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Abstract

The transient receptor potential ankyrin subtype 1 protein (TRPAL1) is a nonse-
lective cation channel permeable to Ca**, Na*, and K*. TRPALI is a promiscuous
chemical nocisensor that is also involved in noxious cold and mechanical
sensation. It is present in a subpopulation of Ad- and C-fiber nociceptive sensory
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neurons as well as in other sensory cells including epithelial cells. In primary
sensory neurons, Ca** and Na* flowing through TRPA1 into the cell cause
membrane depolarization, action potential discharge, and neurotransmitter
release both at peripheral and central neural projections. In addition to being
activated by cysteine and lysine reactive electrophiles and oxidants, TRPA1 is
indirectly activated by pro-inflammatory agents via the phospholipase C signal-
ing pathway, in which cytosolic Ca?* is an important regulator of channel gating.
The finding that non-electrophilic compounds, including menthol and
cannabinoids, activate TRPA1 may provide templates for the design of
non-tissue damaging activators to fine-tune the activity of TRPA1 and raises
the possibility that endogenous ligands sharing binding sites with such
non-electrophiles exist and regulate TRPA1 channel activity. TRPAI is
promising as a drug target for novel treatments of pain, itch, and sensory
hyperreactivity in visceral organs including the airways, bladder, and gastroin-
testinal tract.
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1 Gene

In 1999, Jaquemar and coworkers described an mRNA transcript encoding a
TRP-like protein (~1,100 amino acids) with 18 putative N-terminal ankyrin repeats
in human fibroblasts (Jaquemar et al. 1999). The corresponding human gene,
denoted trpal, contains 27 exons and is located on chromosome 8 (8q13) (Nilius
and Owsianik 2011; Story et al. 2003). Several TRPA1 homologues exist in the
animal kingdom, and the ability of TRPA1 to sense potentially harmful electro-
philic compounds has been conserved for ~500 millions of years, whereas the
thermosensitive properties of TRPA1 have diverged later (Kang et al. 2010;
Panzano et al. 2010). The sequence homology of TRPA1 in mammals is only
79 % between primates and rodents, which is important to consider when screening
for TRPAL1 active drugs for treatment of human diseases (Bianchi et al. 2012; Chen
et al. 2013; Chen and Kym 2009).

2 Expression

In sensory neurons from trigeminal, dorsal root, and nodose ganglia, TRPA1 is
expressed in both peptidergic and non-peptidergic neurons classified as Ad- and
C-fiber primary afferents (Figs. 1 and 2) (Andrade et al. 2012; Hjerling-Leffler
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Fig. 1 The human body receives information about the external and internal environment through
the somatic senses (thermo-, mechano-, and chemosensation), consisting of different types of
primary sensory neurons with myelinated (A), thinly myelinated (Ad), and unmyelinated
(C) nerve fibers. TRPAL is present on Ad- and C-fibers and on epithelial cells in the airways,
gastrointestinal tract, bladder, and skin. Mucosal enterochromaffin cells (ECC), epidermal
melanocytes (MeC) and mast cells (MC) also express TRPA1, which may play an important role
in the regulation of gastrointestinal motility, UV radiation (UVR)-induced skin pigmentation and
the innate immune system, respectively. In addition to pain signaling, primary sensory neurons
participate in visceral reflexes, involving the release of acetylcholine (ACh) and noradrenaline
(NA), as well as in local responses to tissue injury. Activation of TRPA1 on primary sensory
neurons results in both afferent and efferent signaling. An influx of Na* and Ca** through TRPA1
triggers an action potential and a local release of sensory neuropeptides such as calcitonin gene-
related peptide (CGRP), substance P (SP), and neurokinin A (NKA). In blood vessels these
neuropeptides cause vasodilation and vascular leakage, signs of inflammation, and TRPA1
activation of the trigeminovascular system, including neurogenic CGRP-mediated vasodilation
of cerebral arteries, may contribute to migraine and cluster headache (Benemei et al. 2013;
Messlinger et al. 2012; Nassini et al. 2012). In airways, activation of sensory neurons can cause
bronchospasm, cough, sneezing, congestion, rhinorrhea and itch (Alenmyr et al. 2009, 2011;
Bautista et al. 2013; Taylor-Clark and Undem 2011). In the bladder and gastrointestinal tract,
changed properties of sensory signaling are also believed to play an important role in diseases
associated with sensory hyperreactivity (Andersson et al. 2010; Bautista et al. 2013; Birder 2013;
Holzer 2011)

et al. 2007; Kim et al. 2010). TRPA1 is mostly found in a subpopulation of
TRPV1-positive neurons, but non-TRPV 1-containing neurons expressing TRPA1
exist, including a small population of myelinated Af-fibers, which are activated by
innocuous mechanical force (Fig. 2) (Hjerling-Leffler et al. 2007; Kim et al. 2010;
Laetal. 2011). TRPAL1 as well as TRPV1 is also present along the axon of primary
afferents, the physiological significance of which is less obvious (Brenneis
et al. 2011; Weller et al. 2011). Outside sensory neurons, TRPA1 is found in
epithelial cells, melanocytes, mast cells, fibroblasts, odontoblasts, and enterochro-
maffin cells and p-cells of the Langerhans islets (Fig. 1) (Andrade et al. 2012;
Baraldi et al. 2010; Bellono et al. 2013; Bellono and Oancea 2013; Buch et al. 2013;
Cao et al. 2012; Earley 2012; Nilius et al. 2012; Oh et al. 2013; Prasad et al. 2008).
Many of these cells have sensory properties and communicate with nearby
nociceptors (Kwan et al. 2009; Lumpkin and Caterina 2007). TRPA1 may even



586 P.M. Zygmunt and E.D. Hogestatt

O ¢ TRP neg
| @ TRPVI+
E14.5 @ TRPV1, A1+
C:lD/—. < TRPAT+
@ TRPV1, M8+
@ TRPM8&+
E185 | @
PO
I
P14 |
adut Y - -

Fig. 2 In adult mouse sensory neurons from dorsal root ganglia, TRPAL1 is expressed alone and
together with TRPV1 both in peptidergic (IB4—) and non-peptidergic (IB4+) neurons. From a
methodological point of view, it is important to consider that before adult age, the TRP expression
pattern in sensory neurons is dynamic. From Hjerling-Leffler et al. (2007)

exist in the central nervous system (Vennekens et al. 2012). Importantly, the
TRPA1 developmental expression pattern in mouse sensory neurons is highly
dynamic before adult age (Fig. 2) and can change dramatically in pathological
conditions including inflammatory and neuropathic diseases (Dai et al. 2007,
Diogenes et al. 2007; Hjerling-Leffler et al. 2007; Ji et al. 2008; Katsura
et al. 2006; Malin et al. 2011; Obata et al. 2005; Oh et al. 2013; Schwartz
et al. 2011; Wang et al. 2008a).

3 The Channel Protein Including Structural Aspects

The mammalian TRPAT1 belongs to the transient receptor potential (TRP) channel
superfamily that consists of 28 different ion channels divided into six subgroups, of
which TRPAT constitutes its own subgroup (Nilius et al. 2012; Nilius and Owsianik
2011; Venkatachalam and Montell 2007). TRPA1 is a nonselective cation channel
with six putative transmembrane segments (S1-S6), intracellular N- and C-termini,
and a pore loop between S5 and S6 (Fig. 3). The N-terminus (half the size of the
protein) contains between 14 and 18 ankyrin repeats that probably are important for
protein—protein interactions and insertion of the channel into the plasma membrane
(Gaudet 2008; Nilius et al. 2011). Because of the unusually large N-terminal ankyrin
repeat domain, it is also possible that TRPA1 is involved in mechanosensation, in
which the N-terminal could act as a link between mechanical stimuli and channel
gating (Gaudet 2008; Howard and Bechstedt 2004). The N-terminal region contains
a large number of cysteines, some of which can form a complex network of protein
disulfide bridges within and between monomers (Fig. 4) (Cvetkov et al. 2011;
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Fig. 3 The functional ion channel TRPA1 is a putative homotetrameric protein complex, where
each monomer contains six transmembrane segments (S1-S6) with cytoplasmic N- and C-termini.
Between S5 and S6 is the pore region, allowing Ca** and Na* to enter the cell and K* to flow in the
outward direction at physiological membrane potentials. The pore loop Asp918 (D) is supposed to
be critical for Ca®* selectivity. The N-terminus with its many ankyrin repeats (blue ovals) contains
cysteine (C) and lysine (K) residues that are targets for electrophiles and oxidants. Cysteines
outside the N-terminus, such as Cys856 (C, S4), as well as other amino acid residues may also
contribute to the complex regulation of TRPA1 gating. Hydroxylation of Pro394 (P) in the
N-terminus reduces human TRPA1 activity at normoxia. A gain-of-function mutation at Asn855
(N) in S4 of human TRPA1 causes familial episodic pain syndrome. Menthol is a non-electrophilic
compound that activates TRPA1 possibly by binding to the amino acid residues Ser873/Ser
877 and Thr874/Thr 878 (S and T) in S5 of the human/mouse TRPA1. Phosphatidylinositol-4,5-
bisphosphate (PIP,), which is cleaved by phospholipase C into diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (IP3), may regulate TRPA1 activity by interacting with charged residues in the
C-terminus, as suggested for TRPV1. Cysteine (C) and histidine (H) residues on the N- and
C-termini of mouse TRPA1 are putative binding sites for Zn>*, which potently activates TRPA1.
The N- and C-termini contain putative binding sites for Ca®* (D and E), which can sensitize or
desensitize human TRPA1. Human and mouse amino acid residues are shown as yellow and red,
respectively, and both colors for common residues

