are highly sensitive to Ca**, which has
bimodal effects on channel function. Ca*™ potentiates and
activates TRPA1, but is also essential for TRPA1 desen-
sitization and can be indirectly regulated by G protein-
coupled receptors (GPCRs), such as bradykinin receptors
and proteinase-activated receptors (PAR2) or CGRP-
signaling [57].

Less controversial is the role of TRPA1 in the cold
allodynia associated with inflammatory and neuropathic
conditions, including chemotherapy-induced neuropathies
after treatment with platinum or taxol therapeutics
[25, 58-61] In this case, TRPA1 may serve as an amplifier,
increasing the excitability of cold-sensitive neurons
[58, 62]. A proposed mechanism involves reactive oxygen
species (ROS) signaling induced by cooling [63]. Inhibi-
tion of hydroxylation of a proline residue in a human
TRPA1 N-terminal ankyrin repeat either by mutation or
using a prolyl hydroxylase inhibitor potentiates the cold
sensitivity of TRPA1 in the presence of hydrogen peroxide.

The same study showed that inhibiting prolyl-hydroxylase
in mice triggers TRPA1 sensitization which is sufficient to
sense cold-evoked ROS, hence causing cold hypersensi-
tivity. Furthermore, this mechanism is thought to underlie
the acute cold hypersensitivity induced by the chemother-
apeutic agent oxaliplatin or its metabolite oxalate [63].

TRPAT has also been implicated in diabetic neuropathic
pain, caused by chronic reactive chemical stress due to
metabolic imbalance. In rodent models, TRPA1 inhibitors
have been shown to protect nerves from peripheral
degeneration and reduce nocifensive responses [64, 65].
Methyl glyoxal, a reactive metabolic product that is
increased in diabetics, is a TRPAI agonist that may
contribute to chronic heightened channel activity, leading
to increased pain sensation, Ca’t overload, and subsequent
peripheral degeneration [66, 67].

TRPAI in Inflammatory Pain

TRPAI1 sensitization leads to hyperalgesia in response to
various stimuli. Its pathophysiological role in inflammation
is based on its ability to activate in response to various
mediators and metabolites produced under inflammatory
conditions. Pro-inflammatory mediators released from non-
excitable cells include ATP, bradykinin (BK), prostaglan-
dins, leukotrienes, histamine, tumor necrosis factor-o,
interleukin-1f (IL-1p), proteases, and glutamate.

BK indirectly activates TRPA1 channels to mediate pain
and the inflammatory response. This requires BK to
interact with its receptor (B2R), which further activates
the phospholipase C (PLC)-dependent signaling pathway
and promotes phosphatidylinositol 4,5-bisphosphate (PIP,)
hydrolysis to produce inositol triphosphate (IP;) and
diacylglycerol (DAG). Both lipids IP; and DAG can
activate TRPA1 [17]. Trpal_/ ~ mice have reduced thermal
and mechanical pain responses to intraplantar injection of
BK or allyl isothiocyanate [36].

Agents such as Complete Freund’s Adjuvant (CFA) are
widely used to evoke inflammatory pain equivalents in
preclinical models. This leads to increased expression of
TRPAI in dorsal root ganglion (DRG) neurons [30].
Furthermore, the TRPA1 antagonist HC-030031 reduces
nocifensive behaviors induced by paw injection of formalin
and suppresses mechanical hyperalgesia in the CFA model
of inflammatory pain [68].

Human TRPAL1 is also activated by acidosis which
occurs in tissue ischemia such as myocardial infarction or
peripheral vascular occlusive disease [69]. However, initial
attempts to combat acidosis-evoked pain by targeting
TRPAI1 have not been met with success in humans [70].
Ischemia leads to an increase in ROS generation which
results in the formation of reactive carbonyl species like
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4-hydroxynonenal and 4-oxononenal, which act directly on
TRPA1 [71, 72].

Recent studies suggest that TRPA1l may also be
expressed in non-neuronal tissues. The strongest evidence
for non-neuronal expression was provided by studies on
intestinal enterochromaffin cells that respond to a TRPA1
agonist with the release of serotonin that, in turn, activates
underlying sensory nerve endings, a mechanism regulating
gastrointestinal motility [73, 74]. TRPA1 expression has
also been reported in some permanent cell lines, including
mast cells, fibroblasts, and epithelial lines. Quantitative
PCR studies have shown that neuronal transcript levels are
at least several orders of magnitude higher than those in
extra-neuronal tissues, making validation of extra-neuronal
expression in other organs difficult [75]. Tissue detection
of TRPAI is also hampered by the poor specificity and
validation of the available antibodies, and the non-specific
effects of the chemically-reactive TRPA1 agonists. Recent
studies using strategies to specifically ablate TRPAI
expression in sensory neurons have recapitulated most of
the findings from global TRPA1-deficient mice, including
the absence of acute and inflammatory pain modalities and
hypersensitivity responses, suggesting that neuronal
TRPA1 accounts for most of the TRPAI-dependent
physiological mechanisms [51, 52, 76]. However, as in
the case of enterochromaffin cells, the expression of
TRPAL in small cell populations may be difficult to detect.
Additional sites with reported TRPA1 expression are
melanocytes, odontoblasts, insulin-producing B-cells of
the islets of Langerhans in the pancreas, and vascular
endothelial cells. Via its endothelial expression, TRPA1
might regulate vascular tone, and might also play a role in
the development of atherosclerotic disease [77].

Trigeminally-mediated pain involving TRPA1 channels
could be relevant to the pathogenesis of headaches,
especially migraine pain. TRPA1 channels have been
shown to signal in response to the plant-derived headache-
and migraine-inducing volatile compound umbellone,
derived from the “headache tree”, Umbellaria californica
[78, 79]. Since migraine is thought to occur when
meningeal trigeminal nerves are activated, intraganglionic
signaling between nasal airway-innervating and meningeal
trigeminal branches would be a prerequisite [80]. Such a
mechanism has been proposed for other environmental
irritants that trigger headaches, including acrolein, the
TRPAI1 agonist in smoke and air pollution. Extended
inhalational exposure of mice to acrolein has been shown
to increase meningeal vascular blood flow, supporting such
a mechanism [81, 82]. A common pro-migraine pathogenic
mechanism is the release of calcitonin gene-related peptide
(CGRP) from primary trigeminal sensory neurons, known
to be triggered after TRPA1 activation [83]. CGRP is a
strong meningeal vasodilator, increasing blood flow, and is
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a target of a novel antimigraine treatment successfully
tested in clinical trials. Several clinically-effective antimi-
graine medicines, including herbal compounds such as
petasin and parthenolides, have been shown to modulate
TRPAI channels, implicating TRPA1 as an important
contributor to migraine and headaches, and as an additional
target for innovative migraine drug development [83—-86].

