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2.1 INTRODUCTION %

Despite the investment of signiﬁcanﬁurces by the pharmaceutical industry

ARPAD SZALLASI

to identify novel analgesic dru onic pain, which is most commonly
defined as pain lasting longergha™®months (i.e., outlasting the usual healing
process), still represents a treatment challenge in a large sector of
the population, consistin \ estimated 50 million Americans (http:/
www.painfoundation.org). Agtients suffering from disabling painful conditions
often need complex an ressive treatment that combines medical and

surgical approaches pbell et al., 2006; Gidal and Billington, 2006; Katz
and Berkin, 200, mainstay of medical pain therapy remains
drugs that have fep afound for decades, like nonsteroidal anti-inflammatory
ugs that have been around even for centuries, such as

drugs (NSAIDy),
opiates (Kat% erkin, 2008). Many patients, however, find that over-
the-counte medications are ineffective for pain relief. Opiates are

Very pow inkillers, but their clinical use is limited by adverse effects
(Galla d Rosenthal, 2008). Also, many clinicians are concerned
about use of opiates (http://www.opiates.com/prescription-painkillers-
addiftigahtml).

tg# newer agents, the COX-2 inhibitor rofecoxib (sold by Merck under
brand name Vioxx) was withdrawn from the market over concerns of
diovascular side effects (Brophy, 2007), casting a large cloud over the
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future of this class of drugs (Scanzello et al.,2008). Adverse effects also gppea
to plague the use of other recent additions to the market. For exam -
gabalin (marketed as Lyrica), which is an 028 calcium channel , 1S

poorly tolerated by some patients due to its central nervous sy, NS)
adverse effects, especially somnolence and dizziness (Owen, 2007@dinical
t

use of ziconotide (brand named Prialt), which is a conopeptide,N- calcium
channel blocker, is restricted to intractable (opiate-refract ain due to a
combination of side effects and the need for intrathecalpselivry (Wallace,
2006). Consequently, chronic pain is often undertreated ains a signifi-

pain.html) (Dray, 2008; Katz and Berkin, 2008).
In late 2000, the U.S. Congress declared the period that began
January 1, 2001 as the Decade of Pain Control a esearch (http://www.

cant unmet medical need (http://www.aarp.org/health/% iseases/chronic_

ampainsoc.org/decadeofpain). Furthermore, Joint Commission of
Accreditation of Healthcare Organizations ( ) has mandated pain as
the “fifth vital sign” (the other four being b ressure, respiration, pulse,

and temperature). Over the past few yeags, signfficant scientific progress has
been made in our understanding of the&nisms that underlie inflamma-
tory and neuropathic pain. Preclinical has identified new factors and
mechanisms that are involved in the ment and maintenance of chronic
pain, many of which represent p 1 therapeutic targets (Stucky et al.,
2001; Cortright et al., 2007; Cheng a ,2008; Oertel and Lotsch, 2008; Zhuo,
2008). A key discovery was th lar cloning of the vanilloid (capsaicin)
receptor transient receptor pgtent™ vanilloid subfamily member 1 (TRPV1),
a polymodal nociceptor on y sensory neurons (Caterina et al., 1997).
Targeting TRPV1 repre \ new strategy in pain relief (Malmberg and
Bley, 2005; Roberts and nor, 2006; Szallasi et al., 2007; Knotkova et al.,
2008). In contrast to traditidnal analgesic agents that either suppress inflam-
mation (e.g., NSAI or inhibit pain transmission (e.g., opiates), TRPV1
antagonists aim t Vet pain by blocking a receptor where pain is generated
(Fig.2.1). As di n subsequent chapters, small-molecule TRPV1 antag-
onists are bei ated in proof-of-concept pain clinical trials. Other tran-
sient recep ential (TRP) channels on sensory neurons represent
emerging raMutic targets (Cortright et al., 2007; Dray, 2008; Eid and
Cortright4 Y Cortright and Szallasi, 2009b; Patapoutian et al., 2009). The
clinica@ f TRPV1 antagonists might be the litmus test for the feasibility
\%

of this approach.

THE CENTRAL ROLE OF TRP CHANNELS IN NOCICEPTION
INFLAMMATORY PAIN

ociceptors were first described by Charles Scott Sherrington more than a
century ago. A nociceptor (from the Latin nocere or “to hurt”) is defined as
a “pain cell” that is capable of sensing noxious stimuli and transmitting the
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Figure 2.1 Simplified, schematic re ation of the complex participation of neu-
ronal and non-neuronal TRP ch nociception, neurogenic inflammation, and
inflammatory pain. Temperatu egt- and cold)-sensitive TRP channels, so-called
“thermoTRPs,” are expresse, n nociceptive neurons and in cells that are in
contact with these neurons ., ¥eratinocytes and immune cells in the skin). When
nociceptive neurons are ad by noxious environmental stimuli, an action poten-
tial is generated (affereg} function), which is transmitted to the central nervous system
where it is perceived as paMul, and, at the same time, proinflammatory neuropeptides
(e.g., SP and CGRP, released in the periphery, initiating the biochemical cascade
collectively knowgfagngirogenic inflammation. Epithelial cells (e.g., keratinocytes)
are believed to gen interleukins when their TRP channels are stimulated by skin
irritants; these tgflepkins, in turn, sensitize sensory nerve endings. Agents in “inflam-
matory soupgmgeiNgIze or activate nociceptive neurons via both direct and indirect
S %

effects on annels (e.g., receptor protein phosphorylation). A third route of
nociceptgmscMtization is by protease-activated receptor-2 (PAR-2). Vascular endo-
thelial cglls ajo express TRPV1 and TRPV4; these channels may enhance or block
the ic inflammatory response. TRP channels, in particular TRPV1, expressed
on aj)terminals of primary sensory neurons, are believed to play a role in the
process®t central sensitization, also known as the “wind-up” phenomenon. Of note,
wing injury, DRG neurons undergo a “phenotypic change” (also known as “injury-
uced messenger plasticity”) when the expression of some TRP channels is increased,
reas others are downregulated. SP, substance P; CGRP, calcitonin gene-related
ptide; NGF, nerve growth factor; PAR-2, protease-activated receptor 2; DRG,

Q dorsal root ganglion.
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pain signal (Belmonte and Cervero, 1996). In mammals, primary sgnsorg

(nociceptive) neurons form an anatomic connection between po
harmful external and internal agents and the CNS (Fig. 2.1) (Moligm=2e¥)?).
also

Many non-neuronal cells, for example, urothelial cells and keratipemg®s, als
express nociceptor TRP channels (Fig. 2.1), in particular TRPnda et
al., 2001; Birder et al., 2002; Southall et al., 2003; Wilder-Smjth et al., 2007),
TRPV3 (Facer et al., 2007), and TRPV4 (Chung et al., 20 evaert et al.,
2007), and it has been suggested that these cells may algmfun®ion as pain
sensors (Southall et al., 2003; Birder 2005, 2006).

