Send Orders of Reprints at reprints@benthamscience.net

The Open Pain Journal, 2013, 6, (Suppll M14) 137-153 137

Open Access

Roles of TRPA1 in Pain Pathophysiology and Implications for the
Development of a New Class of Analgesic Drugs

Olivier Radresa®, Henrik Dahllof b, Eva Nymanb, Andreas Noltingb, Jeffrey S. Albert" and

Patrick Raboisson*"

“AstraZeneca R&D Montreal, St-Laurent, H4S 179, Canada; "AstraZeneca R&D Sédertilje, Sodertdlje SE-151 835,

Sweden

Abstract: The Transient Receptor Potential A1 (TRPA1) ion channel has evolved in animals to respond to signals from a
variety of sensory stimuli. Many structural determinants of its multimodal activation have been identified to date. TRPA1
activities include responses to exogenous chemical irritants, responses to endogenous inflammatory mediators, zinc, volt-
age, temperature or stretch and subtle yet critical modulation by calcium ions. TRPA1 has emerged as an important target
for several types of pain and inflammatory conditions because of its limited expression profile and its demonstrated roles
in mediating different types of pain and sensitization of peripheral sensory afferents. Despite observed species differences
in channel pharmacology, recent genetic evidence in human brings some hope that preclinical efficacy in disease models
will translate to patient condition. During the past decade, various groups have investigated the development of a new
class of analgesic drugs or anti-tussive agents aimed at blocking TRPAI activity in primary sensory afferents. Several
companies are advancing toward clinical proof of concept studies. This review aims to summarize key advances in the
understanding of TRPA1 with regard to its roles and implications for patient conditions.
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INTRODUCTION: A SHORT HISTORY OF TRPA1
DISCOVERY

The discovery of the Transient Receptor Potential An-
kyrin 1 (TRPA1) protein and its characterization parallel that
for the Transient Receptor Potential Vanilloid 1 (TRPV1)
protein. Reports of the pro-inflammatory and noxious prop-
erties of their ligands preceded the discovery of the protein
targets and of their mechanistic roles in pain signaling [1]. In
1986, almost 20 years before it was identified as a primary
TRPA1 activator, mustard oil application was shown to
cause cutaneous vasodilation and inflammatory responses,
comparable to those triggered by antidromic nerve stimula-
tion [2, 3]. Mustard oil also induces nociceptor sensitization
to mechanical and thermal stimuli [4]. TRPA1 cDNA, origi-
nally named ANKTM1 for Ankyrin-like with Transmem-
brane domains protein 1, was identified and cloned in 1999
from cultured human fibroblasts and included in the Tran-
sient Receptor Potential (TRP) channels family based on
sequence identity [5]. Its primary structure exhibited some
typical channel-like features including six transmembrane
segments (TM) and an unusually high number (>14) of an-
kyrin-repeats in its N-terminal part. The channels typically
have low-selectivity for calcium and show multimodal acti-
vation [6]. The TRP channels family was originally divided
into five subfamilies by Montell [7], it further extended to
include seven subfamilies [8-10]. These seven groups are as
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follow: TRPC (TRP Canonical), TRPV (TRP Vanilloid),
TRPM (TRP Melastatin), TRPA (TRP Ankyrin), TRPN
(TRP Non-mechanoreceptor C; which has not been found in
mammals), the less closely related TRPP (TRP Polycystin;
associated with polycystic kidney disease) and TRPML
(TRP MucoLipin; associated with mucolipidosis type IV).
TRPAL1 is the only member of the TRPA group. In 2003,
TRPA1 expression was detected among a variety of tissues
and shown to be present in a subpopulation of mice nocicep-
tive sensory neurons that also expressed TRPV1 (see below).
A potential role in mechanotransduction was inferred in
2004 from TRPAL1 expression profile and was implicated in
hair-cell mechanotransduction in mice [11]. In non-
mammals like the zebrafish, drosophila or nematode (C ele-
gans), a similar role was proposed for TRPN1 orthologs that
also contained an unusually high number (29) of ankyrin
repeats. The associated phenotypes of TRPN deficient ani-
mals were of developmental deafness or imbalance [12-15].
In mammals where TRPN genes are absent, it was initially
thought that TRPA1 would take over TRPN function and
mediate signal transduction for audition and balance [11,
16]. Despite localized TRPA1 expression and activity profile
in cultured hair-cells, it appeared later that the auditory func-
tion in TRPA1-knockout mice was fully normal and no dif-
ferent than that of the wild-type [17, 18]. Instead, TRPA1
knockouts exhibited reduced peripheral sensitization follow-
ing mechanical stimulation in nociceptors (C-fibers, A-delta)
and A-beta sensory neurons [19]. The early description of
mustard oil causing pain sensitization upon crude application
to the skin could then begin to be reconciled with a mecha-
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Fig. (1). "TRPA1 scheme and major modulators" The 16 ankyrin binding domains are depicted as two stretches of black (regulatory) and
grey (enhancer) modules. The Zn-binding domain in the C-term part is indicated by a filled star. TRP = TRP box motif. Calmodulin, major
reactive cysteines, glycosylation site and pore loop (P) are referred to by their respective symbols (see insert). Indirect modulation by GPCRs
or neurotrophin receptors signaling pathways and interaction with TRPV1 are also indicated to illustrate TRPA1 role as polymodal integrator

in neuron sensitization.

nistic role of TRPA1 in pain sensitization. This review is an
attempt to summarize the current evidence supporting a role
for TRPAL in the pathophysiology of pain, from the bench to
the bedside.

TRPA1: Gene, Primary Structure and Protein Domains

The TRPAI1 gene in mammals is made up of 27 exons
totaling about 50kb and is located on chromosome 8q13 [5].
Human TRPAI consists of 1119 a.a. whereas mouse and rat
orthologs comprise 1125 a.a. The typical tetrameric assem-
bly of TRPs was confirmed in the recent electron micros-
copy 16 A resolution three-dimensional TRPA1 structure
from mice [20]. Each monomer is made up of six-membrane
spanning segments (TM1-TM6) forming a functional chan-
nel by the assembly of a typical pore loop between TM5 and
TM6 that forms the channel cation pore Fig. (1). Two poten-
tial sites for N-linked glycosylation are found in the extracel-
lular loops (TM1-TM2) and both C- and N terminals are
located on the intracellular side of the membrane. A special
feature of TRPAI is the long N-terminal domain with at least
14 ankyrin repeats (AR) An AR is a 33 amino-acid long mo-
tif containing two alpha-helices that appears as tandem ar-
rangements in bacterial and eukaryotic proteins. The ARD
forms a super helical spiral structure that may play a role in
protein-protein interactions and also mechanotransduction
[21, 22]. A potential role of ARD in TRPAI translocation
and functional surface expression was inferred from im-
paired truncated mutants [23].

Distinct stretches of the ARD were shown to be involved
in regulation of heat sensitivity and activation by covalent
ligands and intracellular Ca'" [24]. A distinct regulatory site
has recently been identified and characterized in the distal
cytosolic C-terminal end of human TRPA1 where a cluster
of acidic residues (E1077 and D1080-D1082) affected the

voltage-dependency of TRPA1 and its potentiation by Ca'"
or chemical irritants (see below). Truncation of the 20 last C-
terminal a.a. decreased Ca''-induced inactivation by three-
fold [25]. A different stretch of basic residues in the C-
terminal region proved critical for voltage activation when
mutated (L969, K975, L988 and L989, L1092 and L1099)
[26]. The cytosolic C-terminal end of TRPA1 seemed thus to
play an essential role for the voltage activation of the chan-
nel.

Little is known about cellular trafficking of TRPAIL;
however, it has been demonstrated that direct in vitro appli-
cation of protein kinase A (PKA) activators, phospholipase
C (PLC) or TRPA1 agonist like allyl-isothiocyanate (AITC),
the active component in mustard oil, led to increased immu-
nodetection at the surface of recombinant cells. This process
was partly dependent on SNARE-mediated vesicle fusion
[27]. The same stimuli, applied in vivo, led to sensitization of
the nocifensive response.

