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Preface

Despite tremendous advances in the understanding of the sensory nervous system
which have accompanied the recent explosive growth of the neurosciences, remark-
ably few innovative medicines directed towards pain and inflammation are avail-
able. Indeed, many patients are still prescribed analgesic and anti-inflammatory
medications that were identified long ago as components of herbal remedies. Simi-
larly, potential new medicines in clinical evaluation based on capsaicin and the cap-
saicin receptor are both grounded firmly on folk traditions and yet rely upon the
most contemporary techniques of drug discovery and delivery.

The first formal report of the pain-relieving properties of capsaicin appeared in
1850 [1]. However, for centuries before this, capsaicin-containing extracts had been
used as folk medicines in cultures with access to pepper plants, much in the same
way as poppy or willow-bark extracts were. Despite widespread use, it was not until
1878 that the selective action of capsaicin on the sensory nervous system was rec-
ognized [2]. In Chapter 1 of this volume, Janos Szolcsdnyi reviews this early
research, which culminated with the seminal studies of Nicholas Jansco and his col-
leagues in Hungary in the 1940s. Since then, capsaicin and related vanilloid com-
pounds have played a prominent role in analgesia and inflammation investigations
because of their ability to selectively activate a subpopulation of sensory neurons
and produce sensations of pain and localized erythema. The widespread production
of pungent molecules such as capsaicin by plants has recently been explained in
terms of advantages with respect to seed dispersal and deterrence of ambulatory
seed eaters [3].

Since 1997 there has been profound interest in capsaicin and pungent vanilloids
because of the cloning of a specific ion channel that mediates the effect of this class
of compounds [4]. Specifically, it has been found that pungent vanilloids mediate their
effects by selective agonism of an ion channel, the transient receptor potential vanil-
loid receptor 1 (TRPV1; or, according to older nomenclature, VR1). TRPV1 is a lig-
and-gated, non-selective cation channel expressed preferentially in small-diameter,
primary afferent neurons, including nociceptive sensory nerves. In addition to being
activated by capsaicin and related vanilloids, TRPV1 responds to heat and extracel-
lular acidification, and will integrate simultaneous exposures to these stimuli.

Xi



Preface

The aim of this volume is to summarize recent insights into the role of TRPV1
in pain and inflammation, and how discuss how modulation of this receptor may
lead to important advances in analgesic and anti-inflammatory drug development.
The book contains chapters relating to five themes: (1) historical perspectives on
capsaicin and its receptor; (2) the molecular and cellular properties of TRPV1; (3)
the pharmacology and physiology of TRPV1; (4) evidence for the involvement of
TRPV1 in diseases and syndromes; and (5) the therapeutic potential of TRPV1 ago-
nists and antagonists. It is our hope that this book will provide an integrated
overview of the actions of classes of compounds that have been used extensively —
for a wide range of reasons — by cultures around the world. Possibly more impor-
tantly, we hope that this book will also provide insights into the prospects for the
therapeutic potential of TRPV1 activation or inhibition, particularly in various
painful or inflammatory conditions.
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Historical perspective on capsaicin and its receptor



Hot peppers, pain and analgesics

Janos Szolcsanyi

Department of Pharmacology and Pharmacotherapy, University Medical School of Pécs,
Neuropharmacological Research Group of the Hungarian Academy of Sciences, Szigeti u. 12,
H-7624 Pécs, Hungary

Introduction

The hot pepper, or more precicely capsaicin, the hot component of chilli peppers of
the Capsicum family, was the key that opened new horizons in the field of analgesics
and the pharmacology of nociceptors. It is surprising that during the last century
real breakthroughs in drug development in the field of analgesics were not achieved.
Remarkably, medical doctors at the end of the 19th century used analgesics that act
on opioid receptors and cyclooxygenase (COX) enzymes, just as contemporary
physicians do. Until quite recently, no chapters on drugs acting on nociceptive sen-
sory neurons could be found in modern pharmacology textbooks, in striking con-
trast to several chapters on the sympathetic or parasympathetic nervous system, for
which a continuously growing number of drug targets has been revealed. The roots
of this flourishing pharmacology of the autonomic nervous system can be traced
back to the analysis of the mode of action of naturally occurring drugs such as nico-
tine (Langley and Dickinson, 18891), ergotoxine (Dale, 19062) and atropine (Loewi,
19213). These brilliant studies on alkaloids provided the first evidence for the very
existence of mediators of neurohumoral transmission and raised clues for drug
development (for references, see [1]). An experimental study by Andreas Hbgyes [2],
published during this pioneering period of pharmacology, was the first attempt to
describe the actions of capsaicin under experimental conditions. These observations
led Hégyes to conclude that this compound acts mainly on sensory nerves (‘Capsi-
col hauptsachlich auf die sensiblen Nerven wirkte’). In traditional treatments of
arthritic diseases, capsaicin was applied topically as a ‘counterirritant’, but its phar-
macology remained neglected for seven decades [3, 4].

Early discoveries by Nicholas Jancsé
Capsaicin desensitization

During and soon after the Second World War, Nicholas (Mikl6s) Jancsé in Hungary
was engaged in studying the storage of macromolecules in the reticuloendothelial

Turning up the Heat on Pain: TRPV1 Receptors in Pain and Inflammation, edited by
Annika B. Malmberg and Keith R. Bley
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system in inflammation. In this context he started to use capsaicin and made a
serendipitous observation, which indicated that this pain-producing irritant pro-
duces a completely new type of analgesic effect.

Jancsé routinely pretreated mice with high doses of histamine to achieve hista-
mine desensitization in order to reveal the role of histamine in inflammatory
processes. By replacing histamine with capsaicin — which he assumed to be a hista-
mine-releasing compound [5] — Jancsé observed a unique type of behavioural unre-
sponsiveness of these animals whereby ‘pain sensory receptors’ or ‘pain receptors’
became ‘completely insensitive to the strongest known chemical stimuli or caustics’
without any obvious change in their responsiveness to physical stimuli (electrical,
mechanical and noxious heat) [6]. The effects of all tested irritants were abolished,
including those to formaldehyde, KCl, veratridine, choracetophenone, allylamine
and nicotine [5, 6]. Using nicotine instead of capsaicin he described another type of
desensitization that was chemospecific and suggested to be mediated by a pharma-
cological receptor: “nicotinic stimulants attach themselves to a specific receptor
structure for reaching similarity with the so-called acetylcholine receptor of the gan-
glionic synapse” [7].

In the effect of capsaicin-induced desensitization — which he always used as a
descriptive term — Jancs6 emphasized the importance of the acylamide linkage of the
tested molecule, since similar desensitization was achieved with piperine, the non-
vanilloid acylamide ingredient of black pepper, but not with the vanilloid ketone of
zingerone or mustard oil. Nevertheless, he never proposed a ‘specific receptor struc-
ture’ for actions of capsaicin. It is important to emphasize that these sensory effects
of capsaicin desensitization were revealed well before the discovery of the distinction
between mechanonociceptors and polymodal nociceptors (i.e. that the signalling
mechanism for chemically evoked pain differs from that of mechanically evoked
pain). Thus mechanisms underlying the phenomenon of capsaicin-induced desensiti-
zation, however, remained obscure. Furthermore considerable space remained for
doubts and challenges (“...invalidates the claim of Jancsé...”) [8], since — although
being a classical pharmacologist who invented brilliant histological techniques in the
fields of the reticuloendothelial system and kidneys [5] — Jancs6 was reluctant to use
statistical analyses (e.g. means with standard errors) and usually documented his
results with photos, data from individual experiments and qualitative descriptions.

Neurogenic inflammation

After capsaicin pretreatment, not only was the nociceptive effect of irritants abol-
ished, but their inflammatory actions as well. This observation led Jancsé to the rea-
sonable conclusion that pain-producing chemical agents evoke neurogenic inflam-
mation by releasing a putative mediator from the pain-sensory nerve endings [5-7].
He thought that this ‘neurohumor’ was bradykinin [1].
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The first evidence for neurogenic inflammation was described by Ninian Bruce
in 1910* using mustard oil, which did not evoke plasma extravasation after senso-
ry denervation. He explained this response as being a part of the phenomenon of
antidromic vasodilatation discovered by Stricker (1876)° and characterized by
Bayliss (1901, 1923)¢, and suggested that both of these responses are mediated
through axon reflexes (for references, see [9-12]). This field, however, remained
abandoned, except the axon reflex flare, which was thoroughly analysed by Thomas
Lewis in a series of publications (for references, see [9-14]). Revival of this field
emerged simultaneously with the capsaicin era [12-14] after the first direct evidence
for neurogenic inflammation was obtained by electrical stimulation of capsaicin-
sensitive nerves [9].

Thermoregulation

Systemic application of histamine or capsaicin induced a fall in body temperature in
mice and rats, which had been used by Jancs6 to determine the level of respective
desensitization [5]. Being a close coworker in his capsaicin studies, I conducted sev-
eral series of experiments involving intracerebral microinjections and heating the
preoptic area; these led to the conclusions that capsaicin stimulates and desensitizes
not only peripheral sensory nerve terminals but also the central warmth sensors of
the preoptic area [15, 16]. In further studies it turned out that capsaicin pretreat-
ment prevents for months not only physiological [15] but also behavioral ther-
moregulation in a warm environment, but not against cold [4, 17, 18]. These
impaired functions were accompanied by similar long-lasting ultrastructural
changes in small neurons of the hypothalamic preoptic area, as well as in B-type of
neurons in dorsal root ganglia [19-21]. These combined functional and morpho-
logical data, obtained more than three decades ago, provided the first examples both
for an action of capsaicin in the central nervous system and for the regulatory func-
tion of these neurons affected by capsaicin exposure [16, 18, 21].

Prediction of the capsaicin receptor

Nicholas Jancs6 published no full paper on capsaicin in well-recognized, refereed
journals. Completion of our common works in this field resulted in four posthu-
mous publications [9, 15, 16, 22] and a review for a conference book, which I co-
authored (according to his views) with his wife Aurelia Jancs6-Gébor [23].

Several questions remained unanswered, however; particularly how could this
compound be neuroselective when nociceptive and inflammatory effects of all nox-
ious chemicals seemed to be abolished for weeks by capsaicin pretreatment (at least
after instillation into the eye). By the late 1960s, data from four different experi-
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mental approaches, which I conducted together with Aurelia Jancs6-Gabor and Fer-

enc Jod, convinced me that capsaicin could be a lead molecule for sensory pharma-

cology, similar to the role played by ergotoxine or atropine in the field of autonomic
nervous system pharmacology. The approaches were as follows:

1 In non-mammalian species like the frog, chicken or pigeon, a nocifensive reac-
tion was not evoked by capsaicin [9]. Putting frogs into a 1% capsaicin solution
did not elicit reactions or an impairment in behavior, and after a month the
apparently healthy animals reacted to acid, like the controls.

2 The loss of sensation evoked by chemical agents was highly selective in humans
after topical capsaicin pretreatment. Testings were conducted on ourselves by
putting the tongue 10 times into a 1% capsaicin solution. Sensory thresholds
to different stimuli were tested before and after the treatment (Fig. 1) [18, 24].
Note that the burning pain sensation to capsaicin, mustard oil and zingerone
was abolished but the sensation of taste stimuli and chemical stimulation of
cold receptors by menthol remained unimpaired. These personal experiences
suggested that only the pain-sensory nerve endings lose their chemosensitivity.
Likewise, temperature discrimination was impaired in the warm range but not
in the cold range. These changes lasted for several hours but were fully
reversible.

3 A clear structure-activity relationship for vanilloid compounds was obtained in
behavioral studies. It turned out that pungency is not proportional to the desen-
sitizing effect of capsaicin analogs or, in other words, the pharmacophores for
the excitatory and blocking actions of the vanilloids were partially different. On
the basis of these results the existence of a ‘capsaicin receptor’ was postulated,
and some crucial requirements in vanilloid structures for their stimulatory and
desensitizing effects were defined [235, 26].

4 Complementary to the long-lasting functional impairment induced by capsaicin,
ultrastructural studies revealed long-lasting mitochondrial damage of B-type sen-
sory neurons in trigeminal, nodosal and dorsal root ganglia, as well as in small-
type neurons of the preoptic area. The characteristic changes were highly selec-
tive. Ultrastructural features of A-type cells, sympathetic pre- and postsynaptic
elements, Schwann cells, glial cells and epithelial cells all remained unchanged

[19-21].

Breakthroughs in the late 1970s

In spite of the fact that the sensory blockage induced by capsaicin and direct evi-
dence for neurogenic inflammation were published for the first time in a widely dis-
tributed high-ranking journal in 1967 [9], this paper and additional publications
relating to capsaicin remained abandoned for about 10 years. Figure 2 shows the
number of papers published per year on capsaicin. A full list of papers until the end
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Human tongue
Changes in sensory thresholds to different stimuli for hours after capsaicin desensitization
(capsaicin topical: 10 mg/ml 10 times for 1 min)

—log g/ml

B Capsaicin
®—@® Mustard ol
A—A Zingerone

Temperature difference limen; (°C)

Testrange Before — After Time (h)
capsaicin treatment

0 ‘ 2324 0417 0.15 34
5 I/‘/‘ 3637 0.11 0.66 45
J 44-45 018 0.37 7-8

Time, h
—log g/ml
No change in
5| Menthol - Taste stimuli (g/ml):
X=X X X quinine sulfate (3-5 x 107),
NaCl (3-5 x 1073),
4] glucose (1-2 x 1072),
ascorbic acid (3-5 x 1073)
3- - Tactile threshold or difference limen
No paraesthesia
T T T T T T
0 2 4 6 8
Time, h
Figure 1

Effect of capsaicin desensitization of the human tongue on sensory thresholds to different
stimuli. Open symbols indicate subthreshold concentrations. At the shaded column the
tongue was put ten times for one minute in a 1% capsaicin solution. Modlified figure from
[18] with permission, see also [24].

of the 1970s, including abstracts of N. Jancsd, was collected in my review from
1982 [4] and recent figures were obtained from the PubMed database, where at pre-
sent under the keyword ‘capsaicin’ more than 7000 articles are listed. According to
my judgement, the following six different types of breakthrough discussed below
and summarized in chronological order in Table 1 thrust capsaicin into the limelight
of interest.
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Figure 2

Number of papers published per year on capsaicin during the period 1966-2003.

Breakthrough 1

Single-unit recordings from cutaneous nerves revealed that there is a substantial pro-
portion of C-afferents, which respond to high mechanical stimuli, noxious heat
stimuli and irritants applied to intact skin. Activation of these C-polymodal noci-
ceptors in the cat’s saphenous nerve collided with the slowest-conducting (C,) peak
of the compound action potential, leaving unchanged its faster first component [27].
This evidence was verified also for close arterial injection of capsaicin, and the ther-
modependence of the capsaicin response was shown by complete blockade of burst
activity of the rat’s saphenous nerve by cooling the receptive field of injection to
20-22°C [24]. Single-unit recordings from the great auricle nerve of the rabbit
(which I performed in Ed Perl’s laboratories during 1977-1978) [28], then from the
rat, cat, monkey and humans in different laboratories, proved unequivocally that
capsaicin excites with high selectivity the C-polymodal nociceptors and subsequent-
ly desensitizes them to their natural stimuli [29-32]. After close arterial injection,
the responsiveness of the C-polymodal nociceptors to bradykinin, noxious heat or
mechanical stimuli was diminished or abolished for more than 30 min but blockade
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Table 1 - Breakthroughs in capsaicin research of the late 1970s

1 Selective action of capsaicin on C-polymodal nociceptors [24, 28]

2 Cell death of B-type neurons and irreversible loss of neurogenic inflammation [37]

3 Discovery of sensory-efferent responses of capsaicin-sensitive nerve endings in
smooth-muscle preparation in vitro [47, 48]

3 Depletion of substance P from sensory neurons [53]

5 Substance P released from capsaicin-sensitive nerve endings induces neurogenic
inflammation [54]

6 Selective thermal and chemical analgesia induced by intrathecal capsaicin application [58]

to one type of stimulus was often matched with unchanged responses of the same
unit to the other stimuli. This observation showed clearly that, in these experiments,
transduction processes were impaired at the sense organs without blockade of the
axonal conduction [30, 33]. Similar enhanced thresholds of C-polymodal nocicep-
tor units were observed in the rat after systemic capsaicin treatment, and in this sur-
vey Ad-polymodal nociceptors were also excited by capsaicin [34]. After systemic
capsaicin pretreatment of adult rats, electrophysiological and ultrastructural evi-
dence showed that the nerve terminals of capsaicin-sensitive neurons are degenerat-
ed, but that the number of axons in the dorsal roots and nerve trunks remain
unchanged [30, 35, 36]. On the other hand, five instillations of 1% capsaicin into
the eye of rats induced ultrastructural changes only in free nerve endings, with
swollen mitochondria and significant decreases in the number of vesicles [20].
Recent reports have shown that long-lasting exposure of mucosal areas with a high
concentration of capsaicin induces degeneration of terminal arborizations of the
sensory nerve fibers [30, 36].

Breakthrough 2

Pretreatment of newborn rats with capsaicin induced irreversible effects, attributed
to an acute neurotoxic effect of the compound in vivo. Necrosis-like cell death was
shown within 30 min [37, 38]. This type of pretreatment became popular for study-
ing the effects of permanent loss of C-polymodal nociceptors induced by a ‘highly
selective sensory neurotoxin’ [39-42].

However, in most of the above studies, two important caveats were not taken
into account. First, there are qualitative differences between the long-term effects
of neonatal and adult treatments in the rats and mice. For instance, there is an
indiscriminate loss of C-afferents in adult rats after neonatal treatment, whereas
after adult treatment only the proportion of C-polymodal nociceptors is decreased
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[34, 36, 43]. The substantial loss of B-type neurons and C-afferent fibers is accom-
panied by variable loss (up to 33%) of A-type neurons and myelinated fibers [42,
44]. After neonatal treatment all types of sensory neuropeptide were depleted from
tissues or sensory ganglia, whereas after adult treatment vasointestinal polypeptide
(VIP), galanin and bombesin were not depleted [40, 42]. Reorganization of the
pain pathway developed particularly in the dorsal horn [39-41]. The indiscrimi-
nate loss of C-afferents seems to be due to phenotypic changes of the primary
afferent neurons after the pronounced loss of C-polymodal nociceptive neurons.
Secondly, re-evaluation of the early morphological data is needed in the light of
our recent quantitative morphometric study, which showed that no loss of trigem-
inal neurons occurred for 5 days after treatment of newborn rats with capsaicin
(50 mg/kg, subcutaneous), even though capsaicin induced long-lasting mitochon-
drial swelling in B-type trigeminal neurons, similar the case in adults [45]. The sig-
nificant loss of B-type neurons observed after 3 weeks was not due to acute necro-
sis-like or apoptotic cell death, but instead to the deprivation of nerve growth fac-
tor (NGF) uptake from the damaged nerve terminals. Similar results were obtained
in rats treated with anandamide [46]. Thus, in contrast to the neonatal rat, NGF
is not necessary for survival of sensory neurons in the adult animal and this is the
reason why irreversible effects with loss of neurons are observed only after neona-
tal capsaicin pretreatment.

Breakthrough 3

Under in vitro conditions, the first evidence for a neuroselective site of action of
capsaicin was obtained on the isolated ileum of guinea pig. In this classical prepa-
ration capsaicin elicited a new type of neural contraction without affecting smooth
muscle responses to electrical stimulation of sympathetic postganglionic or vagal
preganglionic fibers or myenteric cholinergic or intrinsic substance P-containing
neurons [10-12, 40, 47, 48]. We suggested that the mediator of this neural smooth
muscle response is released from sensory nerve endings expressing the putative
capsaicin receptor. Therefore these nerve endings were defined as a ‘capsaicin-sen-
sitive chemoceptive neural system with dual sensory-efferent function’ and the
neuroselective action of capsaicin was attributed to the chemoceptive nature and
high temperature coefficient (Q;,) of the excitatory process of these neurons [49]
and not to its characteristic neuropeptide content [29-31, 42]. A similar new type
of capsaicin-sensitive neural response was subsequently described by ourselves
[50] and by Jan Lundberg and Alois Saria [51] in the trachea and main bronchi of
the guinea pig. The impact of these studies was remarkable: sensory-efferent reg-
ulations mediated by tachykinins and calcitonin-gene-related peptide (CGRP)
released from capsaicin-sensitive fibers was discovered in different organs of sev-
eral species [10-13].
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Breakthroughs 4, 5 and 6

The most fertile field in capsaicin research was related to its selective effect on sen-
sory neuropeptides. Although some earlier data indicated that capsaicin depletes
substance P from the spinal cord [1], the paper of Jessell, Iversen and Cuello [53]
provided the first well-documented evidence for depletion of substance P by cap-
saicin, and in broader sense for depletion of a neuropeptide from sensory neurons
by pharmacological means. Soon after this discovery Fred Lembeck, with Peter
Holzer, showed that neurogenic inflammation is mediated by substance P released
from capsaicin-sensitive nerve terminals [54]. Subsequently an impressive amount of
information has been accumulated about the storage, release and tissue responses of
tachykinins and other sensory neuropeptides in peripheral tissues. These studies
were initiated mainly by research groups headed by Fred Lembeck in Graz, Carlo
Maggi in Florance and Jan Lundberg in Stockholm [10-13, 52]. The protective role
of sensory-efferent function of capsaicin-sensitive nerve endings in the rat gastric
mucosa was shown by our group [55], and subsequently analysed in detail in the rat
by Peter Holzer [56] and in humans and rats by ourselves in collaboration with the
group of Gyula Mézsik [57]. From the point of view of pain and nociception, a
paper by Tony Yaksh and colleagues [58] opened new avenues by showing that cap-
saicin could produce analgesic effects and depletion of substance P when it is
applied intrathecally to the central terminals of capsaicin-sensitive sensory neurons.

Cellular mechanisms of capsaicin's actions

In order to reveal the intracellular mechanisms of the excitatory, sensory-neuron
blocking and neurotoxic effects of capsaicin, the cell-culture technique has been
exploited since around the late 1980s. However, the first electrophysiological evi-
dence for the neuroselective action of capsaicin on a putative nociceptive subpopu-
lation of cultured sensory neurons — which also responded to bradykinin — had been
already reported in 1983 [59].

Capsaicin-gated cation channel

Quantitative analysis of ion fluxes [60] and studies on voltage- and capsaicin-acti-
vated currents, as well as on single-channel currents in isolated membrane patches
from capsaicin-sensitive dorsal root ganglion neurons [61], revealed the existence of
a novel capsaicin-gated cation channel. Gating of single patches of neuronal mem-
brane by capsaicin supported the view that this compound acts through a membrane
receptor protein [61]. Detailed patch-clamp analysis of the capsaicin-gated cation
channel was reported few years later [62]. These early studies outlined also intra-
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cellular mechanisms for the explanation of the sensory neuron blocking and neuro-
toxic effects of capsaicin. The term sensory-neuron blocking effect was introduced
[20, 63] to denote a functional impairment of responsiveness of capsaicin-sensitive
sensory nerve terminals or the whole neuron to various stimuli, without degenera-
tion of the affected neural elements. This functional blockade is not restricted to the
capsaicin receptor protein but could be accompanied by long-term ultrastructural
changes [20, 29, 31, 63]. On the basis of the described effects of capsaicin, influx of
Na* and Ca?* through the cation channel elicits depolarization, spike generation for
nociceptive signals and neurotransmitter release from the nociceptive nerve endings,
respectively [61]. Prolonged gating of these cation channels was proposed to pro-
duce the sensory-neuron blocking effect by enhancement of intracellular Ca?*,
which inhibited voltage-gated Ca?* channels, and induced mitochondrial swelling.
Enhanced intracellular NaCl was suggested to induce swelling of the neuron or
nerve terminals, which together with Ca?*-activated proteases might induce cell lysis
(neurotoxic effect) under extreme gating conditions [61]. More details about recent
achievements and further mechanisms that initiate the functional inactivation of
these neurons are discussed in the chapters of Sdandor and Szallasi (Chapter 6) and
Bley and Malmberg (Chapter 10) in this volume.

Resiniferatoxin (RTX): a new lead molecule

Identification of RTX as a capsaicin-like agent can be attributed to Peter Blumberg
and his associates, particularly to Arpad Szallsi [64, 65]. RTX is the irritant prin-
cipal compound of a cactus-like plant, Euphorbia resinifera. It shares a common
structural moiety, a 3-methoxy-4-hydroxy benzyl group, with capsaicin, the former
being an ester of homovanillic acid and the latter an amide of vanillylamine (Fig. 3).
The activities of this compound were soon appreciated by other research groups [66,
67]. RTX and capsaicin gated the same single channel in patch-clamp experiments
[61]. RTX induced Ca?* uptake by dorsal root ganglion cells, induced pungency,
mimicked several in vitro effects of capsaicin and induced the same neurogenic
inflammatory and hypothermic responses that were absent after capsaicin pretreat-
ment. Furthermore, pretreatment with RTX prevented various effects of capsaicin
both in vitro and in vivo. The potency of RTX for excitation and induction a func-
tional blockade was in most cases several orders higher (up to 20 000-fold) relative
to capsaicin (for references, see [41]). This high potency of RTX made this com-
pound suitable for specific binding of [P H]RTX by dorsal root ganglion membranes
[41, 68], whereas a similar approach with [H]capsaicin was unsuccessful [39]. In
rat dorsal root ganglion membranes, isolated neurons, spinal cord, sciatic nerve, uri-
nary bladder, vagal nerve and dorsal vagal complex, the K; value of RTX and the
K; value of capsaicin were within the ranges of 17-87 pM and 500-5400 nM,
respectively [41]. Owing to the marked mismatches of the potencies for activation
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Capsaicin

Figure 3
Chemical structure of capsaicin and resiniferatoxin (RTX). Encircled moieties are polar
groups. V, vanilloid; L, linker; D, daphnane diterpene parts of the molecules.

and desensitization in different tissues and affinities to replace [’H]RTX from bind-
ing sites, two types of receptor were proposed: the R-type receptor was character-
ized by its high affinity for RTX, which mediates desensitization without obvious
agonism, whereas the C-type receptor was proposed to mediate the pronounced
Ca?* uptake and initiate the functional responses of the capsaicin-sensitive nerve ter-
minals or neurons. The R- and C-subclasses of receptors showed distinct structure-
activity relations for Ca?* uptake and for high-affinity binding and were collective-
ly denoted as vanilloid receptors [69].

Capsazepine and ruthenium red

Capsazepine and ruthenium red antagonize the effects of capsaicin and RTX on dif-
ferent tissues. Capsazepine, the first competitive antagonist of capsaicin, was dis-
covered by Stuart Bevan, Humphrey Rang and coworkers [70] as a result of a sys-
temic structure-activity study [71] at the former Sandoz (now Novartis) Institute for
Medical Research in London. The blockade of capsaicin-induced Ca?* uptake by
ruthenium red was also discovered in these laboratories [60] and it turned out later
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that this polycationic dye antagonizes the effect of capsaicin and RTX by blocking
the ion channel part of the capsaicin receptor [72]. These two compounds were use-
ful under in vitro conditions, although their selective antagonist effect against cap-
saicin and RTX in vitro and efficacy in vivo are limited [32, 41, 42].

The TRPV1 (VR1) capsaicin receptor

An expression cloning strategy based on Ca?* influx to isolate functional cDNA
encoding the postulated capsaicin receptor from sensory neurons led to a remark-
able breakthrough in capsaicin research. Michael Caterina, Mark Schumacher,
Makoto Tominaga and David Julius with their coworkers cloned the capsaicin
receptor in 1997 [72]. This capsaicin/vanilloid receptor was named by the authors
VR1, for vanilloid receptor subtype 1. This nomenclature referred to the terminol-
ogy of Peter Blumberg but became misleading because it refers in the name of a
cloned receptor to a chemical moiety of some exogenous agonists, which is missing
in the putative endogenous ligand [32, 73]. Structural features of VR1 that predict
six transmembrane domains with a pore region between the fifth and sixth segments
and both C- and N-termini located intracellularly also characterize the transient
receptor potential (TRP) family, the first member of which was described in the reti-
na of Drosophila. A further five members of this subfamily were identified and the
nomenclature committee of the International Union of Pharmacology replaced the
name VR1 with TRPV1 in 2003 [74]. The TRPV1 capsaicin receptor/cation chan-
nel is a membrane protein of 838 amino acids and became the first member of the
so-called temperature-gated ion channels. It has a threshold temperature at near-
noxious range of 43°C (for further details see other chapters in this volume). With
thermal transducer features, combined with responsiveness to noxious chemical
agents and protons, TRPV1 is expressed in polymodal nociceptive neurons, indi-
cating an important integrative nociceptor function for this protein [75] and form-
ing a promising target for development of new types of analgesics [32, 76, 77].

It should be kept in mind that out of the six cloned vanilloid receptors
(TRPV1-6) only the TRPV1 can be activated by vanilloids (capsaicin and RTX).
Furthermore, the marked mismatch between R-type RTX binding and the C-type
Ca?* uptake response, formerly taken as an indication of two vanilloid receptors
[41, 69], was also reproduced in cell lines transfected with rat TRPV1 or human
TRPV1. On the one hand Ky values for RTX determined in several laboratories
were within the range of 0.018-0.13 nM and its ECj, values for Ca** uptake were
in the higher range of 1-6.5 nM, in both transfected cell lines and native neurons.
On the other hand, in the case of capsaicin a reversed correlation was observed
where its K; values of 600-4000 nM were paradoxically much higher than its ECy,
values for Ca®* uptake in transfected cell lines and dorsal root ganglion neurons,
where these figures were 6-38 and 200-340 nM, respectively (for references, see
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[32]). Furthermore, a competitive antagonist (IBTU) of capsaicin and RTX on Ca2*
response did not antagonize the [SH]RTX binding [78]. Point mutations in the
TRPV1 molecule have not yet resolved this controversial issue.

In the TRPV1 protein, positions of key amino acids for vanilloid-gated respons-
es and agonist binding favor multiple recognition sites for conformational changes
to open the ion channel. They were localized in the N- and C-cytosolic tails on Arg-
114 and Glu-761 [79], in the transmembrane domains 2 and 3, in the channel-lipid
interface and its cytosolic region of Tyr-511, with additional residues of Ser-512 and
Arg-491 [80], and on Met-547 and Thr-556 in transmembrane domains 3/4 [81].
Surprisingly, point mutation of Met-547 to Leu, or of Thr-550 to Ile, caused reduced
binding of RTX without changing its potency for evoking Ca?* responses. Differen-
tial influence of point mutation on responses to capsaicin and RTX was also
observed [81]. These highly interesting data are far from complete but indicate mul-
tiple binding and recognition sites of vanilloids in the intracellular part of the pro-
tein.

Taking another approach to conventional structure-activity/affinity relationships
of capsaicin and RTX congeners, a theory of differential recognition sites with par-
tial overlap and possible involvement of protein-lipid interface was proposed [32].
In Figure 3 the encircled polar moieties prone for hydrogen-bonding interactions
with the TRPV1 protein are at the vanilloid (V) and linker (L) groups and the o-
hydroxy ketone moiety in positions C-3 and C-4 in the daphnane diterpene (D)
skeleton. In the case of ‘ultrapotent” RTX the vanilloid part seems to play a minor
role in binding and the Ca?* response, since replacement the 4-OH residue with a
methoxy group at the vanilloid group induced a less-than 10-times fall in affinity
and potency [32, 82]. In striking contrast the same change in the capsaicin molecule
abolished its potency completely. The key structural moiety in the molecule of RTX
for binding and action on TRPV1 seems to be the a-hydroxy ketone group at the
daphnane diterpene part of the daphnane skeleton. Replacement of this 3-keto
group by a 3-OH group diminished by more than 97% both the potency and affin-
ity of RTX. Furthermore, omission at the daphnane diterpene group of the 5-mem-
bered substituted ring from the RTX molecule resulted in a completely inactive com-
pound, even though the vanilloid and linker moieties, the two planar aromatic rings
and the remaining part of the apolar diterpene skeleton are situated in identical
positions with RTX in three-dimensional molecular overlay models [32, 82].

The TRPV1 ion channel of nociceptors is a promising target molecule for devel-
opment of a new class of analgesic drugs but it is also a fascinating membrane pro-
tein as a molecular sensor, and thus constitutes a challenging field for basic research.
Its conformational changes for activation and inactivation triggered by various
chemical ligands, thermal stimuli and protons — as well as modulation of these
responses by phosphorylation, thermal changes and by agonists of other receptors
on the capsaicin-sensitive nociceptors — are discussed in other chapters of this vol-
ume.
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Role of capsaicin-sensitive nociceptive neurons

Sensory nerve terminals, which express TRPV1 and are identical to capsaicin-sensi-
tive afferents [4, 30, 32], subserve beyond their nociceptive sensory function as
effector nerve terminals. The neuropeptide mediators of tachykinins and CGRP
released from these sensors elicit neurogenic inflammation and enhancement of
local microcirculation, respectively. These sensory-efferent dual functions are char-
acteristic features of this substantial portion of primary afferent neurons, which
comprise about 50% of the total neural population of sensory ganglia [10-12, 49].

Recent data have revealed a further ‘unorthodox’ [12] role of these TRPV1-
expressing sensory neurons. Somatostatin released from these endings reaches into
the circulation and elicits systemic analgesic and antiinflammatory effects [12, 77,
83, 84]. This novel endocrine-like systemic neurophumoral response mediated by
somatostatin released from the activated capsaicin-sensitive nociceptors was denot-
ed as ‘sensocrine’ role of these sensors [84]. Somatostatin agonism at sst4 receptors
has turned out to be a promising target for development of new antiinflammatory
analgesic drugs [77, 83, 84|. Furthermore, the unique multiple function of the cap-
saicin-sensitive, TRPV1-expressing neurons in respect of tissue responses of
enhanced mircocirculation evoked by CGRP and systemic antiinflammatory effects
due to somatostatin release is seen already at subnoxious level of stimulation of
these sensors. For example, 0.1 Hz stimulation of capsaicin-sensitive afferents,
which in humans does not evoke pain, induces maximum cutaneous vasodilatation
and evokes systemic antiinflammatory effects in the rat [12, 83, 84]. Thus both the
TRPV1 capsaicin receptor and the capsaicin-sensitive primary afferent nociceptive
neuron population, together with the receptors of their sensory neuropeptides, are
promising targets for drug research.
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Multimerization

The capsaicin receptor TRPV1 (Fig. 1) is predicted to have six transmembrane
(TM) domains and a short, pore-forming hydrophobic stretch between the fifth
and sixth TM domains [1]. A similar topological structure has been reported for
many ion channels, including the cyclic-nucleotide-gated cation channels, the
Shaker-related voltage-gated K* channels and the hyperpolarization-activated
channels [2-4]. TRPV1 belongs to the TRPV subfamily of the large transient
receptor potential (TRP) ion-channel superfamily, whose prototypical member,
TRP, was found to be deficient in a Drosophila mutant exhibiting abnormal
responsiveness to continuous light [5-7]. Like many other TRP channels, TRPV1
has a long N-terminus containing three ankyrin-repeat domains and a C-terminus
containing a TRP domain close to the sixth TM. The ankyrin repeats consist of an
approx. 33-residue motif named after the cytoskeletal protein ankyrin, which con-
tains 24 copies of these repeats. In other membrane proteins, ankyrin repeats are
known to bind to many cytosolic proteins [8]. One protein, calmodulin (CaM),
has so far been reported to bind to the ankyrin-repeat domain of TRPV1 (the first
ankyrin repeat) (Fig. 2) [9].