Generally speaking, primary sensory neurons are bi lls with somata
in the dorsal root ganglion (DRG) and in the trigeminNfganglion (TG). The
central axons of these neurons enter the CNS whe form synapses with
second-order neurons in the dorsal horn of the sp ord (DRG neurons)
or in the spinal nucleus of the trigeminal tract (W neurons) (Fig. 2.1). Many
neurons innervating the viscera are locatedeg e nodose ganglia. Their
peripheral fibers travel with the vagus ne ereas their central axons
project to the area postrema (Holzer, 1931). st primary sensory neurons
possess unmyelinated axons (C-fibers) fand Yre capsaicin sensitive (Holzer,
1991). A small subset of neurons with elinated axons (Ad-fibers) also
expresses TRPV1 receptors. Interesg it has been shown that Ad-fibers
that do not normally express TRP\X o under inflammatory conditions or
following injury (Ma, 2002; Rggh al., 2003). This abnormal, TRPV1-
positive Ad-fiber population has suggested to contribute to neuropathic

pain in patients with diabet; Eo europathy (Rashid et al., 2003). Indeed,
i
i

desensitization by TRPV1 (e.g., capsaicin and its ultrapotent natural
analogue, resiniferatoxinf\ es chronic pain in these patients (Knotkova
et al., 2008) despite the ddeneration of C-fibers (Lauria et al., 2006; Facer
et al., 2007).

A unifying feature WL TRP channels relevant to pain is their sensitivity to
temperature, hen, ¢ term “thermoTRPs” (Dhaka et al., 2006; Bandell
et al., 2007; Talgffe al., 2008). Of the currently known 28 TRP channels,
seven sense hgt a arm temperatures (TRPV1 to TRPV4, TRPM2, TRPM4,

and TRPM reas two (TRPA1 and TRPMS) are activated by cold
(Levine a andri-Haber, 2007). Combined, these channels cover a wide
temperat ge, with extremes falling between 10°C (TRPA1) and 53°C
(TRP\f). ther shared feature of these channels is their sensitivity to a

variet tural products (Table 2.1) (Appendino et al., 2008). In fact, the
T hannel was originally termed the capsaicin receptor (capsaicin is
respong#le for the piquancy of hot chili peppers) or the vanilloid receptor

1, based on the vanillyl fragment present in capsaicin and resiniferatoxin
erpene ester isolated from the latex of the perennial Euphorbia resin-

a) (Szallasi and Blumberg, 1999). In addition to capsaicin, TRPV1 is also
receptor for pungent compounds in jellyfish (Cuypers et al., 2006) and for
some spider toxins (Siemens et al., 2006). TRPAL1 is activated by both cin-
namaldehyde (from cinnamon) (Bandell et al., 2004; Namer et al., 2005) and
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allicin (an active ingredient in garlic) (Macpherson et al., 2005). TRPMS is
also referred to as the menthol receptor (Peier et al., 2002a), and w
represents a target for camphor (Mogqrich et al., 2005). TRPV4 is t%to
mediate the actions of bisandrographolide, the bioactive ingreda the
Chinese medicinal plant Andrographis paniculata (Smith et al., 2

While some natural products from plants show selectivity for particular
TRP channels (such as resiniferatoxin for TRPV1), others aglgot as “picky.”
For example, citral, a bioactive component in lemongrass, geyich 1 used both
as a taste enhancer and as an insect repellant, function artial agonist
for all TRPs in sensory neurons (TRPV1, TRPV3, TRP, TRPMS), with
a lasting blockage of TRPV1, TRPV3, and TRPMS anc&%nsient inhibition
of TRPV4 and TRPA1 (Stotz et al., 2008). Mentho ven more interest-
ing compound in that it activates TRPMS8 (henc well-known cooling

effect), but, paradoxically, it also stimulates T 3, causing a warm sensa-
tion, and blocks TRPA1 (Macpherson et al: . Furthermore, there is
significant “cross talk” between the TRP chan at modifies the bioactivity

of natural TRP channel agonists. An interggting example of this phenomenon
is camphor, which acts as a direct agonistffordTRPV3 and then strongly desen-
sitizes both TRPA1 and TRPV1 (Xu 005). Cannabinoids constitute
another example since they desensi\%&aicin responses, not via cannabi-
noid CB1 or CB2 receptors, but ra, )
2008). Apparently, the antinocic
nabinoids are mediated by djsti

N TRPA1 activation (Akopian et al.,
e und antihyperalgesic actions of can-
iological targets, consistent with the
observation that these cann o¥effects occur at different concentrations
(Johanek et al., 2001). %

TRP channels play a ¢ le in thermal nociception and also in detect-
ing noxious chemicals (Fig. X1) (Liedtke and Heller, 2007; Nilius et al., 2007).
This is interesting biology, vut, per se, it would not make these channels
potential targets for Jgesic drugs. Importantly, TRPV1 is also activated
and/or sensitized agents in “inflammatory soup,” ranging from tissue
acidosis (protongf tjroi¥eh cytokines (e.g., nerve growth factor [NGF], brady-
kinin, 12- and roxyperoxyeicosatetraenoic acid [HPETE], and other
arachidonic Qytabolites [Table 2.1]) (Caterina and Julius, 2001; Pingle
et al., 2007#4zaWfsi et al., 2007). These agents act in concert to lower the
heat activ%hreshold of TRPV1 (Di Marzo et al., 2002; Szallasi et al.,

2007).@ dings have identified TRPV1 as a promising target to relieve

inflammgtoy¥ pain (Fig. 2.1). Indeed, both genetic deletion (Caterina et al.,
200®is et al., 2000) and pharmacological blockade of TRPV1 ameliorate
heat hygéralgesia in rodent models of inflammatory pain (Malmberg and Bley,
5; Szallasi et al., 2007, Gunthorpe and Szallasi, 2008). Of relevance is
%‘Eding that TRPV1 expression is increased in reflux esophagitis (where
rtburn” is due to exposure to acidic gastric contents) and in inflammatory

wel disease (IBD) (Yiangou et al., 2001; Matthews et al., 2004; Bhat and

ielefeldt, 2006). TRPV1 is also elevated in irritable bowel syndrome (also

known as colon irritable), a fairly common condition of unknown etiology
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TABLE 2.1 ThermoTRP Channels: Selected Activators and Relevance to qu_'n

Selected Activators Relevance to Par

TRPV1 Heat (>43°C) Noxious heat detegl

Protons Thermal hyperalgf ring
Capsaicin, resiniferatoxin, piperine inflammation
Anandamide, NADA, 12-HPETE
Jellyfish and spider venoms

TRPV3 Warm temperature (>33°C) Candidat sor for noxious
Camphor, thymol, eugenol stimul eratinocytes
Incensole acetate Prop in neuropathic

Wjury)
TRPV4 Warm temperature (>25°C) in mechanical
Change in osmolality hypcralgesia under inflam-
Candidate mechanosensor tory conditions
portant role in colic pain
\\/lajor player in chemotherapy-
induced neuropathy
TRPA1 Cold (<17°C) O Major chemosensor in airways
Hypertonicity Candidate mechanosensor:
Mustard oil, allicin mechanical hyperalgesia in
Reactive oxidants (ciga \ colitis and overactive bladder
smoke, exhaust fu T Mediator of cold hyperalgesia

gases, etc.) (pathological cold pain)
Target for paradoxical pain by
% anesthetic drugs
TRPMS Cold (<23°C) \ Role in cold allodynia
Menthol, icilin Possible contribution to
A genitourinary hyperalgesia
and pain

Possible role in colic pain

NADA: N-arachido@ ine.

characteri requent bowel movements and tenesmus (painful straining

et al., 2003). Because there is no effective medical therapy,
1 syndrome is frustrating for both patients and their physicians.
is an exciting possibility that per os TRPV1 antagonists may
pro%ymptomatic relief. Indeed, there is anecdotal evidence that eating
hot, spi#y food exacerbates symptoms in patients with irritable bowel syn-
me. Moreover, TRPV1 is emerging as an indirect, downstream target for
%us endogenous agents, such as endothelin-1, that evoke pain (Plant et al.,

7).
O A shared (and controversial) feature of thermoTRP channels, in particular
TRPV1 (Prescott and Julius, 2003) and TRPMS (Liu and Qin, 2005), is their
regulation by phosphatidylinositol 4,5-biphosphate (PIP2) (Brauchi et al.,
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2007; Qin, 2007). TRPV1 possesses PIP2 recognition sites (Lishko gt al.