Eberhardt et al. 2012; Gaudet 2008; Wang et al. 2012). N-terminal cysteine and
lysine residues are key targets for electrophilic TRPA1 activators, but cysteines
outside the N-terminal region may also contribute to channel gating as such
cysteines also bind electrophiles (Fig. 4) (Macpherson et al. 2007b; Takahashi
et al. 2011; Wang 2012). Furthermore, the potent TRPA1 activator Zn** may bind
to cysteine and histidine residues in the C-terminus (Andersson et al. 2009; Hu
et al. 2009). The N- and C-termini have been suggested to contain binding sites for
Ca®* that can both sensitize and desensitize TRPAI (Doerner et al. 2007; Jordt
et al. 2004; Sura et al. 2012; Wang et al. 2008b; Zurborg et al. 2007).
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Fig. 4 As shown for the mouse TRPA1, N-terminal cysteines can form a dynamic network of
disulfide bonds (orange lines), having a substantial impact on the global protein configuration and
function. Blue circles show cysteine residues, and those identified as critical for activation by
electrophilic compounds are highlighted in yellow. Notably, the mutation of C622 will affect
several disulfide bonds and most likely have drastic effects on the overall protein function also
affecting pharmacological interventions not targeting cysteine residues. Modified from Wang
et al. (2012)

4 Interacting Proteins

Noxious heat sensitization evoked by bradykinin, which like other endogenous
proalgesic or pro-inflammatory agents stimulates various Gq protein-coupled phos-
pholipase C signaling pathways, was shown to be dependent on both TRPA1 and
TRPVI1, demonstrating a mutual relationship between these two ion channels
(Bautista et al. 2006). It was suggested that a release of intracellular Ca®* and an
influx of Ca* via TRPV1 could lead to activation of TRPAI (Fig. 5). Acute
noxious heat responses with an activation threshold around 42 °C were initially
expected to be entirely mediated by TRPV1, but studies of TRPV1 knockout mice
indicated a contribution of other mechanisms within the temperature range of
TRPV1 activation (Caterina et al. 1997, 2000; Davis et al. 2000). Indeed, a recent
study provided evidence that TRPA1 contributes to the control of this heat thresh-
old for acute nociceptive thermosensation (Hoffmann et al. 2013). Thus, because of
its Ca”* sensitivity, TRPA1 may act as an amplifier to TRPV1 under both normal
and pathophysiological conditions (Bautista et al. 2006; Hoffmann et al. 2013). The
opposite may also occur as TRPAI can sensitize TRPV1 in a Ca®* and protein
kinase A-dependent manner (Anand et al. 2008; Spahn et al. 2013). In addition to



TRPA1 589

a
Na: Ea2° Na; Ea Bradykinin Trypsin Na* Ca2° Nar Eaz+
PG Histamine
‘ ' TRPV1 TRPA1
g 7
) 2 °?
“” . ZAG 324-“‘.‘_;
“ R " 4‘
[Pra) [P | ——> 030
b Na* Na* Ca?*
o9
1 7rPA1 B

@ K+

Fig. 5 TRPAL is part of a complex protein signaling network. (a) Pro-inflammatory and pain-
producing agents, such as bradykinin, histamine, prostaglandins (PG), and trypsin, acting on G
protein-coupled receptors, stimulate via phospholipase C (PLC) or adenylate cyclase (AC) the
production of intracellular mediators that directly or indirectly activate TRPV1 and TRPAI.
TRPV1 is activated by protein kinase C (PKC), protein kinase A (PKA), and monoacylglycerols,
such as 2-arachidonoyl glycerol (2-AG). An increased intracellular Ca>* concentration via release
from intracellular Ca®* stores by the action of 1,4,5-triphosphate (IP5) and influx through TRPV 1
can stimulate the Ca>*-sensitive TRPA1, which is also desensitized by Ca®*. PLC stimulation also
generates H' that can activate TRPA1. PKA may phosphorylate TRPA1 and increase its cell
surface expression. The hydroxylation of Pro394 in the N-terminus by the oxygen-dependent
prolyl hydroxylase (PHD) suppresses TRPA1 activity at normoxia. Importantly, this break is
removed by hypoxia. There is also evidence that TRPA1 and TRPV1 physically interact and create
unique hybrid channels. (b) Sodium and potassium channels are key in setting the resting
membrane potential and the threshold of excitation in neurons. The increased activity in
voltage-gated sodium channels (Nay) by, e.g., ciguatoxins increases the excitability, so that also
mild cold temperatures via activation of TRPA1 can evoke action potential discharge, causing cold
allodynia, which is a major pain symptom in human chronic pain. Also, potassium channels, such
as voltage-sensitive delayed rectifiers (Ky) and two-pore domain channels (Kp), act as excitatory
breaks in sensory neurons, and any change in their activity can dramatically affect the membrane
excitability and TRPA1 responses

Ca”*, other potential mediators or mechanisms of TRPA1 activation recruited by
the phospholipase C signaling pathways include direct channel phosphorylation and
the recruitment of TRPA1 to the cytoplasmic membrane by protein kinase A,
possibly by interacting with the A-kinase anchor protein 5 (AKAP-5) and other
proteins (e.g., CYLD) controlling cytoplasmic levels, trafficking, and turnover of
TRPAT1 (Fig. 5) (Dai et al. 2007; Schmidt et al. 2009; Stokes et al. 2006; Takahashi
et al. 2012; Wang et al. 2008a; Zhang et al. 2008a). Notably, activation of TRPA1
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or TRPV1 increased cytoplasmic surface expression of TRPA1, but not TRPV1
(Schmidt et al. 2009). The formation of functional TRPA1 and TRPVI1
heterotetramers is another interesting interaction between these proteins (Fig. 5)
(Akopian et al. 2007; Salas et al. 2009; Staruschenko et al. 2010).

Voltage-gated sodium and potassium channels are key players controlling cell
excitability and intracellular Ca®* levels (Fig. 5). Of particular importance is the
expression of certain voltage-gated sodium channels (Nay1.7, Nayl.8, and
Nay1.9), and voltage-gated (Ky) and two-pore domain (K,p) potassium channels
in sensory neurons associated with perception of thermal, mechanical, and chemical
stimuli (Belmonte et al. 2009; Momin and Wood 2008; Noel et al. 2011). As shown
by the use of ciguatoxins, activation of Nay and closure of Ky in sensory neurons
induced TRPA1-dependent cold allodynia (Vetter et al. 2012). Also, the chemo-
therapeutic agent oxaliplatin downregulates the “excitability breaks” K,p and Ky,
and upregulates the pro-excitatory channels Nay 1.8, hyperpolarization-activated
cyclic nucleotide-gated subtype 1 channel (HCN1), and TRPA1 in mouse dorsal
root ganglia, whereas Nay 1.9 and TRPA1 are upregulated in rat dorsal root ganglia
in diabetic animals explaining the lowered thresholds for cold and mechanical
responses (Barriere et al. 2012; Descoeur et al. 2011).

TRPA1 activity may be controlled by secretogranin III, a protein present in
various endocrine and neuroendocrine cells, as shown in mast cells and HEK293
cells overexpressing these proteins (Prasad et al. 2008). The hydroxylation of a
proline residue in the TRPA1 N-terminus by the oxygen-dependent prolyl hydrox-
ylase is believed to depress channel activity at normoxia (Takahashi et al. 2011).
This “break” is removed by hypoxia and the prolyl hydroxylase inhibitor
dimethyloxalylglycine, providing a potential role for TRPA1 in autonomous tissue
adaptation to mild hypoxic conditions by controlling perivascular sensory neurons
and tissue blood flow (Zygmunt 2011).

Taken together, a number of proteins that regulate TRPAI either directly or
indirectly have been proposed. The threshold for TRPA1-mediated responses is
dependent on the cellular context, including the expression levels of TRPA1 and
other ion channels regulating membrane excitability, the phosphorylation and
hydroxylation state of TRPA1, and the cytoplasmic Ca®* level (Fig. 5). This is in
line with the view that the combinatorial expression of different ion channels, and
not a single sensory channel transducer, determines the sensory output (Belmonte
and Viana 2008).