The pro-inflammatory actions of TRPA1 extend beyond
pain. Recent studies suggest that TRPA1 is involved in
inflammatory pathology of the respiratory system, includ-
ing allergic and chemically-induced asthma and smoking-
induced inflammation [37, 87, 88]. TRPA1 inhibitors, or
deletion of the TRPA1 gene, strongly reduce asthmatic
airway contractions and pulmonary inflammation in mice
and rats allergic to the experimental allergen, ovalbumin
[87].

Animal studies have revealed that the combined role of
TRPALI as a pain transducer and regulator of inflammation
extends to many other inflammatory pain conditions,
including arthritis and gout [89-91]. The gastrointestinal
tract is also innervated by TRPA1-expressing nerve fibers.
Here, TRPA1 plays a prominent role in acute mechanical
distension pain of the colon and in gastrointestinal
inflammatory pain and hypersensitivity during pancreatitis
as well as in esophagitis due to chemical injury or allergic
sensitization [92—-103]. A recent study of colonic pain
mechanisms reported that capsazepine desensitizes colonic
afferents after the induction of colonic inflammation, yet
this process is surprisingly independent of Trpvi, and
apparently functions via the desensitization of TRPAI1
expression in sensory neurons innervating the colon. In
visceral pain of the colon and pancreas, there appears to be
a particular synergy between TRPV4 and TRPA1 (see also
the section on TRPV4 below) [104].

TRPAI in an Inherited Episodic Pain Syndrome and Other
Forms of Pain

The discovery of a human gain-of-function mutation in
TRPA1 has greatly validated the role of TRPA1 as a “pain-
TRP”. This missense mutation is associated with a familial
episodic pain syndrome [105] which is characterized by the
presence of severe pain in the upper body accompanied by
breathing difficulty, tachycardia, sweating, generalized
pallor, and stiffness of the abdominal wall [105]. These
painful episodes are more likely if a carrier of the mutation
has experienced a challenge through fasting, fatigue, and
exposure to cold and/or physical stress. Up to this point,
among the entire TRP superfamily of channels, this
hereditary pain syndrome caused by a gain-of-function
point mutation in TRPA1 is the only TRP-channelopathy in
humans associated exclusively with pain.



C. Moore et al.: Regulation of Pain and Itch by TRP Channels

125

This mutation is located in the linker region that
connects transmembrane segments 4 and 5, thus intracel-
lularly, where substitution of the asparagine 855 by a serine
(N855S) changes the voltage-dependence to more negative
potentials, thus increasing TRPA1 activity without modi-
fying its affinity for some activators [105, 106].

Interestingly, the N855 position in TRPA1 has been
shown to be involved in the inhibitory action of the TRPA1
antagonist HC-030031 in species-selectivity studies of
human versus frog TRPA1 [107]. This raises the question
of the correlation between the mutated amino-acid associ-
ated with human disease and the amino-acid changes found
in frog TRPA1 and zebrafish TRPA1b, both of which are
insensitive to HC-030031. Evolutionary comparison and
these structure-activity-pharmacology studies suggest that
N855 in human TRPA1 is a potential high-priority target
for developing effective TRPA1-modulating compounds.

The study reporting the N855 mutation in inherited
episodic pain syndrome also noted that patients experience
breathing difficulties during painful episodes [105]. While
no further details were provided, this finding suggests that
TRPA1 may be involved in respiratory control and,
potentially, in asthmatic responses. This function has been
further supported by a large longitudinal study that found
several polymorphisms in the TRPA1 gene to be associated
with childhood asthma [108].

Adding further weight to the concept that TRPAL is a
pain-TRP in humans, the human TRPAI gene was found to
have methylation differences in identical twins who had
different levels of pain sensitivity [109]. Increased expres-
sion of TRPAI was found in the skin. This is consistent
with an attenuating effect of DNA methylation on
the TRPAI promoter affecting TRPAI gene expression.

We are optimistic that more widespread application of
human DNA sequencing, especially in patients suffering
from various forms of chronic pain affecting multiple
generations will uncover additional polymorphisms and
mutations in pain-TRPs, such as TRPA1, that co-contribute
to pathological pain [109].

Two non-hereditary forms of specific pain stand out in
which TRPA1 is involved, the challenging-to-manage pain
[89, 90, 110-117] of sickle-cell disease [118, 119], and the
largely unmet medical need of arthritis pain.

TRPAI in Itch

Itch is defined as an unpleasant sensation that evokes the
desire/reflex to scratch. TRPA1 has been suggested to
mediate histamine-independent itch in response to exoge-
nous pruritogens such as chloroquine and cowhage
spicules, and to endogenous pruritic mediators produced
in the skin and other organs, including bile acid, serotonin,

ROS, leukotriene-B4, thymic stromal lymphopoietin, and
IL-13, IL-22, IL-31, and IL-33 [3, 120-125].

Endothelin (ET-1), also known as a vasoconstricting
peptide, can evoke itch by stimulating nociceptors and
pruriceptors and sensitizing them to noxious and pruritic
stimuli. ET-1 has been implicated in both pain and itch via
TRPAI1, TRPVI1, and TRPV4 [94, 126-131]. Serotonin-
induced itch has been shown to be mediated via activation
of the serotonergic receptor HTR7 which signals to TRPA1
[132] (but see subsection “TRPV4 in itch”). Aberrant
serotonin signaling has long been linked to a variety of
human chronic itch conditions, including atopic dermatitis.
In a mouse model of this highly prevalent condition (10%
in the USA and Europe), mice lacking HTR7 or TRPA1
display reduced scratching and skin lesion severity [132].
These data highlight a role for HTR7 and TRPA1 in acute
and chronic itch, and suggest that their antagonists may be
useful for treating a variety of pathological itch conditions.
Recent studies have also shown that TRPA1 contributes to
pruritus due to allergic contact dermatitis, including that
elicited by the poison ivy allergen, urushiol [75, 123].

Similarly, itch associated with severe liver disease,
known as cholestatic itch, appears to be TRPA1-dependent.
Bile acids induce itch in mice by activating the bile-acid
receptor TGRS and TRPA1. TRPA1 acts downstream of
G-protein-coupled bile receptors such as TGRS. Antago-
nists of TGRS and TRPA1, or inhibitors of the signaling
mechanism by which TGRS activates TRPA1, might be
developed for the treatment of cholestatic itch [133, 134].
However, the serum levels of bile acids do not correlate
with the presence and intensity of cholestatic itch in liver
patients, whereas the bioreactive phospholipid lysophos-
phatidic acid (LPA) does. Of note, LPA also signals to
pruriceptor neurons via TRPA1 [120].

Loss- and gain-of-function studies in mice have demon-
strated that the G-protein-coupled receptor MrgprA3 is
required for chloroquine-responsiveness in mice [135].
TRPALI has been found to signal downstream of MrgprA3
in cultured sensory neurons and heterologous cells [122].

Again, TRPA1 not only serves as a sensor for prurito-
gens, but is also essential for maintaining skin inflamma-
tion, as shown in models of contact dermatitis and atopic
dermatitis in which treatment with TRPAI inhibitors
reduces skin swelling, epidermal water loss, and leukocyte
infiltration [75, 136, 137].