2007; Kim et al., 2008). It was postulated that TRPV1 is under the in w
control of PIP2 (Prescott and Julius, 2003), implying a pivotal role %&s—
pholipase C, the enzyme that cleaves PIP2, in TRPV1 activatio Ver,
PIP2 may be either inhibitory or activating, depending on the con@ukacs
et al., 2007). Of note, recently it was suggested that ethagol pStentiates
TRPV1-mediated responses via the PIP2-TRPV1 interacti&etter et al.,

2008). Q

2.3 THE EMERGING ROLE OF TRP CHANNELW

VISCERAL PAIN Q

As reviewed elsewhere, the majority of sensorf\jbers that project into the
viscera possess TRPV1 (Holzer, 2004). TR%itive nerves appear to
mediate visceral pain in response to noxious MM distension (Spencer et al.,
2008). This is somewhat surprising since JJRPV1 is not supposed to have
mechanosensitive properties. Although @smg, it is not unprecedented,
since TRPV1(-/-) mice exhibit decrea chanical hyperreactivity of the
bladder during cystitis (Wang et z%). Moreover, silencing by RNA
interference of TRPV1 has been r to ameliorate visceral pain in rats
(Christoph et al., 2006), implyin o for TRPV1 in visceral pain during
colitis. Indeed, the first generatjo V1 antagonist capsazepine diminishes
discomfort to colorectal disteghign ™ mice (Sugiura et al.,2007), similar to the
decrease seen in TRPV1 (—/%nals (Jones et al., 2005). Increased TRPV1

immunoreactivity was ob§ n colonic sensory afferents in patients with

IBD (both Crohn’s digeas§ and ulcerative colitis [Yiangou et al., 2001])
and in rectal sensory fiberS with rectal hypersensitivity and fecal urgency
(Chan et al., 2003).
expression are pa
drome, TRPV1

ntly, it is unclear whether these changes in TRPV1
cnic or adaptive. In a rat model of irritable bowel syn-
oplsts prevent the development of visceral hypersensitiv-
ity initiated by ad&g/f acid treatment during the neonatal period (Winston
et al., 2007).%ﬁndings imply a pathogenic role for the dysfunction of
TRPV1-pogmycNWOIlonic fibers in irritable bowel syndrome. In accord, a cor-
relation h%ﬁ described between the number of TRPV1-immunoreactive
fibers igf the Yectosigmoid colon and the abdominal pain score in patients
with irNabjt bowel syndrome (Akbar et al., 2008). Taken together, these
obsfrvgmens suggest that TRPV1 is a relevant therapeutic target for the treat-

ment ofgisceral pain.
n a rat model of IBD, topical capsaicin treatment reduces bowel ulceration
csponse to trinitrobenzene sulfonic acid (TNBS) (Goso et al., 1993). In this
el, the small-molecule TRPV1 antagonist JYL1421 suppresses micro-
Qopic colitis and significantly reduces (but does not completely abolish)
visceromotor response to colorectal distension (Miranda et al.,2007). TRPV1
also appears to be involved in the post-inflammatory hyperalgesia that occurs
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after resolution of dextran sodium sulfate (DSS)-induced experimentalgoliti

(Eijkelkamp et al.,2007). Nonetheless, it may be a premature conclus
TRPV1 is exclusively responsible for the beneficial effect of capsaiagm=
clinical models of colitis. In a murine model of visceral pain,
mice show a 60% reduction in pain response magnitude compared
controls (Jones et al., 2005). So, what is responsible for the regainiitg 40% of
the pain behavior? The amiloride-sensitive acid-sensing ion nels (ASICs)

may be a major contributor (Sugiura et al., 2007). Indee@s (-/-) mice

display a reduction in pain behavior, which is similar itude to that
observed in the TRPV1 knockouts (Jones et al., 20 rthermore, new
evidence shows that TRPA1 (presumably present on %’1-positive fibers,
Fig. 2.1) is markedly upregulated during TNBS-¢ olitis (Yang et al.,
2008). Consistent with a pathogenic role of the inc d TRPA1, intrathecal
administration of TRPA1 antisense oligodeoxyrwgleotide reverses hyperalge-
sia to colonic distension (Yang et al., 2008). een known for decades
that capsaicin desensitization prevents neur inflammation by cigarette

smoke (Lundberg and Saria, 1983; Lundbgrg et al., 1983), although it is now
known that these responses are initiafed TRPA1 rather than TRPV1

(André et al., 2008; Simon and Liedt . One cannot help but wonder
if a similar phenomenon may also p. ast a partial role in the beneficial
effect of capsaicin desensitizatio \ TNBS colitis model (Goso et al.,
1993).

In man, capsaicin exerts a pgo e effect against gastric mucosal damage
by ethanol (Mézsik et al.,200p), esting that functional TRPV1 is protective
in the gastrointestinal tract g flammation or chemical damage (Eysselein

et al., 1991). If this hypo N olds true, a potential side effect for TRPV1
antagonists given per gs &quld be exacerbation of gastric ulcer formation.
Confusingly, genetic deletiolf of TRPV1 has a protective action against gastric
ulcers (P. Reeh, pers. m.). Clearly, more research is needed in this area.

In summary, t act contribution of TRPV1 to visceral pain is still being
debated (Hicks Z0g6),As discussed above, ASIC and other acid-sensitive ion
channels maypa e involved in visceral pain (Holzer, 2003). Recently,
TRPA1 (Mi%nd Holzer, 2008; Yang et al., 2008) and TRPV4 (Brierley

merged as molecular mechanotransducers on visceral affer-

these TRP channels may also play an important role in vis-
PV4 appears to be preferentially expressed in high levels in
ry neurons (Brierley et al.,2008). Behavioral responses to painful
col%istension are significantly reduced in TRPV4 (—/-) mice (Brierley
et al., 08), as is the mechanical hyperalgesia that occurs in response to
%ase-activated receptor 2, (PAR-2) (Grant et al., 2007). Of note, PAR-2

ensitizes TRPV1 (Amadesi et al., 2004). Thus, PAR-2 appears to func-

as a regulator of TRP channels (Surprenant, 2007). Since gut bacteria

roduce high amounts of PAR-2, TRPV4 is an attractive pharmacological

target to relieve visceral pain. Unfortunately, as discussed below, pharmaco-
logical blockade of TRPV4 may have severe adverse effects.
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2.4 CONTRIBUTION OF TRP CHANNELS TO NEUROPATHIC
PAIN, CANCER PAIN, AND MIGRAINE

There is good experimental evidence that sensory neurons exprpsmgdwIRP
channels, in particular TRPV1, are important mediators of pathd§
(Fig. 2.1). For instance, rats desensitized to resiniferatoxin arg devdtd of the
thermal hyperalgesia and guarding behavior that develops foy&ing mechani-

cal damage of the sciatic nerve (Bennett model) (A. S si, M. Tal, and
G. Bennett, unpublished data). Strikingly, resiniferatoxi olishes pain
behavior when given to rats in a “therapeutic fashioge is, to animals
already in discomfort following the operation.