The Drosophila TRP channels have been shown to form a heteromultimeric
channel complex. These complexes in turn form part of a larger signaling complex
that also contains a G-protein-coupled receptor (rhodopsin), an effector [phospho-
lipase C (PLC)], regulators [protein kinase C (PKC) and CaM], and the scaffolding
protein INAD (inactivation no-after potential D) [10]. The capsaicin receptor is also
presumed to consist of a multimeric channel, though experimental evidence along
these lines has been relatively limited. Oligomer formation analysis using perfluoro-
octanoic acid polyacrylamide gel revealed that TRPV1 forms multimers, with a
homotetramer as a predominant form (Fig. 1) [11]. Tetrameric stoichiometry for the
native capsaicin receptor was further suggested by the behavior of a dominant-neg-
ative TRPV1 mutant bearing amino acid substitutions in the sixth TM domain [12].
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Figure 1
Proposed tetrameric structure of TRPV1 in the plasma membrane.

TRPV1 has also been suggested to form hetero-oligomers with TRPV3, another
heat-sensitive TRP channel, based on the observations that TRPV3 is transcribed
from a gene adjacent to TRPV1, is co-expressed in dorsal root ganglion neurons
with TRPV1, co-precipitates with TRPV1 in heterologous expression systems, and
may reduce TRPV1 responsiveness to capsaicin [13]. However, TRPV1 expressed
alone in HEK-293 cells or Xenopus oocytes can account for the majority of the elec-
trophysological properties exhibited by native capsaicin receptors in sensory neu-
rons, including ligand affinity, permeability sequence, current-voltage relationship,
conductance, and open probability at both the single-channel and whole-cell levels.
These results suggest either that TRPV1 can form homo-multimers without other
subunits [1, 14-17] or that incorporation of subunits other than TRPV1 does not
influence the functional properties.

Capsaicin binding
Because capsaicin and its analogues such as resiniferatoxin (RTX) are lipophilic, it
is quite possible that they pass through the cell membrane and act on binding sites

present in the intracellular surface of TRPV1. An apparent time lag between cap-
saicin uptake and pungent sensation might be partially explained by such a process.
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Figure 2

Regions and amino acids involved in TRPV1 function. Phosphatidylinositol (4,5)-bisphos-
phate (PIP,) binds to the indicated region in the C-terminus. Calmodulin (CaM) binds to
both C- and N-termini (the first ankyrin repeat; A). Protein kinase A (PKA), protein kinase C
(PKC), or Ca®*/CaM-dependent kinase Il (CaMKIl) phosphorylate overlapping serine or thre-
onine residues, indicated by arrows. Protons act on the two glutamate residues in the extra-
cellular loop, indicated by arrows.

Indeed, the existence of capsaicin-binding sites in the cytosolic domain of TRPV1
was proved using a synthetic water-soluble capsaicin analog (Fig. 1) [18]. Capsaicin
is structurally related to putative endogenous TRPV1 agonists, such as anandamide
[19], 12-hydroperoxyeicosatetraenoic acid (12-HPETE) [20], and N-arachidonoyl-
dopamine (NADA) [21]. Therefore, there is significant pharmacological and physi-
ological interest in identifying regions of the channel that transduce the effects of
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these molecules. In particular, the fact that the three-dimensional structures of cap-
saicin and 12-HPETE can be superimposed in the energy-minimized state suggests
that active site of capsaicin are not a single amino acid [20]. Comparison of rat
TRPV1 with its avian ortholog from chicken sensory neurons, together with muta-
tional analysis, revealed that Tyr-511 and Ser-512, located at the transition between
the second intracellular loop and the third TM domain, might interact with vanil-
loid ligands at the intracellular face of the membrane (Fig. 2) [22]. In addition, Arg-
114 and Glu-761 in the N- and C-termini, respectively, were found to be involved
in agonist recognition, based on studies involving stepwise deletions of TRPV1 and
chimera construction between TRPV1 and its capsaicin-insensitive homolog,
TRPV2 (VRL-1; Fig. 2) [23]. The apparently wide distribution of residues necessary
for capsaicin binding is consistent with the fact that TRPV1 can be activated by
compounds such as capsaicin and 12-HPETE (which are related to one another in
their three-dimensional structures), and also suggests that these critical residues are
relatively close to each other in native channel. It is also conceivable that there are
regions other than the two loci in the cytosolic tails and third TM domain that con-
trol TRPV1 ligand binding. Indeed, mutations of the sixth TM domain were found
to reduce [PH]RTX binding affinity [12], and mutants of the pore domain (Glu-636,
Asp-646, and Glu-648) were significantly more sensitive to capsaicin than wild-type
TRPV1 (Fig. 2) [24].

As described above, TRPV1 shares structural similarity with the voltage-gated
K* channels, including six-TM-domain topology. According to the current helix-
packing models of the voltage-gated K* channels (derived from helical periodicity
analysis and crystallographic approaches), the first, second, and third TM domains
are located on the lipid-facing periphery of the tetrameric channel complex, where-
as the fifth and sixth TM domains are located closer to the pore-forming channel
core. Assuming similar helix packing for TRPV1, the lipophilic moiety of capsaicin
may bind to the second and third TM domains on the channel-lipid interface, while
the vanilloid moiety may interact with residues around Tyr-511 in the cytosolic
region, thus linking the two TM domains together with a cytosolic tail.

Proton action

Acidification of the extracellular milieu has two primary effects on TRPV1 function.
First, extracellular protons increase the potency of heat or capsaicin as TRPV1 ago-
nists, in part by lowering the threshold for channel activation by either stimulus.
Second, extracellular protons can themselves be viewed as agonists because further
acidification (to pH <6.0) leads to channel opening at room temperature [17].
Extracellular protons are believed to act primarily by increasing the probability of
channel opening [17, 25], rather than by altering unitary conductance or interact-
ing directly with the vanilloid-binding site. Acidic solution evoked ionic currents
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with a ECg value of about pH 5.4 when applied to outside-out, but not inside-out,
membrane patches excised from HEK-293 cells expressing TRPV1 [17], suggesting
that protons act on amino acids in the extracellular domain of TRPV1 having side-
chain pK, values in the physiologically relevant range. Mutational analyses revealed
that Glu-600, located within a putative extracellular domain, serves as an important
regulator site for proton potentiation of TRPV1 activity, whereas Glu-648 is
involved in direct proton-evoked activation of TRPV1 (Fig. 2) [26]. These data indi-
cate the existence of stimulus-specific steps in the TRPV1 activation process. A stim-
ulus-specific gating mechanism is also supported by the existence of mutants
exhibiting stimulus-specific reduction of their activity [12, 24].

Heat activation

Heat-evoked TRPV1 currents show properties similar to those of capsaicin-evoked
currents. Heat-evoked single-channel openings were observed in inside-out mem-
brane patches excised from HEK-293 cells expressing TRPV1, suggesting that
TRPV1 is, itself, a heat sensor. It is not clear how and where heat acts to open the
TRPV1 channel. However, it is now known that several TRP-family ion channels
(TRPV1, TRPV2, TRPV3, TRPV4, TRPMS, TRPA1) are thermosensitive, suggest-
ing that temperature-sensor domains are present in these channel proteins [27, 28].
The distal half of the TRPV1 C-terminus was reported to be partially involved in
thermal sensitivity [29]. Furthermore, the observations that certain mutations and
phosphorylation by protein kinase A (PKA) or PKC lead to a reduction of the
threshold temperature for TRPV1 activation [26, 30, 31] suggests more global
effects of heat on TRPV1. TRPV1 is known to have a voltage-dependent gating
property [15]. It was very recently reported that temperature sensing in TRPV1 and
TRPMS (activated by cold stimulus and menthol) is tightly linked to voltage-depen-
dent gating [32]. TRPV1 is activated upon depolarization, and changes in tempera-
ture result in graded shifts in its voltage-dependent activation curve. This result sug-
gests that amino acids responsible for voltage-dependence are also involved in ther-
mosensing, although the fourth TM domain of TRPV1 lacks the multiple positively
charged residues typical of voltage-gated channels.

Desensitization

Capsaicin not only causes pain, but also seems to exhibit analgesic properties, par-
ticularly when used to treat pain associated with diabetic neuropathies or rheuma-
toid arthritis [33]. This paradoxical effect may relate to the ability of capsaicin to
desensitize nociceptive terminals to capsaicin, as well as to other noxious stimuli,
following prolonged exposure. At the molecular level, an extracellular Ca?*-depen-
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dent reduction of TRPV1 responsiveness upon continuous vanilloid exposure (elec-
trophysiological desensitization) may partially underlie this phenomenon [1, 33],
although physical damage to the nerve terminal probably contributes to this effect
as well. Ca?*- and voltage-dependent desensitization of capsaicin-activated currents
has also been observed in rat dorsal root ganglion neurons [34-37]. This inactiva-
tion of nociceptive neurons by capsaicin has generated extensive research on the
possible therapeutic effectiveness of capsaicin as a clinical analgesic tool [38, 39].

Desensitization to capsaicin is a complex process with varying kinetic compo-
nents: a fast component that appears to depend on Ca2* influx through TRPV1
[34-37] and a slow component that does not. Calcineurin inhibitors reduce TRPV1
desensitization (the slow component), indicating the involvement of Ca?*-dependent
phophorylation/dephosphorylation process [37]. In addition, PKA-dependent phos-
phorylation of TRPV1 has been reported to mediate the slow component of TRPV1
desensitization [40]. TRPV1 becomes dephosphorylated upon exposure to capsaicin
and this phosphorylation can be restored by 8-bromo-cAMP. Ser-116 in the N-ter-
minus was found to be a substrate for PKA-dependent phosphorylation (Fig. 2).
Thr-370 was also reported to be responsible for PKA-dependent reduction of
TRPV1 desensitization (Fig. 2) [41].

CaM has also been reported to be involved in Ca?*-dependent desensitization of
TRPV1 [42]. CaM was found to bind to a 35-amino-acid segment in the C-termi-
nus of TRPV1 (positions 767-801; Fig. 2). Disruption of the CaM-binding segment
prevented extracellular Ca?*-dependent TRPV1 desensitization to brief capsaicin
application, although some desensitization was still observed upon more prolonged
capsaicin application in cells expressing the mutant. It has also been reported that
CaM binds to the first ankyrin-repeat domain in the N-terminus of TRPV1 (posi-
tions 189-222) and to be involved in desensitization (Fig. 2) [9]. Which of the N-
or C-termini is predominantly involved in Ca?*-dependent desensitization by CaM
is not known. Interestingly, neither domain contains CaM-binding sites that are
obvious from analysis of the primary sequence, such as a consensus isoleucine-glu-
tamine motif. Ca?*-dependent desensitization is a relatively common feature of
many cation channels, including L-type Ca?* channels, N-methyl-D-aspartate
(NMDA) receptor channels and TRP channels. It may represent a physiological
safety mechanism against a harmful Ca2* overload in the cell, especially during large
Ca?* influx through the channels.

Permeability

The region important for the cation permeability of TRPV1 has not been well
defined. Replacement of Asp-646, an amino acid that is involved in changing ligand
affinity [24], as described above, with asparagine was found to decrease 10-fold
ruthenium red blockade efficacy and reduce 4-fold the relative permeability of the
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divalent cation Mg?* with respect to Na* without changing the selectivity of mono-
valent cations (Fig. 2) [43]. It is easy to predict that a change in Ca?* permeability
modulates Ca?*-dependent desensitization. Indeed, a TRPV1 mutant where Tyr-671
in the sixth TM domain was replaced with Lys caused a robust reduction of Ca?*
permeability from P, = 9.0+1.3 to 0.8 0.1, leading to loss of desensitization in
the presence of extracellular Ca?* (Fig. 2) [44].

Phosphorylation

Like other ion channels, TRPV1 can be phosphorylated by several kinases including
PKA [40, 45-47], PKC [31, 48-51], Ca?*/CaM-dependent kinase II (CaMKII) [52],
and Src kinase [53]. There has been extensive work demonstrating that activation
of a PKA-dependent pathway by inflammatory mediators such as prostaglandins
influences capsaicin- or heat-mediated actions in sensory neurons, probably by act-
ing on TRPV1. These results suggest that PKA plays a pivotal role in the develop-
ment of hyperalgesia and inflammation by inflammatory mediators. Ser-116 and
Thr-370 in the N-terminus were reported to be phosphorylated by PKA and
involved in desensitization (Fig. 2) [40, 41]. Phosphorylation of Ser-116 by PKA was
found to inhibit dephosphorylation of TRPV1 caused by capsaicin exposure. Thr-
144, Thr-370, and Ser-502 were also found to be involved in sensitization of heat-
evoked TRPV1 responses upon PKA-dependent phosphorylation (Fig. 2) [47].

PKC-dependent phosphorylation of TRPV1 occurs downstream of activation of
G,-coupled receptors by several inflammatory mediators, including ATP,
bradykinin, and trypsin or tryptase [31, 50, 51, 54]. PKC-dependent phosphoryla-
tion of TRPV1 caused not only potentiation of capsaicin- or proton-evoked respons-
es, but also reduced the temperature threshold for TRPV1 activation so that nor-
mally non-painful temperatures in the range of normal body temperature were capa-
ble of activating TRPV1, thereby leading to the sensation of pain. These phenomena
were also confirmed in native sensory neurons. Capsaicin potency was modulated
by PKC-dependent phosphorylation, suggesting the interaction between phosphory-
lation and capsaicin binding described above. Direct phosphorylation of TRPV1 by
PKC was proved using a biochemical approach [30], and two target serine residues
(Ser-502 and Ser-800) were identified (Fig. 2) [30, 49]. In the mutant in which the
two serine residues were replaced with alanine, sensitization or potentiation of
TRPV1 activity induced by any of three different stimuli (capsaicin, proton, or heat)
was abolished. Ser-502 and Ser-800 were also found to be involved in potentiation
of NADA-induced TRPV1 activation [55], oleoylethanolamide-induced TRPV1
activation [56], and rephosphorylation of TRPV1 after Ca?*-dependent desensitiza-
tion [57].

As described above, calcineurin inhibits desensitization of TRPV1, indicating
that a phosphorylation/dephosphorylation process is important for TRPV1 activity.
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Indeed, CaMKII was reported to control TRPV1 activity upon phosphorylation of
TRPV1 at Ser-502 and Thr-704 by regulating capsaicin binding (Fig. 2) [52]. Thus,
phosphorylation of TRPV1 by three different kinases seems to control TRPV1 activ-
ity through the dynamic balance between the rate of phosphorylation and dephos-
phorylation. These mechanisms appear to converge, in part, on Ser-502, given that
Ser-502 was found to be phosphorylated by all three kinases. If this is the case, Ser-
502 represents a key site for regulation of the excitability of sensory neurons.

Modulation by lipids

Membrane-derived lipids are also known to regulate the function of some ion chan-
nels, including TRPV1. For example, TRPV1 was shown to be activated by anan-
damide, oleoylethanolamide, and some lipoxygenase products [19, 20, 56]. TRPM7
and G-protein-coupled inwardly rectifying K* channels can be inhibited or potenti-
ated, respectively, by the binding of phosphatidylinositol (4,5)-bisphosphate (PIP,)
[58, 59]. PIP, was also found to inhibit TRPV1 activity and such PIP,-mediated
inhibition was released upon activation of PLC by metabotropic receptors [60] and
the consequent hydrolysis of PIP, to diacylglycerol and inositol (1,4,5)-trisphos-
phate. A region of TRPV1 (amino acids 777-820) having eight positively charged
residues was identified as a motif involved in regulation by PIP, (Fig. 2) [61], possi-
bly because it interacts with the negatively charged head group of the phospholipid.
Interestingly, this region includes Ser-800, one of the substrates for PKC-dependent
phosphorylation and overlaps with the 35-amino-acid segment necessary for CaM
binding. This region might thus be very important for regulation of TRPV1 func-
tion.

Other functions

Dithiothreitol, an agent that maintains -SH groups of cysteines in a reduced state,
was reported to greatly facilitate membrane currents induced by noxious heat or
capsaicin in a concentration-dependent manner [62]. This result, together with the
existence of three cysteine residues located at positions 616, 621, and 634 in the
loop between the fifth and sixth TM domains (Fig. 2), suggests that the sensitivity
of TRPV1 is pre-set by the redox state of the thiol groups of these cysteine residues.

Conclusion

Many regions and amino acids involved in TRPV1 function have been identified.
Given that TRPV1 is a key molecule in peripheral nociception, these regions and
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amino acids could prove useful for the development of novel anti-nociceptive or
anti-inflammatory agents. Crystallographic analysis promises to provide even more
information about the structural determinants of TRPV1 functionality.
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Introduction

Long before the cloning of the capsaicin receptor, TRPV1, capsaicin-sensitive sen-
sory neurons were characterized and studied by measuring capsaicin-induced
depolarization of afferent fibres and of individual sensory neuron cell bodies. The
ability of capsaicin to permanently ablate a subset of sensory neurons enabled
characterization of those surviving: peptidergic afferents were underrepresented in
the remaining population [1], suggesting that many capsaicin-sensitive sensory
neurons normally express neuropeptides. Not surprisingly, capsaicin evoked the
release of the neuropeptide substance P from primary sensory neurons [2]. A sil-
ver-staining technique for degenerating fibres identified capsaicin-sensitive afferent
terminals in the dorsal horn of the spinal cord, following systemic capsaicin treat-
ment. Silver staining also revealed widespread capsaicin-sensitive structures in the
central nervous system [3]. Individual cells with functional capsaicin-sensitive
channels were identified by a cobalt-uptake method in dissociated cultures of pri-
mary sensory neurons [4] and a high-affinity radioligand for the capsaicin recep-
tor, tritiated resiniferotoxin ([JH]RTX), localized capsaicin-binding sites autoradi-
ographically in tissue sections [5]. Recent studies used a fluorescent dye that per-
meates activated TRPV1 channels to label capsaicin-sensitive cells in vitro or in
vivo [6].

However, there was an explosion in receptor-localization studies following
cloning and sequencing of the TRPV1 receptor, which allowed production of spe-
cific in situ hybridization probes and sensitive antibodies and led to the confirma-
tion of expression of TRPV1 beyond the sensory afferent [7, 8]. This review
attempts to summarize findings on the widespread distribution of TRPV1 receptors
both within, and intriguingly outside, the nervous system and, where known, sug-
gests multiple functions for these receptors at multiple sites.

What little is known about the regulation of TRPV1 protein levels is also dis-
cussed and this is almost entirely limited to the plasticity of the sensory nervous sys-
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tem in pain models, plus a few examples in humans. This chronic regulation is sep-
arate from the acute regulation (i.e. sensitization by post-translational modifica-
tions), which will be dealt with in depth in other chapters in this volume.

TRPV1 in the peripheral nervous system
Sensory ganglia

By far the greatest interest in capsaicin over the years has focused on the role of cap-
saicin receptors in nociceptive sensory neurons; originally sensory neurons were
thought to be more or less the exclusive site of action of capsaicin and its analogues.
Neonatal capsaicin treatment permanently destroyed most C-fibres, but also some
A-fibres [9]. Labelling of cultured adult rat sensory dorsal root ganglion (DRG) neu-
rons with cobalt during capsaicin stimulation confirmed that most of the ‘large,
light’ neurofilament-positive A-fibre neurons were capsaicin-insensitive, while many
of the ‘small, dark’ C-fibre neurons, some of which are peptidergic, were sensitive,
as they accumulated cobalt [4].

Sensory neurons in sections of rat DRG express TRPV1 immunoreactivity [7,
10]. In naive animals, most TRPV1 immunolabelling overlaps with either the cal-
citonin-gene-related peptide (CGRP) or the isolectin B4 (IB4) population, with a
small percentage in the neurofilament-positive A-fibres [11]. Trigeminal ganglia —
the cranial sensory ganglia — also express TRPV1 in rat [12, 13] and human [14].
The petrosal, but not the geniculate, ganglia neurons express mRNA for TRPV1
[15]. Nodose TRPV1 mRNA [12, 16] and protein [18] are expressed in most
nodose ganglion sensory neurons (Fig. 1). Nodose neurons tend to sense feelings of
fullness and nausea from the stomach rather than painful sensations. Superior cer-
vical ganglion (SCG) sympathetic neurons do not express TRPV1 (Fig. 1) and do
not respond to capsaicin with calcium uptake [19].

Innervation of sensory organs

Many free nerve endings in skin express TRPV1 [20] but recently Meissner cor-
puscles in glabrous skin of monkeys have been shown to be innervated by TRPV1-
expressing C-fibres in addition to the innervation by A-fibres [21]. Meissner cor-
puscles are widely regarded as low-threshold mechanoreceoptors but the presence
of TRPV1-positive innervation suggests a further role in nociception, possibly in
allodynia in pathological conditions. TRPV1 is also found in high concentrations
in the innervation of taste papillae, with some TRPV1-positive fibres penetrating
the taste buds. TRPV1 is not expressed on taste buds themselves; hence the sensa-
tion of hot peppers is not included in the taste modalities. Capsaicin rather pro-
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Figure 1

TRPV1 in sensory but not sympathetic ganglia. (A-C) Rabbit anti-TRPV1 C-terminal anti-
body. Sections of rat (A) dorsal root ganglion (DRG), (B) nodose ganglion and (C) superior
sympathetic ganglion. Scale bar, 100 um.

duces a burning sensation in the oral cavity by direct activation of sensory affer-
ents [22]. The cochlear vasculature is innervated by TRPV1-positive afferents
from the trigeminal ganglion [23] and the authors suggest that perturbation of
these afferents may play a role in vertigo, tinnitus and hearing deficits associated
with migraine.

Spinal distribution

TRPV1 is expressed on sensory afferent terminals in the spinal cord predominantly
in laminae I and II, consistent with C- and Ad-fibre expression [24, 25]. As expect-
ed, this immunostaining is largely depleted following dorsal rhizotomy. However,
there has been one report showing that spinal cord astrocytes also express TRPV1
[26] and the same workers show that some dorsal horn NK-1-expressing cells also
colocalize with TRPV1 [27].

Innervation of other organs

Capsaicin evokes vasodilatation in the dura mater of the rat [28], presumably by
stimulation of capsaicin-sensitive afferents and the resultant release of vasoactive
neuropeptides. TRPV1, which can be stimulated by alcohol [29], may be a major
player in ethanol-evoked headaches and migraines; these are strongly associated
with dural vasodilatation which can be evoked by CGRP release from TRPV1-
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Figure 2

TRPV1 in the dura. (A-C) Whole mounts of rat dura stained with (A) mouse anti-B-Ill tubu-
lin to reveal all nerve fibres, (B) sheep anti-calcitonin-gene-related peptide (CGRP) and (C)
TRPV1. *Denotes blood vessels; arrows mark nerve fibres. Scale bar, 50 um.

expressing trigeminal afferents. TRPV1 and CGRP immunoreactivity in the dura
mater is shown in Figure 2.

Teeth are also innervated by trigeminal sensory fibres and tooth-pulp afferents
express TRPV1 in samples of both human and rat tissue [30, 31].

The viscera have a higher density of capsaicin-sensitive afferents than either skin
or skeletal muscle [32] with 60% of bladder afferents expressing sensitivity com-
pared to 40% of muscle and only 20-30% of skin afferents. TRPV1 is expressed on
extrinsic sensory nerve fibres distributed in all the regions of the gastrointestinal
tract in myenteric ganglia, the muscle layer and mucosa. High expression of TRPV1-
expressing fibres has been detected in biopsies from patients with several inflam-
matory diseases of the colon and ileum [33], in vulvodynia [34] and in familial rec-
tal pain [35], and TRPV1 activation seems to play a role in intestinal motility dis-
orders [36] as well as pain in the gastrointestinal tract. However, TRPV1-positive
sensory afferents in the gastric mucosa also play a protective role against ulceration
137, 38].

Numerous TRPV1-immunoreactive fibres are found in the mucosa and muscu-
lar layer of the entire urinary tract except the kidney [39]. As well as detecting pain
the TRPV1-expressing endings may also encode the tone of the bladder smooth
muscle. The heart is innervated by TRPV1-expressing afferent nerves and these
afferent nerves are involved in the cardiogenic sympathoexcitatory reflex during
myocardial ischaemia [40]. Thyroglobulin-producing follicles in thyroid tissue are
innervated by B-III tubulin-expressing nerve fibres, some of which are also TRPV1-
positive (Fig. 3). TRPV1 function in the thyroid is unknown but may have a neu-
roendocrine role. Lungs are innervated by capsaicin-sensitive afferents and activa-
tion of TRPV1 is an important mechanism in cough [41]. As ethanol can activate
TRPV1 channels, ethanol-induced cough may be mediated via TRPV1 expressed on
sensory afferents.
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Figure 3

TRPV1 on wild-type and knockout mouse thyroid. (A—C) The same section of wild-type
mouse thyroid labelled with (A) rabbit anti-TRPV1 C-terminal antibody, (B) mouse anti-p-
Il tubulin to reveal all nerve fibres, (C) 4,6-diamidino-2-phenylindole (DAPI) to reveal cell
nuclei. The rings of nuclei are thyroid follicular cells. (D) Rabbit anti-TRPV1, on knockout
mouse thyroid; no specific staining is seen on nerve fibres. Scale bar, 7100 um.

Central nervous system distribution

Multiple lines of evidence point to TRPV1 expression in the brain. The direct
action of capsaicin on the preoptic/anterior hypothalamus (POAH) is responsible
for the hypothermia evoked by systemic capsaicin. This functional effect is abol-
ished in TRPV1-knockout animals, supporting a TRPV1-evoked mechanism [10].
Capsaicin causes ultrastructural damage to some hypothalamic neurons and
[PH]RTX-binding sites [42], TRPV1 mRNA and TRPV1 immunoreactivity [43]
have all been detected in the hypothalamus. These TRPV1-expressing neurons

43



Janet Winter

may function as warm receptors sensing core body temperature [44]. A wide
range of other brain structures has been shown to express TRPV1; interestingly,
some neocortical and other brain regions have higher density of [3H]JRTX bind-
ing than even the DRG or the spinal cord [42, 43]. The function of these chan-
nels is unknown, but they are more likely to respond to anandamide and
eicosenoids than temperatures above the threshold of activation (42°C) [10]. A
recent study has suggested a neuroprotective role for TRPV1 in the brain, with
an endovanilloid protecting against ouabain-induced excitotoxicity [45]. More-
over, in a model of Huntington’s disease, TRPV1 agonists produced antihyperki-
netic activity [46].

TRPV1 expression outside the nervous system

As well as being expressed on the sensory innervation of the airways, TRPV1 is
also expressed on airways epithelial cells, and activation of TRPV1 by particulate
matter induces apoptosis, which may be an important mechanism for particulate
matter damage to the airways [47]. Air pollutants are thought to cause a reduced
immune function and lowered resistance to infection as well as hypersensitivity to
allergens and may exacerbate asthma and chronic obstructive pulmonary disease
(COPD). Environmental particulate matter can act like synthetic particles made
from negatively charged polymers, which are thought to act by concentrating pro-
tons near proton-gated receptors. Particulate matter causes a slowly desensitizing
activation of TRPV1, and the calcium influx leads to apoptosis in sensory neu-
rons and lung epithelial cells [47]. The authors suggest that blocking TRPV1
receptors would be useful in alleviating particulate matter-induced inflammation
and toxicity.

In the skin, activation of TRPV1-expressing afferents can release the neuropep-
tides substance P and neurokinin A, which induce cutaneous nerve growth factor
(NGF) production. Although high doses of capsaicin can destroy peptideric endings
and impair wound healing by depleting neuropeptides, low-level TRPV1 activation
may release neuropeptides and have trophic effects. This trophic action of sensory
neuropeptides may have important consequences during inflammation and wound
healing [48]. However, rat and human keratinocytes themselves express TRPV1,
and activation by capsaicin caused an upregulation of cyclooxygenase 2 (COX-2)
and an increased release of interleukin-8 and prostaglandin E2 [49]. These results
suggest that TRPV1 expression in keratinocytes may have a role in the inflamma-
tion that occurs secondary to epidermal damage or insult, and thus may function as
a sensor for noxious cutaneous stimulation [49-51]. In puritic skin of patients with
prurigo nodularis there is an increased expression of TRPV1 in keratinocytes and
nerve fibres. The same study describes TRPV1 expression in skin mast cells [52].
This distribution, in nerve cells, keratinocytes and skin mast cells, along with the
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efficacy of capsaicin in pruritus, suggests TRPV1 modulators may be useful anti-
pruritics. An anti-proliferative role for capsaicin on melanoma cells has also been
shown [53].

Bladder epithelial cells also express TRPV1. The urothelium itself is a responsive
structure capable of detecting stretch and it can release signaling molecules such as
ATP, which then triggers reflex bladder contraction. TRPV1-null mice exhibit
reduced responses to bladder stretch. Moreover, excised urothelial cells from
TRPV1-null mice release less ATP when stimulated by hypotonic-evoked swelling.
This finding is currently not fully understood, as recombinant TRPV1 cannot be
activated by hypotonic solutions. One explanation is that TRPV1 is coexpressed
with a ‘stretch-sensitive’ subunit in the bladder. Whatever underlies the molecular
basis for TRPV1 and stretch responses, there is a clear involvement of TRPV1 in
bladder function that involves TRPV1 expressed on both sensory fibres and urothe-
lial cells [7] and infusion of capsaicin into bladders of patients with hyperactive
bladders can reduce micturition [54].

As mentioned above, TRPV1-positive sensory fibres can have a gastroprotec-
tive role. There is evidence of TRPV1 expression also in epithelial cells of the gas-
trointestinal tract [36] and these authors suggest that TRPV1 blockers may be use-
ful drugs for treatment of gut inflammation. Finally, a possible neuroendocrine
role is suggested by the presence of TRPV1 receptors in pancreatic islet B-cells
[55].

Regulation of TRPV1

Most of the information in the literature on regulation of TRPV1 relates to studies
of rat DRG sensory neurons, either in vitro or in vivo. In two neuropathic models,
partial sciatic nerve ligation and spinal nerve ligation, the DRG neurons with
injured axons lose the majority of the TRPV1 protein in their cell bodies, although
accumulation is seen proximal to the ligation site following nerve ligation [56].
TRPV1 mRNA also declines in DRG cell bodies following axotomy [57]. Howev-
er, an increase in TRPV1 protein and mRNA expression is evident in DRG cell bod-
ies with uninjured axons; that is, these neurons are still connected to the peripher-
al targets [56, 58]. Moreover, there is a pronounced increase of TRPV1 expression
in some A-fibres, which normally express very little TRPV1 [56]. It is possible that
some of these newly expressing A-fibres may be AR and Ad nociceptors [59]. Of
particular interest is that this increase in TRPV1 in A-fibres following nerve injury
is even more obvious in mice that have been neonatally treated with capsaicin and
have very few C-fibres or TRPV1 protein left in the DRG. Neonatally capsaicin-
pretreated animals have decreased responsiveness to capsaicin and heat. When
these animals undergo a subsequent partial nerve ligation, there is a dramatic
increase in TRPV1 in the A-fibres and a concomitant increase in capsaicin respon-
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siveness of the animals, but thermal responsiveness is not changed, suggesting that
these newly expressing fibres are not thermally sensitive [60]. A similar increase in
TRPV1 expression in A-fibres is observed in diabetic mice (induced by streptozo-
tocin) [61].

Functional TRPV1 protein expression is also increased in DRG neurons in an
inflammatory pain model [20, 62]. No upregulation of TRPV1 mRNA is seen in the
DRG when measured by RNase protection, and the authors suggest transcription-
independent upregulation involving the kinase p38, which is activated by NGF pro-
duced in the inflamed tissue [20]. However, a different study showed increase in
TRPV1 protein by immunohistochemistry and TRPV1 mRNA, by iz situ hybridiza-
tion, especially in neurofilament-positive A-fibres in DRG from complete Freund’s
adjuvant (CFA)-treated rats [63]. One possible explanation for this discrepancy is
that methods for measuring mRNA in whole ganglia may not be sensitive enough
to see changes in small populations of cells innervating the inflamed tissue, where-
as such differences can be detected by in situ hybridization. Carageenan-induced
inflammation can also cause increased transport of TRPV1 mRNA along primary
afferents [64].

Regulation of functional TRPV1 protein has also been studied in cultured sen-
sory neurons from adult rats. Functional TRPV1 protein expression is upregulated
in DRG neurons by NGF and glial cell line-derived neurotrophic factor (GDNF)
[65-67], whereas brain-derived neurotrophic factor (BDNF) controls capsaicin sen-
sitivity in nodose ganglion neuron cultures [68]. NGF also regulates TRPV1 mRNA
levels in such cultures [66, 69]. The signalling pathways involved in TRPV1 regula-
tion are now partially understood. NGF is known to signal through its high-affini-
ty receptor, TRKA, via a mitogen-activated protein (MAP) kinase cascade involving
Ras, extracellular-signal-regulated kinases (ERKs) and MAP kinase/ERK kinase
(MEK) [70]. In DRG neurons, growth factor-mediated upregulation of capsaicin
sensitivity and functional TRPV1 protein can be partially blocked by MEK
inhibitors [67, 71] and microinjection of constitutively active Ras protein into cul-
tured DRG neurons is sufficient for increased TRPV1 expression in the absence of
growth factors. Constitutively active ERK, which is downsteam of Ras, is not suffi-
cient for TRPV1 expression, suggesting that activation of other pathways down-
stream of Ras may also be involved. One of these pathways could be via activation
of p38 kinase.