TRPA1 can form Heterotetramers with TRPV1 in vitro

In vitro TRPA1 subunits can form functional heteromeric
complexes with TRPV1. The TRPA1/TRPV1 heteromers
exhibit altered pharmacology and channel kinetics compared
to either of the homomeric TRPA1 or homomeric TRPV1
[28-31]. In recombinant cells like CHO, TRPAI-TRPVI
complexes form on the cell surface; therefore, such com-
plexes may serve as potential models to compare the phar-
macology of the various TRPs oligomers in a recombinant
system [32]. It has been suggested that a TRPV1 interaction
plays a role as a regulator of AITC-induced desensitization
of TRPA1 (see below), both in recombinant cells and sen-
sory neurons, and that AITC-induced internalization of
TRPA1 could be prevented by TRPV1 co-expression [33].
Heterotetramers pharmacology and sensitivity to multimodal
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activators are of potential physiological relevance for the
peripheral sensory system as TRPA1 and TRPV1 mRNAs
co-express in sub-populations of rat dorsal root ganglia and
trigeminal ganglia neurons although it is unknown whether
TRPAI1-TRPV1 heteromers form in native tissues [34, 35].

Cross-species Differences and Relevance to TRPA1 Drug
Discovery

The sequence identity between human- and rat-, mouse-
or dog proteins are only about 80% and discrete cross-
species variations may explain some key pharmacological
and functional differences among TRPA1 orthologs. It is
well documented that some compounds identified as antago-
nists at the human isoform show very different pharmacol-
ogy at the rat receptor; this highlights the critical importance
of surrogate model species in assessing the in vivo pharma-
cology [36, 37]. Several electrophilic compounds blocking
human TRPA1 receptor have been shown to either lack ac-
tivity or even activate the rat receptor (AMG7160,
AMG2504, AMG9090, AMGS5445, CMP1, CMP2 and
CMP3) [36, 38]. Analogous discrepancies have been seen for
non-reactive ligands like caffeine and menthol [39, 40]. The
in vitro pharmacology (potency and type of effect) of caf-
feine, menthol and CMP1 on TRPA1 were similar between
rhesus monkey and human channels (sharing 96.9% a.a.
identity) but neatly distinct between human and rat or mouse
channels (nonetheless sharing 96.6% a.a. identity) indicating
that, rather than rat or mice, rhesus monkey may be a good
surrogate species to human in preclinical studies [41]. Resi-
dues in the distal N-terminus between amino acid 231 and
287 are critical to explain the shift of some ligands from an-
tagonist to agonist. Mouse TRPA1 mutant M268P resembles
the human ortholog and this single-point mutation was suffi-
cient to shift caffeine activity from activator to inhibitor on
the rodent channel. Yet, the corresponding reverse mutation
in human TRPA1 (P267M) was not sufficient to trigger a
shift in the opposite direction, suggesting that complex inter-
actions between distinct parts of the channels e.g. TMS and
TM6 explain the specific pharmacology of orthologs and the
activity of some ligands like menthol [38, 42, 43]. Within the
same species, the pharmacological profile may also follow a
bimodal trend of concentration dependence like in the case
of menthol that was shown to activate mice TRPA1 at low
concentrations and block it at higher ones [44].

The ARD is another region of importance for pharmacol-
ogical species specificity, particularly for thermal and
chemical opening modalities. Rattlesnake and drosophila
TRPAL1 orthologs are activated by heat and seem less sensi-
tive to chemicals such as AITC than their human counter-
part. Swapping the first 10 ankyrin repeats in the human iso-
form by those of the snake rendered the chimera heat sensi-
tive while it retained its original human AITC sensitivity.
Closer mutational analysis revealed that rattlesnake TRPA1
contained two functional AR regions (AR 3-8 and AR10-
15); each of these was sufficient to confer heat sensitivity to
the human orthologs, yet with different temperature thresh-
olds of activation. The N-terminal ARD of TRPAI, by inte-
grating thermosensation, ligand modulation and also calcium
sensitivity (see below) seems thus to act as a molecular inte-
grator of physiological signals in TRPA1 expressing neurons
[24].
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All these findings stress the need for caution when
ligands developed against the human channel are evaluated
in other species during preclinical development; careful as-
sessment of the cross-species reactivity is warranted.

BIOPHYSICAL PROPERTIES OF TRPA1
Electrophysiological Properties of TRPA1 Channels

TRPAL1 channels are characterized by a relatively high
single channel conductance. Homomeric channels have a
conductance of about 110-173 pS [16, 45-47]. Extracellular
physiological Ca"" and Mg'" concentrations reduce the in-
ward single channel conductance at negative potentials to
about 65 pS. A gradual rundown of activity has been re-
ported when the channel is recorded in cell-free membrane
patches. This was seemingly caused by the absence of intra-
cellular inorganic polyphosphates in excised patches; this
changes the functional state of the channel making it insensi-
tive to pungent chemicals and Ca"" activation [46, 48]. The
biophysical properties of the pore have been explored by
permeability studies with inorganic and organic cations. The
monovalent cation permeability follows the sequence (Rb" >
K" > Cs" > Na' > Li") when constitutive TRPA1 activity is
recorded. When activated by AITC, the relative permeability
of inorganic cations in excised patches has been determined
as (Ca’ > Ba"™ > Mg"™ >NH" > Li" > Na"> K+ >Rb" >
Cs") [48].

As previously observed for TRPVI, activated TRPA1
undergoes agonist-dependent pore dilation from an original
11 A diameter to 14 A in its narrowest portion upon persis-
tent stimulation by AITC [49]. TRPA1 pore dilation eventu-
ally allowed for permeation of large cationic molecules like
Yo-Pro (376 Da; fluorescent probe), N-methyl-D-glucamine
(195.2 Da) or the lidocaine derivative QX314 (363Da) [50]
[51]. Probe permeation was reversed by TRPA1 antagonists
like ruthenium red (RuR) and HC-030031 and, regardless of
their reactive nature, pore dilation was observed both with
electrophiles (AITC, cinnamaldehyde, 4-hydroxy nonenal)
and non-electrophile compounds (farnesyl thiosalicylic acid
and URB597). Both calcium and lasting agonist application
dynamically and reversibly regulated pore dilation in
TRPA1, similar to what was shown previously for TRPV1
[52, 53]. As a correlate of pore dilation, a 30% increase in
divalent cation selectivity (PCa/PNa) and an increase in frac-
tional Ca"™ current were also observed [49]. Even modest
changes in Ca"" permeability occurring from dynamic pore
dilation could play a role in TRPAI (and TRPV1) regula-
tions in nociceptive neurons to alter their excitability. Fol-
lowing stimulation with voltage ramps, TRPA1l showed
marked outward rectification at positive membrane poten-
tials, indicative of the voltage-dependency of the channel
[26, 44]. In absence of intracellular Ca™ and in recombinant
system, the outward current is measured above +60mV while
the voltage for half-maximal activation (V) corresponded
to +155mV. Interestingly, this voltage dependence is
strongly shifted leftward by increasing internal Ca"". For
instance, at 6 uM intracellular Ca™, TRPAI Vs = 14mV
and is reduced to -1mV at 100 uM [54]. Physiological intra-
cellular Ca™" level ([Ca'']i) usually reaches 100 nM in most
DRG cells, but in medium-sized neurons (30 wum diameter),
following NGF stimulation or in inflammatory conditions,
the intracellular calcium concentration can reach 100-fold
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higher concentrations, potentially making voltage a physio-
logically relevant regulator of TRPA1 also in the absence of
macromolecular ligands [55, 56].

Calcium Regulation of TRPA1 Activity

Calcium ions seem to play a crucial and dual role in con-
trolling the gating behavior of TRPAI, inducing activation
or potentiation as well as inactivation. The molecular basis
of Ca"" gating is complex and involves several distinct struc-
tural domains of the protein. Several findings indicate that
Ca'"-mediated TRPA1 activation and potentiation are in-
duced by the elevation in intracellular calcium level [Ca"']i.
At micromolar concentrations, [Ca"']i activates TRPA1 in a
voltage-dependent way, slowing channel inactivation and
causing persistent activation [47, 54]. Similarly elevation of
[Ca"™]i by thapsigargin (a specific inhibitor of endoplasmic
Ca'""-ATPase) or by histamine (which signals to induce Ca""
mobilization from intracellular stores) were also shown to
activate TRPA1 [57]. Direct Ca"" binding to an EF-hand
motif in the intracellular N-terminus seemed responsible for
Ca"-induced activation [47, 54]. However, ev-en in mutants
that are deficient for this binding site, some remaining levels
of calcium sensitivity remained [23, 57].