5 A Biophysical Description of the Channel Function,
Permeation, and Gating

The TRPA1 protein is a nonselective cation channel permeable to both monovalent
and divalent ions including Ca®*, Na*, and K*. TRPA1 has a high Ca®* permeability
compared to most other TRP ion channels and a unitary conductance of ~70 pS and
~110 pS in the inward and outward directions, respectively, under physiological
conditions (cell-attached patch configuration and the presence of extracellular Ca>*
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and Mg?*) when the channel is constitutively open (Nilius et al. 2011, 2012). The
presence of Ca** and Mg?* in the extracellular solution has a major impact on
channel activity, and the single-channel conductance is generally smaller at nega-
tive than at positive membrane potentials. However, this voltage dependency is lost
in the absence of divalent ions (Nilius et al. 2011). Measurements of the single-
channel conductance of wild-type human, rat, and mouse TRPA1 have generated
values between 40 and 180 pS depending on the experimental conditions and
stimuli used (Table 1). Whether differences in channel conductance related to
species exist is yet to be determined.

Interestingly, the TRPA1 pore, the size of which has been estimated as 11.0 A
can undergo dilation, as shown in the presence of TRPA1 activators, thereby
increasing the Ca>* permeability and allowing larger charged molecules to pass
through the channel (Banke et al. 2010; Chen et al. 2009; Karashima et al. 2010).
This feature of TRPAT as well as TRPV1 has been explored as an entrance for cell
membrane impermeable local anesthetics into sensory neurons to achieve selective
nociceptor fiber block (Brenneis et al. 2014). The amino acid residue Asp918 in the
putative ion selectivity filter of the pore seems important in determining Ca®* as
well as Zn>* permeation through the channel (Fig. 3) (Hu et al. 2009; Karashima
et al. 2010; Wang et al. 2008b). This is further supported by the dramatic decrease
of TRPAT1 single-channel conductance from 111 &7 pS to 37 £ 5 pS when Asp918
is replaced by glutamine (D918Q) (Nilius et al. 2011). The pore vestibule is a target
not only for the nonselective TRP channel blocker ruthenium red but also for newly
developed TRPA1 antagonists such as AZ465, AZ868, and A-967079, whereas
HCO030031 most likely binds to channel structures outside the pore (Klement
et al. 2013; Nyman et al. 2013).

Although there is no apparent voltage sensor in transmembrane segment 4, as
shown for voltage-gated potassium channels, TRPA1 displays some voltage depen-
dency, although less pronounced compared to TRPV1 and TRPMS8 (Karashima
et al. 2009; Samad et al. 2011; Voets et al. 2004). A single point mutation in
transmembrane segment 4 of the human TRPA1 causes a shift in channel gating
properties with a dramatic increase of inward currents and activation at normal
resting potentials (Kremeyer et al. 2010). It has been suggested that a putative
voltage-sensing domain of positively charged amino acid residues within the
C-terminus could act as a sensor for changes in transmembrane voltage (Samad
et al. 2011).

Both inorganic polyphosphates (e.g., PPPi) and Mg-ATP, which stimulates
phosphatidylinositol 4-kinase activity and the generation of membrane bound
phosphatidylinositol-4,5-bisphosphate (PIP,), have been shown to preserve
TRPAL1 single-channel activity in excised inside-out cell membrane patches,
suggesting that intracellular modulators mimicking the action of polyphosphates
exist and that TRPA1 function is modulated by PIP, (Cavanaugh et al. 2008;
Karashima et al. 2008; Kim and Cavanaugh 2007). The sites at which
polyphosphates and PIP, interact with TRPA1 are not resolved, but could include
the N-terminal ankyrin repeat domain and the channel pore (polyphosphates) and
both the N- and C-termini (PIP,) (Nilius et al. 2011; Sura et al. 2012). However, the
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role of PIP, in TRPA1 channel gating is debated (Dai et al. 2007; Karashima
et al. 2008; Kim et al. 2008; Wang et al. 2008b). In contrast, there is no doubt
that one of the most important cytosolic regulators of TRPAI is Ca®*, which has
been suggested to gate TRPAT1 directly by binding to sites on the N- and C-termini
(Doerner et al. 2007; Jordt et al. 2004; Sura et al. 2012; Wang et al. 2008b; Zurborg
et al. 2007). The bimodal effect of Ca®* on TRPA 1, potentiation or activation at low
and inhibition at high intracellular concentrations, most likely reflects independent
processes (Wang et al. 2008b). Interestingly, whereas Ca** and electrophilic
compounds require the presence of polyphosphates to activate TRPA1 in excised
inside-out cell membrane patches, Ag-tetrahydrocannabinol does not, further
adding to the intriguing complexity of TRPA1 channel gating (Cavanaugh
et al. 2008; Kim and Cavanaugh 2007).

6 Physiological Functions in Native Cells, Organs, and Organ
Systems

In addition to its clear function as a chemosensor, there is growing evidence that
TRPALI1 is involved in thermo- and mechanosensation. Whether TRPA1 is intrinsi-
cally thermo- or mechanosensitive remains, however, to be determined.

6.1 TRPA1 and Chemosensation

The proposal of an ionotropic cannabinoid receptor belonging to the TRP ion
channel family (Zygmunt et al. 2002), also being sensitive to irritants (Fig. 6),
and the frequent use of mustard oil in animal models of acute pain and hyperalgesia
prompted a search for A°-tetrahydrocannabinol and mustard oil-sensitive clones
upon expression of a rat trigeminal ganglia cDNA library (Jordt et al. 2004). This
led us to the identification of the rat and human TRPA1 as ionotropic cannabinoid
receptors and targets for mustard oil (Jordt et al. 2004). Another study identified
mouse TRPAL as a target for both electrophilic and non-electrophilic compounds
(Bandell et al. 2004), and this also provided a molecular target by which
cinnamaldehyde and related spicy compounds induced sensory nerve-mediated
vasodilation (Fig. 6). Shortly after, we and others showed that certain thiol-reactive
garlic-derived compounds activated TRPA1 (Bautista et al. 2005; Macpherson
et al. 2005). Targeted gene mutations identified three cysteines present in the
N-terminal region of the human (Cys621, Cys641, and Cys665) and mouse
(Cys415, Cys422, and Cys622) TRPA1 as important for electrophilic TRPALI
channel activation (Figs. 3 and 4) (Hinman et al. 2006; Macpherson et al. 2007a).
Together, these studies revealed TRPA1 as a detector of thiol-reactive electrophiles
and oxidants in addition to non-electrophilic compounds as well as being indirectly
regzulated by G protein-coupled receptor signaling including the bimodal action of
Ca™".
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Fig. 6 Early screening of known irritants, using the rat mesenteric artery as a bioassay for sensory
neuronal signaling, identified benzyl isothiocyanate (BITC) and similar mustard oil compounds,
cinnamaldehyde (CA), and safranal (SF) as activators of a putative TRP channel (TRPA1) on
TRPV 1-containing primary sensory neurons (authors’ unpublished data, 2003 and 2004). Data are
expressed as mean = SEM of five to eight independent experiments (animals) performed as
previously described (Zygmunt et al. 2002). This bioassay has also been useful for identifying
anandamide (AEA) and similar endogenous N-acyl ethanolamines as well as monoacylglycerols,
including 2-arachidonoyl glycerol (2-AG), as endovanilloids acting on the capsaicin (CAP)
receptor TRPV1 (Movahed et al. 2005; Zygmunt et al. 1999, 2013). Influx of Ca** through
TRPV1 and TRPAI causes release from sensory neurons (SN) of the calcitonin gene-related
peptide (CGRP), which through activation of its receptor on the vascular smooth muscle cell
(SMC) stimulates cyclic adenosine monophosphate (cAMP) production, leading to vasodilation.
BITC, CA, and SF displayed a similar pharmacological vasodilator profile as the cannabinoids A°-
tetrahydrocannabinol (AQ—THC) and cannabinol (Zygmunt et al. 2002); reduced vasodilation after
depletion of CGRP-containing perivascular sensory neurons by capsaicin (CAP) or in the presence
of the CGRP receptor antagonist (8—37 CGRP) or the nonselective TRP channel blocker ruthenium
red (RR), but not in the presence of capsazepine that blocks the vasodilation by TRPV1 agonists
(CAP, AEA, and 2-AG) (Zygmunt et al. 1999, 2002, 2013)
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Fig. 7 Chemical structures of key compounds initially used to define TRPA1 as a chemosensor,
responding to both exogenous and endogenous cysteine-reactive electrophiles and oxidants as well
non-electrophilic compounds. Red compounds (left panel) bind to cysteines by strong covalent
mechanisms, whereas some weaker electrophiles and oxidants, shown as blue (middle panel),
promote disulfide formations within the TRPA1 protein that can be rectified by thiol-reducing
agents, such as dithiothreitol. Importantly, the ability of noncovalent compounds (shown as green,
right panel), including the analgesic plant cannabinoids A°-THC and C16 (not shown), to activate
TRPA1 may provide opportunities to treat human pain using a TRPA1 agonistic approach
(Andersson et al. 2011). This also raises the possibility that chemically similar endogenous
compounds may exist to control TRPA1 activity. AITC allyl isothiocyanate, CA cinnamaldehyde,
NMM N-methylmaleimide, 4-HNE 4-hydroxy-2-nonenal, DADS diallyl disulfide, MTSEA
2-aminoethyl methanethiosulfonate, A°-THC Ag—tetrahydrocannabinol, MSC methyl salicylate