In summary, plasticity of TRPV1 expression in chronic pain conditions may con-
stitute one of the mechanisms responsible for hyperalgesia.
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Insights into TRPV1 pharmacology provided by non-capsaicin
ligands

Peter M. Blumberg, Derek C. Braun, Noemi Kedei, Jozsef Lazar, Vladimir Pavlyukovets and
Larry V. Pearce

Laboratory of Cellular Carcinogenesis and Tumor Promotion, National Cancer Institute,
Bethesda, MD 20892, USA

Resiniferatoxin as an ultrapotent capsaicin analog with a unique pattern
of activity

The identification of resiniferatoxin as a capsaicin analog had important conceptu-
al and practical impact on the field. Hecker and coworkers were analyzing the irri-
tant constituents in the latex of Euphorbia resinifera, long used as a traditional med-
icine [1], as part of a much more extensive effort to identify congeners of the tumor-
promoting phorbol esters, which are found in many members of the family
Euphorbiaceae. One of the constituents they identified in this latex, resiniferatoxin
(RTX), was unique [2]. Structurally, RTX was a typical diterpene ester of the daph-
nane class, thus being related to the phorbol esters (Fig. 1). Importantly, however,
RTX differed in possessing a homovanillyl ester at the C-20 position. Already at
that time, it was known that a free C-20 hydroxyl group was essential for typical
phorbol ester activity, and, indeed, RTX was inactive as a tumor promoter and inac-
tive in cellular assays responsive to typical phorbol esters. We now appreciate that
the free C-20 hydroxyl of the typical phorbol ester inserts into a cleft in the binding
domain of its target, the C1 domain of protein kinase C, and that substitution at the
C-20 position sterically interferes with this insertion.

The bioassay used by the Hecker group for identification of irritant compounds
was that of mouse ear reddening. In that bioassay, RTX was also unique. First, it
was extraordinarily potent, being approximately 1000-fold more potent that the
most potent of the phorbol esters, phorbol 12-myristate 13-acetate. Secondly, its
irritancy was transient — unlike the much more persistent inflammation induced by
the phorbol esters — and was followed by complete tachyphylaxis.

My group undertook to elucidate the mechanism of action of RTX as part of our
broader program to understand the mechanisms accounting for the diversity in the
patterns of response to phorbol ester congeners. We hypothesized that RTX might
function as a capsaicin homolog based on the structural similarity between the
homovanillyl side chain of RTX, which differentiated it from typical phorbol esters,
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C-Region B-Region A-Region

Capsaicin

Phorbol 12-Myristate 13-Acetate

Figure 1
Comparison of the structures of resiniferatoxin (RTX), phorbol 12-myristate 13-acetate, and
capsaicin. For capsaicin, the elements of the structure defining the A-, B-, and C-regions are
indicated. For phorbol 12-myristate 13-acetate, an asterisk marks the primary C-20 hydrox-
yl group, which is a critical element of the pharmacophore required for binding to protein
kinase C.

and the homovanillylamide moiety of capsaicin. We found that RTX indeed acted
as a capsaicin analog [3]. RTX mimicked capsaicin in its effects on pungency, neu-
rogenic inflammation, and thermoregulation. Like capsaicin, RTX induced desensi-
tization/defunctionalization, and RTX showed cross-desensitization/defunctional-
ization with capsaicin. Secondly, RTX was ultrapotent. For thermoregulation and
neurogenic inflammation, RTX was three or four orders of magnitude more potent
than capsaicin; thus, it was five or six orders of magnitude more potent than the
habafiero pepper! Finally, RTX was not simply an ultrapotent capsaicin analog but
showed selectivity between responses; RTX was only modestly more pungent than
capsaicin. Since pungency represents the limiting toxicity for the therapeutic appli-
cation of capsaicin, RTX thus had promise as a new therapeutic agent. Subsequent
studies have confirmed and extended all of these observations [4].
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This analysis of RTX made two important conceptual contributions. First, it
showed that there were great, unexploited opportunities for enhancing ligand
potency, as well as other properties. This had not been particularly evident from the
extensive medicinal chemistry that had been done up to that time [5-8]. Second, it
demonstrated that pungency was not intrinsically linked to potency for desensitiza-
tion, complementing the findings with olvanil, which was appreciably less potent
but likewise showed dissociation of desensitization and pungency [9].

[BHIRTX binding demonstrated the existence of a capsaicin receptor

A receptor mechanism for the action of capsaicin had been postulated by Szolcsanyi
and coworkers based on structure-activity studies [8], but capsaicin was unsuitable
for a radioligand binding assay to demonstrate its existence because of its high
lipophilicity relative to its potency. Although RTX is also quite lipophilic, its dra-
matically enhanced potency made it correspondingly more suitable as a ligand for
binding analysis. Using [*’H]RTX, we were able to demonstrate the existence of the
vanilloid receptor, with appropriate structure-activity relations and species specifici-
ty consistent with the characterization of capsaicin action in biological systems [10].
The binding assay was further refined through the addition of o;-acid glycoprotein,
which reduced non-specific binding [11].

Although less widely used, 5-iodoRTX has also been used for binding analysis of
the capsaicin receptor [12]. It has the advantage of higher potential specific activity
but the disadvantages of weaker binding affinity (4 nM) and more complicated
kinetics.

The demonstration of the vanilloid receptor provided strong motivation for the
cloning of the receptor, which in turn has permitted its further molecular character-
ization [13]. The [*H]RTX binding assay has further provided a convenient screen-
ing assay for the quantitative evaluation of vanilloid structure-activity relations. An
intrinsic advantage of this assay is that it can be performed with long incubation
times and on broken cell preparations. It thereby avoids the kinetic distortion of the
measures of calcium uptake, which saturate rapidly, are subject to desensitization,
and are affected by problems of penetration of ligand into the inner face of the mem-
brane, where the site of vanilloid recognition of the receptor appears to be located
[14]. On the other hand, careful analysis of the structure-activity relations emerging
from the [*JH]RTX binding assay and from assays of calcium uptake suggested that
the quantitative values were not identical [15]. Rather, some ligands were somewhat
selective for the [SH]RTX binding assay, whereas others were somewhat selective for
the calcium-uptake assay. Although a plausible explanation was that there were
multiple receptors for vanilloids — which we termed R-type and C-type, based on
their selectivity — it is now clear from expression of TRPV1 in heterologous systems
that the cloned TRPV1 can account for both activities [16]. Likewise, knockout
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mice for TRPV1 lose capsaicin responsiveness [17, 18]. The pharmacological reali-
ty remains, however, that different assays yield different views of vanilloid structure-
activity relations. The plausible explanation, as will be discussed in more detail
below, is that TRPV1 exists in different states with different ligand-recognition
properties, whether these different states arise through association with other pro-
teins or through the influence of different effectors.

Diversity of structures active on TRPV1

A dominant theme emerging from the analysis of vanilloid action is that every
aspect shows great complexity. An implication, of course, is that this diversity pro-
vides extraordinary opportunities for pharmacological exploitation.

One aspect of this diversity is the great variation in structures that bind to
TRPV1 through the capsaicin/RTX-recognition site. The standard concept of the
structural features involved in binding is that presented in an elegant series of papers
by Walpole et al. [5-7]. The capsaicin pharmacophore is postulated to be con-
tributed by the A-region p-hydroxy, m-methoxyphenyl group, the B-region amide or
ester, and the hydrophobic C-region (Fig. 1). RTX fits within this model, with the
further insight that elaboration of the structure of the C-region can provide marked
enhancement in potency and differential selectivity. Phorbol 12,13-esters can sub-
stitute for the resiniferonol 9,13,14-orthophenylacetate group in RTX, although
with a substantial decrease in potency, as exemplified by phorbol 12-phenylacetate
13-acetate 20-homovanillate (PPAHV) [19]. Numerous derivatives built upon a
structure, designed to embody the essential elements of the RTX C-region, have also
been explored [20].

Like RTX, the natural products anandamide and arachidonyl-dopamine, which
have been postulated to be endogenous regulators of TRPV1, fit within the standard
pharmacophore model, although with a simplified A-region [21]. In contrast, some
other natural products possess markedly divergent structures (Fig. 2). Evodiamine,
a component of the pungent herbal medicine Wu-Zhu-Yu, binds TRPV1 competi-
tively, functions as a TRPV1 agonist, and behaves as a typical capsaicin analog in
multiple-tissue and whole-animal assays [22, 23]. Its potency is some 3-20-fold less
than that of capsaicin. Thapsigargin, a potent inhibitor of the sarcoplasmic reticu-
lum ATPase, inhibited [’H]RTX binding with comparable affinity to capsaicin but
through a mixed mechanism, and functioned as an antagonist of TRPV1 function
[24]. Finally, the pungent dialdehyde sesquiterpenes such as isovelleral interact with
TRPV1. However, since they are reactive molecules and affect many cellular
processes, it is clear that they function through multiple mechanisms. These natur-
al products demonstrate that a broad range of structural solutions exist which can
confer affinity for TRPV1.
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Figure 2
Diversity of structures active on TRPV1. Evodiamine and thapsigargin are natural products.
The others are among the synthetic antagonists that have been described.

This same conclusion is emerging from the vigorous current efforts in medicinal
chemistry directed at TRPV1 [25]. For example, a 3-pyridyl group can substitute for
the A-region to generate an agonist, and an isoquinoline, 7-hydroxynapthalene, or
a 4-(2-pyridyl)piperazine group as an A-region can generate an antagonist.

Diversity of responses of TRPV1 to ligand binding
Capsaicin functions as a full agonist at TRPV1. It is now clear, however, that antag-
onism and partial agonism (partial antagonism) are other possible outcomes to lig-

and binding. Each of these outcomes could represent a desirable therapeutic strate-
gy, depending on circumstances.
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Agonism

The rationale for agonists as therapeutic agents is that the agonism leads to desen-
sitization/defunctionalization upon extended exposure. At least one mechanism for
the desensitization/defunctionalization is calcium toxicity to the nerve terminals,
leading to suppression of C-fiber function for a prolonged period. One advantage is
thus that limited treatment could have a long-term therapeutic effect. This expecta-
tion is realized with RTX treatment of the overactive bladder, where the effect of
treatment persists for months [26]. A second advantage of desensitization/defunc-
tionalization is that it should extend to suppression of all responses mediated by the
C-fiber neurons, whereas antagonism would be limited to those responses for which
TRPV1 itself is involved.

Antagonism

The potential long-term effects of desensitization/defunctionalization, on the other
hand, make it less appropriate where short-term suppression of C-fiber function is
desired. Development of TRPV1 antagonists has consequently received great atten-
tion recently, with the identification of numerous antagonistic structures with high
potency [25]. In contrast to capsazepine [27], the first TRPV1 antagonist reported
that provided proof of principle but which was both weak in potency and blocked
a range of other targets, the newer agents afford greater selectivity as well as greater
potency. An important concept which has emerged from the characterization of such
antagonists is that the breadth of antagonism differs between antagonists. For
example, we characterized two compounds, N-(4-tert-butylbenzyl)-N’-[4-(methyl-
sulfonylamino)benzyl]thiourea (KJM429) and N-(4-tert-butylbenzyl)-N’-[3-fluoro-
4-(methylsulfonylamino)benzyl]thiourea (JYL1421), which both fully antagonized
the stimulation of calcium uptake in response to capsaicin [28]. JYL1421 also fully
antagonized the stimulation of calcium uptake induced by pH 6.0 or 44°C. In con-
trast, KJM429 only partially antagonized these responses. N-(4-tert-butylphenyl)-4-
(3-chloropyridin-2-yl)tetrahydropyrazine1(2H)-carbox-amide (BCTC), likewise,
inhibited the activation of TRPV1 by acid as well as by capsaicin [29]. A plausible
explanation is that antagonists blocking the response of TRPV1 to other stimuli are
able to stabilize the closed conformation of the channel, whereas those that only
block capsaicin action occupy the capsaicin-binding site but are less effective at sta-
bilizing this conformation.

A critical issue is whether antagonists can block physiological responses. In fact,
BCTC reduced both thermal and mechanical hyperalgesia in the Freund’s complete
adjuvant inflammation model and reduced mechanical hyperalgesia and tactile allo-
dynia in a partial sciatic nerve injury model [30]. Likewise, N-[2-(2,3-dimethylben-
zyl-3-(pivaloyloxy)propyl]-N’-[3-fluoro-4-(methylsulfonylamino)benzyl|thiourea
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was a potent inhibitor in the acetic acid writhing assay [31]. These results provide
strong support for the therapeutic strategy of using TRPV1 antagonists.

Partial agonism/partial antagonism

A third pattern of behavior, which has received the least attention, is that of par-
tial agonism. We characterized in detail two compounds, N-[2-(3,4-dimethylben-
zyl)-3-(pivaloyloxy)propyl]-N’-[n-(methylsulfonylamino)benzyl|thiourea (JYL827)
and N-(4-tert-butylbenzyl)-N’-[3-methoxy-4-(methylsulfonylamino)benzyl]thio-
urea (JYL1511), which showed partial agonism compared to capsaicin [32].
JYL827 induced only 6.8% of the maximal response to capsaicin. JYL1511
evoked 17.4% of the maximal response, and both compounds induced a recipro-
cal level of antagonism of the action of capsaicin. As expected, the extent of par-
tial agonism depended on the level of TRPV1 expression. Less expectedly, the level
of partial agonism was dependent on the extent of costimulators of TRPV1.
Indeed, when assayed in the presence of pH 5.5, 44 °C, and phorbol 12-myristate
13-acetate, JYL827 functioned as almost a complete agonist (89% of the maximal
capsaicin response).

The analysis of structure-activity relations for agonism, partial agonism, and
antagonism emphasizes that the functional behavior of ligands depends on the struc-
ture as a whole rather than being attributable to only one region of the ligand, such
as the A-region. This was clearly evident in the analog series of Lee and coworkers,
where there was a continuum between agonism and antagonism as the A-region was
varied, but the tendency toward antagonism also depended on the specific C-region
[31]. For capsazepine, antagonism appeared to depend on the nature of the B-
region, where a shift in orientation of the B-region relative to the A-region was nec-
essary for the antagonism. On the other hand, it is also clear that certain A-regions
favor antagonism. Examples include the 5-iodo substitution on the 3-methoxy-4-
hydroxyphenyl A-region of RTX, generating the potent antagonist 5-iodoRTX [12],
or replacement of the 3-methoxy-4-hydroxyphenyl A-region of more typical vanil-
loids with a 4-methylsulfonylaminophenyl group [31].

A critical implication of the analysis of partial agonists is that the nature of the
response to ligands is dependent on the other signals impinging on TRPV1 [33, 34].
In addition to pH and temperature, TRPV1 has been shown to be modulated by cal-
cium, protein kinase C, protein kinase A, Src kinase, phosphatidylinositol 4,5-bis-
phosphate, and calmodulin. It is subject to oligomerization, possibly to het-
erooligomerization, and to association with other proteins. These signals will be dif-
ferent between different cell types in which TRPV1 is found and will depend on the
local tissue environment. It is thus entirely plausible that it may be possible to devel-
op compounds that function as antagonists for TRPV1 in the normal setting, but
which change their activity to agonism at sites of inflammation, thereby causing
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local desensitization/defunctionalization. Such compounds could thereby yield local
effect with systemic application.

Diversity of cellular localization of TRPV1

The development of antibodies against TRPV1 and of fusion proteins between
TRPV1 and green fluorescent protein has permitted the localization of TRPV1 with-
in cells to be determined. The clear answer is that TRPV1 is not simply a ligand-
gated channel located at the plasma membrane, permitting the flux of calcium from
the outside [33]. Rather, most of the TRPV1 is located inside the cell [35]. This is
true for endogenously expressed TRPV1 in dorsal root ganglion neurons as well as
for heterologously expressed TRPV1 [36]. Not unexpectedly, the localization of
TRPV1 depends somewhat on the specific cell type in which it is expressed. In the
heterologously expressed systems, the internal TRPV1 can be shown to be largely
associated with endoplasmic reticulum markers.

The strong prediction from the localization of TRPV1 is that stimulation will
lead to release of calcium stores from the endoplasmic reticulum into the cytoplasm
as well as the influx of external calcium. Indeed, this result has been confirmed by
multiple laboratories. Interestingly, RTX appears to be more effective at causing
this release of internal calcium than is capsaicin [35, 37]. Conversely, we have
described a ligand which was potent as an antagonist of capsaicin-stimulated cal-
cium uptake but was not able to antagonize the release of calcium from internal
stores by RTX [38].

A speculative model which emerges is that the internal TRPV1 shows the struc-
ture-activity relations of the R-type receptor, whereas the plasma membrane-local-
ized TRPV1 defines, of course, the C-type response. Since the TRPV1 is predomi-
nantly internal, the domination of the [’HJRTX binding results by the internal
TRPV1 would be expected. The development of compounds that preferentially
interact with the internal TRPV1 and the determination of their biological activity
should reveal the relevance of this pool of TRPV1 to therapeutic strategies.

Diversity in kinetics of response to ligands

Using the ‘impermeable’ TRPV1 ligand DA-5018, Oh and coworkers [14] have
argued that the ligand-recognition site on TRPV1 is located on the internal face of
the membrane. The same conclusion is supported from mutational analysis of
TRPV1 (see below), although there are still some uncertainties. The expectation is
thus that vanilloids need to penetrate into the cell in order to activate TRPV1 and
that the kinetics of penetration will thereby influence the kinetics of response. This
is of significance, because it is clear with the phorbol esters that they may penetrate

62



Insights into TRPV1 pharmacology provided by non-capsaicin ligands

cells with a half-time of many minutes. It would be expected that RTX would
behave likewise. In fact, the time courses for elevation of internal calcium in
response to increasing concentrations of capsaicin and RTX were very different
[16]. With capsaicin, increasing doses of capsaicin caused increasing extents of ele-
vation of internal calcium, with similar very rapid attainment of the plateau level.
With RTX, in marked contrast, low concentrations of RTX caused a slow increase
in internal calcium concentration extending over many minutes but with a similar
plateau level to that caused by the concentration of RTX causing an immediate ele-
vation [16]. Complementing these studies are those with 4-O-(aminoethyl)vanilly-
lamide analogs structurally related to DA-5018 [39]. They were shown to retain
their analgesic potency but to be virtually devoid of pungency. These compounds
would be expected to penetrate slowly because only the small proportion that was
uncharged at physiological pH would be expected to penetrate the membrane. The
authors postulated that the loss of potency might lie in ‘their rate of excitation of
the sensory neuron’. A similar explanation might account for the low pungency rel-
ative to desensitization that is characteristic of RTX. This model, if correct, suggests
a strategy for the design of non-pungent agonists for attainment of desensitiza-
tion/defunctionalization.

Species differences in selectivity of TRPV1 to ligands

The early analysis of capsaicin sensitivity revealed marked differences in sensitivity.
Whereas capsaicin is pungent for people or rats, chickens and rabbits do not
respond. In addition, human and rat TRPV1 show differences in ligand recognition.
Several groups compared the homologs of TRPV1 from these various species, iden-
tified the specific differences in TRPV1 sequence between them, and used site-direct-
ed mutagenesis to evaluate the role of specific residues in TRPV1 on ligand respon-
siveness [40-43].

The consensus of these studies is that the ligand binds to the third and fourth
transmembrane segments of the receptor. Critical residues in the rat include Tyr-
511, Met-547, and Thr-550. In the human, Met-547 is replaced by Leu- 547. In the
rabbit, Thr-550 is replaced by Ile-550. Alteration of these residues had two dramatic
effects. First, it changed the structure-activity relations. Second, the structure-activ-
ity relations show different dependence on these residues for the [JH|JRTX binding
assay and for the calcium response, again emphasizing the distinction between R-
and C-type receptor recognition. Position 547 has received the most attention. Rec-
iprocal experiments mutating rat Met-547—Leu or human Leu-547—Met have
been evaluated for RTX, 5-iodoRTX, PPAHV, and capsazepine. The former three
compounds have higher potency on rat TRPV1; capsazepine has higher potency on
human TRPV1. The mutations caused the expected qualitative shifts in the binding
affinities, although the shifts were not quantitative. Although there is incomplete
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agreement in the literature, two of three reports suggest that the Met-547—Leu
mutation did not shift the agonist response to RTX, and the mutation likewise did
not affect either the binding or agonist response to capsaicin. Interestingly, it did
shift the agonist response to PPAHV. In the rabbit, mutation of the native Ile-550 to
Thr, as found in the rat and human, rendered it fully responsive to agonism by cap-
saicin or RTX, highlighting the importance of this residue.

Diversity of tissues containing TRPV1

The early concept was that specific capsaicin responsiveness was limited to C-fiber
sensory neurons. The use of [PJH]RTX binding, antibodies to TRPV1, and measure-
ments of TRPV1 mRNA now make it clear that TRPV1 is much more widely dis-
tributed [44]. It is widespread in the central nervous system, being located within
multiple brain regions [45] and found within both neurons and glial cells. Other tis-
sues or tissue cell types that express TRPV1 include bladder, keratinocytes, and mast
cells. The physiological role of TRPV1 in most of these tissues remains to be deter-
mined, as do its pharmacological characteristics in these different locations.

Summary

Natural products have long highlighted promising sites for therapeutic interven-
tion, afforded pharmacological tools for delineating their mechanism of action,
and provided lead molecules for further medicinal chemistry. The abundance of
diverse structures active on a single target emphasizes the breadth of structural
solutions for generating affinity and specificity. TRPV1 was introduced to Africa
and Europe through RTX, to the New World through capsaicin, and to Asia
through evodiamine (Fig. 3). The pungency associated with these lead molecules
both initially directed attention to them and has been, to some degree, an imped-
iment to their therapeutic exploitation. Our rapidly increasing understanding of
the great diversity within their target system holds great promise that we will be
able to exploit this diversity for development of new generations of selective ther-
apeutic agents.
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Anandamide - endocannabinoid and endovanilloid?

The endocannabinoid system comprises two known receptors (CB; and CB,), a fam-
ily of endogenous ligands, and specific molecular machinery for the synthesis, trans-
port, and inactivation of cannabinoid ligands [1]. N-Arachidonoyl-ethanolamide
(anandamide) (Fig. 1) is known as an endocannabinoid, as defined by its ability to
be produced endogenously and to bind to and activate cannabinoid CB; and CB,
receptors (see [1]). Since its discovery, anandamide has been shown to have numer-
ous physiological actions that encompass cardiovascular, immune, gastrointestinal,
and nervous systems [2-5]. The pharmacology of anandamide is complex, its
actions being mediated by cannabinoid CB; and CB, receptors and by putative non-
CB,, non-CB, receptors [1, 6, 7]. The search for endogenous TRPV1 receptor acti-
vators or endovanilloids is on-going and recent advances suggest that anandamide
may be one such compound [8-11]. There is evidence that anandamide can activate
TRPV1 receptors both directly and indirectly via lipoxygenase metabolites [12-15].
There is ample evidence that the interaction of anandamide with TRPV1 receptors
is specific: TRPV1 actions are blocked by receptor- specific antagonists and not by
antagonists of CB; and CB, receptors; desensitization of TRPV1 via capsaicin pre-
treatment abrogates the effects of anandamide; neonatal capsaicin treatment pre-
vents anandamide activation of TRPV1; anandamide-mediated TRPV1 effects are
absent from untransfected cells that do not express TRPV1 receptors; and anan-
damide displaces radiolabelled resiniferatoxin (RTX) from specific binding sites
[12-14].

Whereas anandamide has similar affinity for TRPV1 to that of capsaicin, it has
significantly lower potency [14]. In high-expression recombinant cell lines using var-
ious methods, the potency (ECs,) of anandamide has been measured in the range of
0.7-5 pM. In native systems, the potency of anandamide ranges from 0.3 to 0.8 uM
in blood vessels (relaxation), compared with 6-10 uM in bronchus (contraction),
dorsal root ganglion (DRG) neurons and trigeminal neurons (intracellular Ca%* con-
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Figure 1
Structures of arachidonic acid, anandamide and N-arachidonoyl-dopamine (NADA).

centration, [Ca%*],, and inward current), and dorsal horn neurons (miniature exci-
tatory postsynaptic currents (mEPSCs)) [16, 17]. Significant differences emerge
when comparisons are made of the efficacy of anandamide in native and recombi-
nant receptor systems. There are also significant differences between tissues. Using
measurement of [Ca*]; in high-expression recombinant cell lines expressing either
rat or human TRPV1, anandamide appears to be a full agonist, as defined by an
E.x value that is not significantly different from that of capsaicin [13, 14, 18-20].
Some authors find the E,,, value of anandamide to be less than 100% in recombi-
nant expression systems. Similar differences are found in tissues expressing native
TRPV1 receptors and the efficacy of anandamide appears to be tissue-dependent.
Thus, it is a full agonist in blood vessels and mesenteric arterial bed, and a partial
agonist in the bronchus, DRG, trigeminal neurons, and substantia gelatinosa neu-
rons of the dorsal horn [13, 17, 21, 22]. Ross et al. [14] found that, although anan-
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damide has an E,,, value of 100%, it displays a low K,/ECj ratio, as determined
from radioligand binding and #*Ca?*-uptake data; this is indicative of low intrinsic
efficacy. As a consequence of the low intrinsic efficacy of anandamide at TRPV1,
the E,,,, value will vary with the receptor reserve and the pharmacological endpoint
that is measured. Thus, whereas elevation of [Ca?*], has a high degree of signal
amplification, measurement of TRPV1 current has no downstream amplification.

The low intrinsic efficacy of anandamide at the TRPV1 receptor has important
physiological implications. A low intrinsic efficacy agonist will attenuate the effects
of a full agonist. Indeed, in trigeminal neurons, co-application of anandamide with
capsaicin significantly reduces the currents produced by capsaicin [22]. If endoge-
nous activators of TRPV1 exist that are full agonists, then compounds such as anan-
damide may have an inhibitory role and serve as anti-inflammatory and analgesic
compounds.

Intracellular versus extracellular

It is important to give consideration to the location of the agonist-binding site on
TRPV1, which is located intracellularly [23, 24]: the apparent low intrinsic effi-
cacy of anandamide may be due to limited access to this binding site. As a conse-
quence, the potency of exogenously applied anandamide will be affected by its
ability to enter the cell (see [16]). Anandamide gains access to the intracellular
environment either via the anandamide membrane transporter (AMT) or via accu-
mulation sustained by a concentration gradient that is maintained through the
rapid intracellular hydrolysis of anandamide by fatty acid amide hydrolase
(FAAH; see [25, 26]). The finding of the enhanced potency of anandamide when
administered intracellularly is in line with the demonstration that compounds that
alter the function of the AMT modulate the potency of anandamide in HEK-293
cells expressing TRPV1 [27-29]. A recent study by Andersson et al. [21] provides
further evidence that primary afferent fibers express the AMT and that variability
in the expression levels of the transporter affect the potency of anandamide. Thus
the AMT inhibitor, VDM13, causes a 2.3-fold rightward shift in the log concen-
tration-response curve for vasodilatation of mesenteric arteries by anandamide but
does not affect the contractile response to anandamide in the bronchus. Similarly,
the potency of the putative endovanilloid N-arachidonoyl-dopamine (NADA; Fig.
1) varies between tissue preparations, an observation that has been attributed to
differential expression of the AMT [30, 31]. As has been demonstrated that for
CB; receptors [32] the affinity and potency of anandamide at TRPV1 is enhanced
by inhibition of FAAH in certain tissues, including Chinese hamster ovary cells
[14], HEK-293 cells, rat ileum, and neuroblastoma cells (see [16]). On the other
hand, in the mesenteric bed, FAAH inhibitors attenuate the TRPV1 receptor-medi-
ated relaxation by anandamide [33]. In the bronchus and trigeminal neurons,
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however, the potency of anandamide as a TRPV1 agonist is unaffected by FAAH
inhibitors [21, 34, 35].

Recent data represent the first direct demonstration of a significant difference
between the potency of anandamide when the compound is applied directly to the
intracellular environment (Fig. 2). As previously demonstrated by others [12, 13,
22, 25], Evans et al. [11] confirm that, when applied to the extracellular environ-
ment, anandamide had low potency at the TRPV1 receptor in rat cultured DRG
neurons. Consequently they found that, when applied extracellularly, 100 nM anan-
damide fails to produce inward currents in 93% of neurons. In contrast, when
applied intracellularly, this relatively low concentration evoked inward currents in
60% of neurons, the current being significantly attenuated by the TRPV1 receptor
antagonist, capsazepine (1 uM). In another demonstration of intracellular activation
of TRPV1, Hwang et al. [35] recorded TRPV1 receptor-mediated inward currents
in inside-out patches of cultured DRG neurons: anandamide activated TRPV1
receptors, but the efficacy was found to be much lower than that of capsaicin. Dif-
ferences in compound preparation and vehicles may account for the variation in
potency observed.

These data raise the possibility that anandamide may be a relatively high-poten-
cy TRPV1 agonist when it is released intracellularly, close to the TRPV1 receptor
ligand-binding site. Mass spectrometric analysis shows that both capsaicin and
depolarization (KCl) induce significant release of anandamide in DRG cultures [2,
36]. It is also notable that the capsaicin-evoked release of anandamide is signifi-
cantly attenuated when the FAAH inhibitor, methylarachidonyl-fluorophosphonate
(MAFP), is excluded from the buffer, demonstrating that anandamide is rapidly
metabolized in DRG neurons. It would therefore appear that anandamide can acti-
vate both CB; and TRPV1 receptors in a similar concentration range, raising the
possibility that it is indeed both an endocannabinoid and an endovanilloid.

CB,/TRPV1 crosstalk

An intriguing possibility is that when applied to the extracellular environment,
anandamide first activates CB; receptors, whose ligand-binding domain is extracel-
lular, which in turn modulates activation of TRPV1 (see [16, 37]).

CB4/TRPV1 signaling

Phosphorylation of TRPV1 by protein kinase C (PKC) and protein kinase A (PKA)
sensitizes TRPV1 receptors to vanilloids, anandamide, heat, and protons (see [2]).

In contrast, PKC-mediated phosphorylation of the CB; receptor prevents cannabi-
noid-mediated activation of K, currents and inhibition of P/Q-type Ca?* channels
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Figure 2

Intracellular versus extracellular application of anandamide in dorsal root ganglion (DRG)
neurons. Using whole-cell patch-clamp electrophysiology to measure TRPV1 receptor-medi-
ated inward currents; anandamide (AEA; 100 nM) is more potent as a TRPV1 agonist when
applied directly to the intracellular environment (from [11]). (A) Population response distri-
bution for neurons to which 100 nM anandamide was applied directly to the intracellular
domain via the patch pipette solution; to which 100 nM anandamide was applied extracel-
lularly; vehicle controls, where 0.01% DMSO was included in the patch pipette solution;
and to which 100 nM anandamide and 1 UM capsazepine were co-applied intracellularly in
the patch pipette solution. Both the number of responders and the amplitude of responses
were greater when anandamide was applied intracellularly. (B) Anandamide (100 nM)
applied intracellularly evoked inward currents in significantly more neurons (Fisher's exact
test) than extracellular application or controls, and these currents were capsazepine-sensi-
tive.

[38]. The CB; receptor inhibits adenylate cyclase via the o-subunit of G;, resulting
in inhibition of PKA activation. Thus, one may anticipate that PKC and PKA are
pivotal in the regulating the balance of CB; and TRPV1 activation by anandamide.

In HEK-293 cells overexpressing both CB; and TRPV1 receptors, pre-treatment
with a cannabinoid receptor agonist significantly enhances capsaicin-evoked
increases in [Ca?*]; [37]. This effect is inhibited by SR141716A and is absent from
cells that express TRPV1 only, indicating that CB, receptor activation leads to an
enhanced activation of TRPV1. Furthermore, anandamide produces significantly
greater increase in intracellular calcium in CB/TRPV1-expressing HEK-293, as
compared to TRPV1-expressing HEK-293 cells. The CB; receptor-mediated
enhancement of TRPV1 activation is attenuated by inhibitors of phosphoinositide
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3-kinase (PI-3K) and phospholipase C (PLC). PI-3K is responsible for the formation
of phosphatidylinositol bisphosphate (PIP,), whereas PI-PLC catalyzes PIP, hydrol-
ysis; the result of inhibition of these enzymes will be attenuation of turnover and
hydrolysis of PIP,. The TRPV1 receptor is under the inhibitory control of PIP,; both
antibody sequestration of plasma membrane PIP, and PLC hydrolysis of PIP, poten-
tate the TPRV1 channel activation [39]. CB, receptor activation is coupled to stim-
ulation of PLC and PI-3K [40-42] and hence may release TRPV1 from tonic inhi-
bition by PIP,. PKC is also activated as a consequence of hydrolysis of PIP, to dia-
cylglycerol. Hermann et al. [37] suggest that these mechanisms may underlie the
CB,; receptor-mediated enhancement of TRPV1 receptor activation. Furthermore,
Hermann et al. [37] found that if cAMP-mediated signaling is activated, CB, ago-
nists mediate inhibition and not enhancement of TRPV1 receptor activation: when
PKA is activated via forskolin stimulation of adenylate cyclase, CB; receptor ago-
nists inhibit TRPV1 receptor activation by capsaicin.

Thus, in cells in which there is co-expression of CB; and TRPV1 receptors, there
are two possibilities for CB; receptor influence on the activation of TRPV1. Firstly,
CB; receptor activation may lead to an enhanced TRPV1 receptor activation. One
may predict such an outcome in cells in which the CB; receptor couples to pathways
that facilitate gating of TRPV1. Alternatively, CB; receptor activation may lead to
an inhibition of TRPV1 receptor activation. Such an outcome may be observed in
cells in which CB; receptors are not coupled to PI-PLC or PI-3K or in which the
TRPV1 receptor is phosphorylated by cAMP-dependent PKA activation.