As detailed in the chapter by Jimenes-Andrade tyh in this volume,
cancer pain is a promising indication for TRPV1 b e. Here it suffices to

bone cancer (osteosarcoma) in the mouse (Ni t al., 2007). In mice and
dogs, treatment with resiniferatoxin to desens& RPV1-containing neurons
00

ameliorates bone cancer pain (Brown et gL, 2003; Menendez et al., 2006). In
mice, this effect was mimicked by both g@disruption of the TRPV1 gene
and pharmacological TRPV1 blocka the selective antagonist JNJ-
17203212 (Ghilardi et al., 2005). %

In man, capsaicin-containing topj hes (e.g.,NGX-4010 by NeurogesX)
and injectable capsaicin preparao *e., Adlea by Anesiva) were reported
to provide relief from pain assogi ith diabetic neuropathy, AIDS-related
neuropathy, and post-herpetigheu™gia (Knotkova et al.,2008). Other indica-
tions for topical capsaicin tr include migraine, cluster headache, osteo-
arthritis, lateral epicondylg ., “tennis elbow”), Morton’s neuroma, and
postsurgical pain (e.g., %nectomy and hernia repair) (Knotkova et al.,
2008). The therapeutic valu® of capsaicin and other TRPV1 agonists is dis-
cussed in the chapter DWBley in this volume.

The rationale fq : 1ng potent, selective small-molecule TRPV1 antagonists

mention that TRPV1 expression is enhanced inERG neurons ipsilateral to

to relieve infla pain is the recognition that TRPV1 is directly acti-
vated by agentp 1M “inflammatory soup,” including the so-called “endova-
nilloids” (Fig d Table 2.1) (Di Marzo et al., 2002; Szallasi et al., 2007;

see also t\% er by Bhattacharya et al. in this volume). In other words,
rw

TRPV1a sts prevent the binding of endovanilloids to TRPV1. No such
straigh explanation exists for the mechanism of capsaicin desensitiza-
tion. It Rwell established that capsaicin “silences” TRPV1-expressing neurons
via %ned molecular processes (Szallasi and Blumberg, 1999). Indeed,
neurongdlesensitized to capsaicin are also unresponsive to mustard oil (Jancsé
1., 1985; Patacchini et al., 1990), although this chemical agent acts on
%1 rather than TRPV1 (Jordt et al., 2004). Since TRPV1 agonists like
aicin and resiniferatoxin block neuropathic pain whereas TRPV1 antago-
Gsts apparently do not, it is a reasonable assumption that other receptors
present on capsaicin-sensitive neurons besides TRPV1 are directly involved
in neuropathic pain. In accord, evidence was presented at the 2008 World
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Pharmaceutical Congress by investigators at Glenmark that the TRPV3 antag:

onist GRC15133 is capable of inhibiting neuropathic pain (Gullapa

2008). A second mechanism of capsaicin desensitization was deugrse® as

“vanilloid-induced messenger plasticity” (Szallasi and Blumberg 8 This

reversible and long-lasting process was suggested to involve do Julation

of TRPV1 and of neuropeptides that are proalgesic (e.g., subsznce ®[SP] and
d

calcitonin gene-related peptide [CGRP]) as well as upregulfign of peptides

(e.g., galanin), enzymes (e.g., nitric oxide synthase [NOS]) reteptors (e.g.,
cholecystokinin [CCK-1] receptors) that are analgesic (S%nd Blumberg,

1999).

TRPV1 is now well established as a major mediatorYt?ermal hyperalge-
sia. The link between TRPV1 and mechanical hyg€ra¥yeSia is much weaker.
In the skin, the expression of TRPV1 appears to be icted to mechanically
insensitive nerve fibers (Lawson et al., 2008). Inwgcord, perineural resinifera-
toxin administration blocks thermal, but not %‘ical, hyperalgesia during
inflammation (Neubert et al., 2008). Resinif& in was previously reported
to cause some decrease in mechanical hyggralgeSia, presumably mediated by
a spinal site, but this effect was very trans@)mpared to the lasting blockade
of thermal hyperalgesia (Xu et al., 199 if1s a problem for TRPV1 antago-
nists because many pain clinicians % mechanical allodynia and hyper-
algesia more significant than t hyperalgesia. Recently, a specific
small-molecule TRPA1 antagonist Wgs Yeported to reverse complete Freund’s
adjuvant (CFA)-induced mechaNc® hyperalgesia in wild-type, but not in
TRPA1-deficient, mice (Petr, , 2007).

As discussed in the cha by Holland and Goadsby in this volume, the
relationship between miggdgg¥and TRPV1 remains controversial. There is
anecdotal evidence thgt.%ﬁalcin applied to the nasal mucosa is beneficial
in patients with cluster he@dache (Sicuteri et al., 1989). Moreover, ethanol
ieraine symptoms (Szallasi et al., 2006), and it has
anol sensitizes TRPV1 via PIP2 (Vetter et al., 2008).
CGREP releaseddr nsory neurons has been postulated to play an impor-
1I0Yfe (Geppetti et al., 2005). Indeed, CGRP antagonists
tacks, although these compounds are much less effective
when givepuMg the attacks (Goadsby, 2005, 2008). These findings imply
a therapQ;a‘llue for TRPV1 antagonists in migraine patients (Szallasi
et al., fU06Q¥The clinical trials, however, have proved very disappointing.
In fac terminated its migraine clinical trials with TRPV1 antagonists
du%ck of clinical efficacy (Gunthorpe and Szallasi, 2008). With the
benehigdf hindsight, the negative clinical trial is not unexpected. It is unclear

%&;{:ndovanilloid could be generated during migraine. Moreover, in the
g

is known to worsen

inal system, the colocalization of TRPV1 and CGRP is limited. In

trast, CGRP is highly coexpressed with TRPV4. Based on this observa-

Oon, some neurologists advocate the local injection of TRPV4 antagonists

directly into TG for migraine refractory to conventional medical therapy
(Liedtke, 2008).