Today, a large number of compounds are known to activate mammalian TRPA1
(Fig. 7, Table 2). The ability to activate TRPA1 may explain why the use of
apomorphine, disulfiram, glibenclamide, and in the past clioquinol in drug treat-
ment is associated with pain and nausea (Andersson et al. 2009; Babes et al. 2013;
Mabher et al. 2008; Schulze et al. 2013). Many endogenous and exogenous irritants,
including those in spices, mainly bind to cysteine residues in the N-terminus
(Andrade et al. 2012; Baraldi et al. 2010; Holzer 2011; Nilius and Appendino
2013; Nilius et al. 2012; Takahashi and Mori 2011). However, other amino acids
such as lysine in the N-terminus and cysteines outside the N-terminal region are
potential targets for electrophiles and oxidants and may contribute to the regulation
of TRPA1 (Eberhardt et al. 2012; Escalera et al. 2008; Ibarra and Blair 2013;
Macpherson et al. 2007a; Nilius et al. 2012; Takahashi et al. 2011; Wang
et al. 2012). In this context, it is important to remember that several of the
N-terminal cysteines may form a complex network of protein disulfide bridges
within and between monomers (Fig. 4), and thus, it is not unlikely that mutations of
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Table 2 TRPALI activators

Activator

Acetaldehyde and related a,f-unsaturated

aldehydes
1°-Acetoxychavicol acetate

N-acetyl-p-benzoquinoneimine

Acrolein
Allicin
Allyl isothiocyanate

2-Aminoethyl methanethiosulfonate

Apomorphine
p-Benzoquinone
Benzyl isothiocyanate
Bupivacaine

Ca2+, Cd2+, Cu2+
Caffeine

Camphor

Cannabinol

Capsiate

Carbon dioxide (CO,)
Carvacrol
Chlordantoin
Chlorpromazine
Cinnamaldehyde
Citral

Clioquinol
Clotrimazole

CMP1 and other thioaminal analogs

Croton aldehyde

Cyclopentenone prostaglandin metabolites

Diallyl disulfide
Diclofenac
1,4-Dihydropyridines
Disulfiram
Disulfides

Etomidate

Eugenol

Farnesyl thiosalicylic acid
Flufenamic acid
Flurbiprofen
Formaldehyde

597

References

Bang et al. (2007), Bautista et al. (2006),
Macpherson et al. (2007b)

Narukawa et al. (2010)

Andersson et al. (2011), Nassini (2010)
Bautista et al. (2006)

Bautista et al. (2005), Macpherson et al. (2005)
Bandell et al. (2004), Jordt et al. (2004)
Macpherson et al. (2007a)

Schulze et al. (2013)

Andersson et al. (2011)

Jordt et al. (2004)

Brenneis et al. (2014)

Andersson et al. (2009), Jordt et al. (2004)
Nagatomo and Kubo (2008)

Alpizar et al. (2013)

Jordt et al. (2004)

Shintaku et al. (2012)

Wang et al. (2010)

Xu et al. (2006)

Maher et al. (2008)

Hill and Schaefer (2007)

Bandell et al. (2004)

Stotz et al. (2008)

Andersson et al. (2009)

Meseguer et al. (2008)

Chen et al. (2008)

Andre et al. (2008)

Andersson et al. (2008), Cruz-Orengo

et al. (2008), Maher et al. (2008), Materazzi
et al. (2008), Takahashi et al. (2008), Taylor-
Clark et al. (2008b)

Bautista et al. (2005), Macpherson et al. (2005)
Hu et al. (2010)

Fajardo et al. (2008b)

Maher et al. (2008)

Sawada et al. (2008), Takahashi et al. (2011)
Matta et al. (2008)

Bandell et al. (2004)

Maher et al. (2008)

Hu et al. (2010)

Hu et al. (2010)

Macpherson et al. (2007b), McNamara

et al. (2007)

(continued)



598

Table 2 (continued)

Activator

Geraniol

Gingerol

GsMTx-4

Hexamethylene diisocyanate

Hydrogen sulfide (H,S from NaHS)
Hydrogen peroxide (H,0,), superoxide (O, "),
and other reactive oxygen species

Hydroxide (OH™)

4-Hydroxy-2-nonenal, 4-hydroxyhexenal

Hypochlorite (OC1™)
Icilin

Indomethacin
Isoflurane, desflurane
Isopropyl isothiocyanate
Isovelleral
Ketoprofen
Lidocaine
Ligustilide

Linalool

Menthol
Methylglyoxal

Methyl p-hydroxybenzoate and analogs
N-methyl maleimide

Methyl isocyanate

Methyl isothiocyanate

Methyl salicylate

Mefenamic acid

Morphine

Naphthalene metabolites

Niflumic acid

Nicotine

Nitric oxide (NO donors), peroxynitrite
(ONOO™ generators), and other reactive
nitrogen species

Nitro-oleic acid

5-Nitro-2-(3-phenylpropylamino)benzoic acid
(NPPB) and analogs
Oxygen (0,)

P.M. Zygmunt and E.D. Hogestatt

References

Stotz et al. (2008)
Bandell et al. (2004)
Hill and Schaefer (2007)
Bessac et al. (2009)
Streng et al. (2008)

Andersson et al. (2008), Bessac et al. (2008),
Sawada et al. (2008)

Dhaka et al. (2009), Fujita et al. (2008)

Andersson et al. (2008), Macpherson
et al. (2007b), Taylor-Clark et al. (2008a),
Trevisani et al. (2007)

Bessac et al. (2008)
Story et al. (2003)

Hu et al. (2010)

Eilers et al. (2010), Matta et al. (2008)
Jordt et al. (2004)
Escalera et al. (2008)
Hu et al. (2010)

Leffler et al. (2008)
Zhong et al. (2011b)
Riera et al. (2009)
Karashima et al. (2007)

Andersson et al. (2013), Cao et al. (2012),
Eberhardt et al. (2012), Koivisto et al. (2012),
Ohkawara et al. (2012)

Fujita et al. (2007)
Hinman et al. (2006)
Bessac et al. (2009)
Jordt et al. (2004)
Bandell et al. (2004)
Hu et al. (2010)
Forster et al. (2009)
Lanosa et al. (2010)
Hu et al. (2010)
Talavera et al. (2009)

Miyamoto et al. (2009), Sawada et al. (2008),
Takahashi et al. (2008)

Sculptoreanu et al. (2010), Taylor-Clark
et al. (2009a)

Liu et al. (2010)

Takahashi et al. (2011)

(continued)
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Table 2 (continued)

Activator References

4-Oxo-nonenal Andersson et al. (2008), Taylor-Clark
et al. (2008a)

Ozone (O3) Taylor-Clark and Undem (2010)

6-Paradol Riera et al. (2009)

Parthenolide Materazzi et al. (2013)

Perillaldehyde, perilla ketone Bassoli et al. (2009)

Phenethyl isothiocyanate Jordt et al. (2004)

Phenylarsine oxide Karashima et al. (2008)

Phytocannabinoids De Petrocellis et al. (2008)

Piperine and other constituents of black pepper Okumura et al. (2010)

Polygodial Escalera et al. (2008)

Polyunsaturated fatty acids (PUFAs) Motter and Ahern (2012)

Probenecid McClenaghan et al. (2012)

Propofol Fischer et al. (2010), Lee et al. (2008), Matta
et al. (2008)

Proton (H") de la Roche et al. (2013), Dhaka et al. (2009),
Takahashi et al. (2008), Wang et al. (2010,
2011)

6-Shogaol Riera et al. (2009)

Tear gas Bessac et al. (2009), Brone et al. (2008),
Gijsen et al. (2010)

A9—Tetrahydr0cannabinol Jordt et al. (2004)

Ag—Tetrahydrocannabiorcol Andersson et al. (2011)

Thymol Karashima et al. (2007), Lee et al. (2008)

Toluene diisocyanate Taylor-Clark et al. (2009b)

Trinitrophenol Hill and Schaefer (2007)

Umbellulone and derivatives Nassini et al. (2012), Zhong et al. (201 1a)

URB597 Niforatos et al. (2007)

WINS55,212-2 Akopian et al. (2008)

Zn>* Andersson et al. (2009), Hu et al. (2009)

such amino acids could lead to various conformational changes of the N-terminal
region affecting the functional integrity of TRPA1 (Chen et al. 2008; Cvetkov
etal. 2011; Eberhardt et al. 2012; Ibarra and Blair 2013; Wang et al. 2012). Indeed,
a general defect of TRPA1 channel function caused by cysteine and lysine
mutations or the creation of xenogeneic (artificial) channels has been reported
(Andersson et al. 2013; Chen et al. 2008; Hu et al. 2009; Ibarra and Blair 2013;
Miyamoto et al. 2009; Takahashi et al. 2008, 2011; Xiao et al. 2008), and the use of
non-electrophilic activators at single supramaximal agonist concentrations may not
always be enough to rule out a defect in channel function.