TRPA1 activation and potentiation would also require
access for Ca’" in the open channel. In Ca"'-free solution,
reactive agonists induced slow-activating, persistent TRPA1
current. TRPA1 pore mutant D918A, which has strongly
reduced Ca'" permeability, is also deficient for calcium-
induced potentiation upon increasing extracellular calcium
level ([Ca"']o). In the same mutant, Ca"" sensitivity (activa-
tion and inactivation) was rescued by lowering the intracellu-
lar calcium chelator EGTA, suggesting that Ca" entry
through the pore is leading to channel activation via accumu-
lation of [Ca""]i [57]. In contrary, high millimolar extracellu-
lar Ca™" concentration [Ca'Jo led to a fast-inactivating, tran-
sient TRPA1 current. Add-back of millimolar [Ca™"]o to a
Ca''-free solution led to a quick change towards fast poten-
tiation and fast inactivation of agonist-induced currents [16,
47, 57]. As a result, signaling events increasing [Ca']i have
a strong potential to modulate TRPA1 responses. Inflamma-
tory mediators signaling through an increase in phospholi-
pases C (PLC) and an increase in cytosolic [Ca'']i, or direct
Ca'" influx mediated by TRPV1 and other plasma membrane
calcium channels are all additional means of modulating
TRPAL1 activity [18, 58, 59]. In this regard, TRPV1 was pro-
posed to play a direct role in the regulation of TRPAL1 activ-
ity, altering the open-probability, magnitude and voltage
dependency of mustard oil induced TRPA1 currents [31, 60].
TRPA1 itself might regulate its own Ca’" gating upon acti-
vation by endogenous agonists or environmental irritants,
and therefore control nociceptive signaling via a Ca''-
dependent biphasic feedback loop [47].

TRPA1 IS A POLYMODAL INTEGRATOR OF NOCI-
CEPTIVE STIMULI

TRPA1 Expression Profile under Basal Conditions

Unlike many other potential targets for analgesia, TRPA1
was originally shown to have a distinct and restricted distri-
bution pattern in peripheral sites of importance for pain
processing. Consistent with a role in nociception, TRPA1 is
expressed in dorsal root ganglia (DRG) and trigeminal gan-
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glia (TG) neurons of sensory primary afferents [16, 31, 35,
61]. In situ hybridization studies in mice demonstrated
TRPA1 mRNA expression in a large number of smaller no-
ciceptive cells (approximately 37% of all TG and 57% of all
DRG neurons, respectively) [16]. Similar results have been
obtained in intact rat lumbar DRG where approximately 40%
of all L5-L6 DRG cells were positive for TRPAI mRNA.
Furthermore, the results indicated that these neurons did not
express neurofilament 200, but peptidergic markers of noci-
ceptive neurons such as calcitonin gene-related peptide
(CGRP), TRPV1 and also the NGF receptor TrkA. Immuno-
histochemistry experiments confirmed TRPA1 protein ex-
pression in small peripherin-positive nociceptors [16, 35].

From the cell bodies TRPA1 is trafficked towards pe-
ripheral nerves and central terminals of the primary afferents.
In rodents TRPA1 is expressed by about 50% of small pep-
tidergic C-fiber nociceptors [31, 61] although it has also
been reported in non-peptidergic nociceptors that bind
isolecitin IB4 [62]. In human, TRPA1 has been detected in
the intact peripheral nervous system [63] as well as in lingual
nerve neuromas [64].

TRPA1 is also present in non-somatosensory neurons,
including vagal fibers [65] and sympathetic neurons [66] and
in non-neuronal tissues such as urothelial cells [67, 68] and
basal keratinocytes [63], hair cells in the inner ear [69] and
native endothelial cells [70]. The expression and activity
profile of TRPAT1 in a number of neuronal and non-neuronal
locations suggest a functional role of TRPA1 in many other
physiological contexts than pain (see [71] for a recent re-
view).

Activation of TRPA1 by Exogenous Stimuli

TRPA1 is gated by a wide range of environmental
irritants, pungent natural compounds and riot control agents
such as mustard oil (AITC), garlic (allicin), ginger,
wintergreen and cinnamaldehyde (CA), nicotine and various
tear gases, all of which can induce pain, nocifensive
behaviors and/or sensory neurons sensitization in animals
and man Fig. (2), Table 1 [4, 11, 58, 61, 72]. Many
structurally unrelated TRPAL1 activators are electrophilic in
nature and typically activate the channel following covalent
binding to specific residues [73]: CA, acrolein, AITC,
iodoacetamide and most plant terpenes (e.g. thymol,
carvacrol) belong to this category Fig. (1). Using a
combination of cysteine scanning mutagenesis, Ca’
fluorescence assays and electrophysiology their mechanism
of action was shown to occur through covalent binding at
specific cysteine residues on the intracellular N-terminal part
of the channel. In mice, three of the 31 cysteine residues,
C415, C422 and C622 (corresponding to C414, C421 and
C621 of the human isoforms), turned out to be essential for
mediating this covalent channel activation Fig. (1) [73, 74].
In agreement, inert chemical analogs of CA or acrolein were
inactive at TRPA1, indicating that thiol reactivity is essential
within these specific structural scaffolds [74]. Icilin
however, a naturally neutral activator seemed to exert its
activity via a thiol-independent mechanismm. Depending on
the TRPA1 conformation, C622 and C666 might take part in
a dynamic network of disulfide bonds with spatially close
cysteines residues, in addition to be interacting with reactive
small molecule ligands [75]. Upon modeling of TRPA1
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Table 1. Properties of Representative TRPA1 Agonists
Compd Name or sponsor ECs Ref.
1 AITC h: 2-34 uM [4,99]
2 Cinnamaldehyde h: 13-125 uM [58,99]
3 CN tear gas h: 30 nM [87]
4 CS tear gas h: 0.9 nM [87]
5 PF-4840154 h: 23 nM, r: 97 nM [184]
6 1&] h: 50 pM [201]
% h= human; r=rat
o] NS - /,?;N
e~ ST PN /‘i e i

1; AITC 2; Cinnamaldehyde
0
P e
NS ONT TS
(@] ~ J\‘ ;j\ ‘\ ’J

5; PF-4840154

Fig. (2). Structures of agonists shown in Table 1.

sequence in its low resolution electron density map, C622
and C666 seemed to sit in a cluster of reactive residues
within a linker region between the ARD and the
transmembrane portion of the channel. These observations
suggest a model where structural crosstalk between these
regions plays a role in channel activation and desensitization
[20].

A preclinical animal model of particular interest to pain
researchers is the formalin test [76], where a diluted formalin
solution (usually 2%, which corresponds to a 0.74% =
246 mM formaldehyde solution) is injected into the hind
paw of rodents to produce a standard biphasic pain response
pattern. Formaldehyde has also reactive properties and has
been suggested to trigger nocifensive behaviors through its
capacity to bind and activate TRPA1. Using calcium imag-
ing and electrophysiology in heterologous cells transfected
with TRPA1, formaldehyde was shown to increase [Ca'']i
with an estimated ECs, around 350 uM [77], a concentration
likely to be exceeded locally in the hind paw skin following
injection of a 2% formalin solution (246 mM formaldehyde).
Interestingly, nociceptive behaviors during both phases of
the formalin test are strongly reduced in TRPA1 knockout
mice or by pharmacological blockade of TRPA1 [78].