78 ROLE OF TRP CHANNELS IN PAIN: AN OVERVIEW

2.5 DIFFERENTIAL TRP CHANNEL EXPRESSION DEFINES
FUNCTIONAL SENSORY NEURON SUBTYPES: IMPLICATIO V
FOR DRUG DEVELOPMENT

Primary sensory neurons are heterogenous in several aspects, in their

anatomy, neurochemistry, and function. For example, these ngurons differ in
the myelin sheet that protects their axons (myelinated AB-fi thin myelin-
ated Ad-fibers, and unmyelinated C-fibers); they use differgsg mediators (e.g.,
peptidergic and non-peptidergic); and they convey diffa%matosensory
information to the CNS (e.g., touch, pain, itch, and te ¢). One way to
subclassify primary sensory neurons is by the TRP chanizgfs that they express.
A major population of neurons with C-fibers, as we g Yninor subset of Ad
neurons, coexpresses TRPV1 with the related chan RPV3 and TRPV4
and also with TRPA1 (Kobayashi et al., 2005). V1, TRPV3, and TRPV4
are heat-activated channels so their presenc e same neurons is not
unexpected. It is more difficult to explain wh e heat receptors are coex-
pressed with the cold receptor TRPA1. 4dding to the complexity, TRPA1
seems to be present on both peptid@nd non-peptidergic neurons

(Hjerling-Leffler et al., 2007).
A second major subset of prima%ory neurons, encompassing both

A- and C-fiber neurons, is ch ed by their TRPMS8 expression

(Kobayashi et al., 2005). The migi erlap between TRPV1 and TRPMS8

expression suggests that TRPV tive neurons and TRPMS-expressing

neurons are fundamentally dyfferc™®, although TRPA1 appears to be present

on both TRPV1- and TRPM%ssing populations (Kobayashi et al., 2005).

In keeping with this co YI'RPV1-like immunoreactivity is elevated,
#ﬁi

whereas TRPMS is, by _coiNast, reduced in injured human brachial plexus
nerves (Facer et al., 200 ed on these findings, it has been postulated that
TRPV1 may be a moMwgelevant therapeutic target than other thermoTRPs
for pain related to raumatic neuropathy (Facer et al., 2007). Intriguingly
and in contrast tgf egprdssion in DRG, TRPMS is coexpressed with TRPV1 in
vagal sensory innervating the mouse lung (Nassenstein et al., 2008).

It has bee@sted that TRPV1 forms heteromultimers with other TRP
channels i@% d Wood, 2005; Szallasi et al., 2007). If this hypothesis holds

true, anta that do not distinguish between thermoTRPs may have a
therapegfiic yXue by targeting TRP heteromultimers. The shared TRP domain
in thes§ghghnels may represent a target for such inhibitors (Garcia-Sanz
et alf, 7). Of note, N-(4-tertiarybutylphenyl)-4-(3-chloropyridin-2-yl)tetra-
hydropg#azine-1(2H)-carboxamide (BCTC), originally described as a TRPV1
gonist, also functions as a potent inhibitor of TRPMS8 (Weil et al., 2005).
% note, thermoTRP channels are also colocalized with other receptors
Ived in pain transmission. In an innovative study, capsaicin has been used
deliver sodium channel blockers into neurons expressing TRPV1. QX-314

1s a quaternary derivative of lidocaine that is ineffective when administered
alone because it is not capable of crossing the membrane. However, when
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coadministered with capsaicin, QX-314 enters the sensory neuron throygh th
open TRPV1 pore and gains access to its binding site on the sodium V
(Binshtok et al., 2007). This elegant approach affords selective taé of
TRPV1-expressing sensory neurons (Binshtok et al., 2007).

The peripheral terminals of TRPV1-expressing primary sen@eurons
are sites of release for a variety of proinflammatory neuropgpti (e.g., SP
and CGRP) that initiate the biochemical cascade collectiv&own as neu-
rogenic inflammation (Fig. 2.1) (Geppetti and Holzer, #R96).¥Neurogenic
inflammation is thought to play a central role in the pa%esis of various
disease states that range from migraine (chapter by and Goadsby in
this volume) through asthma (chapter by Materazzi etN. in this volume) to
IBD and cystitis (chapter by Avelino and Cruz i olume). Obviously,
diseases with a prominent neurogenic inflammator ponent are potential

therapeutic indications for TRP channel blockeE

2.6 TAKING A SHORT TR@)P BEYOilhIN

Neuropeptides released from sensor s have been linked to various
conditions encompassing pruritus, %emesis, neuroimmune regulation
(e.g., type-1 diabetes), glucose co etabolic syndrome and type-2 dia-
betes), obesity, and sepsis. The \cipution of TRP channels in these disor-

ders has been exhaustively re d elsewhere (Birder, 2007; Jordt and
Ehrlich, 2007; Kim and BZai » 2007; Nilius, 2007; Nilius et al., 2007;
, C

Venkatachalam and Monte ortright and Szallasi, 2009a; see also the
chapter by Nilius and Vi N s and chapter by Tsui et al. in this volume).
Clearly, these topics g%ﬁnd the scope of this chapter, namely, pain, but
a brief recapitulation of theSe observations might be useful to the degree the
findings imply novel Wgovative uses for drugs targeting TRP channels. For
example, the TREWagonist resiniferatoxin is a powerful antiemetic agent in
ferrets (Andre handari, 1993), implying a potential for this class of
compounds topnMY, intractable nausea and vomiting secondary to radiation
and/or chem@tfrgpy (Sharkey et al., 2007). Inhaled capsaicin is a standard
agent to ey®keWugh response in human studies, and potent small-molecule

TRPV1 ists are being tested in the clinics as promising antitussive
drugs @¥cIo®d et al., 2008; see also the chapter by Mazeratti et al. in this
volum P channels other than TRPV1, in particular TRPA1, are also
potfnymy targets for antitussive drugs (Kim and Baraniuk, 2007; Brooks, 2008).

Tughus is another promising indication for drugs acting on TRP channels

us et al., 2006; Bir6 et al., 2007). On an empirical basis, both capsaicin and

%ﬂhol have been in clinical use to relieve itch for decades, identifying TRPV1
TRPMS as relevant pharmacological targets for novel antipruritic agents
O:eviewed in Bir6 et al.[2007]). The “supercooling” agent icilin, which is several
Q hundredfold more potent than menthol, reduces the degree of excoriations by

scratching at least 50% in rats on a Mg**-deficient diet (Bir6 et al., 2007). It can
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be also argued that TRPV3 and TRPV4 in keratinocytes participate g the
pathomechanism of pruritus. In fact, TRPV3is a known target for skin s w
ers, and activation of TRPV3 in murine keratinocytes by eugenol was%ed
to release the proinflammatory substance interleukin-1 (IL-1) (Xu 06).

The emerging role of TRPV1 in neuroimmune regulation@eneral
(Cortright and Szallasi, 2009a) and in type-1 diabetes in partigular touri and
Szallasi, 2008) was recently reviewed elsewhere and is also &bject of the
chapter by Tsui et al. in this volume. Of note, TRPV1 has bedn linked to
obesity, metabolic syndrome, and type-2 diabetes (Gr%%; Suri and
Szallasi, 2008). TRPV1 (-/~) mice on high fat diet are d from visceral
obesity, the type of “pear-shaped” obesity that has beenked to metabolic
syndrome in man (Motter and Ahern, 2008). Type, tes has been sug-
gested to have a significant low-grade inflammator ponent mediated by
capsaicin-sensitive nerves (Gram, 2003). IndeedWge small-molecule TRPV1
antagonist BCTC has been reported to impro se tolerance in a mouse
model of type-2 diabetes (Gram and Hansen& ).