Importantly, the chemical mechanism by which covalent modification of
cysteines occurs differs between electrophilic TRPA1 activators also when
very close in chemical structure (Bessac et al. 2009; Gijsen et al. 2010; Ibarra
and Blair 2013; Sadofsky et al. 2011). The electrophilic paracetamol
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(acetaminophen) metabolite p-benzoquinone and the noxious fungal sesquiterpenes
isovelleral and polygodial, containing a,f-unsaturated dialdehyde moieties, all
produced intact TRPA1 responses in the heterologously expressed triple mutant
hTRPA1-3C (Escalera et al. 2008; Ibarra and Blair 2013) that was initially used to
identify certain N-terminal cysteine residues as key targets for electrophiles
(Hinman et al. 2006). The electrophilic ketoaldehyde methylglyoxal displays a
dual mechanism of activation of TRPA1 by binding irreversibly to N-terminal
lysine 710 and also promoting disulfide formation of N-terminal cysteines
(Eberhardt et al. 2012), and the headache-inducing monoterpene ketone
umbellulone activates TRPA1 by a non-covalent interaction in addition to cova-
lently reacting with N-terminal cysteines (Zhong et al. 2011a). An interesting
example is the cyclopentenone prostaglandin 15-deoxy-5(12,14)-prostaglandin J2
(Fig. 7), an endogenous electrophilic TRPA1 activator (Andersson et al. 2008;
Cruz-Orengo et al. 2008; Maher et al. 2008; Materazzi et al. 2008; Takahashi
et al. 2008; Taylor-Clark et al. 2008b), that in contrast to allyl isothiocyanate is
antinociceptive when injected into the mouse paw (Weng et al. 2012). Thus,
differences in the chemical properties between TRPA1 activators may contribute
to unique ligand-specific pharmacology of TRPA1 in terms of sensitization, desen-
sitization, channel trafficking, pungency, and duration of action.

Agents such as complete Freund’s adjuvant and carrageenan are widely used to
evoke inflammation, hyperalgesia, and allodynia in animals. They all increase the
production of numerous inflammatory mediators, some of which act directly (e.g.,
4-hydroxynonenal, hydrogen peroxide, 15-deoxy-0(12,14)-prostaglandin J2) or
indirectly (e.g., prostaglandins, bradykinin, histamine, and trypsin) on TRPAI
(Andrade et al. 2012; Mogil 2009; Moilanen et al. 2012). Many of these indirectly
acting mediators bind to G protein-coupled receptors that regulate TRPA1 via
the phospholipase C signaling pathway including PIP, depletion, generation of
H*, Ca®" release, and protein kinase A-mediated phosphorylation (Fig. 5) (Andrade
et al. 2012; Bautista et al. 2013; Bessac and Jordt 2008; Cavanaugh et al. 2008;
Huang et al. 2010; Nilius et al. 2012). The nociceptive responses triggered by
intraplantar injection of complete Freund’s adjuvant and carrageenan are sensitive
to TRPA1 antagonists (Andrade et al. 2012; Gregus et al. 2012), and TRPA1 plays a
key role in the development of carrageenan-induced inflammation (Moilanen
et al. 2012). The rat and mouse formalin test is also a widely used pain model for
evaluating analgesic compounds on acute pain (first phase) and inflammatory pain
(second phase). This biphasic nociceptive response is driven by a direct action of
formaldehyde on TRPA1 (Macpherson et al. 2007b; McNamara et al. 2007).

The gasotransmitter H,S is an endogenous signaling molecule (also produced by
bacteria) that can contribute to inflammation and the associated sensitization of
nociceptors (Li et al. 2011). This gaseous molecule activates ATP-sensitive potas-
sium channels (Katp) and T-type voltage-gated calcium channels (Cay3.2). Our
original finding that TRPA1 is activated by H,S (Streng et al. 2008) together with
other studies suggests that H,S may act in concert with T-type voltage-gated
calcium channels to excite nociceptive sensory neurons in the skin, airways,
bladder, and colon (Fig. 8) (Andersson et al. 2012; Hsu et al. 2013; Ogawa
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Fig. 8 Hydrogen sulfide (H,S) is a recently discovered gasotransmitter in mammalians shown to
activate the ATP-sensitive potassium channel (Karp) and the T-type voltage-gated calcium
channel (Cay3.2). H,S can be produced enzymatically by, e.g., cystathionine-p-synthase (CBS)
and cystathionine-y-lyase (CSE), using L-cysteine as a substrate. The production of H,S is also
stimulated by lipopolysaccharide (LPS) derived from bacteria. The H,S donor NaHS activates
both human and mouse TRPAI, as shown by calcium imaging (Streng et al. 2008), and evokes
TRPA1 currents in excised inside-out membrane patches, as measured by the patch-clamp
technique (Andersson et al. 2012)

et al. 2012; Okubo et al. 2012; Tsubota-Matsunami et al. 2012). In the vasculature,
both endothelium and sensory neurons contain powerful vasodilator mediators
(Deanfield et al. 2007; Maggi 1995). Stimulation of endothelial cells releases
endothelium-derived relaxing factors (EDRFs), such as nitric oxide and the
endothelium-derived hyperpolarizing factor (EDHF) (Furchgott and Zawadzki
1980; Petersson et al. 1995, 1997, 1998; Zygmunt and Hogestatt 1996; Zygmunt
et al. 1994a, b, 1998), and the activation of TRPV1 and TRPA1 on sensory neurons
releases calcitonin gene-related peptide (Figs. 1 and 6) (Bautista et al. 2005;
Graepel et al. 2011; Hogestitt et al. 2000; Zygmunt et al. 1999, 2000, 2002).
With regard to vascular signaling, a multicellular communication seems to exist
between capsaicin-sensitive neuronal, endothelial, and smooth muscle cells
(Hogestitt et al. 2000); H,S can produce sensory nerve-mediated vasodilation and
may share properties with the proposed EDHF (Pozsgai et al. 2012; Tang
et al. 2013). However, future studies are needed to explore a possible physiological
role of H,S as an EDHF and TRPA1 activator within the cardiovascular system.
The exact mechanism by which H,S activates TRPATI is not obvious as H,S is a
mild reducing agent (Zhang et al. 2014). However, it has been suggested that direct
or indirect sulfhydration of thiols by H,S leads to protein activation (Li et al. 2011;
Zhang et al. 2014), which is supported by the finding that H,S can activate TRPA1
in inside-out membrane patches (Fig. 8) (Andersson et al. 2012). Nevertheless,



602 P.M. Zygmunt and E.D. Hogestatt

other indirect mechanisms for H,S-dependent TRPAI1 activation cannot be
excluded.

It has been shown that TRPALI is part of the O, homeostatic system, being
activated directly by hyperoxia and indirectly by mild hypoxia (Takahashi
et al. 2011), of which the latter may indicate an important role for TRPA1 present
on perivascular sensory neurons in rectifying hypoxic conditions via release of
potent vasodilator peptides.

Extracellular acidification accompanies ischemia, inflammation, and cancer
growth, conditions associated with pain and sensitization of nociceptive primary
afferents. A recent study disclosed important species differences in the extracellular
proton sensitivity of TRPA1 (de la Roche et al. 2013). Interestingly, the human
TRPA1 seems to have acquired the ability to sense extracellular acidosis, a property
that is absent in rodent and rhesus monkey TRPAI1 orthologs (de la Roche
et al. 2013). Activation of human TRPA1 is observed at pH levels below 7, and
the ensuing Ca®* or current responses are graded, sustained, and reproducible, as
shown by calcium imaging and patch-clamp recordings (de la Roche et al. 2013;
Takahashi et al. 2008). Amino acids in both the N-terminus (C621) and transmem-
brane segment 6 (V942 and S943) were identified as crucial for responses to
extracellular acidosis (de la Roche et al. 2013; Takahashi et al. 2008). However,
the role of C621 in proton sensing is enigmatic, as this cysteine is also present in the
rodent and rhesus TRPA1, which are insensitive to extracellular acidosis (de la
Roche et al. 2013). These findings also raise concerns about the use of rhesus
monkey TRPA1 as a surrogate species in human TRPA1 drug development
(Bianchi et al. 2012; Chen et al. 2013).

Rodent TRPA1 is also sensitive to the intracellular acid—base environment,
displaying a U-shaped pH response relationship, and mutations of two N-terminal
cysteines (C422 and C622) disrupted channel activation evoked by intracellular
alkalization (Fujita et al. 2008; Wang et al. 2010, 2011). In this respect, TRPAI
differs from TRPV1, which is inhibited by intracellular acidosis (Chung
et al. 2011), although both ion channels may be activated by intracellular alkalosis
(Dhaka et al. 2009; Fujita et al. 2008). Notably, the intracellular pH sensitivity of
TRPAT1 was retained in inside-out patches, ruling out a second messenger role of
Ca®* or any other cytosolic components in the pH responses (Dhaka et al. 2009;
Fujita et al. 2008; Wang et al. 2010). Its role in both pH and oxygen sensation
makes TRPAI particularly suitable as a mediator of ischemic pain and other
ischemia-related protective or adaptive responses, such as hypoxic vasodilation
and ischemic preconditioning.