Co-localization of CB; and TRPV1

Within the DRG and trigeminal ganglia there is a heterogeneous population of cells
containing small-, intermediate-, and large-diameter neurons that give rise to C-,
Ad-, or AB-fiber axons. Both in culture and i situ, DRG neurons express both CB;
and TRPV1 receptors. TRPV1 receptor expression is largely associated with small-
diameter nociceptive primary afferent fibers, but the localization of CB, receptors is
controversial (see [4]): some studies suggest a high degree of co-localization [43, 44]
and others suggest little co-localization [45, 46]. A recent study combined in situ
hybridization and immunohistochemistry (using a C-terminus antibody) to investi-
gate the profile of expression of CB; receptors in DRG sections [47]. This group
found that the CB; receptor is expressed by approx. 25% of DRG neurons, and that
the majority (approx. 75%) of these receptors were expressed on medium- and
large-diameter myelinated DRG cells that express neurofilament 200 kDa protein.
Of CB;-expressing cells, approx. 10% co-stained for calcitonin-gene-related peptide
(CGRP) and approx. 15% co-stained for TRPV1. A further study in trigeminal neu-
rons corroborates findings that CB; receptors do not predominate in nociceptive
fibers: using iz situ hybridization, Price et al. [48] find that 5% of CB; mRNA is co-
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localized with TRPV1 immunoreactivity or with peptidergic immunoreactivity. In
contrast, 75% of CB; mRNA co-localized with N52 immunoreactivity, the marker
for myelination. It is notable that — based on size distribution and co-localization
analysis — the authors conclude that CB; receptors are found predominantly in cell
bodies which give rise to large-diameter AB-fibers.

Modulation of TRPV1 by CB, receptor activation

A number of studies in native tissues have addressed the question of CB; receptor-
mediated modulation of TRPV1 responses in nociceptive pathways. These studies
have yielded evidence both supporting and negating CB; receptor-mediated modu-
lation of TRPV1 receptor responses.

Certain studies provide functional data to suggest that CB; receptors may not be
located on small-diameter nociceptive primary afferent fibers: the cannabinoid
receptor agonist, CP55940 (100 nM), significantly inhibits KCl-evoked increases in
[Ca?*]; in intermediate (800-1500 uM?) DRG neurons, but does not affect these
responses in small-diameter neurons (<800 uM?2) [46]. In line with this finding,
CP55940 fails to inhibit increases in [Ca?*]; evoked by capsaicin, which activates
only small-diameter neurons. Khasabova et al. [49] found differences in the popu-
lations of neurons in which cannabinoid agonists and p-opioid receptor agonists
inhibit depolarization-evoked increases in [Ca?*];: while in intermediate neurons
CP55940 inhibits evoked increases in [Ca%*]; by 30%, it has no effect in small-diam-
eter neurons; morphine displays the opposite pattern of activity. Price et al. [33]
studied the effects of anandamide and NADA in trigeminal neurons in vitro. The
compounds evoke CGRP release, an effect that is sensitive to TRPV1 receptor
antagonists iodoRTX and capsazepine. This group found that anandamide does not
inhibit either capsaicin or depolarization-evoked CGRP release. The authors did not
investigate whether SR141716A, which selectively blocks the CB; receptor, influ-
ences the ability of anandamide to stimulate CGRP release. The inability of anan-
damide to inhibit evoked CGRP release is in line with mounting evidence that the
CB; receptor is predominantly located in medium/large myelinated neurons in both
trigeminal neurons and DRG [46-49].

In contrast, others find evidence that cannabinoids modulate depolarization and
capsaicin-evoked neuropeptide release. Tognetto et al. [50] find that anandamide
has a dual effect on neuropeptide release from cultured DRG neurons: at low con-
centrations anandamide induced a CB; -receptor mediated inhibition of electrically
stimulated neuropeptide release (presumably by inhibition of voltage-gated Ca?*
channels), while at higher concentrations anandamide evoked a TRPV1 receptor-
mediated release [51]. Anandamide also attenuates capsaicin-evoked neuropeptide
release from DRG neurons and isolated paw skin [52, 53]. Furthermore, in the pres-
ence of a CB, receptor antagonist, anandamide becomes equipotent with capsaicin
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as a TRPV1 receptor agonist [52]. Similarly, in the guinea pig ileum, anandamide
increases acetylcholine release in a capsazepine-sensitive manner and this effect is
enhanced in the presence of the CB, receptor antagonist, SR141716A [54]. Finally,
in human neuroblastoma cells, cannabinoid receptor antagonists potentiate the
TRPV1 receptor-mediated cell death induced by anandamide [55]. The implication
of such data is that activation of the CB; receptor by anandamide may attenuate its
TRVP1 receptor-mediated action. In the spinal cord, superfusion of the CB; recep-
tor antagonist significantly enhances the release of neuropeptide evoked by cap-
saicin [56]. Activation of the TRPV1 receptor may evoke release of endocannabi-
noids that subsequently activate CB; receptors to attenuate the TRPV1 receptor-
mediated release of neuropeptide. This hypothesis is supported by the finding that
capsaicin induces significant release of anandamide in DRG cultures [36]. Cannabi-
noid receptors are constitutively active and there are numerous examples of the CB,
receptor antagonist SR141716A producing inverse cannabimimetic effects (see
[57]). In DRG neurons, a cannabinoid agonist inhibits and antagonist enhances
voltage-gated Ca?* currents (VACCs) [51]. It is possible that in DRG neurons and
the spinal cord, constitutively active CB; receptors may exert a tonic inhibitory
effect on TRPV1 receptor by attenuating cAMP-dependent PKA activation. In this
scenario, inverse agonists may enhance TRPV1 receptor activation. Ellington et al.
[58] find that the CB; receptor agonist, CP55940, inhibits capsaicin-evoked CGRP
release from paw skin of both control and diabetic animals, an effect that is blocked
by a CBy receptor antagonist. Anandamide also has bi-directional effects on cough
in conscious guinea pigs: when given by aerosol, anandamide induces cough, an
effect that is prevented by pre-treatment with capsazepine and not CB; or CB,
receptor antagonists; and, when airways are pretreated with the ligand for a longer
time in experimental conditions, anandamide inhibits cough through CB, receptors
[59].

Novel receptors
Non-CB; receptors

When considering crosstalk between cannabinoid receptors and TRPV1 receptors it
is important to discuss the role of novel receptors. There is a growing body of evi-
dence for non- CB,, non-CB, receptors which are activated by the endogenous
cannabinoid [1, 6, 7]. Anandamide and WINS55212 stimulate [3*S]guanosine 5°-[}-
thio]triphosphate ([33S]GTP[S]) binding in both CB-knockout and wild-type mice
[7, 60]. Indeed, in CB;-knockout mice, anandamide retains the ability to induce the
tetrad of cannabimimetic effects (see [6]). Evans et al. [11] found that anandamide
inhibits VACCs in the presence of the CB; receptor antagonist, SR1417161A. Thus,
in the presence of SR141716A (100 nM), anandamide (100 nM) retains the ability
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to inhibit VACCs in 70% of neurons. In the remaining neurons, anandamide does
not inhibit VACCs in the presence of SR141716A. In the absence of antagonist,
anandamide inhibits VACCs in a similar percentage of neurons. Consequently, the
authors conclude from these studies that, in a certain population of DRG neurons,
anandamide can inhibit VACCs via a non-CB; receptor. The nature of the receptors
mediating inhibition of VACCs by anandamide is the subject of on-going investiga-
tions, and it may be that the effect is antagonized by higher concentrations of
SR141716A. The failure of 100 nM SR141716A to block the action of anandamide
is not unexpected. Anandamide (100 nM) inhibits capsaicin-evoked CGRP release
from the rat isolated paw skin; an effect blocked by neither CB; nor CB, receptor
antagonists (100 nM) [58]. In addition, a number of effects of anandamide are only
antagonized by concentrations of SR141716A that are considerably higher than
those expected for antagonism of the CB; receptor [1, 63]. Furthermore, in a recent
study, Khasabova et al. [46] found that the inhibition of depolarization-induced
Ca?* influx in DRG neurons induced by cannabinoids is not affected by 100 nM
SR141716A, but is significantly attenuated by the higher concentration of 3 uM.
However, at concentrations above 1 UM, SR141716A may no longer be CB; recep-
tor-selective [1]. Evans et al. [11] also find that anandamide has opposing effects on
depolarization-evoked calcium influx in distinct populations of DRG neurons. In
line with the inhibition of VACCs measured electrophysiologically, they found that
in a population of small-/intermediate-diameter neurons, 1 UM anandamide inhibits
increases in [Ca2*]; evoked by 30 mM KCI. In contrast, in a population of interme-
diate/large neurons, this concentration of anandamide significantly enhances the
level of [Ca?*]; evoked by high-K*-evoked depolarization. Furthermore, in the pres-
ence of pertussis toxin, the inhibitory effect of anandamide is apparently abolished:
in cultures pre-treated with pertussis toxin, anandamide exhibited an enhancing
effect in all the cells analyzed. The implication of these findings is that the inhibi-
tion of depolarization-evoked increases in [Ca?*]; by anandamide in small-/interme-
diate-sized DRG neurons is a G;,,-mediated event. The receptor in question may be
a CB; receptor or a non-CB; G-protein-coupled receptor. It is notable that there is
evidence for G;,,-coupled (pertussis toxin-sensitive) effects of anandamide that are
not blocked by SR141716A in the concentration range expected for the CB; recep-
tor [61, 62]. Zygmunt et al. [12] demonstrated that, in isolated mesenteric vessels,
anandamide-mediated vasorelaxation is dependent on TRPV1 receptor activation
and is capsazepine-sensitive. However, activation of TRPV1 receptors in sensory
nerves does not totally account for the vasorelaxation observed in response to anan-
damide; indeed, anandamide displays additional novel pharmacology in the cardio-
vascular system. Anandamide-induced vasorelaxation involves a novel non- CB;
receptor which is sensitive to SR141716A, albeit at higher concentrations than those
required to antagonize the CB; receptor (i.e. 1 uM and above). This receptor is
antagonized by a novel cannabidiol analogue, 01918 [62].
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ANKTM1 channel

It is known that the plant-derived cannabinoid, A’-tetrahydrocannabinol (THC),
has analgesic and anti-inflammatory properties, which may be mediated by CB;
receptors present on primary afferent sensory neurons. However, THC appears to
retain an analgesic effect in CB; 7~ mice. In addition, cannabidiol is anti-inflamma-
tory and analgesic and does not share the ability of THC to bind to and activate CB;
receptors. These data raise the possibility of a non-CB; receptor-mediated action of
plant-derived cannabinoids [63]. Furthermore, THC and cannabidiol induce a con-
centration-related relaxation of arterial segment — an effect that is insensitive to
antagonism by CB; receptor antagonists [64]. The relaxant effect is absent in cap-
saicin-treated vessels, indicating a role for small-diameter sensory fibers, but is not
antagonized by the TRPV1 receptor antagonist capsazepine. The relaxation is abol-
ished by ruthenium red, which is a non-competitive antagonist of vanilloid recep-
tors. This novel effect of THC and cannabidiol has been demonstrated to be medi-
ated by activation of a TRP-related channel ANKTM1, which is a cold-activated
receptor [65]. This channel is located in a small sub-population of nociceptive sen-
sory neurons, which also express TRPV1. The receptor is differentially expressed in
trigeminal and DRG neurons, with significantly greater expression in trigeminal
neurons. It remains to be investigated fully whether endocannabinoids also activate
this channel.

Anandamide metabolites

Anandamide and 2-arachidonoylglycerol (2-AG) are rapidly hydrolyzed by the
microsomal enzyme FAAH. In addition, anandamide and 2-AG can also be metab-
olized by a range of oxygenase enzymes, which are already known to convert
arachidonic acid (Fig. 1) to potent biologically active compounds (see [66]). These
include cyclooxygenase (COX), lipoxygenase and cytochrome P450 enzymes. Such
pathways have important implications for the pharmacology of endocannabinoids,
which may be directed by tissue-specific differences in the balance of these metabolic
enzymes. Oxygenation of anandamide and 2-AG leads to the production of a range
of novel lipid products whose physiological role has yet to be elucidated. The
metabolism of anandamide may influence the activation of TRPV1 receptors by this
endocannabinoid.

Arachidonic acid and TRPV4

There is a large body of evidence demonstrating that the pharmacological effects of
anandamide both iz vitro and in vivo can be markedly enhanced by inhibition of the
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enzymatic hydrolysis of this fatty acid amide by FAAH [1, 32]. The FAAH inhibitor
phenylmethanesulfonyl fluoride (PMSF) has been shown to have anti-nociceptive
actions when administered alone [67]. Thus it would appear that these effects of
anandamide are not generally due to its conversion to arachidonic acid and the sub-
sequent production of COX and lipoxygenase arachidonic acid metabolites. How-
ever, the analgesic and motor-inhibitory actions of anandamide in the mouse tetrad
in vivo are not blocked by SR141716A, and are present in CB; receptor-knockout
mice [68]. In the presence of FAAH inhibitors and in FAAH-knockout mice, anan-
damide acts as a potent and selective CB; agonist and the behavioral and analgesic
effects are reversed by SR141716A [32]. It may be that the non-CB; pharmacology
of anandamide in this test is due to its rapid hydrolysis to arachidonic acid or other
active metabolites, which are cannabamimetic, but not CB, receptor agonists. Cer-
tainly, some of the pharmacological effects of anandamide have been shown to
remain after its levels in the brain have diminished [68], implicating the formation
of active anandamide metabolites.

TRPV4 is located in a broad range of tissues including the sensory terminals of
DRG neurons [69]. The non-CB; receptor-mediated analgesic actions of anan-
damide may be related to the recent finding that TRPV4 is activated by cytochrome
P450 metabolites of arachidonic acid. In the low micromolar concentration range,
anandamide and arachidonic acid increase intracellular Ca?* and activate whole-cell
currents in TRPV4-expressing cells [70]. Anandamide metabolism to arachidonic
acid appears to be a prerequisite for TRPV4 activation: the metabolically stable
anandamide analogue methanandamide is not a TRPV4 agonist and anandamide is
inactive in the presence of the FAAH inhibitor PMSE

COX metabolites

Yu et al. [71] demonstrate that anandamide is oxygenated by COX-2, while COX-
1 does not display any detectable activity with anandamide as substrate. The major
product of COX-2 metabolism of anandamide is prostaglandin E, (PGE,)
ethanolamide. Furthermore, anandamide is oxygenated by COX-2 in the physio-
logical environment: in human foreskin fibroblast cells which express both COX
isoforms, PG ethanolamides are produced as products of anandamide metabolism.
However, in the non-P-glycoprotein-mediated resistant clone of parent HL60 cells,
which express COX-1 only, there is no detectable metabolism. In RAW 264.7
macrophages, PGE, ethanolamide is synthesized from anandamide and pre-treat-
ment of the cells with lipopolysaccharide — which induces COX-2 expression — leads
to a significant enhancement of the production of this metabolite [72]. A recent
study further investigates the nature of the PG ethanolamides that can be formed as
a consequence of COX-2 metabolism of anandamide [73]. In HCA-7 cells that con-
stitutively express COX-2, COX-2 oxygenation of anandamide leads to the pro-
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duction of the endoperoxide intermediate PGH, ethanolamide, the major metabo-
lites of which are PGE, and PGD, ethanolamide.

PGE, ethanolamide produces only a modest displacement (approx. 24%) of
[PH]RTX from rat-TRPV1-Chinese hamster ovary cell membranes [14]. Matias et
al. [74] find that PGF,, did increase intracellular Ca%* in HEK-293 cells overex-
pressing the TRPV1 receptor; albeit with a low potency, the ICs, and E,,, values
were 15 UM and 31%, respectively. In the same study, PGE, ethanolamide and
PGD, ethanolamide were found to be inactive. Prostanoids are known both to
directly activate sensory neurons and to sensitize sensory neurons to other potent
nociceptive agents such as bradykinin. PGE, has been shown to activate a subpop-
ulation of small-diameter capsaicin-sensitive DRG neurons and to potentiate the
bradykinin-evoked increases in [Ca?*];. Both these actions of PGE, appear to involve
PKA-dependent mechanisms [75]. Smith et al. [75] found that 1 uM PGE, evoked
an increase in [Ca?*]; in 16% of capsaicin-sensitive DRG neurons. PGI, and PGF,,,
(1 uM) also evoke calcium transients in 26 and 29% of DRG neurons, respectively.
Similarly, Ross et al. [76] find that PGE2 ethanolamide (3 uM) evoked an increase
in [Ca%*]; in 21% of small-diameter capsaicin-sensitive DRG neurons (Fig. 3).
Therefore, it is possible that PGE2 ethanolamide shares the ability of PGE2 to sen-
sitize DRG neurons to capsaicin and bradykinin.

Lipoxygenase metabolites

In vitro, 12- and 15-lipoxygenase convert anandamide to 12- and 15-hydroperox-
yeicosatetraenoyl acid (HPETE) ethanolamide respectively, the reaction rates being
similar to those for arachidonic acid (see [66]). 12- and 15-HPETE ethanolamide
are produced when anandamide is incubated with porcine leukocytes 12-lipoxyge-
nase and rabbit reticulocyte 15-lipoxygenase, respectively [77]. In line with this,
12-lipoxygenase isolated from the rat pineal gland effectively metabolizes anan-
damide [78]. In these studies, the reaction rates for anandamide metabolism were
found to be not significantly different from those obtained with arachidonic acid
as substrate.

The lipoxygenase metabolites of arachidonic acid, particularly 12-(S)-HPETE, 5-
(S)-hydroxyeicoatetraenoic acid (HETE), and leukotriene B, (LTB,), are agonists of
the TRPV1 receptor [79, 80]. Recent studies of the action of the potent inflamma-
tory mediator bradykinin provide more compelling evidence for the role of lipoxy-
genase metabolites in activation of TRPV1. Thus, bradykinin activation of TRPV1
receptors in both cultured DRG neurons and skin is significantly attenuated by
lipoxygenase inhibitors [81]. Furthermore, extracellular recording from C-fiber
receptive fields in guinea pig isolated airways reveals that lipoxygenase inhibitors
dramatically inhibit bradykinin-induced action potentials, which are TRPV1 recep-
tor-mediated [82]. As an alternative substrate for lipoxygenase enzymes, anan-
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Figure 3

Metabolic pathways of anandamide relating to the TRPV1 receptor modulation. Anan-
damide is rapidly hydrolyzed by fatty acid amide hydrolase (FAAH) to yield arachidonic acid
and ethanolamide. Arachidonic acid is oxygenated by lipoxygenase (LOX) enzymes: the
products include 12-(S)- and 15-(S)-hydroperoxyeicosatetraenoyl acid (HPETE), 5-(S)-
hydroxyeicoatetraenoic acid (HETE), and leukotriene B, which are TRPV1 agonists [26].
Anandamide is a substrate for cyclooxygenase 2 (COX-2), vyielding prostaglandin
ethanolamides (PG-EA) [66]. There is evidence that these compounds may activate TRPV1
possibly via protein kinase A (PKA) activation [76]. Anandamide is also a substrate for
lipoxygenase [66], yielding equivalent HPETE ethanolamides (HPETE-EAs) and HETE
ethanolamides (HETE-EAs), which may also be TRPV1 agonists [15]. The lipoxygenase prod-
ucts of anandamide are potent inhibitors of FAAH [86].

damide may attenuate the production of metabolites of arachidonic acid, which are
TRPV1 receptor agonists. Alternatively, anandamide may activate TRPV1 via
lipoxygenase metabolites of arachidonic acid formed subsequent to its metabolism
by FAAH (Fig. 3). A further possibility is that anandamide lipoxygenase metabolites
may themselves activate TRPV1 receptors. In the bronchus, the TRPV1 receptor-
mediated contractile action of anandamide is little affected by FAAH inhibitors but
is significantly attenuated by lipoxygenase inhibitors [15]. These data suggest that,
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in this tissue, anandamide may be metabolied to HPETE ethanolamides and LTB,
ethanolamides which - like the hydroperoxy derivatives of arachidonic acid
(HPETEs) and LTB, — may be vanilloid receptor agonists. In human-TRPV1-HEK-
293 cells, the anandamide lipoxygenase metabolites 11-(S)-HPETE ethanolamide
and 5-(S)-HPETE ethanolamide, do not induce an increase in [Ca?*];, and 15-(S)-
HPETE ethanolamide has only a modest effect at concentrations above 10 uM [29].
However, it is feasible that these compounds and related molecules are more potent
as TRPV1 agonists if produced intracellularly via metabolism of arachidonic acid
and/or anandamide close to the intracellular TRPV1 agonist-binding site. There is
evidence that anandamide is neuroprotective against oubain-induced excitotoxicity,
an action that is shared by capsaicin [83]. The neuroprotective effects of anan-
damide are not attenuated by concentrations of capsazepine that antagonize
TRPV1. Intriguingly, the 12-lipoxygenase metabolite of anandamide had a neuro-
protective effect while the 15-lipoxygnease metabolite enhanced the neuroprotective
effect of anandamide. However, pretreatment with the non-selective lipoxygenase
inhibitor, nordihydroguaiaretic acid (NDGA), does not reverse anandamide-mediat-
ed inhibition of cytotoxic edema, suggesting that lipoxygenase products are not
implicated in this action of the endocannabinoid.

In the bronchus, lipoxygenase inhibitors modestly attenuate the contractile
action of capsaicin [15], raising the possibility that the increase in intracellular cal-
cium elicited by TRPV1 receptor activation leads to the release of arachidonic acid
and/or anandamide, whose hydroxylation by lipoxygenase may lead to the for-
mation of compounds that are themselves vanilloid agonists. Indeed, mass spec-
trometric analysis shows that capsaicin and depolarization (KCI) induce signifi-
cant release of anandamide in DRG cultures [36]. It is perhaps notable that the
capsaicin-evoked release of anandamide is significantly attenuated when the
FAAH inhibitor, MAFP, is excluded from the buffer, demonstrating that anan-
damide is rapidly metabolized in DRG neurons. Metabolic products of anan-
damide have also been implicated in anandamide-induced depolarization of the
guinea pig isolated vagus nerve, which is TRPV1 receptor-mediated [84]. In this
preparation, depolarization by anandamide, but not capsaicin, is inhibited by
lipoxygenase inhibitors but in only in the presence of calcium. It is not clear, how-
ever, whether these active metabolites are produced via direct lipoxygenase metab-
olism of anandamide or via metabolism of arachidonic acid, because these exper-
iments did not include FAAH inhibitors. Potent FAAH inhibitors have recently
been synthesized which enhance the levels of anandamide significantly and these
compounds may be of considerable therapeutic benefit [85]. In the event of inhi-
bition of FAAH metabolism of anandamide, increased levels of endogenous anan-
damide may lead to the production of significant levels of the HPETE
ethanolamides. In addition, lipoxygenase metabolism to metabolites that are
FAAH inhibitors [86] of anandamide may enhance TRPV1 receptor activation by
increasing the levels of available anandamide.
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NADA and TRVP1

NADA (Fig. 1) has been identified in nervous tissue [10]. This novel endovanilloid
is produced in highest concentrations in the striatum, hippocampus, and cerebellum.
In HEK-293 cells overexpressing TRPV1 receptors, NADA increases intracellular
Ca?* levels with an ECs of approx. 50 nM that is comparable to that obtained with
capsaicin. In cultured DRG neurons, NADA increases intracellular Ca?* levels with
an ECs, of approx. 800 nM, an effect that is inhibited by capsazepine and iodoR-
TX. The compound stimulates release of neuropeptides from isolated DRG neurons
and dorsal spinal cord slices. Furthermore, when administered intradermally,
NADA produces a strong thermal hyperalgesia.

Price et al. [33] studied the effects of anandamide, arachidonyl-2-chloroethy-
lamide, and NADA in trigeminal neurons in vitro. The compounds evoke CGRP
release, an effect that is sensitive to TRPV1 receptor antagonists iodoRTX and cap-
sazepine. In line with previous findings, anandamide has a low potency with an
EC;, value of 11 uM, as compared to that of approx. 40 nM for capsaicin. NADA
appears to be considerably more potent than anandamide, the ECs, being 857 nM.
Both compounds behaved as full agonists. This study provides evidence that anan-
damide and arachidonyl-2-chloroethylamide are non-pungent, being inactive in the
rat eye-wipe test. An influence of the CB; receptor was ruled out, as inclusion of
SR141716A did not unmask a nociceptive effect of anandamide. This is in contrast
to NADA, which exhibits significant nocifensive responses.

In blood vessels, NADA shares the ability of anandamide to activate both
TRPV1 and the novel non-CB; endothelial receptor. O’Sullivan et al. [87] have iden-
tified that the compound effects relaxation of small mesenteric vessels via TRPV1
receptors and the novel endothelial CB receptor; in the superior mesenteric vessels
the compound interacts with TRPV1 and CB; receptors. In the small mesenteric ves-
sels, NADA is significantly more potent as a vasorelaxant than anandamide, the
ECs being 0.41 uM, as compared to 1.7 uM. In the superior mesenteric vessels, the
compound is also more potent, but in the aorta the ECs, values of 1 uM were
obtained for both anandamide and NADA.

In the isolated guinea pig bronchus, NADA has a contractile action that is antag-
onized by capsazepine [30]. However, the ECs, of approx. 13 uM, is considerably
higher than observed in TRPV1 expressing HEK-293 cells (EC5o=33 nM). The
compound behaves as a partial agonist in the bronchus with an E,,, value of 69%,
which is significantly lower than that of capsaicin (93%). In isolated urinary blad-
der preparations from both the guinea pig and the rat, NADA behaves somewhat
differently to expectations, having E, ., values of 12 and 20%, respectively, as com-
pared to those of approx. 90% for anandamide [30].

Premkumar et al. [88] further characterized NADA as potential novel endovanil-
loid. They found that in oocytes expressing TRPV1 receptors NADA has an ECs,
of greater than 10 UM, a concentration that elicits currents that are <1% of those
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observed with 1 uM capsaicin. As has been previously demonstrated for anan-
damide, NADA possessed the ability to potentiate its own response with repeated
application. This effect is not observed in cells expressing TRPV1 double mutants
that are resistant to phosphorylation or in the presence of a PKC antagonist, indi-
cating that the potentiation involves activation of PKC. There is evidence that by
binding directly to the diacylglycerol site anandamide has a dual modulatory effect
on PKC in rat brain in vitro: whereas anandamide increases phosphatidylserine-
induced PKC activation, it also inhibits dioleylglycerol-induced potentiation of
Ca?*-induced PKC activation [89]. In DRG neurons the mean current amplitude of
10 uM NADA was 22% of that obtained with capsaicin (1 uM). In line with the
hypothesis that NADA and anandamide need to cross the membrane to access the
intracellular TRPV1 receptor-binding site, Premkumar et al. [88] report that the
potency of NADA is increased to 41% of that obtained with capsaicin when it is
applied intracellularly by inclusion in the pipette solution.

Oleamide and TRPV1

Oleoylethanolamide (oleamide) is an endocannabinoid that reduces feeding and has
been proposed to be a peripherally acting satiety lipid. There is evidence that it may
interact with CB; receptors (see [90]). Ahern [91] found that in oocytes expressing
TRPV1, oleamide (up to 80 uM) did not activate TRPV1 currents but at a concen-
tration of 20 UM the compound enhanced proton-activated currents by approx. 3-
fold [91]. In contrast, the same concentration of oleamide significantly inhibited
anandamide-evoked TRPV1 currents, whereas it had no effect on capsaicin-evoked
currents. Following PKC phosphorylation of TRPV1, oleamide alone activated cur-
rents. Oleamide is a substrate for FAAH and as a consequence will inhibit metabo-
lism of anandamide. In contrast to the findings of Ahern [91], Smart et al. [92]
demonstrated that the compound enhances the effect of anandamide on Ca?* influx
in TRPV1-expressing HEK-239 cells, an effect the authors attributed to the inhibi-
tion of anandamide metabolism.

Conclusions

A large body of evidence now exists to substantiate that certain endocannabinoids
activate TRPV1 receptors. Anandamide and NADA appear to be low-intrinsic-effi-
cacy TRPV1 agonists behaving as partial agonists in tissues with low receptor
reserve. However, in tissues with high receptor reserve and in circumstances associ-
ated with certain disease states they behave as full agonists. Recent findings indicate
that the apparent low efficacy of anandamide and NADA in certain circumstances
may be due to limited access to the intracellular environment. When released intra-
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cellularly, anandamide activates TRPV1 receptors in the same concentration range
at which it is known to activate the CB; receptor. Furthermore, there is evidence that
the endocannabinoid system may play a role in the modulation of TRPV1 receptor
activation. The relative importance of endocannabinoids as physiological and/or
pathophysiological TRPV1 receptor agonists — in comparison to other potential
candidates, such as lipoxygenase products of arachidonic acid — has yet to be
revealed.

The metabolism of anandamide is a divergent process, which differs in various
cell types. In addition to metabolism by FAAH, it is also metabolized by COX-2 and
lipoxygenase to form families of novel lipids that are pharmacologically active.
Some enzymes display low activity towards anandamide; nevertheless, in the
absence of other metabolic alternatives, such pathways may become significant.
There is evidence that some of these metabolic products of anandamide may acti-
vate or sensitize the TRPV1 receptor; however, the physiological importance of
these novel metabolic pathways remains to be established.
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Historical introduction

“There are compounds that can selectively desensitize sensory nerve endings to nox-
ious chemical stimuli without causing local anesthesia.... Capsaicin is the paradigm
of such desensitizing agents. Capsaicin effects last for days and protect against var-
ious chemicals....” With these words, the late Nicholas (Mikl6s) Jancsé opened a
new chapter in sensory pharmacology in 1949 [1]. It is a misfortune of the scientif-
ic world that Jancs6 chose to publish his seminal observation in his native Hungar-
ian language in the journal Kisérletes Orvostudomdny (Experimental Medicine) in
the turbulent years following the descent of the Iron Curtain on post-World War
Two Europe, and thus this new concept remained ignored for the next two decades.

By the late 1980s, it became generally accepted that sensitivity to capsaicin serves
as a functional signature of a subset of primary sensory neurons [2, 3]. These neu-
rons are unique in that their initial excitation by capsaicin (for structure, see Fig. 1)
is followed by a lasting refractory state, referred to as desensitization by Jancsé [1].
This characteristic provides capsaicin with a clear therapeutic potential in disease
states in which abnormal afferent sensory information conveyed by capsaicin-sensi-
tive nerves is a major factor in the etiology [4]. An admittedly incomplete list of
these diseases includes chronic neuropathic pain, migraine, pruritus, and overactive
urinary bladder [5, 6].

The concept of a specific capsaicin receptor was formulated based on specific
structure-activity relations in the 1970s [7, 8]. In 1990, specific binding of
[®H]resiniferatoxin ([3H]RTX; Fig. 1), an ultrapotent capsaicin analog, furnished
the first biochemical proof for the existence of this receptor [9], and the term vanil-
loid receptor was coined to stress the unifying chemical feature of capsaicin and
RTX [4]. In 1997, the accelerated advances in vanilloid research culminated in the
molecular cloning of the first (and, as of today, only) vanilloid (capsaicin) receptor
[10], now known by the somewhat cumbersome name transient receptor potential
channel, vanilloid subfamily member 1 (TRPV1; Fig. 2). However, in the brain of
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Figure 1
Vanilloid receptor agonist structures: capsaicin, resiniferatoxin, and anandamide.

TRPV1~7 mice, [*H]RTX binding is markedly reduced but not eliminated, implying
the existence of other, as-yet-unidentified, RTX-binding sites [11].

The cloning of TRPV1 has revolutionized the ways that we think about this
receptor. It is now clear that instead of being merely a membrane recognition site
for vanilloids and related compounds, in the periphery TRPV1 functions as a mol-
ecular integrator of noxious stimuli (Fig. 3), including heat, acids, pollutants with
negative electric charge, and endogenous pro-inflammatory substances [12, 13]. In
the brain, TRPV1 is believed to be a target for the endocannabinoid anandamide
(for structure, see Fig. 1; reviewed in [14]) and related compounds such as N-arachi-
donoyl-dopamine (NADA) [15] and N-oleoyldopamine (OLDA) [16, 17], along
with such substances of broad human use and abuse like ethanol [18] and nicotine
[19].

Unexpectedly, TRPV1 (once believed to be a sensory neuron marker) turned out
to have a rather widespread tissue distribution. The growing list of tissues with
functional TRPV1 expression now includes keratinocytes [20, 21], urothelium [22],
gastric epithelium [23], mast cells [24], sweat glands [24], smooth muscle [22], liver
[25], macrophages [26], and polymorphonuclear neutrophils [27]. Recently, the
recognition of disease-related changes is TRPV1 expression has been a much-antic-
ipated breakthrough in the field (reviewed in [5]).
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Figure 2

Schematic representation of amino acid residues involved in the modulation of the TRPV1 recep-
tor. The six putative transmembrane domains, the loops, and the N- and C-terminal cytoplasmic
domains are indicated by the arrangement of the small circles representing the amino acids.
Residues corresponding to the three ankyrin repeats (200-232, 247-279, 332-364) are indicat-
ed with gray circles, whereas the putative pore loop (624-645) is black. Calmodulin-binding
sites (189-222, 767-801) are represented by circles with a vertical stripe. The phosphatidyli-
nositol 4,5-bisphosphate (PIP,)-binding domain contained in the C-terminal calmodulin-bind-
ing site is represented by circles with a cross. Residues found to be phosphorylated are marked
with big squares and the type and position of these amino acids are also indicated. Phosphory-
lated residues with significant effects on receptor function are marked with gray squares.

However, in order to avoid redundancy with other chapters in this volume, the
above findings will not be discussed here. Instead, we will focus on the sensitization
and desensitization mediated by vanilloid receptors, with an explicit recognition
that the literature on vanilloid receptor-mediated hyperalgesia and desensitization is
vast. Indeed, a Medline search has identified almost 1000 publications dealing with
various aspects of these two topics.
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Clearly, a comprehensive overview of this literature would be beyond the scope
of this chapter. Admittedly incomplete and selective, this chapter will highlight only
major shifts in our thinking about vanilloid sensitization and desensitization, with
particular emphasis on data that have emerged in the past 2 years.

Sensitization and hyperalgesia by vanilloids
Overview

Connoisseurs of hot, spicy food know the enhanced burning sensation by heat of
their tongue or lips from personal experience. No doubt, this is the best-known par-
adigm of capsaicin hyperalgesia. More scientifically, intradermal injection of cap-
saicin in humans results in primary hyperalgesia to heat and mechanical stimuli in
the vicinity of the injection site [28, 29], followed by secondary hyperalgesia and
allodynia in the area surrounding the site of primary hyperalgesia [30]. The obser-
vation that mice lacking TRPV1 show apparently normal heat sensation but exhib-
it reduced thermal hyperalgesia, compared to wild-type mice, supports the hypoth-
esis that TRPV1 plays a pivotal role in the development of hyperalgesia to heat [31,
32]. As detailed below, primary hyperalgesia probably reflects sensitization of
TRPV1 itself, whereas secondary hyperalgesia and allodynia may involve addition-
al mechanisms such as the novel expression of TRPV1 on nerves that do not nor-
mally express this receptor and an architectural reorganization of the innervation
(‘sprouting’) that may also reflect gross neurotoxicity by capsaicin.