In terms of the development of TRPAI inhibitory/mod-
ulatory compounds for human clinical use, as of today,
TRPAL inhibitors have a shared feature in that they can all
be improved in terms of better efficacy and fewer side
effects [138, 139]. At the basic science level, on the other
hand, elegant work has been conducted. TRPA1 has been
found to be evolutionarily conserved, with the involvement
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of TRPAI1 orthologues in pain-related behavior and
inflammation in  invertebrate model  organisms
[56, 140-157].

TRP Melastatin Subfamily

The TRPM subfamily consists of eight members, three of
which are associated with pain (TRPM2, TRPM3, and
TRPMS). These ion channels have an overall molecular
topology resembling the other TRP family members,
although a major difference is the lack of ankyrin repeats
in their amino end. We focus on TRPMS here and highlight
key references for TRPM2 and TRPM3.

TRPM?2 Pro-pain Role

The thermo-TRP TRPM2 plays a role in pain signaling as
recently discovered [54, 158-166].

TRPM3 Pro-pain Role

This is also true for the pregnenolone receptor, TRPM3
[167-170].

TRPMS in Cold Hypersensitivity and Neuropathic Pain

Among the TRPM members in the pain pathway, TRPM8
ion channels have been researched most in-depth. TRPMS
expression is restricted to a subset of small-diameter
sensory neurons of the trigeminal and dorsal root ganglia
[171-173]. This channel is activated by cool and noxious
cold temperatures between 10 °C and 23 °C, and by natural
compounds that evoke a cold sensation such as menthol
and eucalyptol (Fig. 1) [171, 172, 174]. Similar to TRPV1
and TRPA1, TRPMS activation evokes an influx of Ca>"
into the primary sensory neuron, leading to its activation
and the propagation of action potentials. The role of
TRPMS in cold thermosensation has been widely explored
in vivo in Trpm8~'~ mice. These mice lack a response to
cold stimuli and chemical compounds that cause a cold
sensation such as icilin, as well as lacking a response to
acetone-evoked evaporative cooling [174—176]. TRPMS is
also involved in orofacial and visceral (colonic) pain
[47, 177-180].

Nerve injury can result in cold allodynia, and it has been
suggested that TRPMS8 channels are a key substrate thereof
[177, 181]. Rats subjected to constriction nerve injury show
enhanced withdrawal reflexes in response to evaporative
cooling with acetone. They also have an increase in the
number of neurons immunoreactive to the TRPMS8 channel
and more neurons that are stimulated by menthol and cold
[177].
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TRPMS has been mechanistically linked to cold hyper-
sensitivity [181]. Unlike heat hyperalgesia which is
produced by several algogenic agents, TRPMS8 cold
sensitization appears to be evoked by neurotrophic factors
such as artemin and nerve growth factor which produce
their effects through specific receptors co-expressed with
TRPMS in a subset of sensory neurons [182, 183]. This
concept was convincingly demonstrated using the evapo-
rative cooling assay, where neurotrophic factors were
injected into the foot-pad with subsequent application of
acetone-evoked evaporative cooling to the paw. Wild-type
mice showed an increase in cold-response with growth
factors, while Trpm87/7 mice did not [182, 183].

The sensitizing effects of TRPMS ion channels on cold
pain can be modulated by endogenous lipids. For example,
TRPMS activation by cold and menthol requires the
presence of PIP, (a membrane phospholipid), which
interacts directly with positively-charged amino-acids
located in the TRP box of the channel [184]. Furthermore,
PIP, by itself can activate the channel [184]. Therefore,
TRPMS8-mediated cold allodynia and hypersensitivity
could be attenuated by regulating PIP, levels such as via
the activation of Ca*"-dependent PLC which then hydro-
lyzes PIP, to produce DAG and IP; [184]. Moreover, DAG
can activate the PKC pathway which then attenuates
TRPMS gating. This effect is mediated by specific TRPM8
serine-phosphorylation events [185].

In addition, TRPMS activity is endogenously regulated
by the iPLA, pathway, a calcium-insensitive phospholipase
which produces lysophospholipids and free polyunsatu-
rated fatty acids (PUFA) from the hydrolysis of sn-2-
glycerophospholipids [186]. Interestingly, inhibition of
iPLA, attenuates the TRPMS8 currents evoked by cold,
menthol, and icilin [186]. Moreover, lysophosphatidyl-
choline (LPC) released from the iPLA, pathway can
activate TRPMS8 even at 37 °C [186]. Furthermore, LPC
evokes cold hypersensitivity in a TRPM8-dependent man-
ner since this behavior is absent in Trpm87/ ~ mice [187].

Pointing to endogenous regulatory mechanisms, PUFAs
such as arachidonic, eicosapentaenoic, and docosahex-
aenoic acids, which also are released by iPLA,, are
endogenous inhibitors of TRPMS [186].

Therefore, the iPLA, pathway can have contrasting
effects on TRPMS activation: an activating effect by
lysophospholipids and a modulating inhibitory effect by
PUFAs. Is one pathway “dominant” over the other?
Equimolar application of LPC and arachidonic acid favors
the activation of TRPMS8 by LPC, possibly implicating this
mechanism in cold pain and cold hypersensitivity phe-
nomena [186].

Selective TRPMS8 inhibitors are effective in reducing
cold sensing and also cold pain, suggesting that TRPMS
contributes to both innocuous and noxious thermal sensing
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[47, 188]. Another study using a TRPMS8-specific inhibitor
reported no significant effects on neuropathic mechanical
allodynia, but the effects on cold allodynia were not
investigated [189].

While TRPMS inhibition may be effective in reducing
neuropathic cold pain, TRPMS agonists have long been
known to have analgesic properties. Menthol is widely
used as a topical analgesic and inhaled antitussive with
respiratory  counterirritant properties. Menthol and
TRPMS8-selective menthol analogs have been shown to
suppress nocifensive responses to several acute pain
stimuli, including capsaicin, acrolein, and acid [178]. The
analgesic effects of menthol are absent in TRPMS8-deficient
mice [178]. Menthol also suppresses inflammatory pain in
a TRPM8-dependent manner [178]. Icilin has been demon-
strated to diminish colitis-associated pain in a TRPMS-
dependent manner [190]. Eucalyptol, the TRPMS8 agonist
in eucalyptus oil, also suppresses pain and respiratory
inflammation and irritation [180, 191]. TRPMS8-selective
agonists may have improved analgesic properties com-
pared to menthol that can cause irritation in some patients
[178].

Possibly indicative of a role for TRPMS in controlling
itch, menthol has been reported to function as an anti-
pruritic in therapy-resistant pruritus in lichen amyloidosis
[192] and hydroxyethyl starch-induced itch [193]. How-
ever, these clinical findings leave open the possibility of
menthol also acting on TRPA1 that is also sensitive to
menthol. A more recent study has demonstrated that the
anti-pruritic actions of menthol depend on inhibitory
interneurons in the spinal cord that receive input from
menthol-sensitive fibers and dampen input from pruricep-
tors [194].