In addition to formalin, AITC and Ca™ are the most
characterized and frequently used TRPA1 agonists in ex-
perimental pain models. AITC activates C-mechano-heat
nociceptors (CMHs) leading to neuropeptide release, causing

L T

4; CS teargas

6; J&J

vasodilation, hyperalgesia and pain [4, 66]. Therefore AITC
(mustard oil) has been used in experimental preclinical and
clinical pain studies for many years [79-82]. Its application
to the human skin elicits a sharp and burning pain sensation,
followed by development of sensitization, which is charac-
terized by hyperalgesia (increased pain sensation to a nor-
mally painful stimulus) and allodynia (pain elicited by a non-
painful stimulus) [81]. Using various in vitro protocols,
AITC activates human and rat TRPA1 at low micromolar
concentrations (ECso = 1.9 - 33.5 uM) (Table 1, cinnamalde-
hyde Fig. (2) [83]. Specificity of AITC for TRPA1 has been
demonstrated in vivo using genetic deletion of TRPAI in
mice, where AITC-induced pain response and inflammation
were lost [17, 18]. In vitro, AITC activates TRPV 1, although
at much higher concentration (ECso = 1.8 mM) [84]. CA is
well known for its use in food and as a fragrance additive
and therefore its physiological effects are well documented.
In vitro reports have shown that CA activates TRPALI in the
micromolar range (ECso= 6.5 - 19 uM) [83]. In healthy vol-
unteers, topical application of 0.2 - 10% (1.5 - 75 mM) CA
solution to the forearm caused spontaneous burning pain,
hyperalgesia, and neurogenic inflammation [85]. The exact
concentration of CA in the dermis following such an applica-
tion is not known, but it cannot be excluded that it reached a
level at which CA activates other thermo-TRPs, in addition
to TRPAI. Indeed, in recombinant systems CA is reported to
block TRPMS at millimolar concentrations (ECso = 1.5 mM)
and to activate TRPV3 in the same range [86].
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o-Clorobenzylidene malononitrile (CS) has been used as
a tear gas by military and police forces worldwide for dec-
ades. Agents such as CS are electrophilic chemicals; their
incapacitating effects result from instant pain and irritation
of the eyes, excessive tearing and cramp of the eyelids (ble-
pharospasm). Recently TRPA1 was established as the mo-
lecular target for CS. CS was shown to be a selective and
potent agonist of human TRPA1 with an ECs, of 0.9 nM
(calcium fluorescence) [87, 88]. Similar values where ob-
tained for the rat isoform (ECsy = 0.7 and 0.2 nM at the hu-
man and rat TRPAI, respectively; (E. Nyman, AstraZeneca
R&D: unpublished data). Pain responses to CS have been
assessed in humans following application on the tongue and
cornea in healthy volunteers [89]. The sensory detection
threshold after ocular administration was 730 nM with an
ECsp of 3.2 uM for blepharospasm. Administration on the
tongue yielded an ECs of 6.8 pM for a painful stinging and
burning sensation. In rats, intradermal injection of CS (5 pL,
160 nM — 16 mM) produced a dose-dependent increase in
nocifensive behaviors (lifting, shaking, biting and licking of
the injected paw) as well as heat hyperalgesia and mechani-
cal allodynia (G. Martino, AstraZeneca R&D, unpublished
data).

The Question of TRPA1 as Transducer of Noxious Cold

TRPA1 involvement in the cold sensitivity of sensory
neurons is still debated [4, 31, 58, 90].

Experiments using patch clamp and calcium fluorimetry
in recombinant systems provided the first evidence that
TRPA1 was a sensor of noxious cold. In recombinant sys-
tems, the activity of TRPA1 was markedly enhanced at tem-
peratures below 17 °C or in the presence of Icilin [31], indi-
cating that sensation of cold temperatures or their perception
elicited by chemicals are mediated via TRPAL.

In contrast, data from different groups studying the role
of TRPA1 as a noxious cold sensor in native systems of cul-
tured sensory neurons failed to link the function of TRPAI
to transduction of noxious cold [4, 16]. As described above,
calcium is an important modulator of TRPA1 that is required
for full agonist-evoked response but is also involved in
channel desensitization. Notably, it was suggested that dif-
ferences in calcium conditions could, in part, explain the
differences reported with respect to TRPA1 activation by
cold. In recombinant systems, such an activation may occur
indirectly as a result of increased [Ca ']i upon cooling as
reported in both TRPA1l-expressing and control HEK293
cells [54]. In contrast, noxious cooling did not evoke unspe-
cific [Ca""]i increases in sensory neurons, maybe impairing
calcium-induced activation, which could in turn explain why
cold-activation of TRPA1 could not be observed in intact
native cells [91]. Yet the uncertainty remains since single-
channel recordings of TRPA1 demonstrated that it could be
activated by cold stimulation, even under calcium-free con-
ditions [92]. Recent data confirmed and extended support for
TRPA1-mediated cold sensitivity by showing dependence to
voltage while still under calcium-free conditions [40]. Dif-
ferences in the length of cold stimulation according to indi-
vidual protocols might explain the discrepancies amongst the
various cold studies in whole-cell patch clamp or single-
channel recordings [6, 54, 93].
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Using TRPA1 deficient mice in behavioral studies, two
groups came to conflicting conclusions reporting either no
differences between the KO mice and the controls [18] or a
significant reduction of nociceptive behavior in the KO fol-
lowing acute noxious cold stimulation (acetone cooling and
cold plate) [17]. The specific reasons for these apparent con-
tradictions remain unknown; however, here again, methodo-
logical differences are likely to be important [77].

TRPA1 and Sensory Mechanotransduction

The role of TRPAI as a detector of mechanical stimuli
remains: controversial, yet a range of evolutionary evidence
showed, for example, that a TRPA1 worm ortholog was sen-
sitive to mechanical pressure [94]. In addition, Drosophila
deficient in a specific TRPA1 homologue encoded by the
painless gene (EP(2)2451) showed a decreased response to
intense mechanical stimuli [95]. TRPA1 deficient mice dis-
played a decreased behavioral response to punctuate me-
chanical stimuli in the noxious range [96], although this was
not observed in another study [18], and a markedly reduced
firing of C-fibers following noxious mechanical stimulations
[19]. In agreement, the selective TRPA1 antagonist HC-
030031 also significantly reduced mechanically-evoked ac-
tion potential firing in rodent C-fibers, particularly at high-
intensity forces [97]. With regard to the expression profile,
TRPAL1 is also present in epidermal keratinocytes, a part of
the mechanotransduction system [19]. Collectively, the data
suggests a role for TRPA1 in mechanical transduction by
selective modulation of subtypes of mechanosensitive affer-
ents.

ROLE OF TRPA1 IN PAIN PATHOPHYSIOLOGY

TRPAL1 as a Sensor of Tissue Damages a Key Role in No-
ciceptive / Inflammatory Pain

TRPAI Responds to a Variety of Noxious Endogenous Re-
active Compounds

In addition to being activated by exogenous physical
stimuli and noxious chemicals, TRPA1 also responds to a
variety of endogenous reactive compounds including ketoal-
dehydes, cyclopentane prostaglandins and reactive oxygen
species released after tissue injury and during inflammation.
These endogenous mediators act on nociceptive sensory
nerve endings, thus suggesting that TRPA1 is a key sensor of
tissue damage related to inflammation and oxidative stress.

In response to oxidative stress a number of reactive elec-
trophilic ketoaldehyde are formed via lipid peroxidation.
Among those, 4-oxononenal (4-ONE), derived from oxidized
o-6-polyunsaturated fatty acids such as arachidonic and lino-
leic acid, can form stable Michael adducts with thiol contain-
ing cysteine and lysine residues of proteins. In turn 4-ONE is
broken down enzymatically into other reactive metabolites
such as 4-hydroxynonenal (4-HNE) [98]. In vitro 4-ONE and
4-HNE have been shown to activate recombinant or native
(DRG neurons) TRPA1 channels [74, 99-102] and when
injected in rodents, to induce TRPA1-dependent nocifensive
behaviors as well as mechanical and cold hypersensitivity
[100, 103, 104], although some components of the responses
were also shown to be TRPA1-independent. In osteoarthritis
(OA) pain patients, synovial levels of 4-HNE are signifi-
cantly increased [105, 106] and growing evidence supports a
role for 4-HNE as a pathophysiological modulator in carti-
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lage degradation [100, 101, 106, 107]. Whether 4-HNE plays
a direct role in triggering pain in OA can only be speculated.
Yet, the fact that TRPA1 can be detected in human synovial
lining and that 4-HNE accumulates during oxidative stress to
reach local concentrations (~5 mM) greatly exceeding its
ECsy at TRPA1 (~50 uM) would support the concept [100,
108, 109].