In principle, sensitization of a membrane receptor might be a consequence of at
least four distinct molecular mechanisms. First, existing receptors may acquire a
higher apparent affinity via allosteric changes. Second, silent receptors may be
unmasked by post-translational modifications. Third, receptors may be recycled
from intracellular stores/compartments. And finally, increased transcriptional activ-
ity can yield higher receptor density. As discussed below, there is good evidence that
vanilloid receptor-mediated sensitization utilizes all four of these cascades.

As already alluded to, TRPV1 acts as a molecular integrator of various noxious
stimuli including, but not limited to, heat, protons, and capsaicin. Although the
channel is independently activated by capsaicin (at submicromolar concentrations),
heat (above 43°C), and acidification (pH < 6.5) [10, 33], there is cross-sensitization
among these agents with apparent synergism. For instance, the heat activation
threshold of the channel is reduced to body temperature in the presence of mild
(approx. pH 7.0) acidification [34].

There is an emerging notion that the recognition domains on TRPV1 for these
stimuli are distinct. Indeed, a TRPV1 mutant in the region of transmembrane
domain 6 showed disrupted capsaicin activation whereas it retained its ability to
respond to protons (see Fig. 2) [35]. Of note, transmembrane domain 3 is also
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Figure 3

Schematic diagram of TRPV1 receptor modulation. (1) Sensitization of the receptor by phos-
phorylation (PKA, PKC, and CaMKIl) and PLC-mediated PIP, removal. (2) Activation of the
receptor by endogenous ligands, like hydroperoxyeicosatetraenoyl! acids (HPETEs), N-arachi-
donoyl-dopamine (NADA), etc. (3) Activation of the receptor by exogenous stimuli, like heat
or vanilloids. (4) Calcium- and calmodulin-dependent dephosphorylation of the receptor by
protein phosphatase 2B (PP2B; or calcineurin) leading to desensitization. On the right side
of the diagram, the different signaling pathways affecting TRPV1 sensitization are depicted.
Solid arrows represent activation; dashed arrows indicate inhibition. CaM, calmodulin;
CaMKiIl, calmodulin dependent kinase II; PLA,, phospholipase A, PLC, phospholipase C;
PKA, protein kinase A; PKC, protein kinase C; B2, bradykinin receptor 2; MG | and MG I,
group | and Il metabotropic glutamate receptors; PAR2, protease-activated receptor 2; PGR,
prostaglandin E, receptor; PIP,, phosphatidylinositol 4,5-bisphosphate.

important for attaining capsaicin sensitivity via hydrophobic interactions [36].
Lowering the pH was shown to enhance the apparent binding affinity for cap-
saicin, promote long openings, and stabilize the open conformation of the channel

[37].
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Regulation of TRPV1 sensitivity by protein kinases and phosphatases

The phosphorylation state of TRPV1, which reflects a dynamic balance between
protein kinases and phosphatases, is now believed to be a key determinant of chan-
nel activity (Fig. 3). Of kinases, protein kinase C (PKC) has attracted the most atten-
tion [38]. For example, PKC links protease-activated receptor 2 (PAR2) to TRPV1
[39]. PAR2 is activated by factors like mast cell tryptase, coagulation factors VIla
and Xa, and trypsin, and is known to evoke hyperalgesia (reviewed in [40]). It has
been speculated that capsaicin-evoked visceral pain and referred hyperalgesia is
mediated via delayed sensitization by PAR2 of TRPV1 [41]. Furthermore, both
bradykinin and acetylcholine augment TRPV1 activity via phosphorylation by PKC
of residues Ser-502 and Ser-800 (Fig. 2) [42]. It is not known which of the nine PKC
isozymes mediate(s) TRPV1 sensitization. Both PKCy [43] and PKCe [44] have been
implicated in pain transmission and thus represent obvious candidates for playing
this role. Indeed, co-localization of TRPV1 and PKCe in capsaicin-sensitive neurons
has been demonstrated [45].

The cAMP-dependent protein kinase (protein kinase A; PKA), which plays a
major role in producing inflammatory hyperalgesia [46], was shown to sensitize
TRPV1 (Fig. 3) [47]. For instance, prostaglandins utilize the PKA pathway that
involves phosphorylation of three putative PKA consensus sites (Thr-144, Thr-370,
and Ser-502) of which one (Ser-502) is shared with the PKC pathway [48]. Ser-502
is also a consensus site for Ca?*/calmodulin-dependent kinase II (CaMKII). Indeed,
a mutant TRPV1 at this site failed to exhibit capsaicin-evoked currents, with a con-
comitant loss of [JH]RTX-binding sites [49]. Taken together, these findings suggest
that Ser-502 is a key site for the regulation of TRPV1. Furthermore, phosphoryla-
tion by CaMKII of TRPV1 appears to be a prerequisite for vanilloid binding and
subsequent channel activation. Conversely, as discussed below, TRPV1 dephospho-
rylation by calcineurin and other Ca?*-dependent phosphatases promote tachyphy-
laxis. It is odd that Ca2?* can both sensitize and desensitize TRPV1, a non-selective
cation channel that allows Ca?* influx. One might visualize a complex pathway
where increasing Ca?* levels first stimulate CaMKII (resulting in a positive feed-
back) and then shut down the channel via calmodulin (negative feedback). Finally,
CaMKII restores TRPV1 activity after intracellular Ca?* has returned to normal.
Somewhat unexpectedly, Ca?*/calmodulin has been shown to bind to TRPV1 direct-
ly [50] and presumably block activity (Fig 3).

Importantly, CaMKII is not the only agent that has the ability to reverse cap-
saicin tachyphylaxis. Phorbol-12 myristate-13 acetate restores TRPV1 activity via
PKC [51]. Nerve growth factor (NGF) can also sensitize TRPV1 in a phospholipase
C (PLC)-dependent manner [52, 53]. In a related note, NGF was reported to
increase TRPV1 expression [54]. Since NGF is produced during inflammation, both
sensitization by NGF of TRPV1 and subsequent receptor upregulation may con-
tribute to inflammatory hyperalgesia (Fig. 3).

100



Vanilloid receptor-mediated hyperalgesia and desensitization

A fourth class of kinases that has been implicated in vanilloid receptor-mediated
sensitization is the extracellular signal-regulated kinases (ERKs) that are part of the
mitogen-activated protein (MAP) kinase family. Phosphorylated ERKs (pERKs)
appear to parallel sensitization in capsaicin-sensitive neurons [55] but the roles that
pERKs might play in hyperalgesia remain to be elucidated.

Group I metabotropic glutamate receptors potentiate capsaicin responses via
generation of diacylglycerol [56]. Interestingly, peripheral group II metabotropic
glutamate receptors exert the opposite action: they can counteract the sensitization
by PKA of TRPV1 via inhibition of adenylate cyclase, suggesting that these recep-
tors might represent a therapeutic target for novel analgesic drugs [57].

Recruitment of TRPV1 from intracellular stores

TRPV1 exists in at least three intracellular compartments (for details, see [58]).
Recently, Ferrer-Montiel and colleagues [59] used a yeast hybrid screen to identify
proteins that may contribute to the potentiation of vanilloid receptor activity by
PKC. They identified two proteins, snapin and synaptotagmin IX, involved in
TRPV1 trafficking to the plasma membrane. It is speculated that a recruitment of
TRPV1 from vesicles to the plasma membrane plays a major role in the develop-
ment and maintenance of inflammatory hyperalgesia [59].

PLC liberates TRPV1 from the inhibitory control of phosphatidylinositol
4,5-bisphosphate (PIP,)

TRPV1 is under the inhibitory control of PIP, [60, 61]. As depicted in Fig. 3, PLC
cleaves PIP, and liberates TRPV1 from its inhibition, which is an important pathway
utilized by both bradykinin and NGF. In addition, PLCP generates diacylglycerol for-
mation, which, in turn, activates PKC [38, 62]. Bradykinin can also activate TRPV1
through the generation of 12-lipoxygenase metabolites of arachidonic acid [63].

Clearly, potent algesic agents like bradykinin exert multifaceted actions of on
TRPV1. They release TRPV1 from under the inhibitory action of PIP, via PLC
[60]; they promote phosphorylation by PKC of TRPV1 via generation of diacyl-
glycerol [38, 64]; and, finally, they stimulate the formation of pro-inflammatory
substances that bind to and activate TRPV1 [63]. The resultant effect is a powerful
sensitization of TRPV1 and subsequent hyperalgesia.

Upregulation of TRPV1 expression

Two days after intraplantar injection of Freund’s complete adjuvant, a significant
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increase in TRPV1-like immunoreactivity was demonstrated [65], which was inter-
preted as a major mechanism of peripheral sensitization of nociceptors during
inflammation. Of note, some of the new vanilloid receptors are apparently present
on nerves that do not normally express TRPV1 [66]. In diabetic mice, anti-TRPV1
antiserum given intrathecally abolished thermal hyperalgesia and allodynia [67].

Vanilloid receptor agonist-induced desensitization

The initial excitation of sensory neurons by vanilloids is followed by a refractory
state, traditionally termed desensitization [1-4, 68]. Although firmly entrenched in
terminology, it would probably be better to avoid this term because desensitization
is not a well-defined biochemical process but rather a complex cascade of events,
ranging from short-term unresponsiveness to the irreversible damage of polymodal
sensory neurons [69]. For didactic purposes, this cascade may be divided into three
separate stages with distinct dose-response relationships. In real life, these stages are
often present simultaneously without clear boundaries.

The first stage is often called specific or pharmacological desensitization [3] and
it occurs at the level of the TRPV1 receptor. It can be defined as being restricted to
subsequent vanilloid agonist challenges without preventing the neurons from
responding to other types of stimulus [69]. In contrast, the second stage — nonspe-
cific or functional desensitization [3] — implies a general impairment of neuronal
function, during which the neuron becomes unresponsive not only to TRPV1 ago-
nist but also to other types of noxious stimuli (e.g. heat, acids, and mechanical irri-
tation). Specific desensitization usually lasts for minutes or hours, while functional
desensitization can last for several weeks, but ultimately both are reversible [69].
This clearly distinguishes them from the third stage, termed vanilloid-induced neu-
rotoxicity, which means the irreversible destruction of the sensitive neurons [69].

Specific desensitization of the TRPV1 receptor

Desensitization to capsaicin depends on both dose (topically, it should exceed
30 nM) and frequency of application and can be divided into tachyphylaxis and
acute desensitization, with the former representing diminishing responses upon
repeated short agonist administrations and the latter meaning decreasing receptor
activity in continuous presence of the agonist [3, 69]. However, this division is arti-
factual, as both phenomena are quantitatively similar in terms of Ca?* uptake [70,
71].

Both tachyphylaxis and acute desensitization depend on the presence of Ca?* in
the extracellular medium [70-73]. Tachyphylaxis requires the entry of extracellular
Ca?* through TRPV1, as raising the level of free intracellular Ca?* by either depo-
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larization or by using an ionophore is ineffective in this respect [72]. Of note, in iso-
lated dorsal root ganglion (DRG) neurons the refractory period lasts up to 45 min,
which is about 30-35 min longer than the elevation of the free intracellular Ca?*
level, indicating that although Ca?* initiates the desensitization process other factors
are also important in maintaining it [72].

Recently, the Ca?*-binding protein calmodulin was implicated as the calcium-
dependent modulator of TRPV1 receptor function. Calmodulin-binding sites were
detected in both the N- [53] and C-termini [74] of TRPV1 (Fig. 2). Calmodulin is
able to bind to these sites even in the absence of Ca?*; therefore it may be positioned
optimally to rapidly sense the Ca2* influx through the open channel. Binding of the
Ca?*—calmodulin complex to the N-terminal tail of TRPV1 reduced the probability
of channel opening [53]. Furthermore, the Ca?*-calmodulin-dependent phos-
phatase, calcineurin, was shown to contribute to vanilloid desensitization by coun-
teracting TRPV1 phosphorylation by various kinases [49]. The delicate balance
between protein kinases and phosphatases was detailed above and is briefly sum-
marized in Figure 3.

Functional desensitization of polymodal nociceptors

Functional desensitization is achieved when vanilloid agonists are applied at con-
centrations several-fold higher than that required for the threshold of stimulation.
Capsaicin-sensitive polymodal nociceptors show decreased responses to various
noxious stimuli detected by these neurons, like bradykinin, heat, and high-threshold
mechanical stimuli [75-81]. Capsaicin-insensitive neurons reacting to cold and low-
threshold mechanical stimuli are, however, not affected, indicating that the func-
tional impairment is specific to the TRPV1-expressing neurons. This functional
blockade affects the transduction process and action-potential generation in the
nerve endings without blocking the conduction in the axon [82, 83]. Functional
desensitization can last from hours to several weeks depending on the TRPV1 ago-
nist dose and mode of administration, but it is reversible [69].

Various mechanisms can underlie this functional impairment, all of which seems
to be secondary to the cation influx that accompanies the activation of the TRPV1
channel. For instance, an inhibition of voltage-gated ion channels was observed in
capsaicin-treated trigeminal ganglial slice preparations [84] and isolated trigeminal
ganglial neurons [85, 86]. Depolarization-induced slow inactivation of the
tetrodotoxin-resistant Na* channels appears to be responsible for the short-term
adaptation of these neurons [87]. Long-term inhibition of action potential genera-
tion has also been observed by the inhibition of voltage-gated Na* channels through
the activation of the cAMP second-messenger system [85]. Other second-messenger
systems involving Ca?* and cGMP may also have a role as their levels are elevated
during capsaicin receptor activation [88] and they are known modulators of volt-
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age-gated Na* channels [89]. Capsaicin is also capable of blocking voltage-gated K*
[90] and Ca?* [91, 92] channels. The prolonged inhibition of voltage-gated Ca?*
channels in capsaicin-treated DRG neurons may be responsible for the nonspecific
inhibition of sensory neuropeptide release [2—4].

From a therapeutic point of view, those compounds that can achieve desensiti-
zation without apparent excitation are the most interesting. These drugs are thought
to open the TRPV1 channel slowly, without leading to action-potential generation
and, at the same time, increase the intracellular Ca2* level sufficiently to induce inhi-
bition of voltage-gated ion channels and action-potential generation. Several non-
pungent vanilloid analogs with reduced side effects, like olvanil [93, 94], nuvanil
[95], and SDZ249-482 [96], show potential in this respect.

Vanilloid-induced complex changes in the level of various neurotransmitters,
sensory neuropeptides, and their receptors can also contribute to the functional
desensitization process (reviewed in [3, 4]). For example, high cumulative doses of
capsaicin deplete neuropeptides including substance P, calcitonin-gene-related pep-
tide (CGRP), somatostatin, and galanin [2—4]. The restoration of these neuropep-
tides can be impaired due to the blockage of axonal transport by capsaicin [97-99].
In contrast, a single moderate dose of RTX treatment induces only the depletion of
substance P, while the levels of the other neuropeptides are not affected (or even
increased), as in the case of galanin and vasoactive intestinal polypeptide (VIP) [100,
101]. The upregulation of the inhibitory neuropeptide galanin may play a role in the
suppression of the C-fiber activation-induced spinal hyperexcitability (wind-up phe-
nomenon) and contribute greatly to the prolonged analgesic action of RTX treat-
ment [101].

The loss of specific RTX-binding sites in sensory ganglia, spinal cord, and uri-
nary bladder of the rat following moderate systemic RTX treatment indicates the
downregulation of TRPV1 [102-105] in sensory neurons. In the urinary bladder, the
full recovery of the receptor to pre-treatment levels can take up to 8 weeks, which
contributes to the long-lasting desensitization effect of the RTX treatment [105].

Following treatments with higher doses of vanilloid agonists, functional desensi-
tization is accompanied by ultrastructural changes in capsaicin-sensitive neurons.
After topical capsaicin treatment the nerve terminals of the rat cornea appears to be
swollen [106], probably due to the osmotic effects of the cation influx. The loss of
vesicles could also be observed reflecting the depletion of neuropeptides from the
endings. The increased cytoplasmic Ca?* levels lead to accumulation in the mito-
chondria which may result in the dissipation of the mitochondrial membrane poten-
tial [107], osmotic swelling, and re-organization of the inner structure of the mito-
chondria [108-110] in vanilloid agonist-sensitive neurons. The Ca?* influx also acti-
vates calcium-dependent proteases which, in turn, can contribute to the
ultrastructural changes and the functional impairment [111].

High-dose vanilloid agonist treatment can lead to the degeneration of nerve ter-
minals in the skin [112-115], which after several weeks can be followed by re-inner-
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vation, as has been demonstrated in humans [114, 115]. These experiments demon-
strate that the long time period sometimes required for the restoration of sensory
neuronal function makes it difficult to draw a clear line between TRPV1 agonist-
induced reversible functional desensitization and irreversible degeneration. Howev-
er, it is clear that under certain conditions vanilloid agonist treatment can result in
gross neurotoxicity meaning the irreversible damage and subsequent elimination of
SENSOry neurons.

Vanilloid agonist-induced neurotoxicity

Vanilloid agonists can ablate capsaicin-sensitive neurons in culture [111, 116, 117]
and in animals [118]; also, they can kill TRPV1 receptor-transfected heterologous
cells [10, 119]. This excitotoxic effect is probably due to the uncontrolled influx of
Ca?*, which leads to mitochondrial damage [107] and protease activation [111],
resulting in cell death. However, there are important differences between vanilloid-
agonist induced neurotoxicity in cell culture and in animals.

Systemic capsaicin treatment of neonatal rats and mice results in the loss of small
B-type neurons from the sensory ganglia of the animals [120, 121]. This phenome-
non was originally described as an acute neurotoxic effect, leading to cell death
within hours [120]. However, recent data suggest that, in fact, the cell death is
delayed for several days and B-type neurons with swollen mitochondria are present
in the sensory ganglia up to 20 weeks after the treatment [109, 110]. Furthermore,
the death of these neurons could be prevented with daily NGF treatments of the ani-
mals [122]. Tt seems likely that capsaicin treatment kills polymodal sensory neurons
in neonatal rats by depriving them of NGF, which is required for their survival [123,
124]. This can happen either by blocking axonal transport of NGF from the periph-
ery to the cell bodies [97], or by completely destroying terminal parts of the neurons
which are the most sensitive to systemic capsaicin treatment [112, 125]. Interest-
ingly, adult rats that received neonatal capsaicin treatment still showed sensitivity to
capsaicin challenges. In these animals the number of unmyelinated axons was
decreased by about 40%, but there was no change in the proportion of the C-fiber
receptor types [126]. These data indicate that these animals possess capsaicin-sensi-
tive neurons that either survived the neonatal capsaicin treatment or appeared later.
In agreement with this latter hypothesis, expression of TRPV1 receptor was
observed in previously vanilloid agonist-insensitive neurons after axotomy [127,
128].

Peri-axonal capsaicin treatment (33 mM) of adult rats resulted in the degenera-
tion of about 40% of the unmyelinated axons for 2-12 months after treatment
[129-131], resulting in long-lasting anti-nociception. Systemic treatment of adult
rats by subcutaneous administration of 35-300 mg/kg capsaicin results in swelling
of the mitochondria in B-type sensory neurons when examined 1-60 days after
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treatment without the apparent destruction of the cell bodies [106, 132, 133]. On
the other hand, severe degeneration of axons and axon terminals was observed in
the periphery without the appreciable degeneration in the dorsal roots [112, 134].
This indicates that in vivo the central and peripheral endings of capsaicin-sensitive
neurons are the most susceptible, to both the stimulatory [135] and degenerative
[134] effects of capsaicin.

In certain aspects, TRPV1-knockout mice represent the ultimate model of vanil-
loid agonist-induced desensitization [31, 32]. The complete absence of vanilloid-
sensitive DRG neurons and the abolished vanilloid sensitivity in these animals (as
shown in behavioral tests) indicate that the TRPV1 gene encodes a single vanilloid-
sensitive channel. The DRG neurons of these animals were also defective in respond-
ing to acids and moderate heat (<45 °C), while responses to high stimulus tempera-
tures (< 55°C) remained intact, indicating the presence of other heat-sensing chan-
nels [136]. Paradoxically, TRPV1-knockout mice showed normal behavioral
responses to moderate temperature challenges and only showed reduced pain behav-
ior at higher temperatures [31]. These mice also completely lacked the ability to
develop inflammation-induced thermal hyperalgesia, indicating the central role of
the TRPV1 in inflammatory sensitization [32]. These results point to vanilloid-
induced desensitization as a potentially useful therapy in inflammatory diseases.

Concluding remarks

Desensitization to vanilloids has a clear therapeutic potential (reviewed in [4-6]). In
fact, capsaicin has been in clinical use for decades and its ultrapotent analog, RTX,
has undergone advanced clinical evaluation. Following the cloning of the vanilloid
receptor TRPV1 [10], the pharmaceutical industry has launched massive efforts to
identify novel, potent, and orally active TRPV1 agonists and antagonists [137].
Whether these synthetic compounds can be developed into clinically useful drugs
that surpass their natural cousins remains to be seen [137]. The past few years have
brought us new insights into the molecular mechanisms that underlie vanilloid
receptor-mediated desensitization. Mice deficient in TRPV1 confirmed that pivotal
role that this receptor plays in the development and maintenance of thermal hyper-
algesia during inflammation [31, 32]. Moreover, now there is good evidence to sug-
gest disease-related upregulation of TRPV1 expression (reviewed in [5]). Apparent-
ly, biochemical mechanisms of TRPV1 sensitization and desensitization are com-
plex, implying a benefit for the pharmacologic blockade of pathways that promote
TRPV1 sensitization/re-activation. Potential targets include various protein kinases
(PKC, PKA, CaMKII, PAR2, etc.), along with upstream receptors that activate these
enzymes (e.g. bradykin receptors or metabotropic glutamate receptors). It is hoped
that a multifaceted pharmacologic approach can be developed that simultaneously
blocks active TRPV1 and prevents unmasking/recruitment of silent receptors.
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Introduction

It has always been the dream of pain researchers and clinicians to have objective
measures of pain and phenomena such as hyperalgesia. Unfortunately, this is not yet
possible and will most likely never be. Pain is a multidimensional, unpleasant sen-
sory and emotional experience and cannot as such be represented or described by a
single parameter or number. However, different possibilities exist to assess quanti-
tatively various aspects of this complex sensory experience of pain and related phe-
nomena such as hyperalgesia. By measuring different aspects of the pain experience
and by a combination of the various measurements more can be learned about
which dimensions are affected, which mechanisms/pathways are impaired and
which are functioning normally [1]. The ultimate goal of pain-assessment proce-
dures is to obtain a better understanding of mechanisms (e.g. hyperalgesia) involved
in pain transduction, transmission and perception under normal and pathophysio-
logical conditions, either in pain patients or after experimentally induced sensitiza-
tion in normal volunteers.
Assessment of pain and evaluation of peripheral and central sensitization can be
divided into four main categories (Fig. 1):
— assessment of ongoing clinical pain;
— assessment of experimentally evoked pain for diagnosis and monitoring of
patients;
— assessment of experimentally evoked pain for basic studies in healthy volunteers
under normal conditions;
— assessment of experimentally evoked pain for basic studies in healthy volunteers
under conditions with experimentally induced hyperalgesia (for example, by cap-
saicin).

This chapter will focus on the fourth category and describe specifically how hyper-
algesia can be induced in a standardized way by capsaicin, and the stimulation and
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assessment methods available to evaluate quantitatively the different aspects of cap-
saicin-induced hyperalgesia. The majority of studies have focused on topical and
intradermal applications, whereas only a few experimental studies have applied cap-
saicin intramuscularly or to the viscera. Experimental investigations of peripheral
and central aspects of capsaicin-induced hyperalgesia may increase the knowledge
associated with diseases, such as neuropathic pain. In this chapter capsaicin induced
cutaneous, muscular and visceral hyperalgesia are described separately.

Definitions

Hyperalgesia is defined as a leftward shift of the stimulus-response function that
relates the magnitude of pain to stimulus intensity. From this definition it follows
that the threshold for pain is lowered and pain to suprathreshold stimuli is
enhanced. Due to central neuroplastic changes, normally non-nociceptive stimuli
(warmth, cold, mechanical) can be perceived as pain (allodynia). The areas of hyper-
algesia and allodynia produced by an injury to the skin include a zone that incor-
porates the injury site (primary hyperalgesia) and a much larger area extending well
beyond the site of injury and into undamaged skin (secondary hyperalgesia) [2—4].
Primary hyperalgesia to heat can be explained by a peripheral sensitization of noci-
ceptors [3, 4]. Primary hyperalgesia to mechanical stimuli most likely reflects cen-
tral changes as no peripheral sensitization has been shown. Secondary hyperalgesia
is normally characterized by enhanced pain to mechanical stimuli [5-8], whereas
there are some controversies on the presence of secondary hyperalgesia to heat. Two
different alterations are responsible for secondary mechanical hyperalgesia: (1) a
change in the modality of the sensation evoked by low-threshold mechanoreceptors
— this change produces touch-evoked pain, or allodynia; and (2) an increase of the
pain sensitivity to mechanically sensitive nociceptors — this change produces hyper-
algesia. Both of these changes are mediated by alterations in the central processing
of the sensory input [9, 10]. For muscular and visceral pain, other definitions are
normally used (see discussion below).

Induction of capsaicin-evoked cutaneous pain and hyperexcitability

Human experimental models of cutaneous hyperalgesia are based on a controlled
stimulus to the skin that causes a strong selective afferent nociceptive barrage
[11-13] leading to central changes. Cutaneous hyperalgesia can be induced by
chemical, thermal, electrical or mechanical stimuli.

Capsaicin induces a ‘chemical injury’ via robust activation of nociceptive nerve
endings, leading to peripheral release of inflammatory substances and central sensi-
tization [4]. Capsaicin has been shown to activate nociceptors that are responsive to
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An illustration of how pain can be assessed in clinical and experimental settings. In the clin-
ical situation, the various measures of the on-going pain can include pain intensity, pain
quality, pain location and quality of life. Various experimental stimuli can also be applied to
the patients and can be used, together with the clinical measures, to assess their responses
to such experimental stimuli to determine the degree of hyperalgesia, allodynia, hyper-
pathia, after-sensations and wind-up-like pain. In healthy volunteers, responses to experi-
mental stimuli can be evaluated under normal conditions and conditions with experimen-
tally induced hyperalgesia (hyperexcitability). The experimental measures can include pain
thresholds, stimulus-response function, temporal summation, reflexes and/or evoked poten-
tials.

heat, primarily the polymodal A-fiber sensitive to mechanical and heat stimuli with
rapid onset (AMH type II [13]) and the polymodal C-fiber responding to mechani-
cal and heat stimuli (CMH [13, 14]). These two nociceptors express vanilloid recep-
tor types, including TRPV1, while the A-fiber high-threshold mechanoreceptors
[15] and type T AMHs [16] are not sensitive to capsaicin.

The models for induction of cutaneous hyperalgesia most commonly involve an
injection or topical application of an algesic agent or a controlled heat injury [4, 13,
17, 18]. The controlled burn induces a true tissue injury; however, as blistering and
skin hyper-pigmentation may occur following burn injuries [6, 18], it is therefore
less optimal for experimental studies.
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Topical application (e.g. 1.5 g of 1% capsaicin, cream applied to 4 cm? for 40
min) or intradermal injection (e.g. 100 pg of capsaicin in a 20 pul volume) of cap-
saicin are the most commonly used models (see Fig. 2). Topical application, causing
burning pain, is better tolerated, but the manifestation and duration of hyperalgesia
are less as compared with intradermal application. The effect of topical capsaicin
varies with capsaicin concentration, and furthermore the stratum corneum of intact
skin acts as a substantial diffusion barrier. Therefore it is difficult to estimate the
amount of capsaicin that actually reaches the sensory receptors [13, 19].

Intradermal capsaicin elicits a severe stinging/burning pain lasting for few min-
utes, leaving well-characterized areas of primary and secondary hyperalgesia, which
lasts up to 24 h [11, 13]. Capsaicin-evoked allodynia after intradermal injection
lasts up to 6 h, and punctuate hyperalgesia can last up to 24 h [4]. It is generally
agreed that allodynia disappears rapidly as the on-going pain induced by the cap-
saicin injection wanes, so in most experiments allodynia only lasts for approxi-
mately 30-60 min (see below). Either topical administration [20] or intradermal
injection [21] can be applied repeatedly to study the progression of sensitization.
Witting et al. [21] found no significant relation between capsaicin pain intensity and
area of allodynia and punctuate hyperalgesia and concluded that the two phenom-
ena are mediated by different central mechanisms. However, in other studies, a cor-
relation between the area of allodynia and ongoing capsaicin-evoked [21] and ongo-
ing neuropathic pain [22] has been described. Furthermore, Mohammadian et al.
[20] described a correlation between the area of allodynia and the areas of punctu-
ate hyperalgesia following repetitive applications of topical capsaicin.

The development of hyperalgesia depends on many factors. For example, reports
have shown that capsaicin induced on-going pain and hyperalgesia are critically
temperature-dependent. Mild cooling of the skin provided instant relief from on-
going pain, and re-warming resulted in a re-appearance of on-going pain and hyper-
algesia [17, 23]. Furthermore, we have recently shown that females develop larger
areas of secondary hyperalgesia areas to intradermal capsaicin than males [24].
Capsaicin-induced mechanical hyperalgesia is also found to decline with age [25],
so matched controls and standardized experimental conditions are essential in phar-
macological screening studies.

Capsaicin as stimulus modality has also been used as a marker for central sensi-
tization in chronic pain patients where the area of hyperalgesia is found to be larg-
er in rheumatoid arthritis patients and compared with healthy matched controls
[25]. Furthermore, a correlation between capsaicin-induced hyperalgesia and joint
tenderness was assumed to be a result of central, and not exclusively peripheral, fac-
tors. The study suggests the value of capsaicin-based techniques to explore nocicep-
tive mechanisms in clinical disorders characterized by chronic pain.

Given that heat conditioning of the primary hyperalgesic area rekindles the spon-
taneous afferent C-fiber input sustaining the central changes [26], Petersen and
Rowbotham [27] proposed a model using both heat and capsaicin sensitization by
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An example of laser Doppler flowmetry and thermographic recordings from a cutaneous area
after topical application (30 min application under occlusion) and intradermal injection of
capsaicin is illustrated. The pictures were taken 5 min after the occlusion was removed. In
the top-left corner, the blood flow is depicted as measured at four different sites (three
squares marked 1-3 while the fourth probe was placed 10 cm distal to the application area).
After topical capsaicin application, primary heat hyperalgesia is seen where the capsaicin
patch has been applied (marked by the four circles, which are also seen in the thermographic
picture), surrounded by secondary hyperalgesia areas of pin-prick hyperalgesia (static hyper-
algesia) and brush-evoked allodynia (dynamic hyperalgesia). After intradermal application,
only the secondary hyperalgesic areas can be detected. AU, arbitrary units.

periodic rekindling of the on-going pain with heat. They concluded that combining
low-intensity thermal stimulation and chemical nociceptor stimulation synergisti-
cally produce hyperalgesia with a low risk of tissue injury [27]. Dirks et al. [28] also
found some indications that cutaneous sensitization induced by a combination of
heat and topical capsaicin was more stable as compared with capsaicin alone. It was
suggested that the stability and duration of the cutaneous sensitization were due to
a synergistic effect between heat and capsaicin. However, these findings have not
been reproduced in other studies using the topical application of capsaicin, the intra-
dermal capsaicin model and the controlled-heat injury model [29].
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Psychophysical methods to assess hyperalgesia

Once the hyperalgesia is induced, it is important to have methods available to

assess quantitatively the excitability of the nociceptive and non-nociceptive path-

ways. Experimental pain-research tools developed for assessing hyperalgesia

involve two separate topics: (1) standardized activation of the non-nociceptive and

nociceptive pathways, and (2) quantitative assessment of the evoked responses.

The main advantages of an experimental approach for assessing hyperalgesia are

that:

— stimulus intensity, duration and modality are controlled and can be repeated over
time;

— differentiated responses to activation of different structures (skin, muscle, viscera)
can be assessed (multi-tissue sensory testing approach);

— differentiated responses to different stimulus modalities can be assessed (multi-
modal sensory testing approach);

— the physiological and psychophysical responses can be assessed quantitatively and
compared over time;

— hyperalgesia can be compared quantitatively between various normal/affected
regions.

From a mechanistic point of view, the availability of an armamentarium of experi-
mental tools is important for acquiring differentiated information about the differ-
ent mechanisms/pathways involved/affected after induction of hyperalgesia. Stimuli
can have phasic (short-lasting, milliseconds to a few seconds) or tonic (long-lasting,
many seconds to minutes) properties. Most of the phasic stimuli can be applied
either as a single stimulus or as a series of repeated stimuli (to evoke temporal sum-
mation), or as a stimulus activating a small or large/multiple area(s) for the study of
spatial summation.

The psychophysical methods available to assess sensations evoked from
hyperalgesic areas are developed on basis of the psychophysical laws and can be
divided into response- and stimulus-dependent methods. The response-depen-
dent methods rely on how the person evaluates the stimulus intensity or unpleas-
antness on a given scale (visual analog scales, verbal ratings scales, numerical
ratings scales). The stimulus-dependent methods are based on adjustment of the
stimulus intensity until a pre-defined response, typically a threshold, is reached.
These methods are often used to assess hyperalgesia to specific stimulus modal-
ities (e.g. heat hyperalgesia in the primary area of capsaicin-induced hyperalge-
sia) [29-31].

Stimulus-response functions are more informative than a threshold determina-
tion as suprathreshold response characteristics can be derived from the data. Stim-
ulus-response functions are valuable to assess hyperpathia to various stimulus
modalities in patients (e.g. those with neuropathic pain [32]).
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Primary hyperalgesia

Primary hyperalgesia occurs in the skin underlying the actual site of stimulation (e.g.
topical capsaicin application) and is mainly a result of peripheral sensitization of the
nociceptors. Normally, thermal stimuli are used to quantify primary hyperalgesia,
and a pain threshold can drop from approximately 44 to 33 °C and responses to
suprathreshold stimulation increase. Hyperalgesia to tonic stimulation with a blunt
probe (called pressure hyperalgesia), and impact hyperalgesia to shooting small bul-
lets against the skin with controlled velocities, have also been described in the pri-
mary hyperalgesic zone [26] and are probably mediated by sensitized C-nociceptors
[17].