TRP Vanilloid Subfamily

The TRPV subfamily is named after its founding member,
the TRPV1 channel, which is activated by the classic
natural pungent vanilloid, capsaicin. The mammalian
TRPV1 channel in this subfamily is sensitive to vanilloid
compounds. The other members share amino-acid
sequence homology. This subfamily consists of six mem-
bers (TRPV1-TRPV6), all of which are non-selective
cation channels where TRPV1/3/4 show a preference for
Ca”" and they are overall linked to pain and itch, thus they
are considered in this section in more detail.

TRPVI is an Extensively Studied Pain-TRP

The TRPV1 channel is a representative member of the
TRPV subfamily and is the most well-characterized TRP
channel. TRPV1 can be activated by various stimuli,
including temperature (~ 42 °C), pH, and a wide range of

both endogenous and exogenous compounds (Fig. 1). Its
main exogenous ligand is capsaicin, a compound from
pungent peppers that activates the channel. The beneficial
effects of capsaicin on nociception were identified before
the TRPV1 channel was discovered [195]. TRPV1 was
cloned in 1997 from a cDNA library isolated from
capsaicin and temperature-stimulated nociceptor neurons
[196]. Subsequent characterization of TRPV1 has revealed
its key role in nociception. In addition, with the use of
Trpvl ™~ mice, TRPV1 has been shown to be important in
pain sensation [197]. Due to its importance in these
physiological processes, several compounds have been
developed to modulate the activity of TRPV1 to eliminate
or reduce pain.

Expression of TRPVI in the Nervous System TRPV1 is
preferentially expressed in sensory neurons of the periph-
eral nervous system (PNS), where it is primarily expressed
by the small and medium nociceptor neurons of the DRG,
trigeminal ganglion (TG), nodal ganglion, and sympathetic
ganglion, in peptidergic and non-peptidergic C fibers, and
in some A9 fibers [198-200]. In addition, it is expressed at
lower levels in nerve fibers that innervate the bladder
[201], lungs [202, 203], and cochlea [204], as well as in the
upper respiratory tract, where its function is to sense
irritant compounds [205, 206].

TRPV1 is expressed in several regions of the central
nervous system (CNS), specifically in laminae I and II of
the dorsal horn of the spinal cord, where it modulates the
synaptic transmission of nociceptive signals from the
periphery [207]. TRPV1 is primarily expressed in the
presynaptic terminal, though studies have demonstrated its
postsynaptic expression. However, its postsynaptic expres-
sion has not been shown to be related to nociception [208].
The use of transgenic mice expressing reporter proteins
driven by the TRPV1 promoter has revealed the areas in
which TRPV1 is expressed [209]. Expression has been
observed in the fibers of small- and medium-diameter
nociceptor neurons in the cornea, bladder, and skin; in the
DRG and TG; in the dorsal horn of the spinal cord; and in
some regions of the brain, such as the brainstem, the
nucleus caudalis, the nucleus ambiguus, the olfactory bulb,
and the nucleus parabrachialis [210]. Interestingly,
TRPV1—non-capsaicin receptor channels, thus TRPV1
splice-variant transcripts—has been cloned from supra-
optic microdissection. These channels appear to function in
the organismal response to systemic hypertonic osmolality
and to organismal body temperature [211].

TRPVI in Inflammatory Pain When a skin lesion is
produced, a wide variety of pro-inflammatory molecules
are released, such as bradykinin (BK), prostaglandins,
leukotrienes,  serotonin, histamine, substance P,
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thromboxanes, platelet-activating factor, adenosine and
ATP, protons, and free radicals. During inflammation,
cytokines such as interleukins, tumor necrosis factor, and
neurotrophins, particularly nerve growth factor, are also
generated. In general, these mediators sensitize TRPVI,
increasing the probability of activation by a stimulus. The
first evidence of a role of TRPVI in peripheral pain-
processing was generated by observations made in mice
injected with the TRPV1 antagonist capsazepine. Cap-
sazepine injection attenuates inflammation-induced ther-
mal hyperalgesia [197, 212] (however, note the above
comments on the selectivity of capsazepine—possible
TRPA1 desensitizing effects). Trpvl ™~ mice do not
respond to noxious temperatures and present with an
attenuation of inflammation-induced thermal hyperalgesia.
In addition, Trpvl™~ mice do not experience thermal
hyperalgesia after CFA administration.

When BK is released, it acts on B2 receptors, which in turn
activate PKC to facilitate PIP, hydrolysis by PLC to produce
IP; and DAG, two compounds that affect TRPV1 function
[213]. DAG is a TRPV1 agonist that interacts with tyrosine
511 of its S3 domain [214]. PIP, binds to the C-terminal end
to positively regulate TRPV 1 [215]. Prostaglandins increase
the capsaicin-induced currents in DRG neurons and reduce
the temperature activation threshold of the channel. These
effects have been corroborated in Trpvl_/ ~ mice [216].
TRPVI integrates multiple pro-inflammatory stimuli, and
for this reason, being able to modulate this pathway appears a
desirable goal. For example, a natural compound, oleic acid,
has recently been shown to inhibit TRPV1 activation, thus
modulating pain and itch [217].

TRPV1 in Neuropathic Pain Neuropathic pain can occur
when there is an injury or dysfunction of the CNS or PNS
and is a difficult condition to treat. The TRPV1 channel is a
polymodal nociceptor, and it is modulated by pro-inflam-
matory mediators. The process of sensitization increases
excitability, causing hyperalgesia and allodynia. However,
there is contradictory evidence regarding the role of
TRPV1 in neuropathic pain. It has been found that in
Trpvl ™'~ mice, there is no change in pain-related behavior
after nerve damage [197, 218]. In line with this finding,
pharmacological TRPVI1 inhibition decreases pain in
several animal models of neuropathic pain [219, 220].
Interestingly, an increase in TRPV1 expression has been
found in several models of neuropathic pain, such as the
spinal nerve ligation model. Increased TRPV1 expression
correlates with the development and maintenance of
thermal hyperalgesia [221]. Furthermore, TRPV1 function
has been shown to be enhanced in inflamed (local or
cytokine-induced) DRGs [222]. Diabetic neuropathy mod-
els have difficulties in mimicking the clinical reality of this
dreaded complication, and implications of TRPV1 and
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TRPAL1 in diabetic neuropathic pain have been postulated
here, but await an improvement of these models or
translational findings in humans so that the validity of the
results can be increased [223-225].

Finally, it has been found that TRPV1 plays an
important role in cancer-induced chronic pain. In bone
cancer, TRPV1 is overexpressed in DRG neurons, and this
increased expression correlates with neuropathic pain
[201]. In rat models of bone cancer, endogenous tissue-
derived formaldehyde upregulates TRPV1 expression via
mitogen-activated protein kinase (MAPK) and phospho-
inositide kinase signaling [226] supporting the role of
TRPV1 in cancer pain.