During inflammation, arachidonic acid is converted by
cyclooxygenases into prostaglandins (PGs), which contribute
to inflammatory pain and hyperalgesia through a direct
action on their receptors. In addition PGs can be transformed
into electrophilic compounds in vivo [110]. In particular,
cyclopentenone ring-containing A- and J-series prostagland-
ins are formed as non-enzymatic dehydration products of
PGE2 and PGD2, respectively and can be detected in hu-
mans (see [l111] for a review). Among them, 15-
deoxyAprostaglandin J2 (15-dPGJ2) a PGD2 metabolite with
an o,B-unsaturated carbonyl moiety that can form Michael
adducts has been shown to activate TRPA1 in HEK cells as
well as in mouse DRGs and trigeminal neurons, an effect
that was absent in TRPA1-deficient animals [112, 113] and
that could be blocked by the TRPA1 inhibitor HC-030031
[114]. Furthermore, when injected into the skin, 15-dPGJ2
evokes acute nociceptive behaviors in rodents via a TRPA1-
dependent mechanism [101, 112, 113], thus indicating an
additional, role of PGs in inflammatory pain via TRPA1-
induced nociceptor sensitization.

Nitric oxide (NO) a signaling molecule generated from
arginine and oxygen by nitric oxide synthases is involved in
various biological processes including vascular signaling,
immune responses and neurotransmission. NO is algogenic
in humans and plays an important role in pain sensitization
caused by inflammation and injury in animal models [115-
117]. In addition to stimulating the cyclic guanosine mono-
phosphate pathway (which in turn modulates a variety of
downstream signaling targets), NO also forms stable adducts
with cysteine residues and has been shown to activate both
TRPA1 and TRPVI in heterologous systems and in cultured
primary sensory neurons [118-121]. In behavioral assays,
peripheral NO-induced nociception was compromised when
TRPV1 and TRPA1 were both deleted, providing genetic
evidence that the peripheral nociceptive action of NO was
mediated by both TRPV1 and TRPAI [121].

TRPAI Expression and Function are Altered by Inflamma-
tion

TRPAL1 is not only activated by endogenous proalgesic
agents from the inflammatory soup, it also undergoes an in-
flammation-dependent modulation of its expression and
function Fig (1).

In rodent DRG cells, TRPA1 (and TRPV1) mRNA levels
were increased following Freund’s complete adjuvant (FCA)
injection into the skin [122-126], colonic injection of 2,4,6-
trinitrobenzenesulfonic acid (TNBS) [124, 127] and pancre-
atic inflammation induced by cerulein [128]. Likewise,
TRPA1 and TRPV1 activities are potentiated by inflamma-
tion in controls, while mice containing null mutations for
these channels exhibited decreased, or no inflammatory hy-
peralgesia [17, 18, 62, 123, 128-130].

As mentioned above, [Ca'']i gating of TRPAI channels
can be strongly modulated downstream of receptor pathways
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that are activated by inflammatory mediators, such as
neurotrophins, bradykinin, tryptase etc. [4, 18, 58, 131, 132]
as well as by its own activity, resulting in an increase in no-
ciceptor excitability. For instance, neurotrophins like nerve
growth factor (NGF) and the glial cell line-derived neurotro-
phic factor (GDNF) family of growth factors are released in
inflamed tissue where they participate to nociceptor activa-
tion and sensitization [124, 125, 133, 134]. Some effects of
the neurotrophins are believed to occur via alteration in ex-
pression and functional sensitivity of pain transducing recep-
tors including not only TRPV1 or B1 [124, 135-137] but also
TRPA1 [63, 123, 126, 138, 139] (however see [140]), al-
though the ability and extent of the growth factors to potenti-
ate TRPA1 (and TRPV1) responses seem to vary depending
on the type of tissue studied (skin, muscle or colon) [125].

Bradykinin (BK) is another mediator produced in re-
sponse to tissue injury, inflammation, or ischemia that acti-
vate the PLC/PKC signaling pathway, causing the release of
calcium from intracellular stores. BK elicits immediate exci-
tation of nociceptors, followed by a longer lasting sensitiza-
tion to thermal and mechanical stimuli [141, 142]. The BK-
evoked nociceptor excitation, thermal and mechanical hyper-
algesia were strongly reduced in TRPA1-deficient mice and
attenuated (mechanical hyperalgesia) by the TRPA1 antago-
nist AP18 [143], suggesting that TRPA1 activation medi-
ated, or at least contributed, to the acute pain and hyperalge-
sia caused by BK.

Likewise, activation by tryptase and trypsin of the prote-
inase activated receptor-2 (PAR2), which co-expresses
largely with TRPA1 in rat DRG neurons, has been shown to
functionally sensitize TRPAI in heterologous systems and
DRG cells. This effect could be blocked by PLC inhibitors
or mimicked by decreasing plasma membrane PIP2 levels
through antibody sequestration or PLC activation, and con-
firmed in vivo by using the PAR2 agonist SL-NH2 at a sub-
inflammatory dose that nonetheless led to an increase in
AITC- or Ca™"-evoked nocifensive behavior in rats [131].

Finally, the enhanced translocation of TRPAIl to the
membrane of sensory neurons triggered by inflammation,
resulting in higher amounts of functional TRPA1 channels,
could be another effective mean to regulate the sensitivity of
nociceptors to TRPA1 agonists and may represent one of the
mechanisms controlling TRPA1 function in response to
acute activation and inflammatory signals [140].

Blocking TRPAI is Analgesic or Antihyperalgesic in Skin,
Joint and Visceral Models of Inflammatory Pain

In addition to small molecule TRPAT1 antagonists such as
HC-030031, AP-18 and A-967079, which all emerged from
drug discovery efforts, endogenous inhibitors of TRP chan-
nels have recently been identified. Resolvins, such as re-
solvin D1, D2 (RvD1, RvD2) and El (RvEl), are lipid me-
diators biosynthesized during the resolution phase of acute
inflammation from ®-3 polyunsaturated fatty acids. They
display potent pro-resolving and anti-inflammatory actions
(see review in [144]) and have also proven to be very potent
inhibitors of the TRPA1 (RvD1, RvD2) and TRPV1 (RVEI,
RvD2) channels [145, 146].

The ability of TRPA1 blockade by small molecules an-
tagonists, antisense oligonucleotides and resolvins to reduce
signs of hypersensitivity has been explored in various rodent
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models of inflammatory pain using several endpoints. For
instance, the mechanical hypersensitivity induced by intra-
plantar injection of FCA, Carrageenan or the major proin-
flammatory cytokine TNFa as well as by intra-articular in-
jection of FCA was reduced by systemic administration of
HC-030031 and A-967079 at plasma exposures believed to
engage TRPA1 [147, 148] or upon local injection of AP-18,
RvDI1 or RvD2 [143, 145, 146, 149], an effect that was abol-
ished in TRPAIl-deficient mice [143, 145]. However,
TRPA1 antisense administration did not reduce mechanical
hypersensitivity even though it had an effect on cold allo-
dynia [123]. In a model of osteoarthritis induced by intra-
articular injection of monosodium iodoacetate (MIA) the
results were inconsistent: A-967079 was reported to reverse
the MIA-induced reduction in grip force [148] whereas HC-
030031 failed to reverse the shift in weight bearing or to
block place-preference elicited by intra-articular lidocaine
(used as a measure of ongoing pain) [148, 150] although
both compounds were used at doses shown to reduce AITC-
induced nocifensive behaviors.

Systemic HC-030031, locally administered AP18, or
transient knock-down of TRPA1 reduced FCA-induced cold
hyperalgesia in rats [104, 123, 143, 151] without affecting
acute noxious cold sensation. Heat hyperalgesia on the other
hand was neither affected by AP18 nor by TRPA1 antisense
administration [143, 145, 151]. The positive effect on this
symptom observed after RvD1 or RvD2 administration may
be attributed to inhibition by the resolvins of thermo-TRPs
like TRPV3 and TRPV1 [145, 146, 152].

Interestingly, although both wild-type and TRPAI-
deficient mice developed mechanical hyperalgesia 24 hours
after FCA injection, only the wild-type mice displayed a
sustained mechanical hyperalgesia for 3 weeks following
FCA [143, 149]. Thus, endogenous activation of peripheral
TRPA1 appears to play a key role in the long lasting me-
chanical hyperalgesia observed after intra-articular injection
of FCA; while, in the early stage of the inflammatory insult,
compensatory mechanisms in TRPA1-deficient mice would
mask the TRPA1 requirement [143]. In agreement, the noci-
ceptive and hyperalgesic responses measured within 24
hours after induction of inflammation were reduced, but not
abolished, by TRPA1 antagonists [104, 123, 147, 149, 151];
but see [143]. Similarly, TNFo-induced hyperalgesia was
reduced but not suppressed in TRPA1-deficient mice, sug-
gesting that other mechanisms than just TRPA1 activation
contributed in the early AITC-, FCA- or TNFa-induced no-
ciceptive responses [149].