Secondary mechanical hyperalgesia

Different forms of secondary mechanical hyperalgesia have been characterized.
The secondary hyperalgesia is predominantly a central phenomenon reflecting
neuroplastic changes in spinal cord neurons. Secondary hyperalgesia can be sep-
arated into an area of brush-evoked hyperalgesia (dynamic hyperalgesia or allo-
dynia) where on-going pain seems essential and a slightly larger area of punctu-
ate hyperalgesia (static hyperalgesia) [33, 34]. Allodynia is normally assessed by
stroking the skin with a cotton swap in a standardized way, and the area marked
where the sensation changes from touch to pain. Dynamic mechanical allodynia
(stroking hyperalgesia) is mediated by AP-fibers. Static hyperalgesia (punctuate
hyperalgesia) is usually determined by a nylon filament (e.g. with a von Frey hair
with a bending force of 70 g) and is mediated by capsaicin-insensitive A-fiber
nociceptors (high-threshold mechanoreceptors and type I AMH expressing the
VRLI1 cation channel [35]). Thus, secondary hyperalgesia to punctuate stimuli is
induced by nociceptive C-fiber discharge but mediated by nociceptive A-fibers
[36]. Conventional C-fiber nociceptors respond to heat stimuli, and yet heat
hyperalgesia is in some studies absent in the region of secondary hyperalgesia.
Fuchs et al. [37] therefore tried to desensitize heat-sensitive nociceptors by topi-
cal application of capsaicin. Interestingly, the intradermal capsaicin injection led
to the development of a similar degree of secondary punctuate hyperalgesia
before and after desensitization of heat-sensitive nociceptors, supporting the
hypothesis that capsaicin-insensitive nociceptors mediate secondary punctuate
hyperalgesia.

Different methods have been applied to evaluate the static and dynamic areas of
secondary hyperalgesia, but normally the stimuli are applied along six vectors from
outside and towards the center of the sensitized area in small steps [38, 39]. When
the perception intensity/quality of the pin-prick or stroking stimuli change, the point
is marked and the area of either hyperalgesia or allodynia is estimated.
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Secondary heat hyperalgesia

Hardy et al. [3] studied secondary heat hyperalgesia by radiant heat stimuli elicited
from a focused light bulb and reported that the pain threshold to thermal stimuli
was unaltered in the secondary area while secondary heat hyperalgesia was detect-
ed for suprathreshold stimuli. Since then, their findings have been confirmed by the
use of a contact thermode, although Hardy et al. [3] originally used a radiant heat
stimulator. Secondary heat hyperalgesia has been successfully detected when high-
temperature stimuli were applied [18, 30, 40-43], but not when low temperature
stimuli were applied [4] or when heat pain threshold assessment was used for detec-
tion [6, 26]. It has been argued that suprathreshold contact heat stimuli are more
sensitive to study secondary heat hyperalgesia than subthreshold contact heat stim-
uli. On the other hand, a few studies have investigated secondary heat hyperalgesia
by radiant heat stimuli [5, 7, 40]. Arendt-Nielsen et al. [40] used brief argon laser
heat pulses and demonstrated secondary heat hyperalgesia outside the area of topi-
cal application of capsaicin, while Raja et al. [5] and Ali et al. [7] failed to show sec-
ondary heat hyperalgesia to CO, laser stimuli after intradermal injection of cap-
saicin. From these studies, however, it is not clear if a difference between
suprathreshold and subthreshold stimuli or different heat-stimulation techniques
can explain the inconsistency.

Based on the study using brief high-intensity laser pulses [40], it was argued that
Ad-fibers are playing an important role in detecting secondary heat hyperalgesia as
argon lasers predominantly activate Ad-fibers. On the other hand, the study by
Sumikura et al. [44] varied systematically the configuration of the xenon lamp-
evoked heat stimuli between three intensity levels (0.8, 1.0 and 1.2xheat pain
threshold) and four stimulus durations (200, 350, 500 and 750 ms). The results
revealed secondary heat hyperalgesia to radiant heat stimuli and implied that not
only suprathreshold stimuli, but also subthreshold stimuli, can be used to detect
this. It should be noted that profiles of secondary heat hyperalgesia detected by radi-
ant heat stimuli are different from those of secondary mechanical hyperalgesia [38].
Regarding the temporal profile, secondary heat hyperalgesia developed slowly,
while secondary mechanical hyperalgesia developed quickly. Regarding the spatial
profile, the border of secondary heat hyperalgesia was indistinct and the area of sec-
ondary heat hyperalgesia did not coincide with that of secondary mechanical hyper-
algesia [38].

The possibility that secondary heat hyperalgesia can be detected by an activation
of C-fibers is supported by recent study by Yucel et al. [30]. They studied heat
hyperalgesia using a contact thermode, with different heating rates in the primary
and secondary area induced by topical application of capsaicin. The study suggest-
ed that C-fibers are involved in the primary heat hyperalgesia, as the slow heating
rate was perceived more painful than the fast heating rate in the primary area, and
that both Ad-fibers and C-fibers are involved in the secondary heat hyperalgesia, as
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there was no differential effect of the heating rates on the heat pain sensitivity in the
secondary area using both sub- and suprathreshold thermal stimuli.

Temporal summation in secondary hyperalgesic areas

The phenomenon that a single painful or even a repeated sub-pain threshold stimu-
lus causes exaggerated perceptions of pain in humans is called temporal summation
(corresponding to the early phase of wind-up measured in animal dorsal horns) [45].
Temporal summation is a very potent mechanism, which is difficult to block phar-
macologically [46] and is facilitated in patients suffering form neuropathic pain
[47], chronic musculoskeletal pain [48] and chronic visceral pain syndromes [49].

The facilitation of temporal summation to either laser or electrical stimuli in sec-
ondary hyperalgesic areas seems controversial and depends on the stimulus modal-
ity and configuration [31, 40, 50, 51]. In the human topical capsaicin model, the
summation of both electrical and radiant heat stimuli were facilitated in the sec-
ondary hyperalgesic area compared with normal skin [40]. Pedersen et al. [51] used
the controlled-heat injury model for the induction of hyperalgesia and found no
facilitation of temporal summation to painful electrical stimuli in the hyperalgesic
areas. It is unclear if capsaicin and controlled-heat injury initiate different forms of
central sensitization with different characteristics, which may result in different
effects on temporal summation. Furthermore, it is not known if different stimulus
modalities used to evoke temporal summation are of importance to explain the
mechanisms of hyperalgesia and temporal summation. Therefore, Yucel et al. [31]
performed a comprehensive study and showed facilitated temporal summation of
pain in the secondary hyperalgesic area for punctuate and mechanical impact stim-
uli after the induction of hyperalgesia using both capsaicin injection and controlled-
heat injury (see Fig. 3). There were no significant differences between the models.

In secondary hyperalgesic areas, summation of pain can be evoked by repetitive
(2 Hz) von Frey hair stimulation (which is normally not painful) and the evoked
after-sensations (the sensation after a series of repetitive stimuli) can be assessed.
After-sensation is a phenomenon that is also seen when areas with neuropathic pain
are stimulated [52], and interestingly animal experiments indicate that the pharma-
cology of the wind-up and the after-discharge are different [53].

Electrophysiological methods to assess hyperalgesia
Microneurography is the direct stimulation of or recording from single nerve fibers
and has been used to characterize relationships between neuronal firing and per-

ception intensity and quality. This method may identify activation patterns of noci-
ceptive Ad- and C-fibers and of different classes of nociceptors, although the vast
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Repetitive punctuate stimulation with a von Frey hair within the area with hyperalgesia is
illustrated. The device stimulates with a fixed time period in contact with the skin and with
a fixed frequency. The thickness of the von Frey hair can be changed. After hyperalgesia has
been induced, robust punctuate pain is induced with this repetitive paradigm, compared to
normal skin. The temporal summation mechanism is facilitated for punctuate and mechani-
cal impact stimuli within the secondary hyperalgesic area [31]. If the von Frey hair is
replaced by a thinner filament, tactile allodynia can be assessed. Repetitive tactile stimula-
tion causes pain after hyperalgesia has developed in contrast to normal skin. VAS, visual ana-
log scale.

majority of studies have reported data from C-fibers. An elegant study [54] used
micro-stimulation of a single tactile fiber (AB-fiber). The cutaneous receptive field
of the stimulated AB-fiber was determined and the evoked tactile sensation charac-
terized. Intradermal capsaicin was applied to the adjacent area so the receptive field
became part of the secondary hyperalgesic area. The micro-stimulation was repeat-
ed and the tactile sensation was now perceived as pain, documenting that central
components contribute significantly to secondary dynamic hyperalgesia.

Treede and Cole [55] studied secondary hyperalgesia in a subject who had a loss
of myelinated afferent nerve fibers that spared the Ad-group. Stroking with a cotton
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swab was not perceived anywhere on the affected skin either before or after intra-
dermal injection of capsaicin. Thus, there was no hyperalgesia to light touch, while
secondary hyperalgesia to punctuate stimuli was normal. These data support the
finding of Torebjork et al. [54] that dynamic hyperalgesia to light touch (stroking
hyperalgesia) is due to sensitization of central pain-signaling neurons to low-thresh-
old mechanoreceptor input (AB-fibers) and static punctuate hyperalgesia is likely
due to sensitization to nociceptor input (Ad- or C-fibers).

The nociceptive withdrawal reflex is a spinal reflex of the lower limb that is
elicited by painful somatic stimuli. The reflex can be used for assessment in two
ways: either by a reflex threshold, or by the reflex amplitude to a fixed suprathresh-
old stimulus intensity. The reflex can be used to assess the response to both a single
stimulus and a repeated stimulus (assessing temporal summation). The generation
of a withdrawal reflex is initiated by the nociceptive input, but an extensive pro-
cessing takes place within the spinal cord.

Under normal conditions, non-nociceptive (AB-afferents) afferents inhibit noci-
ceptive activity at the spinal cord level, but together with central neuroplasicity acti-
vation of the AB-afferents causes pain (allodynia). The question is then whether
summation between normal non-nociceptive mechanical stimuli and nociceptive
stimuli may occur under pathologic conditions. In an experimental study, Andersen
et al. [56] induced hyperalgesia by topical application of capsaicin and then used the
nociceptive withdrawal reflex to prove summation between mechanical stimuli
applied to the allodynic area and nociceptive stimuli applied outside. This summa-
tion between non-nociceptive and nociceptive afferents under experimental patho-
logical conditions could be inhibited by the N-methyl-D-aspartate (NMDA) recep-
tor antagonist ketamine [57]. These studies show evidently the plasticity of the
human nociceptive system can be evoked experimentally by capsaicin and that the
NMDA receptor system is involved.

Another reflex study utilized the inhibitory masseter reflex responses [58]. The
inhibitory masseter reflex was evoked by non-painful electrical stimulation of the
upper incisor while the subject was biting at low force. Capsaicin applied topically
to the cheek produced a spontaneous burning pain sensation. During capsaicin
treatment, the visual analog scale ratings for the sensation induced by tooth-pulp
stimulation were significantly reduced, whereas no significant changes were found
in the tooth-pulp-induced masseter reflex responses.

A new experimental approach is to map the reflex receptive fields associated
with the organization of nociceptive withdrawal reflexes in individual muscles [59].
By stimulating several sites in random order, the spatial sensitivity of the reflex is
determined, which indirectly depicts neuronal spatial encoding of the reflex. This
non-invasive method is very interesting in relation to central sensitization as varia-
tion in neuronal receptive field size is often observed.

Evoked potentials to painful stimulation — and in particular the late-event-relat-
ed vertex potential — have been widely used in pain research due to the relation
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between its amplitude and the pain intensity. The vertex potential can be elicited by
any abrupt change in a sensory modality, including pain perception. The vertex
potential elicited by an unspecific stimulus such as electrical stimulation may not
correlate with the pain intensity, whereas a specific nociceptive stimulus (Ad-fiber
activation) produced by, for example, a laser, may generate potentials that are a
result of traffic along the nociceptive pathways. As such the laser-evoked potential
(LEP) has gained some clinical impact.

Most research has so far been focused on spinal changes after capsaicin-induced
sensitization. However, one study [60], looked at the CO, LEPs elicited from topi-
cal capsaicin-generated areas of primary and secondary hyperalgesia. Source analy-
sis revealed that a cingulate cortex generator was significantly decreased in strength
during and after the capsaicin application. Moreover, the topography of the LEPs
was modified by capsaicin, shifting from the central toward the parietal region.
Dipolar modeling showed that the dipolar source in the anterior cingulate cortex
moved backward after capsaicin. All these changes were not observed after stimu-
lation of the hand, contralateral to the application of capsaicin, thus suggesting that
functional changes are selective for the capsaicin-treated skin and the adjacent ter-
ritories. The data suggest that acute cutaneous pain may inhibit the neural activity
in the central nervous system processing nociceptive input. Further, the cortical rep-
resentation of these inputs can rapidly be modified in presence of acute pain and
sensitization.

A similar modification of CO, LEPs was found in a study by Beydoun et al. [61]
where the subjects applied capsaicin cream to the dorsum of one hand and vehicle
cream to the other hand three times daily for a period of 5 weeks. LEPs were record-
ed and psychophysical thresholds and magnitude estimation for several sensory
modalities were determined. The study showed that topical capsaicin significantly
and reversibly decreased the magnitude of the estimation of suprathreshold heat
pain and laser pulses, and the amplitude of the LEPs indicated that topical capsaicin
caused a definite functional and reversible inactivation of Ad-nociceptive afferent
transmission (receptor desensitization). This supports previous findings in healthy
volunteers [62] and in patients with post-herpetic neuralgia [63].

LEPs and topical capsaicin-induced neurogenic inflammation and hyperalgesia
have also been investigated in a pharmacological study where the effect of a potent
tricyclic Hy-antagonist compound was evaluated [64]. The drug inhibited the N1/P2
peak-to-peak amplitude, where the main effect was on the N1 component (related
to direct sensory input from the periphery) and it was concluded that the drug exert-
ed its positive effect to reduce capsaicin-induced hyperalgesia primarily by a central
mechanism.

One study [65] combined the orofacial laser-evoked brainstem reflex responses
in the contracted jaw-closing muscle (laser-evoked silent period) and trigeminal
LEPs after topical application of capsaicin to the cheek. The capsaicin-induced pain
reduced the degree of reflex suppression and reduced the LEP by 42%. These effects
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were suggested to be mediated through the activation of segmental and supraseg-
mental inhibitory systems that may function interdependently.

A few studies have also looked at the magnetoencephalographic-evoked respons-
es after capsaicin-evoked sensitization. Baron et al. [66] investigated the neural acti-
vation of the primary somatosensory cortex (SI) induced by intradermal capsaicin-
evoked secondary hyperalgesia (dynamic mechanical hyperalgesia). The somatosen-
sory-evoked magnetic fields induced by non-painful electrical stimulation of
Ap-afferents at the forearm skin were recorded. Capsaicin was injected adjacent to
the stimulation site to induce secondary dynamic hyperalgesia. The electrical stimu-
lus applied within the secondary hyperalgesic area was subsequently perceived as
painful. Non-painful electrical stimulation of AB-afferents induced evoked respons-
es in SI at latencies between 20 and 150 ms. Acute application of capsaicin produced
an increase in the excitability of central neurons (magnetic dipole strengths) in SIL.
This might be due to sensitization of central neurons so that normally innocuous
stimuli activate pain-signaling neurons, or alternatively, cortical neurons might
increase their receptive fields.

The magnethoencephalographic parallel study [67] to the LEP study by Valeri-
ani et al. [60] showed that intradermal injection of capsaicin to the thenar area of
the hand caused an extension of the cortical hand representation and a decrease of
the distance between the hand representation and the localization of the lip. A like-
ly mechanism for this acute reorganization is that pain induced hyper-responsive-
ness of the left thenar to tactile input from neighboring body sites.

Since brain potentials evoked by painful stimuli mirror only the cortical electro-
or magnetoencephalographic activity elicited by very brief painful stimuli, attempts
have been made to use the spontaneous electroencephalographic (EEG) signals for
assessing the cerebral activity accompanying experimental pain over long periods of
time. Some of the spectral components of the EEG have shown a causal relationship
to the presence of pain and to the intensity of pain. Furthermore, some of these spec-
tral changes occur over specific cortical areas with relation to the somatic structure
stimulated. However, studies on EEG and on-going clinical pain have not yet
revealed a better understanding of the cortical structures involved in the processing
of pain. To our best knowledge, only three studies have investigated the effect of
intradermal and intramuscular capsaicin evoked pain on on-going EEG signals.

To examine the specific effects of cutaneous pain on EEG activity, tonic painful
and non-painful sensations in the left forearm were induced by intradermal injection
of capsaicin 100 pg/20 pl and the same volume of vehicle, respectively, in 15 healthy
males [68]. The capsaicin injection evoked significant decreases of 0, a-1 and o-2
powers over the centro-parieto-occipital regions, compared with baseline. Yet, no
significant difference in EEG activation between the non-painful vehicle injection
and painful capsaicin injection was found. This implies that the observed topo-
graphic EEG activation was not specific for pain but probably related to the cuta-
neous stimulation.
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In another study, the effect of as well skin as muscle capsaicin pain on the EEG
was studied [69]. Painful and non-painful sensations were produced by intramus-
cular injections of capsaicin and vehicle solution in the left brachioradialis muscle
in 15 male volunteers. Thirty-one-channel EEG data acquired before, during and
after the two injections were analyzed in respect of the topography and the power
spectrum. Comparing the EEG changes between baseline, non-painful and painful
stimulations an increased -2 activity during muscle pain was significant over exten-
sive areas of the head, whereas a significant increase in a-2 activity took place at the
posterior part of the head during the waning pain period. These results may imply
that the painful and non-painful muscular stimulations evoke distinct EEG activa-
tion in different neural networks of the human brain and the intensity of nocicep-
tive input from muscles may encode the variety of topographic EEG changes.

In the third study, the effect of intradermal and intramuscular capsaicin-evoked
pain on the on-going EEG was compared directly and the data showed that intra-
dermal capsaicin pain produced a similar but not identical EEG topographic pattern
as muscle-evoked pain [70]. Muscle pain induced a significant increase of B-2 activ-
ity in the extensive frontal, parietal and occipital areas compared to skin pain. These
results implicate that the nociceptive inputs from muscle and skin are processed dif-
ferently in the brain.

Brain imaging methods to assess hyperalgesia

To disclose aspects of cortical processing of capsaicin-evoked nociceptive informa-
tion, a change in the regional blood flow can be detected and represented by vari-
ous brain-imaging techniques. For instance, positron emission tomography (PET)
requires the injection of radioisotopes into the bloodstream towards the brain.
These short half-life radioisotopes accumulate for a brief period of time in the active
areas of brain and can then be localized by scanners sensitive to the transient
increase in radioactivity. For instance, Coghill et al. [71] used PET to quantitative-
ly examine pain-induced global cortical blood flow (CBF) changes after intradermal
capsaicin injection. Capsaicin stimulation caused a 22.8% decrease in global CBF
from resting levels. In addition, a number of studies have looked more specifically
into which areas are activated following on-going capsaicin pain or after activation
of sensitized areas (e.g. thermal- or brush-evoked allodynia).

To more specifically look into which structures are activated by sustained intra-
dermal capsaicin-evoked pain, Andersson et al. [72] showed significant activations
of the contralateral anterior cingulate gyrus, the ipsilateral anterior insular cortex
and the ipsilateral prefrontal cortex. The results are consistent with an involvement
of ST in the spatial discrimination of acute cutaneous pain.

PET scans have been obtained during heating of capsaicin-treated skin [73]. A
comparison between scans evoked from non-treated and treated skin area reveals the
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specific activation of a medial thalamic pathway to the frontal lobe during thermal
activation of the primary hyperalgesic area. The results suggest that different central
pathways mediate the intensity and certain qualitative aspects of pain. In making this
differentiation, the brain recognizes unique physiological features of different painful
conditions, thus permitting adaptive responses to different pain states.

In another study [74], PET responses were measured before and after stroking-
evoked pain produced by an innocuous brush applied within the area with dynamic
hyperalgesia. Stroking-evoked pain, but not capsaicin pain alone, increased blood
flow significantly in the contralateral right sensory association cortex (Brodmann
area (BA) 5/7), and in bilateral prefrontal cortex (BA 9/10/47) and the insula. No sig-
nificant activity was seen in thalamus or in the SI. Direct comparison between cap-
saicin pain and stroking-evoked pain revealed significant increase in the contralater-
al (BA 5/7) only. The specific activation of contralateral (BA 5/7) indicates that this
brain region is important to the processing of stroking-evoked pain. The involvement
of (BA 5/7) in stroking-evoked pain is claimed to reflect multi-sensory input to this
region, its role in conscious pain perception, and its neuroplastic properties.

Iadarola et al. [75] performed a similar study and concluded that brush-evoked
pain (allodynia) was characterized by bilateral activation of inferior prefrontal cor-
tex, suggesting that prefrontal responses to pain are context dependent. Similarly,
May et al. [76] performed an experimental study to explore mechanisms related to
headache/migraine and administered capsaicin subcutaneously in the right forehead
of healthy volunteers. Increases of regional CBF were found bilaterally in the insu-
la, in the anterior cingulate cortex, the cavernous sinus and the cerebellum. The
increase of activation in the region of the cavernous sinus, however, suggests that
this structure is likely to be involved in trigeminal-transmitted pain.

Functional magnetic resonance imaging (fMRI) studies of capsaicin-evoked pain
and sensitization are based on different magnetic properties of different tissues in
the brain, which can be made visible in very strong magnetic fields. Red blood cells
loaded with oxygen (oxygenated hemoglobin) present different magnetic properties
than unloaded ones (deoxygenated hemoglobin). Active areas in the brain have
higher levels of oxygenated hemoglobin. This signal dependent on blood oxygena-
tion level allows the detection of active areas with good spatial and temporal reso-
lution by magnetic field scanners.

The fMRI-detected neural network activated by the pain component of cap-
saicin-induced secondary mechanical hyperalgesia was studied by Baron et al. [77].
During hyperalgesia, significantly higher activation as compared to baseline was
found in the contralateral prefrontal cortex: the middle (BAs 6, 8 and 9) and inferi-
or frontal gyrus (BAs 44 and 45). No change was present within SI, secondary
somatosensory cortex (SII) and the anterior cingulate cortex. The prefrontal activa-
tion was interpreted as a consequence of attention, cognitive evaluation and plan-
ning of motor behavior in response to pain. Further, a fMRI capsaicin study in ani-
mals has showed slightly different results with capsaicin-evoked changes in anterior
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cingulate (bilateral), frontal cortex (bilateral) and sensory motor cortex (contralat-
eral) [78].

For PET, the temporal resolution and spatial resolution are not as good as with
fMRI (see below), but PET and single photon-emission computed tomography
(SPECT) allow, in addition, the assessment of the concentration of ligands and
receptors with relevance for the pain transmission in the brain.

Vasomotor responses to assess hyperalgesia

The vasomotor manifestation of topical and intradermal capsaicin-induced cuta-
neous hyperexcitability is the flare reaction (also known as neurogenic inflamma-
tion; see Fig. 4). Flare reactions can be assessed by laser Doppler flowmetry,
reflectance spectroscopy, thermography and visual inspection.

Not only can Ad-nociceptive endings in the skin be inhibited by repetitive cap-
saicin application [62] but also by histamine-evoked neurogenic inflammation [79].
Topical application of capsaicin to the human skin induces a flare reaction,
increased blood flow and elevated skin temperature 30—60 min after the application,
and lasts approximately 3—4 h [12, 17, 20, 75]. Elevated temperature, visible flare
and increased blood flow both in the area of application and in the surrounding area
are most likely due to dilatation of local cutaneous arterioles because of activation
of afferent C-fibers [34, 80]. Recent studies using thermography to assess the devel-
opment of the flare have greatly improved our knowledge of flare mechanisms.
Serra et al. [81] used thermography to demonstrate that a flare response occurs in a
large scattered area. It was observed that the specific arterioles engaged in the flare
reaction in response to a capsaicin injection are identical to the arterioles reacting in
a post- ischemic period, suggesting there is no specific subgroup of arterioles for the
flare reaction exclusively. Therefore it is conceivable that the flare response is not a
single phenomenon, but may be due to several underlying mechanisms responsible
for superficial warming and for deep arteriolar dilatation [82]. Yucel et al. [29]
found an increased skin temperature (thermography) in the primary area for both
topical capsaicin and controlled-heat injury. This result may be explained by
increased C-fiber activity following heat conditioning resulting in increased dilata-
tion via axon reflexes.

However, it still remains to be established how flare and hyperalgesia are linked,
particularly when it is known that flare and hyperalgesia may occur independently
[81]. Recently, Koppert et al. [82] have studied the effect of lidocaine on punctuate
hyperalgesia and flare induced by intradermal capsaicin, and reported that the size
of flare detected by laser Doppler flowmetry was larger than the size of punctuate
hyperalgesia. This report seems to indicate a possible contribution of neurogenic
inflammation to secondary hyperalgesia [82]. The study of Sumikura et al. [38] sup-
ports these findings, as they also suggested a contribution from neurogenic inflam-
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Baseline 35°C
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Figure 4
Following intradermal capsaicin injection, a pronounced increase in skin temperature is
detected using thermography.

mation to secondary hyperalgesia to heat. The capsaicin-induced flux in the prima-
ry and secondary hyperalgesic areas after pretreating the capsaicin-injection site
with local ketamine or lidocaine were examined by Gottrup et al. [83]. They found
ketamine to reduce significantly the blood flow in both the primary and secondary
hyperalgesic area, whereas lidocaine only reduced blood flow significantly in the
primary hyperalgesic area.

Modulation of capsaicin-induced hyperalgesia
A number of studies have used topically applied drugs to modulate capsaicin-
induced primary and secondary hyperalgesia. Topical administration of local anal-

gesics (e.g. EMLA® [84], the cannabinoid receptor ligand HU210 [85] and ion-
tophoresis of noradrenaline [86]) have been used to pretreat the skin prior to cap-
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saicin application. Pretreatments significantly reduced the burning sensation from
capsaicin and attenuated primary heat hyperalgesia. Interestingly EMLA® also
inhibits capsaicin-evoked neurogenic inflammation [87].

Topical [88] and systemic [89] non-steroidal anti-inflammatory drugs are not
efficient in inhibiting capsaicin- or burn- [90] induced secondary hyperalgesic areas.
In contrast, topical acetylsalicylic acid seems to be more efficient in inhibiting sec-
ondary hyperalgesia [91], and topical administration of the 5-HTj; (serotonin)
receptor antagonist ondansetron [92] inhibits secondary mechanical hyperalgesia.

Different drugs have been applied intradermally in an attempt to modulate sec-
ondary hyperalgesia. The effect of intradermal fentanyl and ketamine on capsaicin-
induced hyperalgesia has been studied by Koppert et al. [93]. Fentanyl and ketamine
did not affect the area or intensity of secondary hyperalgesia, whereas larger doses
of ketamine had some inhibitory effect on intensity of secondary hyperalgesia. In
contrast, other studies showed no effect of subcutaneous infiltration of ketamine
[94] but an effect of morphine [95] on capsaicin-induced pain and hyperalgesia.
Subcutaneous infiltration of lidocaine [83, 94| reduces spontaneous pain and cap-
saicin-induced hyperalgesia. However, Koppert et al. [82] administered lidocaine as
part of an intravenous regional anesthesia protocol to exclude possible central anal-
gesic effects, and found no effect on secondary pin-prick hyperalgesia.

Although capsaicin-induced hyperalgesia is assumed to mimic some of the cen-
tral manifestations (e.g. secondary hyperalgesia) seen in neuropathic pain syn-
dromes, only limited pharmacological studies have supported that notion. Drugs
used for management of neurogenic pain such as mexiletine [96], oral lamotrigine
[97], intravenous magnesium [98], intravenous clonidine [99], systemic adenosine
[100], systemic lidocaine [82, 101] and tricyclic antidepressants such as desipramine
[102] or amitriptyline [103] do not have any effect on central manifestations evoked
by capsaicin. However, a number of other drugs and administration regimes have
shown to suppress secondary hyperalgesia induced by capsaicin; these include
intrathecal adenosine [104, 105], intrathecal clonidine [99], blocking o-adrenore-
ceptors with intravenous phentolamine [106], intravenous remifentanil [97, 107],
intravenous alfentanil [102, 103, 108], oral hydromorphone [97], intravenous lido-
caine [43], the o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-
kainate antagonist LY293558 [109], intravenous ketamine [56, 108] and the anti-
convulsant gabapentin [110]. It is currently not clear which experimental model is
the best to simulate clinically relevant conditions of central sensitization.

Induction and assessment of capsaicin-evoked muscular pain
and hyperalgesia
There is only one human study which has investigated the peripheral neural activi-

ty of muscle pain evoked by intramuscular capsaicin [111]. Microneurography was
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used to excite and to record impulse activity in identified single afferent peroneal
nerve fibers from skeletal muscles of human volunteers. Capsaicin (0.01%) injected
into the receptive field of two slowly conducting muscle afferents (one Group III and
one Group IV) produced spontaneous discharge of each fiber and caused intense
cramping pain, suggesting that the units recorded were nociceptive. The results
endorse the concept that the primary sensory apparatus that encodes the sensation
of cramping muscle pain in humans is served by mechanical nociceptors with slow-
ly conducting nerve fibers.

Intramuscular injection of capsaicin is known to cause pain and sensitize the
muscle to cuff algometry [112] or standard pressure-pain stimulation [113, 114].
Capsaicin stimulation of muscle and skin producing the same pain-intensity levels
resulted in different local and referred pains, indicating that the neurophysiological
mechanisms underlying capsaicin-evoked skin and muscle pain differ [21].

Recently, an interaction between cutaneous itch and capsaicin-evoked muscle
pain has been studied [115]. Capsaicin-induced muscle pain reduced the ion-
tophoresed histamine-evoked cutaneous itch sensation. In contrast, capsaicin-
induced muscle pain increased significantly after cutaneous histamine application.
These novel data indicate that muscle pain inhibits itch and that histamine increas-
es muscle pain. A bi-directional interaction between cutaneous histamine-sensitive
afferents and nociceptive muscle afferents via central mechanisms is suggested.

Intramuscular injection of capsaicin has also been used to study the interaction
between muscle pain and motor control. Muscle pain has been shown to inhibit the
single motor-unit firing frequency [116] and potentiate the single motor-unit twitch
force during low-level muscle contractions. Furthermore, intramuscular capsaicin
facilitates the stretch reflex, possibly by increasing the sensitivity of the fusimotor
system [117]. As chronic muscle pain and related central sensitization is an impor-
tant clinical problem [118-121], more research should be done on assessing the
manifestations and mechanisms evoked by intramuscular capsaicin. The manifesta-
tion of secondary hyperalgesia related to muscle sensitization has been suggested to
be the size of the referred muscle pain area and the related somatosensory changes
in these areas [122].

Induction and assessment of capsaicin-evoked visceral pain
and hyperalgesia

Few human studies have been performed with capsaicin-evoked pain and hyper-
algesia in visceral structures. Capsaicin has been applied to the gut of patients
with an ileostoma [123]. Increasing volumes of capsaicin solution (0.25-3 ml, all
containing 50 pug of capsaicin) were applied to the ileum via the stomal opening.
Referred somatic pain developed around the stomal opening, with a correlation
between the pain area and pain intensity. After application of capsaicin, signifi-
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cant hyperalgesia was found to distension of the gut (a 28% reduction in pres-
sure-pain threshold). Specific activation of nociceptors in the gut mucosa provides
new possibilities to study clinically relevant visceral pain mechanisms. Lee et al.
[124] used healthy volunteers and found that administration of capsaicin decreas-
es proximal gastric tone, inhibits phasic contractility of the proximal stomach and
increases sensitivity to proximal gastric distension (i.e. lower discomfort thresh-
old). Capsaicin perfused to human small intestine to study jejunal nociception
caused crampy abdominal pain [125], which proves the existence of chemonoci-
ception in the human small intestine. The perfusion caused no sensitization to
barostat balloon distention [126], which is in contrast to capsaicin application to
the ileum.

The few data available on visceral sensitization by capsaicin generally support
the hypothesis that capsaicin can cause pain in the human gastrointestinal tract. The
manifestation of secondary hyperalgesia related to visceral pain has been suggested
to be the size of the referred visceral pain area and the related somatosensory
changes in these areas [122].

Conclusion

Capsaicin is a very useful experimental substance in human experimental and clini-
cal pain research for the study of peripheral and central sensitization of skin, mus-
cles and viscera. Sensitization related to deep tissues has been partly neglected in the
past, as most research has been directed towards understanding the mechanisms
underlying the cutaneous manifestation of sensitization related to neurogenic pain.
Further research into the mechanisms behind capsaicin-induced hyperalgesia is
needed in order to improve the experimental models and to facilitate pharmacolog-
ical screening of new drugs for neuropathic pain using those experimental models.
However, muscular and visceral pains have a much higher clinical prevalence than
neurogenic pain; thus a better understanding of the central mechanisms of neuro-
plasticity related to these deep structures would have substantial socioeconomic
impact.
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Capsaicin and the gut: not just a matter of taste

Few would deny that seasoning heightens the joy of a meal, and history tells us that
wars have been fought to ensure an unbroken supply of spices. One of the most
unusual seasonings is the vanilloid derivative capsaicin, the pungent ingredient in a
wide variety of red peppers of the genus Capsicum including chilli and jalapefio,
given that the sensory experience associated with its intake ranges from pleasant to
painful. This is probably a reason why mankind is divided into people who love and
those who abhor chilli and related peppers, with a distinct geographical distribu-
tion. However, the great divide between pleasant/indifferent and repellent sensations
associated with capsaicin is rooted much deeper within the vertebrate phylum. Indi-
viduals that have experienced capsaicin powder in the air know that, for a few mil-
liseconds, the attractive smell/taste of vanilla precedes the repellent experience of
severe irritation in the eyes, nose and mouth that immediately follows. Birds, on the
contrary, are not repelled by capsaicin at all, because the avian ortholog of TRPV1,
which represents the so-called capsaicin receptor in mammals, lacks the vanilloid
binding site [1]. It may be that capsaicin offers only a favorable vanilla flavor to
birds, providing an incentive for these creatures to distribute the seeds of red pep-
per.