TRPVI in Visceral Pain TRPV1 is expressed in DRG
neurons that innervate the colon, pancreas, stomach,
duodenum, and bladder and is responsible for the pain
produced by chronic gastrointestinal inflammation [227].
In tissue biopsies from patients with inflammatory bowel
disease, there is an increased TRPV1 channel expression
which correlates with the severity of hypersensitivity [228].
The administration of acetic acid and capsaicin increases
the activity of afferent fibers in the pelvis in control mice
and in mice with dextran sulfate sodium (DSS)-generated
colitis. However, the response to capsaicin in DSS-treated
mice is greater than in controls [229]. Interestingly,
Trpvl ™~ mice are less sensitive to these treatments,
highlighting the role of TRPV1 in this type of pain [230].
In rat models of irritable bowel syndrome (IBS), treatment
with TRPV1 antagonists in neonates prevents the devel-
opment of sensitization in adults. TRPV1 antagonists have
also been shown to be effective in reducing the sensitiza-
tion after it develops in adults, further supporting a role of
TRPVI1 in IBS and colonic hypersensitivity [231]. In
chronic pancreatitis, TRPV1 has been shown to be
upregulated in both expression and function in DRG
neurons, contributing to hyperalgesia, and suggesting
TRPV1 as a target for treatment [232].

TRPVI in Itch TRPVI is involved in both acute and
chronic itch conditions [233]. For example, TPRV1 has
been suggested to be involved in many chronic itch
conditions like rosacea [234], atopic dermatitis [235], and
prurigo nodularis, a skin condition characterized by itchy
nodules on the arms and legs [236]. However, as an initial
cautionary note, in humans, treatment with a TRPV1
inhibitor did not improve chronic itch in patients [237].
Histamine is released from mast cells when tissues are
inflamed or stimulated by allergens. Histamine excites
sensory neurons by activating TRPV1 and this activation is
mediated by the production of 12-hydroxyeicosatetraenoic
acid, a downstream metabolite of PLA, and lipoxygenase
(LOX) [238]. In cultured sensory neurons, histamine
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evokes inward currents that are reduced by capsazepine, a
TRPV1 blocker, or when histamine receptor subtype 1
(H1IR) and TRPV1 are expressed heterologously, but not
when they are expressed separately. In addition, histamine
causes Ca>" influx into sensory neurons in wild-type mice
but not in Trpvl ™~ mice. When injected subcutaneously
into the necks of mice, histamine causes bouts of scratch-
ing, which are greatly reduced by pretreatment with
capsazepine, and by inhibitors of PLA,, LO, and HIR as
well as in Trpvl™~ mice. These results suggest that
TRPV1 might play a role in mediating the pruritogenic
action of histamine via the PLA,/LO pathway [239].

IL-31RA (interleukin-31 receptor A) is a functional
receptor expressed by a small subpopulation of neurons
positive for IL-31RA, TRPV1, and TRPA1 and is a critical
neuroimmune link between T-helper-2 cells and sensory
neurons for the generation of T cell-mediated itch [121].
Cutaneous and intrathecal injection of IL-31 evoke intense
itch, and its concentration increases significantly in the skin
of mice with dermatitis. Both human and mouse DRG
neurons express IL-31RA, largely in neurons that co-
express TRPV1. IL-31-induced itch is significantly reduced
in Trpvl ™~ and Trpal ™'~ mice [121].

Toll-like receptors (TLRs) are expressed in immune
cells to regulate innate immunity. TLR 3, 4, and 7 are
expressed in DRG neurons that co-express TRPV 1, gastrin-
releasing peptide (GRP), and MrgprA3 [240] [241].
Topical application of imiquimod, a TLR7 activator and
an anti-viral and anti-tumor drug used to treat genital warts,
often causes itch as a side-effect. TLR7 activation by
imiquimod induces scratching and also generates inward
currents and action potentials in DRG neurons [240].
Signaling mechanisms that link TLRs/TLR7 with TRPV1
need to be elucidated.

TRPV3 in Pain and Itch

A member of the TRP vanilloid subfamily important for
temperature detection is the TRPV3 channel. This non-
selective cation channel is abundantly expressed in skin
(specifically in keratinocytes) [242] and has also been
detected in neurons from the DRG and TG [243]. TRPV3
protein has 43% identity to TRPV1 and is a warm-sensitive
but capsaicin- and low pH-insensitive ion channel
[242, 243].

Among the ligands for TRPV3 activation are plant-
derived compounds such as camphor, carvacrol, and
thymol [244]; furthermore, TRPV3 activity is enhanced
by endogenously produced compounds such as arachidonic
acid which is an unsaturated fatty acid released during
inflammation [245]. Unlike TRPV1 activation which
requires the metabolism of this fatty acid to evoke currents,
the enhancement of TRPV3 function is independent of

arachidonic acid oxidation [245]. It is possible that in skin
pathologies such as psoriasis where arachidonic acid levels
are elevated [246], TRPV3 activation could contribute to
chronic dermatitis.

Another TRPV3 agonist is farnesyl pyrophosphate
(FPP), an endogenously produced intermediate metabolite
of the mevalonate pathway [247]; it produces isoprenoids
which can also activate TRPV3. FPP has been identified as
a novel pain-producing compound through specific TRPV3
activation [248].

TRPV3 in Nociceptive and Inflammatory Pain  Although
the physiological role of TRPV3 is still unclear, some
studies suggest that this ion channel can contribute to pain/
nociception. For example, mice overexpressing TRPV3 in
keratinocytes release prostaglandin E2 and induce thermal
nociception and hyperalgesia [249]. On the contrary,
Trpv3 ™'~ mice have an impaired response to warm and
also noxious-warm temperatures [250].

Finally, endogenous antagonists to TRPV3 activation
have been isolated. For example, compounds synthetized
from the omega-3 fatty acids such as the resolvins are
linked to anti-inflammatory and anti-nociceptive effects.
One of them, 17(R)-resolvin D1 is a specific inhibitor of
TRPV3 [26]. This resolvin affects the voltage-dependence
of TRPV3, thus decreasing the channel activation [26]. The
inhibitory effects of this resolvin are specifically through
TRPV3 inhibition since the pain behavior induced by
capsaicin or cinnamaldehyde is unaffected. However,
nociceptive behavior induced by intradermal injection of
FPP, a selective activator of TRPV3, is attenuated by co-
injection with resolvin D1 [26].