Finally, in a mice model of pancreatitis caused by re-
peated injection of cerulein, HC-030031 and the TRPVI
antagonist AMG 9810 could synergistically reverse the
change in exploratory behavior (believed to reflect pancreati-
tis-induced discomfort and pain), suggesting that reagents
targeting both channels could be worthwhile exploring in
acute pancreatitis pain [128].

Although some inconsistencies exist (likely affected by
differences in methodologies), several lines of evidence sup-
port a critical role for endogenous activation of peripheral
TRPA1 in the development of mechanical and cold hyperal-
gesia following tissue injury and inflammation. TRPA1 is
up-regulated during inflammation, directly activated and
indirectly sensitized by endogenous inflammatory mediators.
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Thus, blocking of TRPA1 activity appears to be a relevant
mechanistic approach to decrease mechanical hyperalgesia, a
key symptom that contributes to movement-evoked pain in
patients suffering from chronic nociceptive or inflammatory
pain. Another major complaint from notably OA patients is
pain at rest, which presumably depends on sustained activity
in nociceptive fibers. The reduction in spontaneous firing of
spinal wide-dynamic range neurons (WDR) to intra-articular
administration of FCA and in exploratory behavior in a
model of pancreatic pain points towards a role for TRPAI in
ongoing pain during overt inflammation [128, 153]. In con-
trast, when inflammation dissipates like in the chronic phase
of MIA-induced arthritis, TRPA1 antagonists did not inhibit
the spontaneous firing of spinal neurons or a measure of on-
going pain [150, 153] indicating that they might not be very
effective on pain at rest in less inflammatory conditions like
advanced OA.

In summary, inhibiting peripheral activation/sensitization
of nociceptor afferent endings by blocking TRPA1 channels
appears to be an attractive approach to relieve some of the
symptoms in patients suffering from acute or chronic noci-
ceptive inflammatory pain conditions, including arthritic
pain.

Role of TRPA1 in Neuropathic Pain

While the role of TRPAI in inflammatory pain is sup-
ported by a wealth of concurring evidence, its contribution to
the pathophysiology of neuropathic pain is more debatable.

Alteration in TRPAI Expression and Function after Nerve
Injury

In animals, the changes in TRPAI expression profile
were variable depending on the specific model of nerve in-
jury studied. For instance, after chronic constriction injury of
the sciatic nerve (CCI), TRPA1 mRNA levels in rat DRG
neurons were reported to be slightly but significantly in-
creased at day 7 post-surgery [154] or left unchanged from
day 2 to 28 (R. Grant, AstraZeneca R&D, unpublished
data)". In mice, the expression was instead significantly re-
duced in DRGs at day 7 and 14, in agreement with a reduc-
tion in the number of AITC-sensitive cells [62]. In the rat
spared nerve injury (SNI) model, the TRPAl gene was
down-regulated at 4 and 15 days post-surgery and returned
to normal or above normal at 3 months [155]. In the mouse
partial nerve injury model (Seltzer method), TRPA1 mRNA
levels were strongly reduced in L4 and L5 DRGs at times
where mechanical allodynia could be observed [155]. A re-
duction in TRPAT1 level was also observed 7 days after com-
plete sciatic nerve transection [155]. In the spinal nerve liga-
tion (SNL) model, Noguchi’s group reported an increase in
TRPA1 mRNA expression in the uninjured trkA-expressing
small-to-medium L4 DRG neurons 1-14 days after L5 spinal
nerve ligation, aligned with the development and mainte-
nance of cold hyperalgesia in the hind paw [123, 156]. Im-
munohistochemical studies confirmed TRPA1 up-regulation
in the L4 DRG and trafficking of the channels in small di-
ameter myelinated and unmyelinated peripheral terminals. In
agreement, the percentages of AITC-sensitive L4 DRG cells
and of peripheral Ad-fibers were increased in SNL compared
to sham and naive rats, suggesting that following nerve in-
jury TRPA1 is up-regulated on intact Ad-fibers, then con-
tributing to cold hypersensitivity [157]. In contrast, TRPA1
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expression was decreased in the injured L5 DRG cells in rats
and in five inbred mice strains [158]. Overall, it appeared as
if TRPA1 is down-regulated in injured neurons and up-
regulated in neighboring uninjured neurons, the net effects
being more obviously detected after complete sciatic nerve
transection or in the SNL model. Indeed in the SNL model,
all neurons from the L5 DRG are injured and all those from
the L4 are spared, whereas in CCI, the injured neurons dis-
tribute to several ganglia. Upregulation of TRPA1 has also
recently been reported in the streptozotocin-induced model
of diabetic neuropathy in rats at a time points where cold
hyperalgesia was observed [159].

In human, expression of TRPA1 was increased in small-
to medium-sized DRG neurons obtained from patients hav-
ing undergone brachial plexus repair following avulsion in-
jury [63]. However, investigating the potential correlation
between TRPA1 expression and the presence or absence of
neuropathic pain symptoms, Morgan et al. [64] showed no
significant difference between levels of TRPAI1 in lingual
neuromas from patients with or without symptoms of dysaes-
thesia, and no relationship either between TRPA1 expression
and VAS scores for pain, tingling or discomfort. Further-
more, despite a net decrease of TRPA1 mRNA levels ob-
served in some nerve injury models, animals still displayed
neuropathic-like signs of hypersensitivity. Therefore, it can-
not be concluded that neuropathic pain symptoms in rodent
or human are unequivocally linked to changes in TRPA1
channel expression.

Sensitization of the TRPA1 channel could also contribute
to the development of neuropathic pain symptoms following
nerve injury as it does during inflammation. For instance, in
the rat SNL model, NGF is synthesized and released in the
L5 degenerative nerve fibers and acts upon nearby sensory
fibers, potentially inducing TRPA1 up-regulation in the in-
tact L4 DRG, thus increasing cold hyperalgesia [123]. In
agreement, the magnitude of the response to AITC of L4
DRG cells and Ad-fibers in the periphery is significantly
larger in SNL compared with sham and naive rats [157].
Also, in a mice model of chemotherapy-induced neuropathic
pain, repeated administration of paclitaxel has been shown to
activate PAR2 and the downstream enzymes PLC, PKCe,
and PKA, resulting in the sensitization of TRPA1 along with
TRPV1 and TRPV4. In turn, blocking downstream signaling
pathways of PAR2 or the TRP channels attenuated pacli-
taxel-induced mechanical, heat, or cold hypersensitivity
[160].

Blocking of TRPAI Reverses Hypersensitivity in Rodent
Models of Neuropathic Pain

The potential role of TRPA1 activation in the pathogene-
sis of neuropathic pain has also been addressed in rodents
using pharmacological tools and antisense knock down. For
instance, cold hypersensitivity was reduced by HC-030031
in the SNI model as well as in paclitaxel- or oxaliplatin-
induced neuropathy models [104, 148, 159, 161, 162], by A-
967079 in the CCI model [104, 148, 159, 161, 162] and fol-
lowing intrathecal administration of TRPA1 antisense in the
rat SNL model [123, 156]. Importantly, HC-030031 and A-
967079 had no effect on noxious cold sensation in naive
animals, suggesting distinct roles of TRPA1 in physiological
and pathological states [104, 148, 159, 161, 162]. Similarly,
mechanical hyperalgesia observed following SNL, repeated
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paclitaxel or acute oxaliplatin administration, or in diabetic
rats was reduced by HC-030031 or a close analogue [147,
161-163]. In agreement, oxaliplatin-induced mechanical and
cold allodynia were absent and cisplatin-evoked mechanical
allodynia was reduced in TRPA1-deficient mice [104, 148,
159, 161, 162]. Paclitaxel-induced heat hyperalgesia was
also reduced by HC-030031 [160].

Collectively, the data suggest that TRPA1 antagonism is
a potential approach to treating symptoms of neuropathic
pain. However, inconsistencies exist and the strength of evi-
dence is so far weaker than for inflammatory pain.