In addition to being a spice, red pepper has also been used as a remedy against
various illnesses in traditional medicine. For instance, chilli has been recommended
to stimulate appetite, cure indigestion and relieve ulcer pain and has been employed
as a carminative in cholera. Now that the implications of TRPV1 in gastrointestinal
(GI) function are gradually revealed, it turns out that some of the indications of red
pepper in folklore medicine may in fact be related to TRPV1 stimulation or inacti-
vation. This chapter reviews the existing knowledge of the presence and function of
TRPV1 in the gut and highlights emerging avenues that identify TRPV1 as a thera-
peutic target in GI inflammation and functional bowel disorders, including func-
tional dyspepsia and irritable bowel syndrome (IBS).

Turning up the Heat on Pain: TRPV1 Receptors in Pain and Inflammation, edited by
Annika B. Malmberg and Keith R. Bley
© 2005 Birkhduser Verlag Basel/Switzerland 147
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TRPV1 and the gut: from a tasty receptor for a painful vanilloid to a key
player in hyperalgesia

In the past years transient receptor potential (TRP) ion channels have become not
only a hot spot in sensory neuroscience and pain research but also in neurogas-
troenterology. The digestive system is in particular need of sensory surveillance sys-
tems [2], and the TRP ion channel superfamily represents a pleiotropic sensory
apparatus that reacts to both physical and chemical stimuli from outside and inside
the cell [3]. As already alluded to, TRP ion channels are particularly relevant to taste
and the taste-related aspects of food intake and digestion. Much as TRPV1 is the
receptor for capsaicin, the spicy and irritating ingredient in plants of the genus Cap-
sicum [4], TRPA1 (ANKTM1) functions as a receptor for isothiocyanate (mustard
oil), the spicy and irritating ingredient in plants of the genus Brassica such as mus-
tard, horseradish and wasabi [5]. The pleasant cooling sensation caused by menthol
is mediated by TRPMS, which is in keeping with this TRP channel being a sensor
for cool temperatures [6, 7]. Other TRP channels enable humans to appreciate
sweet, bitter and umami tastes [8].

TRPV1 has attracted additional attention because it is activated by a variety of
potentially noxious stimuli including heat (>42 °C), acidosis (<pH 6), ethanol and
lipid mediators such as anandamide, N-arachidonoyl-dopamine, N-oleoyldopamine
and oleoylethanolamide, as well as 12-, 15- and 5-lipoxygenase products, including
12-(S)-hydroperoxyeicosatetraenoic acid (12-HPETE), 15-HPETE and leukotriene B,
[9-16]. H* ions have long been suspected to be endogenous activators of the so-called
capsaicin receptor [17] and, given the high acid concentrations that occur physiolog-
ically in the esophagogastroduodenal region, TRPV1 may be an important acid sen-
sor, relevant to the regulation of acid secretion and mucosal homeostasis [18]. How-
ever, genetic deletion of TRPV1 fails to modify the excitatory effect of acidosis on
nodose ganglion neurons [19], which is in keeping with the concept that the acid sen-
sitivity of afferent neurons involves a variety of H*-sensitive ion channels [18].

TRPV1 has been envisaged as a polymodal nociceptor because it can be sensi-
tized by various pro-algesic stimuli. Thus, mild acidosis (pH 6-7), ethanol (0.3-3%)
and proalgesic stimuli such as prostaglandin E,, bradykinin, ATP and nerve growth
factor can enhance the probability of channel opening in response to heat or cap-
saicin [14, 20-23]. From these properties it would appear that TRPV1 integrates
many noxious stimuli and thus plays a significant role in setting the gain of noci-
ceptors. As acidosis, prostaglandins, bradykinin, ATP and nerve growth factor are
formed under conditions of injury and inflammation, they could bring about hyper-
algesia by lowering the temperature threshold of TRPV1 so that the channel
becomes active at normal body temperature [20, 24]. The relevance of TRPV1 to
inflammatory hyperalgesia is borne out by the finding that TRPV1-knockout mice
do not develop thermal hyperalgesia in response to experimental inflammation or
purinoceptor stimulation [23, 25, 26].
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Specific contributions of TRPV1 to Gl function in health and disease

Capsaicin as a neuropharmacological tool: demonstration that sensory
neurons are important for gut function

Red pepper has been used since ancient times as both a spice and a treatment for
GI disease. However, the biological actions of its pungent ingredient were not
understood before capsaicin was found to be a selective stimulant of primary affer-
ent neurons. The immediate but transient excitation is followed by a long-lasting
desensitization of sensory neurons to capsaicin and other stimuli [27, 28]. Fol-
lowing this discovery, capsaicin became an important tool to probe sensory neu-
ron functions in many organs, including the gut [27-30]. The collective outcome
of these studies attests to the important role which afferent neurons play in the
control of GI blood flow, mucosal ion transport, mucosal inflammation, mucosal
protection, mucosal repair, motor activity and nociception [29, 30]. There is now
increasing awareness that hypersensitivity of sensory neurons and a disturbed gut-
brain axis contribute to functional bowel disorders such as functional dyspepsia
and 1BS [2].

Although it is widely assumed that most biological actions of capsaicin are medi-
ated through TRPV1 expressed on sensory neurons, this inference in its generalized
form is not true. Firstly, capsaicin acts on a variety of cells other than sensory neu-
rons, and these actions often display characteristics that differ from those of its sen-
sory neuron-selective actions [27]. Secondly, desensitization of sensory neurons to
capsaicin involves not only inactivation of TRPV1 but also defunctionalization of
the entire afferent neuron [27]. Thus, functional deficits in animals treated with a
dose of capsaicin that defunctionalizes afferent neurons cannot be directly linked to
TRPV1 [31], and the implication of TRPV1 in physiological or pathological
processes needs to be explored by specific inhibition of TRPV1 gene expression or
TRPV1 channel activity. This chapter focuses on recent advances that directly point
to a role of TRPV1 in GI function in health and disease.

Incomplete match of capsaicin-sensitive afferent neurons with neurons
expressing TRPV1

Long before TRPV1 was identified, a subgroup of primary sensory neurons had
been classified as ‘capsaicin-sensitive afferent neurons’ on the basis of their suscep-
tibility to the excitatory and desensitizing action of capsaicin [27, 32]. Although
they are heterogeneous in terms of morphology, chemical coding and function, cap-
saicin-sensitive afferents typically have small to medium-sized cell bodies, possess
unmyelinated (C-) fibers and contain a variety of peptide transmitters, among which
calcitonin-gene-related peptide and substance P are the most prominent [27]. Visu-
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alization of TRPV1 by immunohistochemistry and in situ hybridization techniques
has confirmed its presumed localization to sensory neurons that originate from the
trigeminal, nodose and spinal ganglia and give rise to unmyelinated axons [4,
33-41]. However, this work has also revealed that the population of capsaicin-sen-
sitive afferent neurons, as defined in neurochemical, neurophysiological and neu-
ropharmacological investigations, does not completely match with the population
of neurons that express TRPV1-like immunoreactivity (TRPV1-LI) or TRPV1
mRNA.

One remarkable aspect of this mismatch is that TRPV1 is much more widely dis-
tributed than envisaged from the functional studies and, for instance, is expressed
by many neurons in the brain [42]. Another example of mismatch concerns the
chemical coding of TRPV1-expressing sensory neurons. Capsaicin-sensitive affer-
ents have been characterized to be largely peptidergic, as they contain and release
calcitonin-gene-related peptide and substance P [27, 28, 43, 44], whereas TRPV1-
positive dorsal root ganglion neurons rather lack these neuropeptides [34]. There is,
however, a substantial co-expression of calcitonin-gene-related peptide and TRPV1
in visceral sensory neurons [38]. Thus, calcitonin-gene-related peptide is found in
81-99% of the spinal afferent neurons innervating the gut and other viscera of
mouse, rat and guinea pig [39, 43, 45], compared with 71-82% that express
TRPV1 [39, 40].

A further instance of mismatch concerns the expression of TRPV1 in the GI
tract. Functional studies have indicated that the population of capsaicin-sensitive
afferent neurons constitutes extrinsic primary afferent neurons exclusively, whereas
intrinsic enteric and extrinsic autonomic neurons do not directly respond to cap-
saicin [27, 29, 30]. Accordingly, Patterson et al. [37], Ward et al. [38] and Schicho
et al. [40] have failed to detect TRPV1-LI in enteric neurons of the rat, guinea pig
and mouse GI tract. Consequently, these authors conclude that the numerous
TRPV1-positive nerve fibers that occur in the enteric nerve plexuses, musculature
and mucosa represent processes of spinal afferents and, in the stomach, of some
vagal afferents [37, 38, 40, 46]. This conjecture is strongly supported by the disap-
pearance of TRPV1 mRNA from the rat gastric wall following total extrinsic den-
ervation of the stomach [40]. However, other investigators have reported that
TRPV1-LI is expressed by enteric neurons of the guinea pig, porcine and human
intestine [47-51]. In addition, TRPV1 mRNA, TRPV1 protein and TRPV1-like
binding sites have been found on rat gastric epithelial cells [52, 53], which is remi-
niscent of the presence of TRPV1 on epithelial cells of the urinary bladder (where
this ion channel acts as a sensor relevant to bladder function) [54, 55]. The dispar-
ity in the findings related to the gut awaits to be elucidated, much as it will be
important to find out the molecular identity of TRPV1-LI contained in enteric neu-
rons and epithelial cells. Capsaicin has been reported to excite enteric neurons [56],
and it appears worth re-investigating this effect, which has been thought to be due
to transmitter release from extrinsic afferents.
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Double-edged implications of TRPV1 in Gl mucosal functions

Extensive studies involving capsaicin have demonstrated that capsaicin-sensitive
afferent neurons participate in the regulation of GI circulation, secretion, mucosal
homeostasis, motility and nociception [29, 30]. These tasks of sensory neurons are
brought about by two different modes of operation: an afferent and an efferent-like
function [57-59]. By conveying information from the gut to the spinal cord and
brainstem, capsaicin-sensitive afferents contribute to GI sensation and constitute the
afferent arm of autonomic and neuroendocrine reflex circuits relevant to digestion.
Other sensory neurons subserve a local efferent-like function in the gut, which is
brought about by the release of calcitonin-gene-related peptide, substance P and
other mediators from their peripheral fibers, these transmitters in turn acting on GI
effector systems [57, 58].

This efferent-like mode of operation is exemplified by the reactions of the rat
gastric mucosa to luminal capsaicin exposure or acid back-diffusion [60, 61]. Both
stimuli increase mucosal blood flow through a peripheral mechanism of action and
initiate other mechanisms of defense, such as bicarbonate and mucus secretion
(Fig. 1) [2, 30]. In addition, capsaicin-sensitive afferent nerve fibers participate in the
feedback regulation of gastric acid secretion: as they are activated by accumulation
of secreted acid, they release calcitonin-gene-related peptide which, via somatostatin
release, halts further acid secretion [30, 62]. While the gastric hyperemic response
to luminal acid back-diffusion is mediated by spinal afferents [63], the afferent sig-
naling of gastric acid challenge to the brain is carried by vagal afferents [64, 65].
These observations indicate that the local efferent-like and afferent functions in
response to gastric acid are subserved by different populations of sensory neurons
[59].

The capsaicin-evoked gastric hyperemia [66], gastric mucosal protection [46, 53]
and duodenal bicarbonate secretion [67] in the rat are likely to be mediated by
TRPV1, given that they are antagonized by the TRPV1 blocker capsazepine. The
gastric mucus secretion evoked by stimulation of protease-activated receptor-2
(PAR2) is likewise blunted by capsazepine [68], which suggests a link between PAR2
and TRPV1 (Tab. 1). In contrast, it is less clear whether the reactions of the rat gas-
troduodenal mucosa to luminal acid back-diffusion, which are mediated by cap-
saicin-sensitive afferent neurons, involve TRPV1. Whereas the gastric mucosal
hyperemia evoked by acid back-diffusion remains unaltered by capsazepine [66], the
duodenal vasodilatation caused by exposure to luminal acid is blunted by this
TRPV1 blocker [69]. On the contrary, the acid-evoked secretion of duodenal bicar-
bonate is left unchanged by capsazepine [67]. It thus seems as if there are regional
differences in the receptor mechanisms whereby acid challenge activates afferent
neurons in the foregut, a conjecture that is in keeping with the multiplicity of acid-
sensing ion channels expressed by sensory neurons [18]. An approach to solve this
issue would be to examine acid-induced GI mucosal reactions in TRPV1-knockout
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Figure 1

Double-edged role of TRPV1 in the maintenance of GI mucosal homeostasis and in the
establishment of Gl hyperalgesia. Being a polymodal detector of injurious chemicals, TRPV1
on sensory neurons with an efferent-like function is involved in the alarm of local protective
reactions in the Gl mucosa. The abdominal hypersensitivity associated with functional bowel
disorders may in part be due to up-regulation and functional modification of TRPV1 on
spinal afferents that signal to the central nervous system. TRPV1 blockers may thus have
both beneficial and adverse effects on Gl function, reducing hypersensitivity at the expense
of increased mucosal vulnerability. DRG, dorsal root ganglion.

mice in which the stimulant action of capsaicin on vagal and spinal afferents is total-
ly absent [19, 25, 26].

Whereas TRPV1 in the foregut mediates reactions that support mucosal home-
ostasis, there is evidence that TRPV1 in the mouse pancreas, rat ileum and rat colon
facilitates processes of inflammation and tissue damage (Tab. 1). Thus, experimen-
tal pancreatitis induced by caerulein [70], ileitis induced by Clostridium difficile
toxin A [71] and colitis induced by dextrane sulphate [72] are significantly amelio-
rated by capsazepine. Although it is yet to be disclosed how these inflammatory
stimuli are linked to TRPV1, there is evidence that C. difficile toxin A enhances the
formation of anandamide and 2-arachidonoylglycerol in the mucosa and that these
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Table 1 - Implications of TRPV1 in gastrointestinal functions

Gl function Type of evidence Ref.

Plasma protein extravasation in the rat esophagus Inhibition by capsazepine  [14]
evoked by ethanol

Mucus secretion in the rat stomach evoked by Inhibition by capsazepine  [68]

stimulation of PAR2
Vasodilatation in the rat duodenum caused by exposure Inhibition by capsazepine  [69]
to luminal acid

Inflammation of mouse pancreas induced by caerulein Inhibition by capsazepine  [70]
Inflammation of rat ileum caused by C. difficile toxin A Inhibition by capsazepine  [71]
Inflammation of rat ileum caused by anandamide Inhibition by capsazepine  [73]
Inflammation of rat colon caused by dextrane Inhibition by capsazepine  [72]

sulphate sodium

PAR2, protease-activated receptor-2.

mediators, in turn, stimulate TRPV1 [73]. Activation of TRPV1 excites sensory
nerve terminals in the mucosa, which leads to release of substance P, causes activa-
tion of enteric neurons and immune cells and ultimately results in hypersecretion,
inflammation and mucosal damage [71, 73].

Contribution of TRPV1 to Gl nociception

The molecular characteristics of TRPV1 as a polymodal nociceptor and its associa-
tion with nociceptive afferent nerve fibers attribute this ion channel a particular role
in pain and hyperalgesia. The gut is innervated by two populations of extrinsic
afferents, vagal and spinal, both of which express TRPV1 [4, 33-41]. Of the nodose
ganglion neurons that innervate the rat stomach, 42-80% stain for TRPV1, where-
as 71-82% of the dorsal root ganglion neurons projecting to the rat stomach and
mouse colon express TRPV1 [37, 39, 40]. However, the level of TRPV1-LI present
in the peripheral nerve fibers differs considerably between vagal and spinal affer-
ents. Thus, most TRPV1-positive nerve fibers in the gut appear to be processes of
spinal afferents [37, 38, 40], whereas the level of TRPV1-LI in the peripheral fibers
of vagal afferents is so low that it is difficult to detect [37]. This may explain why
the proportion of capsaicin-sensitive fibers among vagal afferents supplying the
esophagus and stomach is 30% [74-76].

There is ample evidence that capsaicin, most likely through gating of TRPV1,
stimulates extrinsic afferents of the gut [75-78] and that administration of capsaicin
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into the alimentary canal gives rise to pain in humans [79-84] and mice [835, 86].
For instance, infusion of a red pepper sauce containing capsaicin (0.14 mM) into the
human esophagus elicits heartburn and lowers the threshold for distension-induced
perception and discomfort, apart from accelerating esophageal peristalsis and slow-
ing gastric emptying [79]. Given that acid and ethanol can gate TRPV1 [14, 20], it
has been speculated that heartburn in patients with gastroesophageal reflux disease
may involve activation of TRPV1 by refluxing acid or swallowing of alcohol or hot
food [31]. Indeed, when heartburn patients take capsaicin (0.016 mmol) in gelatin
capsules before a test meal, the time to peak heartburn is significantly shortened,
whereas dyspepsia, esophageal and gastric pH profiles as well as gastric emptying
remain unaltered [81].

Infusion of capsaicin (0.13-0.65 mM) into the human jejunum induces pain
whose abdominal localization and perceptional quality are similar to distension-
induced pain [84]. Since it does not stimulate jejunal motility and does not alter jeju-
nal mechanosensitivity, capsaicin is thought to evoke pain by stimulation of jejunal
chemoreceptors, presumably TRPV1 [84]. Similarly, administration of a capsaicin
solution (0.16 mM) into the ileum of patients with an ileostoma evokes abdominal
pain, as well as referred somatic pain [83]. The effects of capsaicin-containing red
pepper preparations have also been tested in IBS patients, given that spicy meals are
said to exacerbate IBS symptoms. Acute ingestion of an intermediate chilli dose con-
taining 46 mmol of capsaicin as single treatment does not alter the discomfort and
pain thresholds for rectosigmoid distension in IBS patients, but lowers the pain
threshold in healthy controls [87]. In contrast, intake of a low chilli dose contain-
ing 0.33 mmol of capsaicin with each meal for 1 week has been found to evoke
upper abdominal discomfort and to decrease the rectal pain threshold for disten-
sion, a change that is not related to rectal compliance [88]. Ingestion of a high-chilli
diet (15 g per day) for 3 days has inconsistent effects on IBS symptoms and does not
alter rectosigmoid motility [89]. From these observations it would seem that repeat-
ed ingestion of a relatively low capsaicin dose enhances the rectosigmoid pain sen-
sitivity of IBS patients, but a systematic investigation as to how IBS symptoms are
related to dose, form and duration of the capsaicin treatment has not yet been car-
ried out [88].

Direct evidence for a role of TRPV1 in the pain associated with GI disease has
not yet been provided, but this has been increasingly implied in both experimental
and clinical studies. While experimental paradigms of visceral hypersensitivity await
to be tested in TRPV1-deficient mice, it has been shown that TRPV1-knockout
mice, which fail to exhibit any vanilloid-evoked pain behavior, do not develop
inflammation-induced cutaneous hypersensitivity to noxious heat [25, 26]. This
observation, which demonstrates that TRPV1 is relevant to sensitization of dermal
afferents, is matched by indirect evidence that TRPV1 contributes to sensitization of
GI afferents. Thus, acute administration of capsaicin into the ileum of patients with
an ileostoma has been reported to cause mechanical hypersensitivity [83], much as
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the ingestion of a low capsaicin dose for 1 week induces upper-abdominal discom-
fort and decreases rectal pain threshold for distension in IBS patients [88].

Furthermore, experimental studies suggest that stimulation of PAR2 in the GI
tract, which brings about a delayed hypersensitivity to colorectal distension [90], is
linked to activation of TRPV1. In particular, application of a PAR2 agonist into the
pancreatic duct sensitizes spinal afferents to the excitatory effect of capsaicin [91],
and nociception caused by intracolonic capsaicin is facilitated following intraperi-
toneal administration of a PAR2 agonist to mice [86]. The molecular mechanism
behind the interaction between PAR2 and TRPV1 [68, 86, 91] involves protein
kinase C, which phosphorylates TRPV1 and thereby sensitizes it to activation by
other stimuli [92, 93]. Since trypsin and tryptase are released during tissue inflam-
mation, it would appear that PAR2-mediated sensitization of TRPV1 could be an
important mechanism underlying inflammatory hyperalgesia.

Further indirect evidence for a role of TRPV1 in abdominal hyperalgesia comes
from reports that capsaicin desensitization is beneficial in patients with function-
al dyspepsia or an irritable (overactive) bladder. This approach is based on the
ability of capsaicin to induce a state of sensory refractoriness [27] which, depend-
ing on the dose of capsaicin, may be due to desensitization (inactivation) of
TRPV1 [94-98], down-regulation of TRPV1 [28], loss of sensory neuron
excitability or Ca?*-related neurotoxicity for sensory neurons [27, 28]. Such a
state of functional desensitization can be achieved by systemic administration of
high doses of capsaicin to experimental animals or by repeated topical adminis-
tration of moderate doses of capsaicin to humans. Sensory refractoriness is usual-
ly reversible after several weeks to months, unless very high doses of capsaicin are
administered systemically to cause permanent neurotoxicity. Capsaicin pretreat-
ment of rats blocks the visceromotor response to gastric acid challenge [65], sup-
presses the cardiovascular pain response to noxious jejunal distension in the rat
[99] and prevents the inflammation-induced hypersensitivity to colonic distension
[100, 101]. Pretreatment of rats with SDZ 249-6635, a vanilloid compound repro-
ducing capsaicin desensitization, attenuates inflammatory bladder hyperreflexia,
referred hyperalgesia [102] and behavioral pain responses to intraperitoneal acetic
acid in rats [103].

Chronic administration of capsaicin is likewise beneficial in patients with
abdominal pain. For instance, intravesicular administration of capsaicin or
resiniferatoxin has been found to reverse urinary bladder hyperreflexia in humans
[104]. Intractable idiopathic pruritus ani can be relieved by a 4-week treatment
course with topical capsaicin [105], and daily intragastric administration of red
pepper containing 5.7 mmol of capsaicin for 5 weeks significantly reduces epigas-
tric pain and other symptoms of functional dyspepsia [82]. However, the initial
phase of red pepper administration, when capsaicin is still stimulating afferent
neurons, is often associated with an exacerbation of dyspeptic and IBS symptoms
82, 87, 88].
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Alterations of TRPV1 expression and function in Gl disease

Consistent with a role in GI pain and hyperalgesia is that TRPV1-LI on submucos-
al nerve fibers in the colon is enhanced in patients with painful inflammatory bowel
disease [106]. The density of TRPV1-LI in extrinsic nerve bundles of the aganglion-
ic bowel in Hirschsprung’s disease is likewise increased [107]. Rectal hypersensitiv-
ity and fecal urgency are associated with a rise in the number of TRPV1-positive
nerve fibers in the muscle, submucosa and mucosa of the rectum and of TRPV1-pos-
itive neurons in the myenteric and submucosal plexus [51].

There is experimental evidence that inflammation leads to up-regulation of
TRPV1 expression and function (Fig. 1), a process in which nerve growth factor
plays a particular role. In vitro, neurotrophic factors can augment the expression
of TRPV1 mRNA in cultured sensory neurons and enhance their capsaicin sensi-
tivity [108, 109], whereas in vivo nerve growth factor acts mostly by a post-tran-
scriptional mechanism [110]. Thus, cutaneous inflammation induced by complete
Freund’s adjuvant leads, via nerve growth factor formation, to activation of the
mitogen-activated protein kinase p38 in the somata of dorsal root ganglion neu-
rons, which in turn increases the protein but not mRNA levels of TRPV1. The
TRPV1 protein is then transported into the peripheral terminals of sensory neu-
rons where it contributes to the maintenance of inflammatory heat hyperalgesia
[110]. A similar process seems to take place in the rat gastric mucosa exposed to
a noxious HCI concentration [40]. Six hours post-challenge, TRPV1 protein (but
not TRPV1 mRNA) is enhanced in dorsal root ganglion neurons innervating the
stomach, whereas TRPV1 mRNA and protein in the nodose ganglia stay
unchanged [40].

Therapeutic options provided by TRPV1 channel blockers:
a double-edged approach to abdominal pain?

The polymodal nociceptor properties of TRPV1 make these ion channel an intrigu-
ing target for novel therapies of abdominal pain and inflammation. From a thera-
peutic perspective it would appear, therefore, that TRPV1 channel blockers may be
of substantial value in suppressing GI hyperalgesia related to inflammation and
other circumstances where there is activation (sensitization) or up-regulation of
TRPV1 (Fig. 1). That such an approach is worth pursuing is emphasized by the ben-
eficial effect of chronic capsaicin desensitization in functional dyspepsia and over-
active bladder [82, 104]. However, a disadvantage of this approach is the initial
pungency that capsaicin and related TRPV1 agonists bring about. Early attempts to
circumvent this problem led to the use and development of vanilloid-related com-
pounds with reduced pungency but preserved ability to desensitize. Various cap-
saicin analogs differ in the relative ratio of initial excitation to subsequent refrac-
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toriness, with resiniferatoxin and particularly the capsaicin analog SDZ 249-665
being examples that hardly stimulate but effectively desensitize afferent neurons [28,
102, 103].

Clearly, selective TRPV1 channel blockers would lack the unwanted property of
pungency, and the feasibility to antagonize capsaicin was proved by the discovery of
the first TRPV1 blocker, capsazepine [111]. Whereas the selectivity of this com-
pound for TRPV1 channels is limited [112], the new knowledge of the membrane
topology of TRPV1 and its function-relevant domains provides a good basis for the
design of highly specific channel blockers. Indeed, the search is on, and several com-
pounds have recently been reported to behave as TRPV1 channel blockers, which
are thought to provide novel drugs to fight persistent and chronic pain arising from
inflammation or nerve injury [31, 113]. This indication is very likely to comprise
visceral pain, although the utility of TRPV1 blockers has not yet been ascertained
in established paradigms of GI hyperalgesia.

One important caveat, however, needs be considered. The physiological role of
capsaicin-sensitive afferent neurons is to monitor the physical and chemical condi-
tion of the GI tract and to provide essential information for the local, autonomic
and central regulation of digestive activity in health and disease [2, 30]. Owing to
their sensory modalities, capsaicin-sensitive afferent neurons constitute a neural
alarm system which helps to maintain GI mucosal homeostasis in the face of pend-
ing injury (Fig. 1), especially in the foregut [30]. As TRPV1 seems to be a relevant
sensor involved in these tasks [46, 53, 66-69], blockade of TRPV1 may interfere
with the physiological function of sensory neurons at the expense of an increased
vulnerability of the GI mucosa. In addressing this issue it will be important to find
out whether TRPV1 involved in GI mucosal protection can pharmacologically be
differentiated from TRPV1 mediating GI hyperalgesia in inflammatory and func-
tional bowel diseases [2].
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Introduction

Sensory nerves in the airways regulate central and local reflex events such as bron-
choconstriction, airway plasma leakage, mucus secretion and cough [1]. Sensory
nerve activity may be enhanced during inflammation such that these protective
reflexes become exacerbated and deleterious [1]. Sensory nerve reflexes are under
the control of at least two different classes of sensory fibre: the myelinated, rapidly-
adapting stretch receptors and non-myelinated, capsaicin-sensitive, C-fibres [2, 3].
In the airways, activation of rapidly-adapting stretch receptors and C-fibres elicits
cough, bronchoconstriction and mucus secretion via an afferent central reflex path-
way [1, 4-6]. Activation of C-fibres in the airways also mediates efferent excitatory
non-adrenergic, non-cholinergic (e-NANC) responses such as bronchoconstriction,
mucus secretion, plasma exudation and vasodilatation, via the peripheral release of
neuropeptides, a phenomenon known as neurogenic inflammation [1] (Fig. 1). A
characteristic feature of many nociceptive sensory fibres is their sensitivity to cap-
saicin [7, 8]. However, until recently the molecular mechanisms involved in activa-
tion of sensory nociceptive fibres were unknown. Pharmacological evidence for the
presence of a capsaicin receptor in sensory nerves was provided by the use of two
capsaicin analogues, resiniferatoxin (a potent agonist) and capsazepine (a selective
antagonist). Firstly, specific binding sites for resiniferatoxin were demonstrated on
dorsal root ganglion membranes [9] and, secondly, capsazepine has been found to
inhibit numerous capsaicin-evoked neuronal responses [10, 11], including those in
the airways [12]. The capsaicin receptor has recently been identified and has been
named the type 1 vanilloid receptor (VR1; or TRPV1, for transient receptor poten-
tial vanilloid 1) [13].

Turning up the Heat on Pain: TRPV1 Receptors in Pain and Inflammation, edited by
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Figure 1

Sensory nerves in the airways. Myelinated Aé-fibres are activated predominantly by
mechanical stimuli (including bronchoconstriction), whereas unmyelinated C-fibres are acti-
vated by capsaicin, irritants and chemicals. TRPV1 is localized predominantly to C-fibres.
CGRP, calcitonin-gene-related peptide; NKA, neurokinin A; NP, neuropeptide; RAR, rapidly-
adapting stretch receptor; SAR, slowly adapting receptor; SP, substance P.

The type 1 vanilloid receptor (TRPV1)

TRPV1 is a membrane-associated vanilloid receptor. It is a ligand-gated ion channel
expressed selectively on the neuronal plasma membrane of nociceptive C-fibres and
is required for the activation of sensory nerves by vanilloids such as capsaicin, the
pungent extract from plants in the Capsicum family (hot chilli peppers) [14, 15].
TRPV1 also mediates the response to painful heat, extracellular acidosis, protons
and tissue injury [15, 16]. The convergence of these stimuli on TRPV1 channels,
which are highly expressed in the sensory neurons of dorsal root and trigeminal gan-
glia, underlies the common perceptual experience of pain due to these stimuli.
TRPV1 is an outwardly rectifying, cation-selective ion channel with a preference for
calcium (P¢,/Py, ~10) and magnesium (Py;,/Py, ~5) [14], which depends on a sin-
gle aspartic acid residue in the pore region of the protein. TRPV1 is activated by
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heat (>43°C; although it is effectively dormant at normal body temperature) and
low pH (<5.9), and may act as an integrator of chemical and physical pain-eliciting
stimuli. When activated, TRPV1 produces depolarization through the influx of Na*,
but the high Ca?* permeability of the channel is also important for mediating the
response to stimuli associated with pain. Gating by heat is direct but the receptor
can be opened by ligands or stimuli such as mild acidosis, which also reduces the
threshold for temperature activation and potentiates the response to capsaicin. To
summarize, TRPV1 mediates nociception and contributes to the detection and inte-
gration of diverse chemical and thermal stimuli [17].

The expected role for TRPV1 is in pain pathways and recent data from studies
with TRPV1-knockout mice showed impaired inflammatory thermal hyperalgesia
[17, 18]. This has led to a growing interest in developing small-molecule antagonists
for this target. Recent pre-clinical data demonstrating efficacy in rodent models of
both thermal and mechanical neuropathic or inflammatory pain has fuelled this
enthusiasm [19, 20]. The established role of sensory nerve activation in the cough
reflex and the role of TRPV1 in inflammatory pain has also alerted the respiratory
community as to the therapeutic potential of TRPV1 antagonists as anti-tussives
and as therapy for airway inflammatory diseases such as asthma and chronic
obstructive pulmonary disease (COPD).

Ligands for TRPV1

Exogenous agonists of the TRPV1 include capsaicin and resiniferatoxin [15].
Endogenous agonists and modulators include the cannabinoid receptor agonist
anandamide, N-arachidonoyl-dopamine (NADA), inflammatory mediators
(bradykinin [21, 22], 5-hydroxytryptamine [22] and prostaglandin E2 [22]), hydro-
gen ions [14, 22], heat [14, 23], arachidonic acid [24, 25], lipoxin A4 [26], prosta-
cyclin [27], ethanol [28, 29] and several eicosanoid products of lipoxygenases,
including 12-(S)- and 15-(S)-hydroperoxyeicosatetraenoic acids, 5-(S)-hydroxye-
icosatetraenoic acid and leukotriene B, [30]. Interestingly, the effect of bradykinin
may be indirect given that data exists suggesting that bradykinin appears to activate
bradykinin B, receptors on afferent neurons leading to the generation of lipoxyge-
nase metabolites that have agonist activity at TRPV1 [31]. Anandamide was first
isolated from porcine brain [32] and is an endogenous lipid mediator, which is the
ethanolamine amide of arachidonic acid. It is synthesized in the nervous system [33]
as well as peripheral tissues including the lung [34]. Anandamide is a low-efficacy
TRPV1 agonist that acts as a partial agonist in tissues with low receptor reserve;
however, where a high receptor reserve exists, as in certain inflammatory disease
states, then anandamide behaves as a full agonist [35, 36]. Interestingly, anandamide
is also a known ligand of cannabinoid receptors [37]. NADA is a high-efficacy
TRPV1 agonist that has recently been isolated from the central nervous system [38].
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Figure 2
Effect of the TRPV1 antagonist capsazepine on single airway C-fibres of guinea pig activat-
ed by capsaicin or by low pH (citric acid). Adapted from [41].

The evidence supporting the hypothesis that TRPV1 can be gated by vanilloids
such as capsaicin, but also by protons, heat, agonists at certain G-protein-coupled
receptors, ethanol, cannabinoids and lipoxygenase products of arachidonic acid, has
come from electrophysiological patch-clamp recording studies on the cell bodies of
TRPV1-expressing cells [23, 28, 30, 39, 40]. Furthermore, pharmacological antag-
onism of TRPV1 has been shown to inhibit action potential discharge evoked by
each of these stimuli [28, 30, 41, 42]. However, due to the non-selective effects of
several of these tool compounds this pharmacological approach has its limitations.
Furthermore, if the antagonist inhibits but does not completely block a given
response it is not clear whether activation of the TRPV1 is obligatory for the
response or merely contributes to the end response. In studies using TRPV1~~ mice
it was concluded that whereas TRPV1 is required for action potential discharge of
C-fibre terminals evoked by capsaicin and anandamide, it plays a contributory role
in responses evoked by low pH or bradykinin [43]. These data suggest that TRPV1
is one of multiple ion channels responsible for the bradykinin-evoked generator
potentials (i.e. membrane depolarization) in C-fibre terminals. Capsazepine has
been demonstrated to abolish C-fibre responses to acid application in isolated
guinea pig tracheal preparations, leading to the assumption that TRPV1 activation
is an absolute requirement for C-fibre activation by acid [41, 44] (Fig. 2). Howev-
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er, it has been noted in recent studies that the airway C-fibre response to acid has
transient and sustained components; the latter being inhibited, but not abolished, by
capsazepine [44], giving weight to the data presented in the studies on TRPV1-
knockout mice and suggesting that acid activates these fibres by both TRPV1-
dependent and -independent pathways. The mechanism involved in the TRPV1-
independent response to acid may involve the activation of other acid-sensitive
channels, for example TRPV4 [45], members of the acid sensing ion channel (ASIC)
family [46] and certain types of voltage-gated potassium channel [47].