Whereas the sensitivity of TRPA1 to potentially harmful electrophiles and
oxidants is in line with its proposed role as a nocisensor, the ability of TRPAI to
respond to many non-electrophilic compounds of diverse chemical structure is
intriguing (Fig. 7 and Table 2) (Andrade et al. 2012; Baraldi et al. 2010; Holzer
2011; Nilius et al. 2012). Based on our findings that paracetamol metabolites and
non-psychotropic cannabinoids produce spinal antinociception via activation of
TRPA1, we have suggested that non-tissue-damaging TRPAT1 activators may be
developed for treatment of pain (Fig. 9) (Andersson et al. 2011). In this regard, it is
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Fig. 9 Activation of TRPA1 by electrophilic paracetamol (acetaminophen) metabolites or
non-electrophilic cannabinoids, such as Ag—tetrahydrocannabinol and its plant derivative A°-
tetrahydrocannabiorcol (C16), in central projections of primary sensory neurons in the spinal
cord causes influx of Ca®* and Na®. This leads to the initial release of the excitatory
neurotransmitter glutamate, acting on ionotropic glutamate receptors (iGluR) and the subsequent
inhibition of (a and b) voltage-gated sodium channels (Nay; red I-V trace) and the related action
potential ( flat blue line in the presence and red line after washout of TRPA1 activator) as well as
(c) voltage-gated calcium channels (VGCC, red trace). The net result will be the inhibition of
incoming pain signals from the periphery. Paracetamol (APAP) is metabolized to p-aminophenol
(p-AP) and electrophilic compounds including N-acetyl-p-benzoquinoneimine (NAPQI) and p-
benzoquinone ( p-BQ) that activate TRPA1 by covalent binding to cysteines (-SH). CYP (cyto-
chrome P450 monooxygenases), COX (cyclooxygenases). Modified from Andersson et al. (2011)

interesting that nonsteroidal anti-inflammatory fenamates also activate TRPAI
(Hu et al. 2010; Peyrot des Gachons et al. 2011). Other non-covalent activators,
such as dihydropyridines and clotrimazole, may also serve as templates for the
development of analgesic TRPA1 activators (Fajardo et al. 2008b; Meseguer
et al. 2008). This approach may not be restricted to a spinal site of action, as the
electrophilic TRPA1 activator 15-deoxy-6(12,14)-prostaglandin J2 produced a
peripheral antinociceptive effect in mouse models of pain (Weng et al. 2012).
The electrophilic nature of TRPAT activators has made it possible to use mass
spectrometry to show that such compounds interact covalently with TRPA1 and,
hence, TRPALI is an intrinsically chemosensitive protein (Cvetkov et al. 2011;
Macpherson et al. 2007a; Wang et al. 2012). For non-electrophilic activators,
mutagenesis and chimeric strategies have also indicated a direct interaction with
TRPAL; e.g., menthol was suggested to bind to transmembrane segment 5 of
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TRPAL1 (Xiao et al. 2008). Patch-clamp recordings of isolated membrane patches
suggest that A°-tetrahydrocannabinol also interacts directly with TRPAI
(Cavanaugh et al. 2008; Kim and Cavanaugh 2007). Interestingly, in contrast to
A°-tetrahydrocannabinol, several other TRPA1 activators of both electrophilic and
non-electrophilic nature (allicin, allyl isothiocyanate, cinnamaldehyde, N-
ethylmaleimide, 2-aminoethoxydiphenyl borate, methyl salicylate, 2-aminoethyl
methanethiosulfonate, and trinitrophenol) as well as Ca”** require a cytosolic
component to activate TRPA1, indicating that cannabinoids activate TRPA1 in a
unique way (Cavanaugh et al. 2008). The ability of non-electrophilic compounds to
activate TRPA1 also raises the interesting possibility that endogenous ligands
sharing binding sites with these non-electrophiles exist and regulate TRPA1 activ-
ity. However, it still remains to be shown that menthol and other non-covalent
activators indeed interact directly with TRPAL.

Some electrophilic and non-electrophilic TRPA1 activators, including apomor-
phine, camphor, cinnamaldehyde, ligustilide, menthol, nicotine, umbellulone, and
thymol, display a bimodal action (activation at low and inactivation at high
concentrations) on heterologously expressed TRPA1 that in some cases is species
dependent (Alpizar et al. 2013; Karashima et al. 2007; Schulze et al. 2013; Talavera
et al. 2009; Zhong et al. 2011a, b). The list of TRPA1 activators is extensive and
rapidly growing (Table 2), whereas only a few natural blockers have been described
(Bang et al. 2010, 2011; Park et al. 2011; Takaishi et al. 2013). Among these
resolvin D2 is the most potent one, inhibiting both TRPA1 and TRPV1 in the
nanomolar range as shown in mouse dorsal root ganglion neurons (Park et al. 2011).
However, these effects were pertussis toxin-sensitive and therefore most likely not
caused by a direct interaction between resolvin D2 and the channel proteins (Park
et al. 2011). Although many TRPAI1 activators may interfere with other important
TRP channels and membrane receptors (e.g., nicotine) that are involved in TRPA1-
sensitive sensory signaling (Holzer 2011; Kichko et al. 2013), further studies of the
pharmacology of non-covalent activators and the mechanisms behind the bimodal
action of certain drugs should provide a deeper understanding of TRPA1 channel
function and help to identify novel activators and antagonists with unique pharma-
cological properties.

6.2 TRPA1 and Noxious Cold Sensation

Ever since TRPA1 was suggested to respond to noxious cold temperatures (Story
et al. 2003), its role in cold sensation has been debated. Nevertheless, several
studies have shown that acute noxious cold sensation is impaired in TRPAI
knockout mice and, more importantly, that TRPA1 is involved in cold allodynia
induced by inflammation, nerve injury, and peripheral neuropathy (Table 3). Fur-
thermore, as shown at a single-channel level, the open probability increased (due to
a change in the rate of channel deactivation) by lowering the temperature just below
room temperature (Karashima et al. 2009; Sawada et al. 2007). Interestingly, cold
responses were independent on Ca?* (Karashima et al. 2009; Sawada et al. 2007),
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but this does not exclude Ca®* as an important regulator of TRPA 1-mediated cold
responses in vivo. Thus, there is now substantial evidence from both in vitro and
in vivo studies that rat and mouse TRPAI is involved in noxious cold sensation.
However, based on in vitro studies of the expressed human TRPA 1, the controversy
regarding a similar role for human TRPAL is still ongoing (Bandell et al. 2004;
Chen et al. 2013; Cordero-Morales et al. 2011; Jordt et al. 2004; Klionsky
et al. 2007; Kremeyer et al. 2010; May et al. 2012; Wang et al. 2013; Zurborg
et al. 2007). A recent study concluded that species differences exist and that in
contrast to rodent TRPA1, the human variant is incapable to respond to cold (Chen
et al. 2013). However, the cold sensitivity of TRPAl-expressing rat sensory
neurons seems to depend on the anatomical origin of the neurons (Fajardo
et al. 2008a), indicating that the cellular environment including the oxidation
state of the cells can dictate cold sensitivity possibly by influencing the conforma-
tion of the N-terminal region. This together with other methodological issues may
explain why opposite conclusions exist regarding TRPA1 as a cold sensor
(Karashima et al. 2009). Whether or not TRPA1 is gated directly by cold remains,
however, to be demonstrated and requires studies on the purified ion channel.

6.3 TRPA1 and Noxious Mechanosensation

The interest in mammalian TRPA1 as a mechanosensor was inspired by the large
N-terminal ankyrin repeat domain, potentially acting as a gating spring (Gaudet
2008; Howard and Bechstedt 2004), the expression of TRPA1 in hair cells of the
inner ear (Corey et al. 2004), and observations in invertebrates that structurally
similar TRP channels play key roles in mechanotransduction (Sidi et al. 2003;
Walker et al. 2000). Indeed, CHO cells transfected with a Caenorhabditis elegans
ortholog of the mammalian TRPA1 acquired mechanosensory properties (Kindt
et al. 2007). Although a role of the mammalian TRPAT1 in hearing could not be
demonstrated in subsequent studies of gene knockout mice (Bautista et al. 2006;
Kwan et al. 2006), the involvement of TRPA1 in noxious mechanotransduction,
including mechanical allodynia or hypersensitivity, has received increasing support
over time, as shown in naive animals and various models of inflammatory and
neuropathic pain, using both gene silencing and pharmacological strategies to
interfere with TRPA1 expression and function (Table 4). In particular, the intro-
duction of selective TRPA1 inhibitors has made it possible to study the effect of
locally inhibiting TRPA1 in the receptive field. Such studies have consolidated
TRPALI as an important component of the mechanotransduction pathway in noci-
ceptive somatosensory neurons (Bonet et al. 2013; da Costa et al. 2010; Fernandes
et al. 2011; Kerstein et al. 2009; Kwan et al. 2009). Furthermore, direct mechanical
or osmotic stimulation of cultured nociceptor-like sensory neurons induced graded
current responses that disappeared or were significantly reduced by pharmacologi-
cal or genetic inactivation of TRPA1, although the possibility that Ca>* was acting
as an upstream mediator of such mechanically induced responses cannot be
excluded (Brierley et al. 2011; Vilceanu and Stucky 2010; Zhang et al. 2008b).
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Except for one study using hypertonic solutions to impose a mechanical force (cell
shrinkage) on the cell membrane (Zhang et al. 2008b), heterologous TRPA1 gene
expression has so far failed to confer mechanosensitivity to the recipient cells.
Functional studies of the purified protein reconstituted in a defined lipid and protein
environment will be required to address whether or not TRPA1 is an intrinsically
mechanosensitive ion channel.