TRPV3 in Itch A missense mutation in TRPV3, Gly573-
Ser, has been found in individuals with Olmsted syndrome,
a rare congenital disorder characterized by severe itching,
peripheral pain, and palmo-plantar hyperkeratosis among
other symptoms [251]. In mice, TRPV3°Y3735¢ Jeads to
increased ion channel activity in keratinocytes and is
associated with hairlessness and a liability to develop
severe dermatitis in DS-NA mice [252]. Also,
TRPV3SY 735 induces a higher nerve growth factor
response to heat and increased scratching behavior. In
transfected HEK293 cells expressing TRPV3CGY3735er
increased inward currents have been recorded, defining
TRPV3SY3735¢T 45 a gain-of-function mutation. This might
lead to an increased likelihood of apoptosis in ker-
atinocytes and keratinocyte hyperproliferation via Ca®"
signaling, explaining the hyperkeratosis phenotype in
affected individuals [253]. Taken together, these observa-
tions in a human TRPV3 gain-of-function channelopathy
suggest that TRPV3 channels regulate the activity and
function of skin keratinocytes. Furthermore, TRPV3 over-
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activity in these cells can evoke not only over-proliferation
and hyperkeratosis, but possibly also sensory phenomena,
namely pathological itching and irritation/pain. However,
more in-depth reverse-translation is needed to tease apart
the contributions of keratinocyte TRPV3 and sensory
neuron TRPV3 to Olmsted syndrome, and in general.

TRPV4 Functions as a Pain-TRP and an Itch-TRP

As a member of the TRPV subfamily, TRPV4 is a multi-
modally activated, nonselective cation channel. Functional
expression of TRPV4 has been detected in nerve cells and
non-neuronal cells [254]. Importantly for this review, one
of the initial discovery papers lays out a rationale of how
TRPV4 can function in pain by demonstrating its expres-
sion in TG sensory neurons, in small-diameter neurons, and
reasoning about a role for TRPV4 in pain signaling [254].
This initial conjecture has now been confirmed, e.g. a
search for “TRPV4 pain” generated 185 references out of a
total of 1085 references for “TRPV4”. Primary sensory
neurons with TRPV4 expression include pain-sensing
neurons in the DRG [8, 255, 256] and TG [257, 258]
[94, 259], most recently also satellite cells in sensory
ganglia [260], in the CNS for pain transmission in
astrocytes [261], microglial cells [262], and neurons
[263, 264, 265]. Outside the nervous system, TRPV4 has
been found in innervated cells such as prominently in
chondrocytes [266], vascular endothelia [267], and inner-
vated epithelia such as skin keratinocytes [129, 268],
airway epithelial cells [26, 269, 270], colonic epithelia
[271], and odontoblasts [272]. Co-labeling experiments
with neuronal markers and size determination have
revealed that TRPV4-expressing sensory neurons are rather
nociceptive [129, 273, 274], a finding in keeping with
evidence that suggests that TRPV4 is involved in nocicep-
tion both physiologically and in sensitized states such as
inflammation and nerve injury [8, 273]. Of note, TRPV4
expression in TGs appears to be higher than that in DRGs;
this is still not fully explained and how this difference
correlates with sensory functions is not yet known
[275, 276].

TRPV4 in  Transduction of Mechanically-Evoked
Pain Trpv4_/ ~ animals, generated after the initial
description, have been found to have defective

mechanosensation in the physiological, non-sensitized state
[257, 275, 277], indicating a role for TRPV4 in non-
sensitized mechano-transduction. This finding has been
supported and extended by assessing the function of
mammalian TRPV4 in the ASH head nociceptor neurons
of Caenorhabditis elegans in a mutant line of animals
lacking the proto-ancestral osmo-mechano-TRPV channel,
OSM-9 [275] (see also [5]).
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TRPV4 in Inflammatory Pain 'TRPV4 in sensory neurons
can be sensitized by pro-inflammatory mediators, such as
prostaglandin E2 (activator of PAR2), an integrator of
proteolytic signaling in inflammation, especially allergic
inflammation, histamine, and/or serotonin, leading to
increased nociception to hypotonic and mild hypertonic
stimuli or mechanical stimuli [273, 278, 279]. Grant et al.
found that TRPV4 is co-expressed with PAR2 in rat DRG
neurons, so intraplantar injection of a PAR2 agonist causes
mechanical hyperalgesia in mice and sensitizes pain
responses in a TRPV4-dependent manner to, for example,
the TRPV4 activator 4o-PDD (4a-phorbol 12,13-dide-
canoate) and hypotonic solutions. Deletion of Trpv4 pre-
vents PAR2 agonist-induced mechanical hyperalgesia and
sensitization [8]. Further studies have demonstrated that
cathepsin-S [134] or elastase-mediated activation of PAR2
[280] activates TRPV4 and sensitizes nociceptors to func-
tion in a hypersensitive manner, resulting in inflammation
and pain. In the lab of the senior author, we established a
key role for TRPV4 ion channels in the pain response to
temporomandibular  joint (TMJ) inflammation. In
Trpv47/7 mice with TMJ inflammation, attenuation of bite
force, a surrogate of TMJ injury-mediated pain in humans
and validly reverse-translated into mice, is significantly and
robustly reduced versus WT mice. Furthermore, TRPV4
protein expression in the TG is dramatically upregulated
after TMJ inflammation, in synchrony with the clinical
severity of TMJ inflammatory injury, suggesting that
TRPV4 expression in the TG is a critical locale for
behavioral sensitization [94]. In favor of this concept,
TRPV4 is expressed in sensory neurons innervating the
TMJ, and TG sensory neurons expressing TRPV4 co-
express CGRP and phosphorylated ERK, a signaling
activation marker in response to injury. TG sensory
neurons co-expressing pERK-TRPV4 become more
numerous in response to TMJ inflammatory injury, sug-
gesting that TRPV4-mediated Ca*" influx into TG sensory
neurons evokes MAPK activation in these neurons, and this
functions as a molecular substrate of the sensitization
response after inflammatory injury. Interestingly, we also
found that peripheral injury to the joint after inflammatory
injury is independent of the genotype, whereas the pain
response is strikingly dependent on TRPV4 or the ability of
the animal to generate phosphorylated ERK in neurons. In
another study by Denadai-Souza et al., TRPV4 expression
in the TG was demonstrated, as well as in TMJ synovial
cells [117, 281]. Taken together, it has emerged that
TRPV4 plays an important role in inflammatory pain of the
TMJ and at the level of sensory neurons innervating a
peripheral joint and TRPV4-expressing cells. TMJ disorder
is a prevalent craniofacial pain disorder, and there is an
increase in the prevalence of age- and obesity-associated
osteoarthritis and post-traumatic osteoarthritis [282] which
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suggests an increasing unmet medical need. Hence, TRPV4
has become an attractive therapeutic target to address TMJ
disorder, and possibly additional forms of joint pain.

The role of TRPV4 in facilitating and promoting
inflammation and pain has also been supported by obser-
vations in a mouse model of skin inflammation in which
UVB radiation generates sunburn tissue damage and the
associated pathological pain. Following UVB over-expo-
sure of the hindpaws, an area of mouse skin with a greater
resemblance to human skin, mice with induced Tr-
pv4 deletion in keratinocytes, as well as mice treated with
topical administration of TRPV4 inhibitors to the hind-
paws, become virtually resistant to noxious thermal and
mechanical stimuli versus control animals, and further
showed dramatically reduced skin inflammation. These
findings indicate that TRPV4-expressing keratinocytes of
the hindpaw can “moonlight” as non-neural sensing cells
and pain-generating cells. In other words, activation of
TRPV4 channels in skin keratinocytes, not in innervating
sensory neurons, suffices to switch on neural pathological
pain circuits and response mechanisms. Importantly, we
demonstrated a form of non-neural phototransduction in
response to UVB radiation in skin keratinocytes, com-
pletely dependent on TRPV4. Exploring a possible under-
lying mechanism, we found that epidermal keratinocyte
TRPV4 is essential for UVB-evoked skin tissue damage
and increased expression of the pro-pain (also pro-itch)
mediator ET-1 [283]. Importantly, we also recorded an
important negative finding which will become the starting
point for relevant future studies, namely that keratinocyte-
derived ET-1, dependent on TRPV4 function and UVB-
mediated activation in these cells, is not the algogenic
signal to innervating peripheral nerve projections.