2.7 DISEASE-RELATED CHANG @RP CHANNEL
EXPRESSION: A NEW SPIN CO TING

DRUG DEVELOPMENT \

TRP channels not only show_b
(up- or downregulation) but ¢
express such channels (Sz

tional changes during disease states
so expressed in cells that do not normally
al., 2007). Representative examples are
discussed below. These 1ons have important practical implications
for drug development. For ﬁample, animal experiments suggest that TRPM8
may be a relevant target to atheliorate cold hyperalgesia that develops follow-
ing nerve injury (Kat™ga et al., 2006; Ji et al., 2007; Xing et al., 2007). In
support of this hy n‘l esis, mRNA encoding TRPMS is increased in the rat

DRG following g constriction injury (Frederick et al., 2007). However,
in man, TRPMg a¥gghirs to be downregulated after nerve injury (Facer et al.,
2007) and in% dental pulp (Alvarado et al., 2007). Indeed, no evidence
for the iny t of TRPMS in cold allodynia has been found in neuro-
pathic pai nts (Namer et al., 2008). This is a worrisome example of the
speciesgClate® differences in TRP channel biology that hinder extrapolation
of ani cyberiments to patients. In contrast, TRPA1 appears to be upregu-
latedigsmiman DRG after nerve injury (Anand et al., 2008). In rats, antisense
knoc n of TRPAL alleviates cold hyperalgesia after spinal nerve ligation
tsura et al.,2006). However, the relevance of these observations is unclear,

cc cold allodynia appears to be independent of TRPA1 in neuropathic pain

ents (Namer et al., 2008).
Oln rodents, the expression of TRPV4 is increased at both the mRNA and
protein levels following mechanical nerve injury, induced by CCD (chronic
compression of dorsal root ganglia [DRG]) (Zhang et al., 2008). TRPV4 has
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also been linked to chemotherapy (e.g., taxol- or vincristine)-induceg neu;
ropathy (Alessandri-Haber et al., 2004, 2008). When given intra
TRPV4 oligodeoxynucleotide antisense reverses mechanical allodyn g
by CCD (Zhang et al., 2008) and ameliorates mechanical hyyem{d®ia in
animal models of neuropathy of various etiologies, such as diab @

ism, and chemotherapy (Alessandri-Haber et al., 2008). TRPV4 apf€ars to be

also involved in inflammatory pain, as implied by the re d response to
“inflammatory soup” in TRPV4 (-/-) mice (Chen et al., 2&). This finding is
consistent with the role of TRPV4 as an osmosensor an he hypotonic

nature of the inflammatory soup.

TRPV1 shows bidirectional expression changes inYi?us disease states.
During inflammation and in bone cancer, TRPV1 Ig ifcrease substantially
(Niiyama et al., 2007). Conversely, TRPV1 expreSwQy is downregulated in
neuropathic pain secondary to injury (Lauria et 2006). It has been hypoth-
esized that the downregulation of TRPV1 exp%in diabetic skin is related
to the diminished NGF levels (Facer et ax ). As reviewed elsewhere
(Knotkova et al.,2008), a traditional indicggon for capsaicin-containing topical
preparations is diabetic neuropathy. Hfw@Yr, the clinical experience with
capsaicin is conflicting, with some st eporting significant pain relief,
whereas others have been unable icate these results. In the skin of
patients with diabetic neuropathy; 1-expressing epidermal nerve fibers
are markedly reduced, accompanie decreased TRPV3 expression in kera-
tinocytes (Facer et al., 2007).

Although strictly speak% a disease, it should be mentioned that

chronic morphine administiag pregulates TRPV1 expression in the spinal
cord in a MAP kinase-de W manner (Chen et al.,2008). This is intriguing
because morphine tol& 1s often associated with the development of
thermal hyperalgesia. In fact] intrathecal pretreatment with the TRPV1 antag-
nthoxyphenyl]-4-chlorocinnamide) has been shown to
attenuate morphiyf&JIolcrance and to prevent thermal hyperalgesia (Chen
etal.,2008).1tis @ at TRPV1 antagonists will reduce the need for opioids
and, as an ad@ Rfefit, will also prevent tolerance to opioids. Interestingly,

acute morp ministration has the opposite effect since it negatively
modulates, via inhibition of adenylate cyclase (Vetter et al., 2006).

2.8 ON NOCICEPTIVE NEURONS AS TARGETS
F 'VEL ANALGESIC DRUGS: ATTRACTIVE
UT NOT SO INNOCENT

1 The Capsaicin Receptor TRPV1

Os discussed above, the role of TRPV1 in inflammatory pain was confirmed
by genetic deletion (Caterina et al.,2000; Davis et al.,2000) and pharmacologi-
cal blockade experiments (Gunthorpe and Szallasi, 2008). The initial enthusi-
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asm for TRPV1 antagonists was generated by two basic tenets. Firg, the
expression of TRPV1 was believed to be fairly selective for primary %
neurons (Holzer, 1991). And second, TRPV1 was thought to be “silec g
physiological conditions (Holzer, 1991). Sadly, neither postulate tupmadWut to
be true. Now it is clear that the tissue expression of TRPV1 is extfgmely wide,
ranging from CNS neurons through epithelial cells (e.g., kettin tes and

urothelial cells), vascular endothelium, and immune cells (m ells and lym-
phocytes) to hepatocytes and fibroblasts (Nilius, 2007; Corjmght and Szallasi,
2009a; Gunthorpe and Szallasi, 2008). Compared to DRG@IS, the expres-
sion of TRPV1 is fairly low in these other cell types. heless, TRPV1
appears to be functional in a variety of tissues. Hy %ses are abundant
regarding the role of TRPV1 in these other cell ty, experimental evi-
dence is scarce. Notable suggestions include a role fo n TRPV1 in memory
formation and in mood disorders (Gibson et al.qQ08) and a contribution of
TRPV1 on keratinocytes to hair growth and%lologic disorders (Bodd
et al., 2005). It was speculated that TRPVl—ex&' g brain neurons may play
a role in various neurological and psychiagic disOrders including schizophre-
nia (Chahl, 2007), Parkinson’s disease @asi et al., 2007), Huntington
chorea, and Alzheimer’s disease (Yam t al., 2007). Of note, other than
some spotty incontinence (Birder 002), the phenotype of TRPV1
knockout mice is fairly unremar NKnockout animals, however, often
compensate for the missing proje1 erefore, conditional TRPV1 knock-
downs would be better modelg t luate the potential role of non-DRG
TRPV1 receptors.

TRPV1 involvement in emperature regulation seems to have an
endogenous tone, as implﬁ' the hyperthermic action of TRPV1 antago-

nists (Gavva, 2008; see als\the chapter by Garami et al. in this volume). It
has been known for over a €entury that capsaicin evokes the opposite effect,
that is, hypothermia lzer, 1991; Szallasi and Blumberg, 1999). Currently,
this concept is stjlf§ontroversial. Several classes of structurally unrelated
TRPV1 antagogfs oke hyperthermia (Gavva, 2008; Gunthorpe and
Szallasi, 2008). this adverse effect can be so severe that Amgen decided
to discontinu%linical trials with its lead compound after body tempera-
ture had r cMWI0°C in one patient (Gavva, 2008; Gunthorpe and Szallasi,
2008). Ot ent TRPV1 antagonists (e.g., GRC6211 by Glenmark/Lilly)
have ngfeffe® on body temperature (S. Narayanan, pers. comm.) or, con-
versely,\augt hypothermia following a very mild and transient initial hyper-
ther sponse (e.g., A-425619). Clearly, more research is needed to resolve
these cgfflicting findings.