6.4 TRPA1 and Itch

Itch is a distinct psychophysical sensation associated with a strong urge to scratch.
Its sensory and motivational qualities resemble the tickling sensation that may
precede cough and sneeze. Itch is mediated by a unique set of primary afferents
distinct from those mediating pain (Schmelz et al. 1997). However, painful mechan-
ical stimulation of the skin can inhibit itch at the level of the spinal cord, and this
cross-modality interaction may prevent scratch-induced injury (Ross 2011). Itch
responses can be evoked by stimulation of two different populations of primary
afferent C-fibers: Mechano-insensitive and mechanosensitive fibers selectively
activated by histamine and cowhage spicules (containing 5-hydroxytryptamine),
respectively (Namer et al. 2008; Roberson et al. 2013). As shown recently, TRPA1 is
required for itch-evoked scratching in response to many pruritogens, including
cowhage spicules, chloroquine, leukotriene B4, substance P, and reactive oxygen
species, acting at least partly through histamine-insensitive primary afferents
(Fernandes et al. 2013; Liu et al. 2013; Liu and Ji 2012; Wilson et al. 2011).
Intradermal injection of allyl isothiocyanate in the mouse cheek activates
pruritogen-responsive second-order neurons in the trigeminal subnucleus caudalis
(Akiyama et al. 2010). However, allyl isothiocyanate or cinnamaldehyde produces
pain rather than itch sensation when administered to the skin and nasal mucosa in
man, possibly reflecting cross-modality inhibition of itch responses (Alenmyr
et al. 2009; Namer et al. 2005). A unique pharmacological approach for silencing
of capsaicin-sensitive nerve fibers recently disclosed an itch-producing effect of
allyl isothiocyanate, providing additional support for a cross-modality interaction
between the neural pathways mediating pain and itch (Roberson et al. 2013).

Recent findings have revealed that TRPAl is an important mediator of
non-histaminergic itch and that overactivity in itch-encoding histamine-insensitive
primary afferents may be responsible for chronic itch in atopic and allergic contact
dermatitis (Cevikbas et al. 2014; Liu et al. 2013; Oh et al. 2013; Wilson et al. 2013).
Importantly, the TRPA1 immunoreactivity is dramatically increased in skin
biopsies from patients with atopic dermatitis, even in mast cells and keratinocytes
that barely express TRPA1 immunostaining in healthy skin (Oh et al. 2013). Thus,
TRPA1 is emerging as a promising target for novel anti-pruritic drugs particularly
in atopic and allergic contact dermatitis. Pharmacological inhibition of TRPA1 may
also break the vicious circle generated by intense scratching in dermatological
disease, although disinhibition of itch-encoding neurons may potentially enhance
TRPA1-independent itch pathways.
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6.5 TRPA1 and the Central Nervous System

While noxious cold, mechanical stress, and environmental irritants can trigger
TRPAL activation in the periphery, the physiological role of TRPA1 on central
projections of primary afferents is less obvious, as the central nervous system is
rarely exposed to noxious cold or mechanical stress. However, TRPA1 can be
activated by several endogenous molecules, including reactive oxygen species
and 12-lipoxygenas and cytochrome P450 epoxygenase-derived metabolites,
which may be formed in the spinal cord during nociceptive stimulation, nerve
injury, and neuroinflammation (Due et al. 2013; Gregus et al. 2012; Lee
et al. 2007; Sisignano et al. 2012). The outer layers of the dorsal horn are richly
innervated by TRPAIl-expressing nerve terminals, as shown by immunohisto-
chemistry (Andersson et al. 2011; Kim et al. 2010). However, transcripts encoding
TRPAL1 cannot be detected in the rat and mouse spinal cord, and dorsal rhizotomy
almost completely eliminates spinal TRPA1 immunostaining in the rat, indicating
that most if not all TRPAl-containing nerve terminals originate from primary
sensory neurons (Andersson et al. 2011; Kim et al. 2010; Story et al. 2003).
However, there are indications that TRPA1 is present in the brain both at the
transcriptional and translational levels (Stokes et al. 2006; Vennekens
et al. 2012). Using whole-cell patch-clamp recordings, presynaptic TRPA1
channels were demonstrated on glutamatergic neurons in the rat supraoptic nucleus
(Yokoyama et al. 2011). Furthermore, expression of TRPA1 in astrocytes was
recently identified in rodent trigeminal caudal nucleus and hippocampus, poten-
tially regulating interneuron inhibitory synaptic efficacy, long-term potentiation,
and neuronal survival (Koch et al. 2011; Lee et al. 2012; Shigetomi et al. 2012,
2013).

The function of TRPA1 on central projections of primary afferents has not been
entirely resolved. In substantia gelatinosa neurons from the spinal dorsal horn and
trigeminal sensory nuclei, the TRPA1 activators allyl isothiocyanate and
cinnamaldehyde increase the frequency of spontaneous excitatory postsynaptic
currents and inhibitory postsynaptic currents, the latter effect being sensitive to
tetrodotoxin in spinal cord slices and, hence, attributable to recruitment of inhibi-
tory interneurons (Cho et al. 2012; Kosugi et al. 2007; Uta et al. 2010; Wrigley
et al. 2009). Intrathecal administration of TRPA1 activators causes tactile allodynia
and occasionally also heat hyperalgesia (Due et al. 2013; Gregus et al. 2012;
Proudfoot et al. 2006; Raisinghani et al. 2011; Sisignano et al. 2012; Wei
et al. 2013a). However, spinal TRPA1 activation by both electrophilic and
non-electrophilic activators can also inhibit acute thermal and mechanical pain,
as shown in the modified hot and cold plate tests (using lightly restrained animals)
and the paw pressure test, and the formation of electrophilic metabolites in the
spinal cord may contribute to the analgesic effect of acetaminophen (Fig. 9)
(Andersson et al. 2011). This pharmacological effect of intrathecal administration
of TRPA1 activators was attributed to a Ca>*-dependent presynaptic inhibition of
voltage-gated calcium and sodium channels (Fig. 9) (Andersson et al. 2011), which
is in line with Ad- and C-fiber-evoked excitatory postsynaptic currents being
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inhibited by TRPA1 activators in spinal cord slices, as also shown for capsaicin
(Jeffry et al. 2009; Uta et al. 2010; Yue et al. 2013).

Several studies have addressed the role of spinal TRPA1 in models of inflamma-
tory and neuropathic pain using intrathecal administration of TRPA1 blockers.
These studies clearly show that spinal TRPA1 participates in mechanical allodynia
or hypersensitivity as well as secondary mechanical hyperalgesia following periph-
eral capsaicin or allyl isothiocyanate administration (da Costa et al. 2010;
Fernandes et al. 2011; Wei et al. 2009, 2010a, b, 2011). Thus, while spinal
TRPA1 seems to play a key role in central sensitization, pharmacological activation
of the same ion channel can also disrupt spinal nociceptive neurotransmission
(Andersson et al. 2011). Further studies are required to understand this intriguing
dual action of TRPA1 and its implications for the development of TRPA1-based
drug therapies.