Human Data Supporting TRPA1 Role in Pathological
Pain

Recently, a human heritable pain syndrome has been
linked to a gain-of function mutation in the TRPA1 channel.
Familial Episodic Pain Syndrome is characterized by
episodes of debilitating upper body pain, triggered by fasting
and physical stress although baseline sensory thresholds
were normal. Enhanced secondary hyperalgesia to punctate
stimuli on treatment with AITC was observed. The mutated
channels show a 5-fold increase in inward current on
activation at normal resting potentials and, like the wild type
channel, can be activated by Ca'", cinnamaldehyde, 4-HNE
and cold and blocked by HC-030031 [164].

Emerging Role of Spinal TRPA1 Channels in Pain
Pathophysiology

The main lines of evidence supporting the role of TRPA1
in pain pathophysiology are based on its expression on pe-
ripheral nerve fibers. However, recent findings indicate that
presynaptic activation of TRPA1 channels expressed on cen-
tral terminals of primary afferents enhances glutamate re-
lease and facilitates excitatory transmission in the substantia
gelatinosa between primary afferents and projection neurons
[165], contributing as a result to inflammation- or nerve in-
jury-induced hypersensitivity. The effects of intrathecal ad-
ministration of RvD1, RvD2, A-967079 or an analogue of
HC-030031 on mechanical hypersensitivity in various in-
flammatory or neuropathic pain models [146, 163, 166, 167]
as well as on spontaneous excitatory post synaptic currents
and C-fiber-evoked long-term potentiation in the spinal cord
[146] suggest an additional beneficial site of action in spinal
cord for CNS penetrant TRPA1 antagonists. On the other
hand, a recent report attributes the antinociceptive activity of
acetaminophen to the agonistic properties of two of its me-
tabolites on TRPA1 channels in the spinal cord and proposes
spinal TRPA1 activation as a potential pharmacological
strategy to alleviate pain [168]. Further studies are warranted
to understand this apparent discrepancy.

A ROLE FOR TRPA1 IN SENSITIZATION OF VA-
GAL SENSORY NEURONS INNERVATING THE AIR-
WAYS

Asthma is a chronic condition of airways inflammation.
It is caused by a combination of genetic and environmental
factors including exposure to irritants and allergens that will
trigger uncontrolled inflammatory reactions and dramatic
sensitization of the airways sensory neurons. Common
treatments involve beta-2 adrenergic agonists and corticos-
teroids, generally given in combination so as to maximize
efficacy and limit the risks associated with standalone beta-2
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adrenergics or corticosteroid treatments [169, 170]. Beta-2
adrenergics contribute to smooth muscle relaxation, vasodi-
lation and subsequent dilation of the airways whereas corti-
costeroid drugs bind to intracellular receptors signaling to
response elements that will either up- or down-regulate in-
flammation-induced gene expression (up-regulation of an-
nexin Al; down-regulation of TNFa; GM-CSF; chemo- and
interleukins) [171].

Due to its expression in vagal sensory neurons innervat-
ing the airways and gating by inflammatory mediators and
the ability of agonist to evoke coughing in animal and hu-
man, TRPA1 has been proposed as the target of pro-tussive
agents. Thus TRPA1 blockers may find application in the
treatment of allergic airway inflammation, asthma and
COPD [172-175]. For instance, in models of acute asthma,
the typical allergen-induced responses like leukocyte ex-
travasation, mucus production, cytokines and chemokines
levels that led to airways hyperreactivity were all signifi-
cantly lowered in TRPA1-, but not in TRPV1-deficient mice.
A similar phenotype in rodents was also observed following
pharmacological blockade using HC-030031 [176].

POTENTIAL ROLE OF TRPA1 IN ITCH

Itch or pruritus is defined as an unpleasant sensation that
elicits the desire or reflex to scratch. As such, itch serves a
protective role by warning against harmful agents in the en-
vironment. However, when it accompanies conditions such
as chronic skin and systemic disorders, atopic dermatis, pso-
riasis, renal- or liver failures, peripheral neuropathy etc. itch
becomes chronic causing debilitating sensory experiences
with many similarities to pain. Complex interactions exist
between pain and itch, both sensations sharing at least in part
the same neural pathways, peripheral mediators, pathophysi-
ological mechanisms, central processing and even treatments
(see [177] for a review). Histamine is a well-known prurito-
gen which is mainly released by skin mast cells in response
to external stimuli. Histamine-dependent itch in humans can
be effectively blocked by histamine receptor antagonists and
involves activation of TRPV1. Chronic itch, by contrast, is
insensitive to antihistamine treatment and represents a sig-
nificant unmet medical need. Recent findings have demon-
strated that TRPA1, but not TRPV1, is a downstream trans-
duction channel of histamine-independent chronic itch [178].
Oxidative stress also induces profound scratching behaviors,
which are largely histamine- and TRPV1-independent, but
TRPA1-dependent. Antioxidants and TRPA1 antagonists
have shown efficacy in itch models in mice and may
potentially be used to treat oxidative stress induced itch
conditions in human too [179]. The recent demonstration by
Liu et al. that oxidant-induced scratching behaviors were
prevented in mice treated with the TRPA1 antagonist HC-
030031 or in TRPA1 deficient animals seems to support this
hypothesis.

TRPA1 POLYMODAL ACTIVITY AND IN VITRO AS-
SAY DESIGNS FOR DRUG DISCOVERY

Several groups have been involved in exploring drug
discovery and development projects targeted at TRPAL. In
the majority of cases, the primary indications are various
types of pain and respiratory disorders (COPD and asthma)
[180]. Here we summarize results from various in vitro
assays, mostly fluorescence-based and electrophysiology,
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which were used in screening and mode of action studies.
For ease of reference to readers interested in assay designs,
these parts are separated by assay type including references
to the structural determinants underlying the mode of action
whenever possible.

Fluorescence-based Assays

A straightforward and common way to characterize
compounds activity is by using Ca’" imaging on multiwell-
plate readers like the FLIPR™ or Hamamatsu™ instruments.
In addition to calcium imaging, assay designers at RedPoint
Bio Corporation used hTRPA1 recombinant cells to set up
assays based on a fluorescent membrane potential probe [and
used these] to characterize direct thymol activation of
hTRPA1 and its blockade by camphor [181]. From its
structure, thymol is not expected to behave as an electrophile
in physiological conditions and may not exhibit the typical
traits of covalent binding activators. At low micromolar
concentration, thymol is a pure agonist, whereas at higher
concentration it started to act as a functional antagonist,
maybe only inducing rapid channel desensitization [44].
Indeed, a feature of some typical TRPA1 activators like
AITC is that they tend to cause rapid desensitization of the
channel, especially in presence of physiological
concentrations of calcium this can make the activators
functionally behave as antagonists [182, 183]. In
fluorescence screens, where the time resolution is limited,
agonist-induced desensitization is a serious issue as it is
often difficult to distinguish at first pass an antagonist from
an agonist causing rapid desensitization. The timeframe
during which a given reference agonist (like AITC) will
induce continued activation of the channel is a critical
parameter in the design of reliable screening assays.
Recently, using fluorescence screening, a team from Pfizer
identified a new activator compound that did not covalently
bind TRPA1 through cysteine binding, and that proved to be
a potent and selective activator of both rat and human
TRPA1 in vitro (PF-4840154) [184]. Out of a panel of 100
targets, this new tool only showed micromolar activity on
dopamine D3 receptor, noradrenaline transporter and sigma
opioid receptor. Although PF-4840154 significantly blocked
hERG channel (ICsy 580 nM), it was inactive at hTRPV1,
hTRPV4, hTRPMS, and other established pain targets. These
characteristics make it a superior alternative for setting up in
vitro assays on mice and human TRPA1. Notably, upon
intraplantar  injection  PF-4840154  induced potent
nocifensive behaviors in wild-type mice but not in their
knock-out counterparts, behaviors that were fully reversed
by pre-treatment with the TRPA1 antagonist HC-030031.

Independent of the mechanism involving N-terminal
cysteine binding, zinc is a pulmonary irritant that can
directly activate TRPA1. Its mechanism of action involved
ion influx through the TRPA1 channel followed by
interaction with an intracellular C-terminal site (C983,
H1021) [185-187]. Using FLIPR calcium fluorescence on
HEK293 hTRPAI1, an ECsy of 2.3 uM was reported for
stable Zn activation in intact cells. In addition to zinc, other
heavy metals like cadmium and copper were also shown to
activate TRPA1 directly and caused C-fibers sensitization in
pulmonary airways; these effects were essentially absent
from knock-out mice, yet their specific potencies were not
reported for recombinant in vitro TRPA1 systems [188]. The
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agonist properties of heavy metal ions like zinc make them
another class of activators potentially useful for in vitro
assay designs.