TRPV3, a Close Relative of TRPV1

PV3 is a warm-sensitive (>33°C) channel that, in contrast to TRPV1, is
sensitive to acid or capsaicin (Peier et al., 2002b; Smith et al., 2002; Xu
et al., 2002; Chung et al., 2004). The preclinical proof of concept for the role
of TRPV3 in thermal nociception and hyperalgesia was furnished by knockout
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experiments (Moqrich et al., 2005). Indeed, GRC15133, which is a selectiv
TRPV3 antagonist developed at Glenmark, was shown to relieve bothW -
matory and neuropathic pain in animal models (Gullapalli et al., ZOO%lar
to TRPV1, TRPV3 is expressed in keratinocytes (Peier et al., 2088 Shung
et al., 2004) where it has been suggested to mediate the releaIL-l, a
proinflammatory agent that, in turn, may sensitize nociceptiye netttons (Xu
et al., 2006). In the human skin, TRPV3 shows interesti\&ease-related
changes in expression. For example, TRPV3 is downreguleged 18 the skin of
patients with diabetes (Facer et al., 2007), whereas TRP immunoreac-
tivity is increased in skin biopsies obtained from the of women with
mastalgia secondary to macromastia or other conditi that cause breast
tenderness (Gopinath et al., 2005). While the e of warm-activated
TRPV3 in keratinocytes is well established (Peier %&gJ, 2002b; Chung et al.,
2004), the presence of TRPV3 in nerve fibers ifggrvating the skin is contro-
versial. In human skin samples, no TRPV3—lik%‘noreactivity was detected
in the epidermal nerve endings (Gopinath 1., 2005). However, strong
TRPV3-like immunoreactivity was found gn the DBrachial nerve plexus follow-
ing nerve injury (Facer et al., 2007). Q

In rodents, TRPV3 is not only highl lized with TRPV1 but may also
compensate for TRPV1. Indeed, in% TRPV3 expression was observed
in mice when TRPV1 was geneti ctivated by “knockdown” via RNA
interference (transgenic short in®* RNA, shRNAtg, animals), although
TRPV3 expression was not ingre€eorin TRPV1 “knockout” mice (Christoph

et al., 2008).
TRPV3 knockout mice @ fairly unremarkable phenotype with only
mild alterations in hair t M G. Story, pers. comm.). This is in sharp con-
trast to animals with cQnstNutively active, gain-of-function TRPV3 mutations
that suffer from severe alopecia (Asakawa et al., 2006) and a skin condition
that mimics human aWQic dermatitis (Imura et al., 2007; Xiao et al., 2008).
Most recently, in OIC acetate, an incense ingredient, was shown to exert
il.i

potent anxiolyti e ghd antidepressant-like behavioral activity in wild-type,
but not in T ockout, mice (Moussaieff et al., 2008). These findings
were interpr% imply a role for brain TRPV3 in emotional life (at least
in the moymy). W remains to be seen if this observation has relevance for
humans. er, some caution is no doubt appropriate, especially since
brain has been implicated in rimonabant-induced mood disorders
(Gibsogetl., 2008). An attractive clinical indication for TRPV3 antagonists
tha%( brain TRPV3 is neuroprotection via hypothermic effects (Guatteo
et al., 2405; Lipski et al., 2006).

2:3 TRPV4, a Mechanosensor TRP with Multiple Functions

ORPV4 was originally defined as an osmosensor, hence the alternative name
VR-OAC (osmotically activated channel) (Table 2.1). Indeed, TRPV4 is
essential for the normal response to changes in osmotic pressure (Liedtke
and Friedman, 2003) and in mechanical pressure (Suzuki et al., 2003).
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Subsequently, TRPV4 has been shown to be warm-sensitive (25-34°(Q and,

is therefore a thermoTRP channel (Giler et al., 2002). Experimen(‘w

TRPV4 (-/-) mice suggest that TRPV4 plays a role in normal warm &g

(Lee et al., 2005) and also participates in thermal hyperalgesi

inflammation (Todaka et al., 2004). Warm temperatures have

to activate TRPV4 in keratinocytes (Chung et al., 2003, 20& Bnsistent
en

with the role of TRPV4 as a mechanosensor (Suzuki et a}fAQ003), TRPV4
knockout mice show reduced mechanical hyperalgesia ({h al., 2007).
Arterial response to shear is mediated by TRPV4 6 ® on vascular
endothelial cells (Hartmannsgruber et al., 2007). In the &ign®, TRPV4 serves
a double role, both as a flow sensor (mechanosensationn as an osmosen-
sor (Wu et al., 2007).

TRPV4 has been proposed to play a pivotal role 1 eral hypersensitivity
(Cenac et al., 2008). Of relevance, TRPV4 is s%itized by PAR-2 to cause

mechanical hyperalgesia in mice (Grant et al. ipe et al., 2008). This is
significant since gut bacteria produce large qu& s of PAR-2. Consequently,
it has been postulated that TRPV4 is an jgaportant mediator of colic pain in
patients with inflammatory bowel conditfond YBrierley et al., 2008).

Many pain experts believe that mech yperalgesia is a more important
player than thermal hyperalgesia %nic human pain. Unfortunately,
TRPV4 knockout mice have a sev notype (incontinent [Gevaert et al.,
2007] and deaf [Tabuchi et al.,200, arcasts a big dark cloud over the clinical
utility of TRPV4 antagonists. Eye se, TRPV4 (-/-) animals have impaired
osmoregulation due to abngfma™ntidiuretic hormone (ADH) secretion,
and pharmacological TRPV%ade has been suggested to cause a sicca
syndrome-like condition ( N ,2008). Given the essential role of TRPV4 in
osmotransduction and %hanosensation (Liedtke, 2007), the deleterious
adverse effects of TRPV4
discovery activity dire

New findings, h

kade are hardly unexpected. Consequently, drug
toward TRPV4 has been marginalized.
ver, have rekindled interest in drugs targeting TRPV4
that do not get bgd into the systemic circulation. It has been suggested
that inhaled agonists may be beneficial in cystic fibrosis patients
and that TRPg4fcgntaining eye drops may protect the cornea of patients with
sicca syndygyeNBjogren’s) (Liedtke, 2008). In theory, enemas containing
TRPV4 a ists may relieve colic pain, and TRPV4 antagonists injected
directlyfhto ™ TG via the foramen ovale are expected to ameliorate migraine
pain dgfe, 2008). Parenthetically, TRPV4 is essential for the structural
intedrigemgf the broncho-alveolar unit (Alvarez et al., 2006; Reiter et al., 2006).
TR s negatively regulated by ¢cGMP. Since activation of TRPV4 was
%13 to cause endothelial failure and circulatory collapse (Willette et al.,

TRPV4 blockade is predicted to exert a protective action in pulmonary
\Sulation.
Last, TRPV4 deficiency suppresses bone loss in animal experiments
(Mizoguchi et al., 2008). This finding implies that TRPV4 inhibitors may be
of clinical value to prevent osteoporosis in postmenopausal women.
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2.8.4 TRPAI, a Sensor of Reactive Oxidants and a Potential Target
Block Pathological Cold Pain