7 Lessons from Knockouts

Transgenic mice lacking functional TRPA1 channels have been used to understand
the physiological and pathophysiological role of this protein and its potential as a
pharmacological target for treatment of pain and sensory dysfunction in man
(Patapoutian et al. 2009). Initial studies using TRPA1 knockout mice, generated
by different genetic strategies, clearly validated TRPA1 as a chemosensor (Bautista
et al. 2006; Kwan et al. 2006; Macpherson et al. 2007b; McNamara et al. 2007).
Major concerns when using TRPA1 knockout mice are functional compensation by
related channels and receptors and significant differences between mouse strains
(Patapoutian et al. 2009). This could explain the lack of consensus regarding the
role of TRPA1 in noxious cold and mechanical sensation. Nevertheless, many
recent studies using TRPA1 knockout mice suggest an involvement of TRPA1 in
both noxious cold and mechanical hypersensitivity (Tables 3 and 4), which is also
supported by the use of TRPA1 antagonists, such as HC030031 and the structurally
similar compound Chembridge-5861528 (Tables 3 and 4), although HC030031 has
off-target effects that must be considered when this and chemically similar phar-
macological tools are used to understand the physiological role of TRPAI
(Andersson et al. 2013; Fischer et al. 2010). The recent finding that the skin
innervation of TRPA1 knockout mice is substantially less compared to wild-type
mice is of concern, as it may explain the reduced responsiveness to cold and
mechanical stimuli in such mice (Andersson et al. 2013). The type of nerve fiber
affected remains, however, to be determined. The rationale of using nonhuman
TRPA1 models in vitro and in vivo to develop drugs for treatment of human pain
and sensory discomfort has been questioned (Bianchi et al. 2012; Chen et al. 2013).
However, as pointed out in a recent review, “approximately 50 % of the molecular
targets of the top 100 selling drugs have been knocked out in mouse transgenic
models” and “knockout models are likely, in most cases, to provide a productive
source of validated targets for future drug development” (Patapoutian et al. 2009).
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8 Role in Hereditary and Acquired Diseases
8.1 Hereditary Disease

It is well known that topical skin application of TRPA1 activators can produce
burning pain, mechanical and thermal hypersensitivity, and neurogenic inflamma-
tion in man (Koltzenburg et al. 1992; Namer et al. 2005; Olausson 1998). The
discovery of an autosomal dominant familial episodic pain syndrome, caused by a
gain-of-function mutation in TRPA1, has underscored TRPA1 as a key player in
pain perception (Kremeyer et al. 2010). Affected individuals display increased
hyperalgesia to punctate stimuli after mustard oil application, but are otherwise
healthy except for episodes of mainly upper body pain, triggered by physical stress,
such as fasting, exposure to cold, and exercise (Kremeyer et al. 2010). The
mutation, which is localized to transmembrane segment 4 (N885S), alters the
voltage dependence of TRPA1 and renders the channel hyperresponsive to
electrophiles and cold at normal resting membrane potentials (Kremeyer
et al. 2010). Paradoxical heat sensation was recently linked to a single nucleotide
polymorphism in the N-terminus of TRPA1 (E179K), and HEK293T/17 cells
transfected with the mutant failed to display cold sensitivity in contrast to the
wild-type channel (Binder et al. 2011; May et al. 2012).

8.2 Inflammatory Disease

Animal studies have shown that TRPALI is involved in thermal and mechanical
sensitization induced by inflammation (Tables 3 and 4) (Andrade et al. 2012;
Hoffmann et al. 2013). Many endogenous TRPA1 activators, such as reactive
oxygen species, a,f-unsaturated aldehydes, and H,S (Table 2), that are formed
during inflammation and bacterial infection may in fact drive or maintain the
inflammatory process via activation of TRPA1l on sensory nerve fibers and
nonneuronal cells (Andersson et al. 2012; Bautista et al. 2013; Moilanen
et al. 2012). Furthermore, inflammatory mediators, such as bradykinin, trypsin,
and nerve growth factor, may sensitize TRPA1 or upregulate its expression via
different receptor-dependent signaling pathways, leading to hyperalgesia,
allodynia, itch, urgency, and other organ-specific symptoms mediated by TRPAL1
(Tables 3 and 4) (Dai et al. 2007; Diogenes et al. 2007; Ji et al. 2008; Katsura
et al. 2006; Malin et al. 2011; Obata et al. 2005; Schwartz et al. 2011; Wang
et al. 2008a). Inflammatory diseases where TRPA1 has been implicated in pain
perception, sensory hyperreactivity, or disease progression include arthritis,
asthma, dermatitis, inflammatory bowel disease, and pancreatitis (Bautista
et al. 2013; Bessac and Jordt 2008; Holzer 2011; Kaneko and Szallasi 2013;
Taylor-Clark and Undem 2011).

Cyclophosphamide-induced hemorrhagic cystitis is not only a feared adverse
effect, but also a common animal model of interstitial cystitis/bladder pain syn-
drome, a chronic disease that affects mainly women. The metabolism of both
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cyclophosphamide and its congener ifosfamide generates the urotoxic TRPA1
activator acrolein, which produces mucosal injury when accumulating in the
urine (Bautista et al. 2006). Interestingly, systemic administration of the TRPAL1
blocker HC030031 effectively reduced the bladder overactivity induced by cyclo-
phosphamide pretreatment in rats (Meotti et al. 2013).

8.3 Peripheral Neuropathy

Cold and mechanical allodynia are commonly observed in patients with peripheral
neuropathy, and these abnormalities can be mimicked in various animal models of
nerve injury. Overexpression of TRPAI1 is frequently encountered in spared
neurons adjacent to the site of injury, possibly reflecting adaptive responses to
neuroinflammatory cues (Ji et al. 2008; Katsura et al. 2006; Obata et al. 2005).
Interventional downregulation of TRPA1 expression and function reduces behav-
ioral signs of cold and mechanical allodynia (Tables 3 and 4). Methylglyoxal, a
potent TRPA1 activator (Table 2) produced under hyperglycemic conditions, has
been implicated as a mediator of diabetic neuropathy, although other endogenous
electrophilic compounds may also contribute (Moran et al. 2011). Thus, electro-
philic activation of TRPA1 may drive the development of peripheral neuropathy
and the associated mechanical sensitization (Tables 3 and 4). The complex neuro-
chemistry of cancer, including trophic cues for neuronal sprouting, may create a
chemical microenvironment that promotes TRPA1 expression, sensitization, and
activation (Lozano-Ondoua et al. 2013; Ye et al. 2011). Many -cancer
chemotherapies are neurotoxic and can cause thermal and mechanical allodynia.
TRPAL together with TRPM8 and TRPV 1 may contribute to such adverse effects,
as demonstrated in animals exposed to different chemotherapeutic agents (Tables 3
and 4).

Altered afferent signaling is believed to play an important role in bladder
overactivity, a condition that can be mimicked by intravesical administration of
TRPAL activators (Du et al. 2007; Streng et al. 2008). Bladder overactivity,
characterized by urgency with or without incontinence, is commonly associated
with infections, outflow obstruction (prostate enlargement), diabetes, and various
neurological disorders of the central nervous system, including spinal cord injury
and multiple sclerosis (Andersson et al. 2010; Birder 2013; Kanai 2011). A large
number of people also suffer from overactive bladders without any obvious cause, a
condition referred to as overactive bladder syndrome. In a rat model of bladder
overactivity following spinal cord injury, featuring detrusor TRPA1 protein
overexpression, antisense oligonucleotide-induced downregulation of TRPAI in
sensory neurons and systemic administration of the TRPA1 blocker HC030031
each reduced non-voiding bladder contractions, as demonstrated by cystometry in
anesthetized animals (Andrade et al. 2011). Irritable bowel syndrome is another
common illness, characterized by abdominal pain, obstipation, and diarrhea, in
which TRPA1-dependent sensory dysfunction may play an important role (Hughes
et al. 2013; Ryosuke et al. 2014; Yu et al. 2010).
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8.4 Pharmacological Intervention

Although inhibition of TRPA1 seems the most logical treatment strategy to achieve
pain relief in inflammatory and neuropathic disease, it is interesting that
intraplantar, systemic, or spinal injection of TRPA1 activators can also disrupt
nociceptive signaling (Andersson et al. 2011; Materazzi et al. 2013; Ryosuke
et al. 2014; Weng et al. 2012). Thus, depending on the site of action and the
intrinsic chemical properties of the drug, both antagonists and agonists of TRPA1
could be useful to treat various pain conditions, as shown for TRPV1 (Andersson
et al. 2011; Barriere et al. 2013; Kaneko and Szallasi 2013; Mallet et al. 2010;
Moran et al. 2011; Patapoutian et al. 2009; Zygmunt et al. 2013). Species
differences in function and pharmacology of TRPA1 together with the lack of
predictive animal models of pain have complicated the validation of TRPAI as a
drug target in man (Andrade et al. 2012; Baraldi et al. 2010; Bianchi et al. 2012;
Chen and Kym 2009; Chen et al. 2008, 2013; de la Roche et al. 2013; Klionsky
et al. 2007; Nyman et al. 2013; Patapoutian et al. 2009; Viana and Ferrer-Montiel
2009). A pure antagonist or agonist at TRPA1 in one species may in fact act as a
partial agonist or a dual agonist and antagonist in another species (Bianchi
et al. 2012; Chen et al. 2008; Klionsky et al. 2007; Xiao et al. 2008). It is, however,
encouraging that the TRPA1 antagonist A-967079 is able to attenuate cold
allodynia in animals without affecting noxious heat sensation and body tempera-
ture, as such unwanted adverse effects have hampered the development of TRPV1
antagonists as analgesics (Moran et al. 2011). The thermoregulatory consequences
of intragastric administration of TRPA1 and TRPV1 activators are also not identi-
cal (Masamoto et al. 2009). Thus, although TRPAT1 is mainly expressed together
with TRPV1 on primary afferents, pharmacological interventions with TRPA1 and
TRPV1 may produce very different adverse effect profiles. In order to appreciate
the full potential of TRPA1 as a safe drug target, more information is needed about
the role of TRPAI1 in nonneuronal cells and the cardiovascular and metabolic
consequences of interfering with this ion channel.
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