A recent report described in details a HEK293 hTRPA1
calcium fluorescence assay based on Fluo-4 AM probe and
the FlexStation3™ reader. The authors used a non-steroidal
anti-inflammatory drug as reference agonist, flufenamic acid
(FFA), to activate the channel (ECso = 55.4 uM) [189]. FFA
has been reported as a non-electrophilic and non-covalent
ligand for TRPA1, TRPM8, TRPV1 and TRPV3. They
suggested that that it has potential as a structural starting
point for the development of a new class of reversible, non-
reactive and non-volatile TRPA1 ligands. Regardless of the
background cell line, WI-38 or inducible HEK, the potency
of FFA appeared consistent when determined by calcium
fluorescence on the human isoforms (ECsy = 24-57 pM). Its
potency inhuman isoforms was within a 3-fold range of that
of the rat isoform expressed in oocytes (where FFA seemed
to show very limited voltage dependency of TRPA1 current
activation (ECso= 78 uM at -100 mV to 148 uM at +100mV)
[190].

Electrophysiology Profiling Assays

Transfected Xenopus laevis oocytes are a common tran-
sient expression system used in electrophysiological studies
of ion channels. The large size of the oocytes (about 1.0 mm)
eases cell handling and the robust protein synthesis machin-
ery of the tetraploid organism usually results in efficient sur-
face expression of the channel of interest. Oocytes based
assays using temperature ramps were used to characterize the
basis of heat/ cold sensitivity across various species and their
dependence on ARD across species. Oocyte recordings on
TRPAT1 from rat, snakes, humans and their chimeras led to
the characterization of two functionally different modules
along the ARD that are responsible for the differential ther-
mosensation across species (see above) [24].

With regard to automated electrophysiology, Sophion
and Scottish Biomedical have reported a detailed protocol
for stable recording of TRPA1 currents using proprietary
HEK?293 recombinant cells kept at -60mV and a voltage
ramp ranging from -100 mV to +50 mV in a 400 ms pulse.
The use of nominally calcium free solutions and super-
cinnamaldehyde as a reference agonist seem to slow or stabi-
lize channel desensitization, and warranted stable outward
current recording after a short interval where the current
needed to reach steady state levels [191].

In the context of drug discovery projects, it will be im-
portant to identify if endogenous TRPA1 activators have any
potential to trigger pore dilation like that observed with
AITC (see above) or cause leftward shift in the apparition of
TRPA1 outward K+ current to some physiologically relevant
depolarized potentials. If so, it will be worthwhile testing
whether the large pore antagonist properties of reference
compounds like ruthenium red and HC-030031 are also
shared by future TRPA1 drug candidates. Additionally, it
will be important to assess if these are efficient in blocking
the inward current (typically detected in Ca"" fluorescence)
and the outward current at depolarized potential in high Ca"™
conditions (typical voltage ramp assay).
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Targeting the Temperature Sensitivity of TRPA1 with in
vitro Assays

In mammals, TRPA1 orthologs are primarily known as
chemosensors and eventual cold detectors [31, 91]. Yet,
TRPAL1 evolved into distinct temperature sensors across the
animal kingdom, and discrete structural features may under-
lie most of species specificities with respect to heat and cold
detection [192]. In particular, mammals and fish TRPA1
typically do not respond to heat, whereas snake, mosquitoes
and drosophila’s channel exhibit differential heat-sensitivity
thresholds [193-195]. At the extreme end of subtle heat de-
tection is TRPA1 from Crotalus atrox, which is able to sense
infrared radiations while it seemed to show no sensitivity to
cold [196].

Since the discovery that human or rat TRPA1 opened at
temperatures below 17 °C, assay designers have developed
cold sensing assays to screen and study the mode of action
for compounds that modulate this activity [31, 92]. A versa-
tile temperature-dependent assay was reported that relied on
the rapid TaqMan temperature control to trigger thermo-
TRPs activation; results were shown to reliably translate to
native rat dorsal root ganglia neurons in either 384 or 96 well
formats [197].

TRPA1 IN THE NEWS

Recent Advances Towards Clinical Concept Testing for
Pain And Respiratory Disorders

Glenmark Pharmaceuticals Ltd is developing GRC-
17536 an orally available TRPA1 receptor antagonist for the
treatment of neuropathic pain and respiratory disorders (Ta-
ble 2, Fig. (3). In February 2012, Glenmark announced that
GRC-17536 had successfully completed a Phase I trial (sin-
gle ascending dose and multiple ascending dose) with the
drug being well tolerated up to the maximum dose tested. A
good pharmacokinetic profile was reported, seemingly de-
void of gender or age effects. In March 2012, the company
disclosed plans to initiate a 4-week randomized, double-
blind, parallel-group, placebo-controlled, proof-of-concept
Phase II trial in 55 patients with painful diabetic neuropathy
to assess the efficacy, safety and tolerability of GRC-17536.
A Phase I/Ila trial in healthy adult volunteers and mild
asthma patients using an inhaled version of GRC-17536 is
reportedly expected to start in Jun 2012. The study will also
include response to an allergen test [198, 199]. In January
2012, Cubist Pharmaceuticals and Hydra Biosciences have
filed for regulatory approval to initiate human clinical stud-
ies with their small molecule TRPA1 antagonist CB-189,625
in development for the treatment of acute pain and certain
inflammatory conditions Fig. (3), Table 2. The open-label
dose-escalation Phase I study to assess the safety and phar-
macokinetics of CB-189, 625 in healthy volunteers was ex-
pected to start in the first quarter of 2012 [200].

In conclusion, TRPA1 has emerged as an attractive mo-
lecular target for the development of novel inflammatory and
possibly neuropathic pain therapies. In addition, TRPAI
antagonists may also hold promise as treatments for certain
respiratory diseases and itch conditions. Various lines of
evidence support the therapeutic utility of TRPA1 antago-
nists including (1) expression in relevant neuronal popula-
tion, (2) demonstration that the channel is activated and
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Table2. Properties of Representative TPA1 Antagonists Compounds in Preclinical Exploration

Compound ID and/or sponsor ECs) (nM) Properties Ref.

$07 HC-030031, Hydra h: 6.2° Reversed formalin-induced beha\fiors in mouse at 300 mg/kg i.p. 78]
to levels comparable to gabapentin.
Reversed AITC-induced

$08 Glenmark h: 0.05-0.10¢ [202]
flinches in rat by 72% at 3 mg/kg p.o.

$09 Univ. Ferrara h:0.40" [203]
Rat bioavailability = 37% at 2 mg/kg, reaching 0.72 uMol/L in

" plasma at 30 min with half-life of 0.81 h. The compound is brain
A-967079, h: 0.067“; 1: . . . .
$10 Abbott 029° penetrant with brain/plasma ratio of 0.75. 1000-selective vs other [204]
’ TRP channels. Reverses AITC-induced nocifensive responses and
osteoarthritic pain in rat EDs, 23 mg/kg, p.o.
h: 0.13¢
11 205
s 1&d r: 0.02¢ [205]
$12 Univ. Rome h:2.8¢ [206]

h=human; r= rat; agonists used in EC50 studies: * AITC, ® acrolein, ¢ $02, ¢ BITC, © allyl isothiocyanate.

(0]
\ij:N//QH_QSl
) N
O)\lij N

$07, HC030031 $08

$10, A-967079 $1

Fig. (3). Structures of TRPA1 agonists in Table 2.

modulated by multiple inflammatory mediators and their
downstream pathways, (3) its selective activation causes pain
in human and nocifensive reactions in animal, and con-
versely its inhibition reverse signs of inflammatory and neu-
ropathic pain symptoms in animals and (4) its genetic link-
age to a painful disease state in man.

Certainly, the chemical properties of existing compounds
and the observed species specifity, conditioning compound
progression and the choice of the surrogate species, are chal-
lenging factors for TRPA1 drug discovery. Therefore, the
outcomes of forthcoming clinical proof of concept studies
will be instrumental in furthering our understanding of the
clinical value of this potential new class of analgesic or anti-
inflammatory drugs.
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