Of thermoTRPs, TRPA1 is unique in that it is activated by reversiblesgvalent

modification of the sulthydryl (SH) groups of cysteine residuer than
by conventional ligand-receptor interaction (Macpherson et alwg@07a). In

fact, TRPA1 has emerged as a major chemosensor for reacti$ oxidants (e.g.,

unsaturated dialdehydes) in airways (Andersson et al., 2008\Ressac et al.,
2008) where, among other noxious stimuli, it is activate joarette smoke
(André et al., 2008), exhaust fumes, and tear gases ( ahon and Wood,
2006). Similar to TRPV4, TRPAL1 is a candidate mec nsor with postu-
lated roles in mechanonociception (Andrade et a ), colitis (Penuelas
et al., 2007; Yang et al., 2008), and overactive bla@)u et al., 2007, 2008).
Indeed, TRPA1 knockout mice have impaired pradyMnin-induced mechani-

cal hyperalgesia (but no hearing deficits). TRPA [N§also a cold thermosensor
that is active when temperature drops below, (Story et al., 2003; Bandell
et al., 2004). Antisense knockdown of TRPATWsults in reduced cold hyper-
algesia but has no influence on normal nsing (Katsura et al., 2006).
TRPA1 is upregulated during inflammatioy, an effect most likely mediated
by NGF (Diogenes et al., 2007), and a erve injury (Frederick et al., 2007,
Ji et al., 2008). It has been postulage®{hat TRPA1 antagonists (Petrus et al.,
2007) may reduce inflammatory sed by prostaglandins and by other
fatty acid metabolites (Trevis al., 2007; Taylor-Clark et al., 2008).
Interestingly, TRPAL1 is a tar irritation by the commonly used antifun-
gal agent clomitrazol (Mes al., 2008) and may be also responsible for
the paradoxical pos’topera'\1 n caused by anesthetics (Matta et al., 2008).
TRPAL1 antagonists, howeNerWay prove a double-edged sword. They may be
beneficial by relieving'p&and neurogenic inflammation, but, at the same

time, they may be gtentially dangerous by blocking a major sensor for
A

noxious environm emicals (Macpherson et al., 2007b; Tai et al., 2008).
In fact, mice wh 1 channel has been deleted by genetic manipulation
show deficiencidggh yspiratory behavior to oxidants (Bessac et al., 2008).

&

285 T Cool Receptor

Althoyfh TRPMS is best known as the menthol receptor (Bautista et al., 2007;
Patel Ral/2007), the “M” stands not for the menthol but for melastatin, a
pm%lentiﬁed by comparing benign nevi to malignant melanoma (Nilius

et al., Q007). In fact, TRPMS activation suppresses the viability of human
lanoma (Yamamura et al., 2008). Parenthetically, TRPMS also plays a role
@ﬂ% differentiation of prostatic epithelium (Bidaux et al., 2007), and it has

n suggested that TRPMS ligands may be of clinical value in controlling the

Orowth of prostatic carcinoma (Prevarskaya et al., 2007).

TRPMS8 was the first cold receptor to be cloned (McKemy et al., 2002;
Dhaka et al., 2007). TRPMS is upregulated following mechanical nerve injury
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(Frederick et al., 2007), and it has been postulated to play a role in colgallo-,
dynia (Xing et al., 2007). TRPMS8 agonists have been suggested to %
analgesia to mechanical and thermal allodynia (Proudfoot et al., 200(gmemet0o
relieve pruritus (Bird et al., 2007); in fact, menthol is a traditiong
for itch. Mouse genetics has shown that TRPMS is required for
sensitivity after nerve injury and inflammation (Colburn et al.:20

New functions of TRPMS seem to include cold sensatigh\jn airways in
response to inhaled air (Sabnis et al., 2008; Xing et al., 2 and control of
bladder activity (Du et al., 2008; Lashinger et al., 2008).

2.9 CONCLUDING REMARKS Z

Heat- and cold-sensitive TRP channels, so-cal thermoTRPs, are in the
focus of attention as potential targets for nov oesic drugs (Fleetwood-
Walker et al., 2007; Levine and Alessandri-HN 07; Cortright and Szallasi,
2009b; Patapoutian et al., 2009;). These chggnels are expressed on nociceptive
neurons where they play a pivotal rolefin sing and integrating noxious
stimuli (Fig. 2.1). Some of these chann xemplified by TRPV1, are not
only polymodal (i.e., they react to of seemingly unrelated stimuli)
(Table 2.1), but they also have a dy hreshold of activation. For example,
agents in “inflammatory soup” agt cert to sensitize TRPV1 in order to
reduce its activation threshold to (Fig. 2.1) (Szallasi et al., 2007). TRPV1
is also a downstream target fgh bra®ykinin, NGF, and other endogenous pro-
algesic substances. Therefo V1 functions as a “molecular gateway to
the pain pathway” (Cateri N Julius, 2001).

Targeting TRP chanpels\on nociceptors is an attractive new and logical
strategy in drug developmemMt. TRP channel antagonists aim to prevent pain
by blocking a receptoNghere pain is generated (Fig. 2.1). TRPV1, arguably
the most importagé nal integrator in nociceptive neurons, has many “firsts”

in this field. TR, s the first thermoTRP to be discovered on sensory
neurons (Categn 1., 1997). Genetic deletion (Caterina et al., 2000; Davis
et al.,2000) a%macological blockade of TRPV1 (Gunthorpe and Szallasi,
2008) furnj e first proof of concept that TRP inhibitors may relieve

pain. Most important, potent and selective small-molecule
nists were the first to move into clinical trials as potential anal-
zallasi et al., 2007).

T@ also turned out to be a receptor with many unsuspected assets. There
is emergig evidence that TRPV1 may play an important role in various disease

es,ranging from type-1 diabetes (Suri and Szallasi,2008) through neurologi-
% ging yp

and psychiatric disorders (Chahl, 2007) to obesity and cancer (Prevarskaya

1., 2007). These observations have opened up new avenues for drug
Gvelopment but also serve as warning signals for unforeseen adverse effects.
TRPA1 and TRPV3 are now emerging as intriguing new targets for drug
development. TRPAT1 is believed to function as a sensor of tissue damage by
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noxious chemicals, including reactive oxidants in inhaled air (Bessacet al
2008; Simon and Liedtke, 2008). TRPA1 is a target for both algesic a V
gesic prostaglandin metabolites (Trevisani et al., 2007), and it has b%ed
to both mechanical and cold hyperalgesia. TRPV3 is upregulatgemi@®owing
neuronal injury (Frederick et al.,2007). Indeed, small-molecule T antag-
onists relieve neuropathic pain in preclinical models (Gullapglli et al., 2008).
In summary, TRP channel antagonists are predicted to ir&tvarious pain
modalities from post-inflammatory heat or cold hyperalggsg to Spontaneous
(ongoing) pain. Since these channels are preferentiall@ﬂgh not exclu-
sively) expressed on nociceptors, TRP channel inhibit, hoped to block
pain without the mechanistic limitations that plague th€\lse of existing anal-

gesic compounds. Preclinical experiments and trials are ongoing,
and it remains to be seen if TRP channel antago will live up to these
expectations.
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