TRPV4 in Neuropathic Pain TRPV4 has been implicated
in nerve pain in several preclinical rodent pain models,
such as paclitaxel-induced neural injury leading to painful
peripheral neuropathy (CIPN) and chronic mechanical
compression-injury of the DRG [270, 284, 285]. Cere-
brospinal administration of antisense oligodeoxynu-
cleotides specific for TRPV4, which reduce the
expression of TRPV4 in sensory neurons, attenuates pacli-
taxel-induced mechanical hyperalgesia as well as hyperal-
gesia caused by hypotonicity [284]. TRPV4 appears to be
co-expressed with TRPC1 and TRPC6 in DRG neurons,
and it has been proposed that TRPC1 and TRPC6 may act
in concert with TRPV4 to mediate the mechanical hyper-
algesia induced by paclitaxel and cis-platin [270], possibly
representing a more general mechanism of pain in CIPN. In
addition, paclitaxel can stimulate the release of mast cell
tryptase, which activates PAR2 and subsequently PKA and
PKC, resulting in mechanical and thermal hypersensitivity
through TRPV4 sensitization [285]. These results suggest

that TRPV4 plays an important role in painful peripheral
neuropathies caused by paclitaxel and related taxanes,
affecting more than half of taxane-treated cancer patients.
This is a large unmet medical need which not only
translates to patients’ quality-of-life, but indeed to their
ability to successfully undergo adjuvant chemotherapy and
thus emerge with increased years of survival. We reach the
same conclusion as for joint- or skin-mediated forms of
pain and inflammation, as discussed above, namely that
TRPV4 is a promising target for anti-pain therapy. To that
end, our group has recently developed novel TRPV4-
inhibiting compounds [286]. Two of our compounds also
potently co-inhibit TRPAT1 ion channels, which could be a
highly beneficial combination for CIPN pain, as well as for
other forms of pain reviewed in detail below, namely
visceral pain of the colon and pancreas and headaches
[286].

TRPV4 is involved in mediating mechanical allodynia
in preclinical models of chronic compression of the DRG
(CCD model) [256]. After CCD, Trpv4 mRNA and protein
expression increase compared to the sham group, with the
highest level at 7 days post-CCD. Knockdown of TRPV4
partly reverses the CCD-induced mechanical allodynia.
CCD rats show thermal hyperalgesia and increased nitrite
production [287]. The thermal hyperalgesia is reduced
by intrathecal blockers targeted at any site along the
TRPV4-NO-cGMP-PKG pathway. Inhibition of TRPV4
and/or nitric oxide synthase decreases the nitrite produc-
tion in the DRGs of CCD rats. Changes in the level of
nitrite are positively associated with the changes in thermal
hyperalgesia. Identified signaling pathways involved in the
CCD neuropathic pain model include NF-kappa-B, which
mediates the TRPV4-NO pathway [288] and the p38
pathway [289].

TRPV4 in Visceral Pain Trpv4 mRNA is enriched in sen-
sory neurons innervating the colon and TRPV4 protein is co-
localized in a subset of fibers with CGRP, the substrate of
neurogenic inflammation in mice. Mechanosensory
responses of colonic serosal and mesenteric afferents are
enhanced by a TRPV4 agonist and are dramatically reduced
in Trpv4~~ mice. The behavioral responses to nox-
ious colonic distention are also substantially reduced in
mice lacking Trpv4 [290]. Similarly, another study found
that the TRPV4 agonist 4o-phorbol 12,13-didecanoate (4o~
PDD) specifically activates a cationic current and Ca®"
influx in DRG neurons innervating the colon and causes
dose-dependent  visceral  hypersensitivity. Intrathecal
administration of TRPV4-targeted but not mismatched
siRNA is effective in reducing basal visceral nociception,
and the TRPV4-activator 40-PDD or PAR?2 agonists induce
hypersensitivity [255]. PAR2 exacerbates visceromotor
responses, an indicator of mechanical hyperalgesia, and this
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is absent in Trpv4 ™'~ mice, indicating that TRPV4 is
required for PAR2-induced mechanical hyperalgesia in the
colon, and the excitation of sensory neurons innervating the
colon [291]. A more recent study has shown that both TRPV4
and TRPA1 mediate colonic distension pain and CGRP
release. Unlike TRPV4 and TRPAI1, the role of TRPMS8
seems to be confined to signaling more extreme noxious
distension [179]. Interestingly in this context, levels of
the TRPV4 agonist 5,6'-epoxyeicosatrienoic acid are
increased in IBS colon biopsies. The increases correlate
with pain and bloating scores. Small interfering RNA
knockdown of TRPV4 in mouse primary afferent neurons
inhibits the hypersensitivity caused by supernatant from IBS
biopsies in mice. Polyunsaturated fatty acid metabolites
extracted from IBS biopsies or the colons of mice with
visceral hypersensitivity activate mouse sensory neurons in
culture via TRPV4 [292]. These data indicate
that TRPV4 contributes to visceral pain, and is relevant to
human disease.

Of note, TRPV4 also plays an important role in
pancreatitis pain, a large unmet clinical need in visceral
pain. Immunoreactive TRPV4 has been detected in pan-
creatic nerve fibers and in DRG neurons innervating the
pancreas, as identified by retrograde tracing. Activation
of TRPV4 with 40-PDD increases the intracellular Ca®" in
these neurons in culture. The secretagogue cerulein induces
chemical pancreatitis, c-Fos expression in spinal cord
dorsal horn neurons in segments innervating the pancreas,
and pancreatitis pain behavior. All of these phenomena are
suppressed in Trpv4 ™'~ mice [293]. Using a chronic
pancreatitis model induced by a high-fat and alcohol diet
(HFA), Zhang et al. demonstrated that TRPV4 expression
is increased in pancreatic stellate cells (PSCs). The Ca®"
signal in PSCs from HFA-fed rats in response to 4a-PDD is
dramatically higher than that of cells from control rats.
Tumor necrosis factor-o increases responses to the TRPV4-
activator 40-PDD in control PSCs [294]. Furthermore,
inhibition of TRPV4 by systemic injection of the selective
blocker HC067047 effectively alleviates the mechanical
and thermal hypersensitivity of rats with HFA-induced
chronic pancreatitis in a dose-dependent manner [295]. In
the laboratory of the senior author, we recently found that
blockade of both TRPV4 and TRPAI1 by intraperitoneal
injection of the dual inhibitor compound 16-8 dramatically
attenuates the pancreatic edema and inflammation induced
by caerulein. Furthermore, serum amylase, a marker of
inflammatory injury of the pancreas is also significantly
reduced by 16-8 treatment. Perhaps most importantly,
pancreatitis pain behavior is virtually eliminated in
response to compound 16-8 [286]. Using this well-estab-
lished pre-clinical model, these studies provide evidence
that dual channel inhibitors targeting TRPV4 and TRPA1
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might be a rewarding new concept to meet the grave unmet
clinical need of pancreatitis pain.

TRPV4 in Craniofacial Pain and Headache Using
in vitro patch-clamp electrophysiology of trigeminal neu-
rons retrogradely labeled from the dura, around half of
identified dural afferents generated currents in response to
hypotonic solutions and 40-PDD, indicating robust dural
innervation via TRPV4. This is relevant because of the
known involvement of TRPV4 in mechanotransduction,
and its sensitization to mechanical cues under inflamma-
tory conditions. Activation of meningeal TPRV4 using
hypotonic solution or 49-PDD in vivo results in facial
allodynia that is blocked by the TRPV4 antagonist RN1734
[296]. These data indicate that activation of TRPV4 within
the meninges produces afferent nociceptive signaling from
the head that may contribute to migraine headache. In the
laboratory of the senior author, we recently found TRPV4
to be important for the trigeminal nocifensive behavior
evoked by formalin whisker-pad injection. This conclusion
is supported by studies with Trpv4™'~ mice and the
TRPV4-specific antagonists GSK205 and HC067047
[268]. Our results suggest that TRPV4 acts as a relevant
signaling molecule in irritation-evoked trigeminal pain, at
the level of a functional formalin receptor in TG sensory
neurons. TRPV4-antagonistic therapies can therefore be
envisioned as novel analgesics, possibly for specific
targeting of trigeminal pain disorders, including headaches,
with a mandate to further elucidate the pathophysiology but
also to continue translational medical development.

Taken together, based on the role of TRPV4 in pain as
currently understood, future studies are needed to address
many important questions, a few of which are: (1) how
sensory-neuronal TRPV4 signaling in a pain-relevant
manner, particularly pathological pain, can be readily
addressed via appropriate genetic targeting strategies; (2)
what is the co-contributory role of glial TRPV4 [261] in
pain; (3) how TRPV4 functionally interacts and mutually
modulates pain with other pain-TRP channels, in particular
TRPAL. Of note, there is an overlap in TRPV4-TRPAL1
function in several important and relevant forms of pain,
such as visceral pain of the colon and pancreas, chemother-
apy-induced peripheral neuropathic pain (especially that
mediated by taxane), headache, formalin-evoked pain as an
important model, mechanically-evoked pain in general, and
chronic cough as an upper airway equivalent of chronic
pain [57, 78, 179, 255, 285, 286, 290-292, 297].

TRPV4 in Itch The finding of TRPV4-dependent secre-
tion of the pruritogen ET-1 by keratinocytes led the senior
author’s group to question whether TRPV4 plays a role in
itch, in particular whether TRPV4 in keratinocytes of the
epidermis can drive scratching behavior [283]. To address
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this question, the focus was first on acute itch, and
specifically to examine prototypic examples of histamin-
ergic itch, including ET-1-evoked itch plus chloroquine-
induced non-histaminergic itch as control. In this study, an
exciting new function of TRPV4 in forefront itch trans-
duction from the integument was reported, namely that
TRPV4 in epidermal keratinocytes functions as a pruri-
ceptor-TRP channel in acute histaminergic itch, including
itch evoked by ET-1, but not in non-histaminergic itch
evoked by chloroquine. Direct activation of TRPV4
channels also evokes scratching behavior which appears
to be completely dependent on TRPV4 expression in
keratinocytes, thus underscoring the role of this cell and its
expression of TRPV4 in itch [131]. Complementary
findings in Trpv4 keratinocyte-specific inducible knockout
mice have shown that Ca®" transients in response to
histaminergic pruritogens in cultured primary keratinocytes
depend on TRPV4. Ca®" influx via TRPV4 then up-
regulates phosphorylation of the MAP-kinase ERK in
keratinocytes. Consequently, topical transdermal treatment
with a selective inhibitor of TRPV4 is effective as an anti-
pruritogen. Moreover, we found similar in vivo anti-pruritic
effects when topically targeting MEK, upstream of ERK,
with a selective inhibitor.

Serotonin (5-hydroxytryptamine [74])-induced itch has
been shown to be associated with TRPV4 [166]. Approx-
imately 90% of 5-HT-sensitive DRG neurons assessed by
Ca”" imaging are immunoreactive for TRPV4. TRPV4-
knockout mice exhibit significantly fewer 5-HT-evoked
scratching bouts than wild-type mice. Pretreatment with a
TRPV4 antagonist significantly attenuates 5-HT-evoked
scratching in vivo. In cultured primary DRG neurons from
Trpv4~~ mice, the response to 5-HT application is
attenuated. A TRPV4 antagonist suppresses the 5-HT-
evoked responses in DRG cells from wild-type mice. These
results indicate that 5-HT-induced itch is linked to TRPV4.
Extending on the role of TRPV4 in itch, TRPV4 signaling
in subgroups of DRG neurons has been suggested to be
facilitated by TRPV1 in itch [298]. Both of these studies,
on the role of serotonin in itch, and the suggested TRPV4/
TRPAI1 co-signaling, are interesting and push back the
knowledge barrier, yet there are clear limitations on the use
of Trpvl ~'~ and Trpv4 "~ pan-null animals as key tools, in
contrast to cell-type specific and inducible genetically-
engineered animals.

Concluding Remarks

Nociception is an important physiological process for
detecting harmful signals that results in pain and itch
perception. Here, we have reviewed important experimen-
tal evidence involving some TRP ion channels as

molecular sensors of chemical, thermal, and mechanical
noxious stimuli to evoke pain and itch sensation. Among
them are the TRPA1 channel, members of the vanilloid
subfamily (TRPV1, TRPV3, and TRPV4), and finally
members of the melastatin group (TRPM2, TRPM3, and
TRPMS).

Given that pain is a pro-survival, evolutionarily-honed
protective mechanism, care has to be exercised when
developing inhibitory/modulatory compounds targeting
specific pain/itch-TRPs so that protective physiological
mechanisms are not disabled to a degree that stimulus-
mediated injury can occur. Such events have impeded the
development of safe and effective TRPVI1-modulating
compounds and diverted substantial resources. A beneficial
outcome can be readily accomplished via simple dosing
strategies, and also by the incorporation of medicinal
chemistry design features during compound design and
synthesis. Beyond clinical use, where compounds that
target more than one channel might have a place, possibly
having advantageous features, highly specific and high-
potency compounds will be helpful in mechanistic discov-
ery at the structure-function level.
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