It would appear that the pharmacology of TRPV1 is extremely complex. TRPV1
is a thermal sensor and as such is activated by temperatures exceeding 43 °C, but the
heat threshold can be significantly lowered by mild acidification and by endogenous
ligands such as bradykinin, ATP, ethanol, dithiothreitol and protein kinase C (PKC)
activators [48]. Nicotine has recently been shown to sensitize TRPV1 channels and
to accentuate responses to capsaicin. This effect is not dependent on nicotinic acetyl-
choline receptors. Nicotine has also been shown to inhibit tetrodotoxin (TTX)-resis-
tant sodium channels, which are known to be important in mediating pain and
inflammation. These effects occur at modest nicotine concentrations [49]. This low-
ering of the thermal activation threshold by inflammatory mediators may result in
constant activation of TRPV1 even at normal body temperatures. In contrast, the
endogenous lipid phosphatidylinositol (4,5)-bisphosphate (PIP,) has an opposite
effect on TRPV1, elevating its threshold for activation and maintaining the receptor
in a closed (inactivated) state [50].

TRPV1 receptor antagonists

Antagonists of TRPV1 include ruthenium red, a dye that exhibits properties of non-
competitive antagonism for the TRPV1 [51] and has a poorly defined mechanism of
action and limited selectivity [16]. Capsazepine was another agent characterized as
a weak but relatively selective, competitive TRPV1 receptor antagonist (over other
TRPVs) [52]. However, at the concentrations required to antagonize the TRPV1
(approximately 10 uM), capsazepine has demonstrated non-specific effects such as
inhibition of voltage-gated calcium channels and nicotinic receptors [53, 54]. Fur-
thermore, this ligand has poor metabolic and pharmacokinetic properties in
rodents, where it undergoes extensive first-pass metabolism when given orally [55].

Recently a number of antagonists with improved potency and/or selectivity have
been described and these include antagonists that are structurally related to agonists
such as iodo-resiniferatoxin, which is 100-fold more potent than capsazepine [56].
Previous evidence has indicated that iodo-resiniferatoxin is a potent antagonist at
the TRPV1 both in vitro and in vivo [56, 57]. Since then several studies have used
this antagonist as a pharmacological tool to explore the role for TRPV1 in various
physiological settings. Recently, however, although the i vitro antagonistic activity
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of iodo-resiniferatoxin has been confirmed in vivo studies have demonstrated some
agonist activity of this agent at high doses [58]. Therefore, there is a possibility that
this agent retains some agonistic activity and that an agonist-dependent desensitiza-
tion effect on sensory nerves may well contribute to some of the antagonistic activ-
ity observed. The GlaxoSmithKline compound SB-366791 [48], which has a good
selectivity profile in a series of assays, is somewhat related to the inhibitor of anan-
damide transporter and potent vanilloid agonist AM-404, and should provide a use-
ful tool for probing the physiology and pharmacology of TRPV1 [48].

Several TRPV1 receptor antagonists that share no obvious structural resem-
blance to any class of vanilloid agonist have also been developed. These compounds
have been discovered by high-throughput, random screening projects. At present
this group of antagonists includes (a) N-(haloanilino)carbonyl-N-alkyl-N-
arylethylendiamines discovered at SmithKline Beecham, (b) N-diphenyl-N-napthyl-
ureas discovered at Bayer and (¢) pyridol[2,3-d]-pyrimidin-4-ones discovered at
Novartis [55, 59].

However, one potential issue in the development of TRPV1 antagonists is that
since this receptor is targeted by heat, protons and a plethora of endogenous medi-
ators that most likely interact at distinct recognition sites in a synergistic manner, a
competitive receptor antagonist may not be able to block the activation of the recep-
tor by blocking a single class of binding site.

Location of TRPV1 in airways
Airway sensory nerves

The capsaicin-sensitive vanilloid receptor is expressed mainly in sensory nerves
including those emanating from the dorsal root ganglia and afferent fibres that
innervate the airway, which originate from the vagal ganglia. In the dorsal root and
trigeminal ganglion, TRPV1 is localized to small and medium-sized neurons [14, 60,
61]. Somatic sensory neurons of the vagus nerve are located in the jugular ganglion,
whereas visceral sensory neurons of the nerve are located in the nodose ganglion.
Previous studies have demonstrated that TRPV1 containing neurons are abundant
in these ganglia [61].

There are classically two classes of sensory nerve in the airways; myelinated Ad-
fibres that are activated predominantly by mechanical stimuli, and unmyelinated C-
fibres (Fig. 1). Physiological studies indicate that capsaicin-sensitive neurons are
broadly defined as small cells with unmyelinated (C-) nerve fibres. Of these affer-
ents, most capsaicin-sensitive neurons are polymodal nociceptors, chemonocicep-
tors or heat-sensitive receptors. A3 mechanoreceptors and cold receptors are not
sensitive [62, 63]. More information on the distribution of TRPV1, and conse-
quently the capsaicin sensitivities of subpopulations of primary sensory neurons, has
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been provided by combined in situ hybridization and histochemical techniques of
TRPV1 mRNA. In these studies this receptor is almost exclusively expressed by neu-
rofilament-negative small and medium-sized dorsal root ganglial cells [61]. In the
same study the authors have shown that TRPV1 mRNA is expressed by most cells
of the nodose ganglion in contrast to Caterina et al. [14], who did not find expres-
sion in these cells but in agreement with Helliwell et al. [64]. Furthermore, nodose
cells that lack TRPV1 include large neurofilament-immunoreactive cells consistent
with studies suggesting that low-threshold tracheal A3 mechanoceptors originating
in the nodose ganglia are neurofilament-positive and capsaicin-insensitive [65].

Non-neuronal location

The traditional view that TRPV1 is simply a marker of primary sensory nerves is
now being challenged. The TRPV1 receptor has been detected in guinea pig and
human airways by receptor-binding assays [66] and has been identified in non-neu-
ronal cell types, such as mast cells, fibroblasts and smooth muscle [67].

Role of TRPV1 in airway responses
Cough

Cough is a dominant and persistent symptom of many inflammatory lung diseases,
including asthma, COPD, viral infections, pulmonary fibrosis and bronchiectasis.
Chronic cough can also be idiopathic in nature where no obvious causal mechanism
is evident. Cough is the most common complaint for which medical attention is
sought and although effective treatments for cough are not available, narcotic
agents, such as the opioid codeine, are often used. However, such agents have only
limited beneficial value due to the associated side effects such as constipation, nau-
sea, vomiting and drowsiness. Therefore, the identification of novel therapies,
devoid of central activity, for the treatment of chronic cough would be of significant
therapeutic benefit and greatly enhance the quality of life of patients who suffer
from this condition [68].

Inhalation challenge with capsaicin and low pH (e.g. citric acid) has been shown
to evoke cough and has been used as a model for the last 50 years to investigate the
action of potential anti-tussive therapies in clinical trials [69]. In fact, agonists at
TRPV1 such as capsaicin and resiniferatoxin are the most potent stimulants of the
cough reflex so far described in humans [70, 71]. Therefore, it has been suggested
that TRPV1 activation may be one of the primary sensory mechanisms in cough
[69]. In guinea pigs capsazepine inhibits coughing induced by inhaled capsaicin and
citric acid (Fig. 3) [6]. However, if activation of TRPV1 is an important initiating
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Figure 3

Effect of capsazepine on cough in conscious guinea pigs induced by inhaled capsaicin or cit-
ricacid. Mean =S.E.M. values are shown,; *P <0.05, **P <0.07 compared to vehicle controls.
Adapted from [6].

factor for the cough reflex then an endogenous capsaicin-like ligand must be pre-
sent. A number of putative endogenous ligands that are known to activate TRPV1
have been demonstrated to cause cough. TRPV1 has been shown to be sensitive to
a fall in the extracellular pH, and H* ions not only stimulate the receptor directly
[14, 23] but also increase the sensitivity of the receptor to capsaicin [14] and low-
pH solutions are known to elicit cough in animals [6, 70] and in humans [72].
Anandamide has been shown to activate human and rat TRPV1 receptors in
TRPV1-transfected cells and in rat dorsal root ganglial cells [36, 40]. Furthermore,
anandamide has been shown to release intracellular Ca?* (measured by the fluoro-
metric imaging plate reader (FLIPR) technique) in guinea pig nodose ganglial cells
and this increase was blocked by a TRPV1 antagonist [73]. These data together with
the finding that anandamide activates rat pulmonary vagal C-fibres through the
activation of TRPV1 [42] and depolarizes the guinea pig vagus nerve axon [74] pro-
vides a mechanistic explanation for the tussive effect observed with anandamide.
Cough elicited by anandamide in the guinea pig can be inhibited by the TRPV1
inhibitor capsazepine, but not by CB; and CB, receptor antagonists [73]. However,
when anandamide was inhaled by a single capsaicin-sensitive subject, it did not have
any demonstrable activity [69]. The lack of tussive activity in humans could be due
to the fact that although anandamide is an agonist at TRPV1 it also acts as a
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cannabinoid receptor agonist. Activation of cannabinoid receptors has been shown
to inhibit the cough reflex either via a central effect on CB; receptors [34] or a
peripheral inhibitory effect on CB, receptors [75]. Therefore, the pro-tussive activi-
ty via TRPV1 receptor activation could be negated by an opposing anti-tussive effect
on the cannabinoid CB,,, receptors.

Interestingly, the TRPV1 antagonists capsazepine and iodo-resiniferatoxin have
been shown to inhibit capsaicin- [6, 76], citric acid- [6, 76] and anandamide- [73]
induced cough in conscious guinea pigs, suggesting that these agents are inducing
cough via a common mechanism; the activation of TRPV1 [6]. However, it is unlike-
ly that TRPV1 activation is the only stimulus for cough since some tussogenic
agents, such as hypertonic saline, are not inhibited by TRPV1 antagonism [6, 76].
Recent data generated in anaesthetized guinea pigs have added to the confusion
regarding the TRPV1-dependent nature of citric acid-induced cough. In these stud-
ies it has been suggested that citric acid-evoked cough (at least in anaesthetized
guinea pigs) is mediated by capsaicin-insensitive nodose ganglion neurons and that
capsaicin-sensitive nerve activation plays a permissive but non-essential role [77].

Neurogenic inflammation

Activation of TRPV1 in sensory nerves leads to the activation of nociceptive and
protective reflex responses and the release of neurotransmitters from both peripher-
al and central nerve endings (Fig. 4). This latter effect causes a collection of inflam-
matory responses often referred to as neurogenic inflammation, which in the air-
ways results in bronchoconstriction, plasma extravasation and mucus hypersecre-
tion [1, 78, 79].

Bronchoconstriction

Early experiments using the relatively weak TRPV1 antagonist capsazepine provid-
ed pharmacological validation that capsaicin-induced bronchospasm in guinea pig
bronchi did indeed involve the activation of TRPV1 [12, 80]. Contractile responses
to resiniferatoxin and capsaicin were unaffected by the neurokinin-1 (NK;) antago-
nist CP-96,3435, partially inhibited by the NK, antagonist SR 48968 but nearly abol-
ished by a combination of the antagonists. These data suggest that resiniferatoxin
and capsaicin both release tachykinins that act on both NK; and NK, receptor sub-
types in a TRPV1-dependent manner [80]. More recently a more potent and selec-
tive agent has been used to confirm these observations [81].

Interestingly, contractile and relaxant responses to capsaicin and resiniferatoxin
have also been examined in human isolated bronchus (5-12 mm outer diameter).
Bronchi isolated from 10 of 16 lungs contracted in response to capsaicin. The cap-

175



Maria G. Belvisi and Peter J. Barnes

Epithelial 0 " Eosmophﬂs
shedding

’*\ Y ©
» Senso nerve

(@ AR i[ m w ﬁt@d Al

Mucus
secretion

Plasma
Vasodilatation exudation

Neuropeptide release
SP, NKA, CGRP, ...

nchoconstriction

Cholinergic
activation

Figure 4

Neurogenic inflammation in asthmatic airways via retrograde release of peptides from sen-
sory nerves via an axon reflex. C-fibres are activated via TRPV1 and cause reflex activation
of cholinergic nerves. These nerves also release neuropeptides, including substance P (SP),
which causes vasodilatation, plasma exudation and mucus secretion, neurokinin A (NKA),
which causes bronchoconstriction and enhanced cholinergic reflexes, and calcitonin-gene-
related peptide (CGRP), which causes vasodilatation. This axon reflex therefore amplifies the
inflammation in asthmatic airways.

saicin-induced contractions were mimicked by resiniferatoxin and inhibited by cap-
sazepine. The contractile response to capsaicin was not affected by the potent NK,-
selective antagonist SR 48968, whereas responses to concentrations of neurokinin
A, neurokinin B, substance P (SP), neuropeptide y and neuropeptide K, which pro-
duced similar-size contractions, were almost abolished by SR 48968. These results
suggest that capsaicin and resiniferatoxin can alter smooth muscle tone in a TRPV1-
dependent manner, but this response does not appear to involve SP or related neu-
rokinins [82].

The endogenous cannabinoid agonist anandamide also produced a modest con-
tractile response in guinea pig isolated bronchus compared with the vanilloid recep-
tor agonist capsaicin. The contractile response to both anandamide and capsaicin
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was inhibited by the TRPV1 receptor antagonist, capsazepine. Furthermore, the
NK,-selective antagonist SR48968 but not the NK;-selective antagonist SR140333
inhibited contractile responses to anandamide. The contractile response to anan-
damide was also abolished in tissues desensitized by capsaicin. The results demon-
strate that anandamide induces a modest contractile response in guinea pig isolated
bronchus that is dependent upon the activation of TRPV1 receptors on airway sen-
sory nerves. However, cannabinoid receptors do not appear to play a role in this
regard [83]. Recently, it has been demonstrated that ethanol is capable of stimulat-
ing airway sensory nerves via a TRPV1-dependent mechanism, thus causing the
release of sensory neuropeptides and consequent bronchoconstriction [29]. Further-
more, this response was abolished by a combination of NK; and NK, receptor
antagonists, indicating that neurokinin release from sensory nerves is also involved.

Airway hyperresponsiveness to bronchoconstrictor agents is recognized as a crit-
ical feature of bronchial asthma that correlates with clinical symptoms and sensory
nerves in the airway have been implicated in hyperresponsiveness. Several studies
have demonstrated that capsaicin pretreatment significantly inhibited the late
bronchial response that was observed after ovalbumin inhalation, airway hyper-
responsiveness and eosinophil accumulation in an allergic guinea pig model [84] and
airway hyperresponsiveness to histamine in a rabbit model [85]. However, the role
of capsaicin-sensitive nerves in the airway hyperresponsiveness of asthma patients is
uncertain. It remains to be seen whether TRPV1 antagonists are effective in this
regard.

Plasma extravasation

Activation of C-fibres in the airways also mediates efferent e-NANC responses, such
as plasma exudation and vasodilatation, via the peripheral release of neuropeptides,
a phenomenon known as neurogenic inflammation [1]. Plasma extravasation has
been shown to be induced in rats or guinea pigs by intravenous injections of SP and
capsaicin. The effect of intravenous capsaicin was absent in capsaicin-desensitized
animals and in those pretreated with capsazepine [29, 86]. Capsaicin-induced plas-
ma extravazation was also markedly inhibited by CP-96,345, a non-peptide antag-
onist of tachykinin NK1 receptors [87, 88]. These data suggest that capsaicin-
induced plasma leakage is mediated by the release of neuropeptides and the activa-
tion of NK1 receptors via a TRPV1-dependent mechanism.

Endogenous TRPV1 ligands have also been shown to evoke plasma extravasa-
tion into the airways in animal models. Interestingly, it has been demonstrated that
tachykinins, released in the airways by stimulating the oesophagus with hydrochlo-
ric acid, induce airway plasma extravasation. One normal HCI infusion into the
oesophagus significantly increased plasma extravasation in the trachea which was
inhibited in capsaicin-desensitized animals, suggesting a role for TRPV1-dependent
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mechanisms in this response [89]. In addition, it has recently been demonstrated
that ethanol administered by the intravenous or intragastric route caused plasma
extravasation in the guinea pig airways that was inhibited by capsazepine, and
hence is a TRPV1-mediated effect [29].

Mucus secretion

Capsaicin-sensitive C-fibre afferents containing the neuropeptides SP, neurokinin A
and calcitonin-gene-related peptide have also been shown, when stimulated, to
evoke neurogenic secretion from airway mucus-secreting cells [90]. However,
although capsaicin has been shown to elicit mucus secretion there are no data avail-
able describing the effect of TRPV1 antagonists on this response.

TRPV1 ligands and the airway inflammatory response

In addition to the stimulation of airway C-fibres, capsaicin has also been shown to
have effects on the inflammatory response as assessed in human cell-based assay sys-
tems. Thus, capsaicin has been shown to interact with TRPV1 expressed by BEAS-
2B and other airway epithelial cells to cause the calcium-dependent production of
cytokines and, conversely, calcium-independent cell death. The mechanisms of these
cellular responses to capsaicin appear to proceed via distinct cellular pathways, but
both pathways are initiated by TRPV1. These results demonstrate that capsaicin
and related compounds, which are contained in pepper-spray products, can produce
airway inflammation and cause respiratory epithelial cell death [91].

Recent studies have suggested a role for the TRPV1 antagonists as a novel class
of analgesic, anti-inflammatory agents. For example, studies utilizing animal mod-
els have shown that the thermal hyperalgesia response to bradykinin seen in wild-
type mice was absent in mice lacking TRPV1 [92]. This study led to Ferreira et al.
[93] investigating the role of TRPV1 channels in the nociceptive response induced
by peripheral activation of kinin B, receptors. They found that bradykinin-induced
nociception is induced by TRPV1 receptor stimulation via phospholipase C-path-
way activation and the production of lipoxygenases.

However, the role of the TRPV1 in airway inflammatory disease would depend
on the presence of endogenous activators of this channel under physiological and
pathophysiological conditions. In fact, it is quite possible that this situation does in
fact exist in the disease scenario given that TRPV1 activation can be initiated and
responses to other activators potentiated in an acidic environment [94], which has
been shown to be present in diseases such as asthma [95, 96] and COPD [96]. Inter-
estingly, it has previously been established that the airway response to TRPV1 acti-
vation is enhanced in certain disease conditions. In particular, it has been reported
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that the cough response elicited in response to capsaicin is exaggerated in diseases
such as asthma and COPD [97].

Anandamide is also an endogenous ligand known to be produced in central neu-
rons [33]. However, more recent studies have also suggested that anandamide can be
synthesized in lung tissue as a result of calcium stimulation, suggesting that this
mediator could also be involved in the activation of TRPV1 under normal and dis-
ease conditions [34]. However, whether anandamide acts as a TRPV1 ligand (e.g. to
elicit cough) or a cannabinoid receptor agonist (e.g. to inhibit cough) may be deter-
mined by the physiological or pathophysiological environment. Inflammatory agents
(e.g. bradykinin, ATP, prostaglandin E, and nerve growth factor) can indirectly sen-
sitize TRPV1 to cause hyperalgesia. Thus, bradykinin and nerve growth factor,
which activate phospholipase CB, release TRPV1 from PIP,-mediated inhibition
[92]. However, phospholipase CB also regulates TRPV1 by diacylglycerol formation
and subsequent activation of PKC, which in turn phosphorylates and sensitizes
TRPV1 [98, 99]. Inflammatory stimuli — including prostaglandins, nerve growth fac-
tor and others — have also been shown to up-regulate the expression and function of
TRPV1 via the activation of pathways dependent on p38 mitogen-activated protein
kinase [100] and protein kinase A [101]. Alternatively, cannabinoid receptor activi-
ty may be down-regulated by PKC phosphorylation. Therefore, these data would
seem to suggest that an inflammatory response as is present in asthma and COPD
may favour anandamide acting at the TRPV1 receptor to elicit responses such as
cough rather than acting at cannabinoid receptors to inhibit sensory nerve reflexes.

Previous data have suggested that there is an up-regulation of TRPV1 in inflam-
matory diseases. For example, TRPVR1 immunoreactivity is greatly increased in
colonic nerve fibres of patients with active inflammatory bowel disease [102]. Fur-
thermore, a recent study has found an increase in TRPV1 expression in sensory
nerves found in the airway epithelial layer in biopsy specimens from patients with
chronic cough compared to non-coughing, healthy volunteers. There was a signifi-
cant correlation between the tussive response to capsaicin and the number of
TRPV1-positive nerves within the patients with cough. Therefore it has been postu-
lated that TRPV1 expression may be one of the determinants of the enhanced cough
reflex found in patients with chronic cough and that the recently described TRPV1
antagonists could be effective in the treatment of chronic persistent cough due to
diverse causes [103]. TRPV1 may therefore play an important role in enhanced sen-
sitivity of the airways in asthma, COPD and chronic cough, with the implication
that antagonism of TRPV1 may have therapeutic potential (Fig. 5).

Conclusions

Current data summarized in this chapter suggest that airway inflammatory diseases
(e.g. asthma and COPD) may respond to treatment with an effective and selective
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Figure 5

TRPV1 may play an important role in the enhanced sensitivity of the airways seen in asth-
ma, COPD and chronic cough with the implication that antagonism of TRPV1 may have
therapeutic potential. The enhanced sensitivity may be due to the release of inflammatory
mediators such as BK and NGF upregulating the activity of TRPV1 leading to exaggerated
functional responses. These effects can be elicited by agonists at the TRPV1 (e.g., capsaicin,
H*, heat, RTX) and inhibited by agents that inhibit sensory nerve activity (e.g., capsazepine,
cannabinoid agonists, andandamide). RTX, resiniferatoxin; BK, bradykinin; NGF, nerve
growth factor; AHR, airway hyperresponsiveness

inhibitor of TRPV1 and to this end much work is being carried out to develop novel
inhibitors [104]. Interestingly, capsaicin-sensitive nerve stimulation in subjects with
active allergic rhinitis produces reproducible and dose-dependent leucocyte influx,
albumin leakage and glandular secretion. These results provide iz vivo evidence for
the occurrence of neurogenic inflammation in the human upper airway with active
allergic disease and may therefore suggest the therapeutic utility of TRPV1 antago-
nists in the management of this disease [105]. In addition, the treatment of persis-
tent cough is a facet of airway diseases that is sorely in need of effective treatments
and a TRPV1 inhibitor may prove extremely effective against cough induced by, for
example, gastroesophageal acid reflux [106], as well as that associated with asthma
and other airways diseases as described.
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Introduction

Capsaicin and other naturally occurring pungent molecules have been used for cen-
turies as topical analgesics to treat a variety of painful conditions. Moreover, since
1989, periodic instillations of high-concentration capsaicin and resiniferatoxin
(RTX) solutions have been found useful for the management of persistent bladder
pain and the symptoms of overactive bladder. However, only within the last 8 years
has it been appreciated that the selective action of capsaicin and similar compounds
on nociceptive sensory nerve fibers is mediated by agonism of a ligand-gated ion
channel called the transient receptor potential vanilloid receptor 1 (TRPV1). The
selective expression of TRPV1 on nociceptors — those nerve fibers specialized for the
detection of stimuli associated with tissue injury — in skin, bladder, joints and other
tissues, has resulted in this receptor becoming an important target for rational drug
development. Two different, but non-mutually exclusive, strategies are being pur-
sued: optimization of TRPV1 agonist-based therapies which can functionally inac-
tivate nociceptive nerve fibers for extended periods, and identification of receptor
antagonists which would prevent nociceptive fibers from being activated by on-
going inflammatory stimuli.

This chapter will focus on recent advances in the understanding of drugs and
treatments which attempt to use naturally occurring or synthetic TRPV1 agonists to
alter the function of nociceptive sensory nerves and consequently cause pain relief.
Consistent with the experimental results reviewed, the terms nociceptor and C-fiber
will often be used interchangeably, even though there is not always a complete over-
lap of the two categories; nociceptors consist of not only C-fibers, but also some A3-
fibers. Evidence for hypotheses regarding the basis of nociceptor hyperactivity in
pain syndromes will be reviewed, and the prospects for efficacy of locally adminis-
tered therapies against various indications will be evaluated.

Turning up the Heat on Pain: TRPV1 Receptors in Pain and Inflammation, edited by
Annika B. Malmberg and Keith R. Bley
© 2005 Birkhduser Verlag Basel/Switzerland 191
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TRPV1 agonist-induced nociceptor desensitization

When activated by a combination of heat, acidosis or endogenous agonists, TRPV1
initiates signal transmission to the spinal cord by depolarizing sensory nerve endings
and generating action potentials which may be experienced by the brain as either a
warming or a burning sensation (Fig. 1). However, if TRPV1 is activated continu-
ously by on-going exposure to an exogenous agonist (e.g. capsaicin), a local bio-
chemical signal can also be generated in nerve fibers, which produces long-term
effects on nociceptive fiber functionality [1]. The TRPV1 channel is highly calcium-
permeable, allowing calcium to flow down its steep electrochemical gradient into
the cell. Furthermore, as TRPV1 is also expressed on intracellular organelles, exter-
nal capsaicin application can cause release of calcium from the endoplasmic reticu-
lum and may even induce additional intracellular calcium release from internal
stores via calcium-dependent calcium release [2]. If TRPV1 is activated in this con-
tinuous fashion, high levels of intracellular calcium and associated enzymatic and
osmotic changes can induce processes that impair nociceptor function for extended
periods [1].

A persistent lack of responsiveness to stimuli that would normally cause noci-
ceptor activation has been termed ‘desensitization’. The use of this term in TRPV1
agonist literature arises from psychophysical studies of human subjects who display
reduced reactions to painful stimuli applied to areas pretreated with TRPV1 ago-
nists, and is not narrowly confined to a direct desensitization of TRPV1 or its intra-
cellular signaling mechanisms [1].

Nociceptor hyperactivity

Desensitization of nociceptive nerve fibers may constitute an important therapeutic
intervention if they are hyperactive. Following acute injury, the basis for the hyper-
activity and/or hypersensitivity of nociceptive nerve endings in affected tissues is
well established [3], and the protective behaviors which result from nociceptor
hyperactivity are considered fundamental to tissue repair and avoidance of addi-
tional damage. Still, TRPV1-agonist-based therapies are being developed for acute
traumatic pain syndromes (see below) because it is widely recognized that even
acute pain can be non-productive and interfere with healing processes.

In chronically painful conditions, particularly neuropathic pain syndromes, clin-
ical and nonclinical research show collectively that the most peripheral aspects of
damaged sensory nerves often display aberrant ‘pathophysiological’ electrical hyper-
activity [4]. However, direct correlations between aberrant activity of nociceptors
and patient pain reports have proven difficult to demonstrate, due to the technical
complexity of measuring electrical activity in small-diameter nerve fibers. A tech-
nique known as microneurography — which measures action potential extracellular-
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Figure 1

Activation of TRPV1 leads the sensation of heat or burning pain and can also result
in localized nociceptor desensitization.

ly — can be used, but this diagnostic procedure is somewhat invasive and may cause
discomfort [5]. Moreover, microneurography has the greatest utility for the long
nerves of the legs and arms, and thus those chronic pain syndromes with primary
presentations in the trunk or face (e.g. lower-back pain or post-herpetic neuralgia)
are difficult to analyze. Consequently, there are very few published studies that have
correlated successfully nociceptive nerve fiber hyperactivity with patient reports of
chronic pain, and they all involve neuropathic pain of the extremities. For instance,
a systematic study of hyperactive nociceptors in patients with erythromelalgia
(burning pain of the feet) showed altered conduction velocities and spontaneous
activity or sensitization in some mechano-insensitive C-fibers [6].

In contrast, spontaneous activity of distal nociceptive fibers following nerve
injury has been recorded extensively in nonclinical models, and correlated directly
with pain behaviors. For instance, transection of the sciatic nerve in rodents is a
long-standing model in which spontaneous or ‘ectopic’ electrical activity of the
resulting neuroma (the injured tip of a nerve fiber) develops, and nerve fibers ter-
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minating in the neuroma become extremely sensitive to stimuli [7]. However,
although highly instructive regarding basic mechanisms of neural excitability, large
nerve neuromas represent only a very small fraction of clinically presenting periph-
eral neuropathies. Polyneuropathies in which some innervation of the skin or other
target organ remains intact — such as due to diabetes — are much more common and
clinically important [8].

Accordingly, several recent nonclinical studies have focused on the excitability of
intact nociceptors following mechanical injuries to surrounding nerve fibers. For
instance, one day following ligation and transaction of the L5 spinal nerve in rats,
about one-half of the uninjured C-fiber nociceptors in the L4 spinal nerve develop
spontaneous activity [9]. Similarly, 7 days following rhizotomy of L5 ventral roots
(which leads predominantly to degeneration in myelinated fibers) in rats, a marked
decrease in paw withdrawal thresholds occurred concomitantly with increased low-
frequency C-fiber spontaneous activity [10]. Furthermore, after partial denervation
of the dorsum of the foot was induced by tight ligations of spinal nerve L6 in pri-
mates [11], there is a significantly higher incidence of spontaneous activity observed
in uninjured single C-fibers in the superficial peroneal nerve recorded using an in
vitro skin/nerve preparation.

Bases for nociceptor hyperactivity

The projections of nociceptors into target organs can be visualized and quantified
by immunostaining of antigens selectively expressed in neurons. Protein gene prod-
uct 9.5 (PGP 9.5) is the most commonly studied marker, although substance P, cal-
citonin-gene-related peptide (CGRP) or others have also been used. Antibodies to
PGP 9.5 stain all nerve fibers, but because nerve fibers in the epidermis of the skin,
uroepithelium of the bladder and mucosa are almost exclusively nociceptors (see
below), changes in the density of these fibers may be quantified [12].

In order to understand the mechanisms underlying aberrant activity of nocicep-
tive nerve fibers in chronic pain syndromes, one key factor may be changes in the
density of innervation of the target organ. That is, in most pain syndromes, which
would be considered neuropathic, sensory neuron axons are lost due either to cell
body or nerve fiber damage following viral, metabolic, traumatic or chemical
insults. In contrast, in chronically painful conditions, which do not involve direct
injury to axons, there may be increased nociceptor innervation of target organs (see
below).

Immunohistochemical analyses have indicated that the density of epidermal
nerve fibers in skin is decreased in a wide range of neuropathic pain syndromes,
including post-herpetic neuralgia [13, 14], diabetic neuropathy [15], painful HIV-
associated neuropathy [16], Fabry disease [17] and small-fiber neuropathy [18].
Moreover, data suggest a positive correlation between the extent of epidermal-
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nerve-fiber loss and the severity of pain in diabetic neuropathy [15] and HIV-asso-
ciated neuropathy [16]. This observation also extends to nonclinical models: in one
study with rats following a chronic constriction injury, there was a very significant
reduction of PGP 9.5- and CGRP-immunoreactive fibers in the epidermis of the
footpad on the same day as maximum pain behavior [19].

Conversely, there are chronically painful syndromes associated with increased
nociceptor density; examples include interstitial cystitis (IC) [20], nostalgia pares-
thetica [21], vulvodynia [22, 23], rectal hypersensitivity [24] and gastroesophageal
reflux disease [25]. As these conditions do no reflect nerve injury per se, they could
be classified as chronic inflammatory — and not neuropathic — syndromes.

There is evidence that intact nociceptor nerve terminals may develop abnormal
electrophysiological properties due to exposure to abnormal concentrations of neu-
rotrophins such as nerve growth factor (NGF) and pro-inflammatory cytokines
(Fig. 2). In chronic pain syndromes associated with deinnervation, pain intensity
may correlate with reduced nociceptor immunostaining because the fewer the num-
ber of intact nociceptive endings, the more likely those endings are to be patholog-
ically active [26]. Although NGF has an important role in controlling the survival
and development of small-diameter neurons — both sensory and sympathetic — it has
recently become clear that this molecule also serves as an important signal for neu-
roimmune and inflammatory processes in mature organisms [27]. In the skin, NGF
and other neurotrophins are constantly produced by keratinocytes and possibly
Langerhans cells [28]. NGF is also produced by human bladder smooth muscle cells
[29], and increased levels of NGF have been reported in bladder tissues from both
human and rodents when there is outlet obstruction [30]. Human chondrocytes syn-
thesize NGF and production is up-regulated in osteoarthritic chondrocytes [31, 32].
In response to enhanced NGF supply (e.g. in inflamed bladders or osteoarthritis),
residual nociceptors may respond by becoming hyperactive and possibly sprouting.
Support for this hypothesis can be found in the well-characterized immediate and
delayed excitatory effects of NGE As a direct excitatory stimulant, NGF causes
immediate excitation of nociceptors [33], resulting in prolonged hyperalgesia and
allodynia [34] and bladder overactivity [35]. In addition to this direct and rapid
effect, retrograde transport of NGF to sensory neuron cell bodies may lead to the
up-regulation of pro-excitatory proteins such as TRPV1 and voltage-activated sodi-
um channels [36] and down-regulation of anti-excitatory proteins such as voltage-
activated potassium channels [37]. Consistently, neutralization of NGF has been
reported to reduce pain behaviors in some rodent models of neuropathic pain [38]
and bladder overactivity [39].

Pro-inflammatory cytokines can also directly activate and modify gene expres-
sion in sensory neurons. There are several sources of these molecules in close prox-
imity to peripheral nerves. Schwann cells, which have often been thought of as hav-
ing a passive support role for peripheral nerves, are able to secrete pro-inflammato-
ry cytokines [40, 41]. Wallerian degeneration is a post-traumatic process of the
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Damaged axon

Figure 2
Overexposure to neurotrophins and pro-inflammatory cytokines may underlie the
hyperactivity of residual nociceptors.

peripheral nervous system whereby damaged axons and their surrounding myelin
sheaths are phagocytosed by infiltrating macrophages or leukocytes. During the
process of infiltration of inflamed or damaged peripheral nerves, these immune sys-
tem cells are known to secrete pro-inflammatory cytokines [42]. Additionally, in the
skin, keratinocytes can also release pro-inflammatory cytokines [43].

TRPV1 agonist-induced disruption of nociceptor hyperactivity

The long-term desensitization of nociceptors induced by TRPV1 agonist exposure
may not only reduce the ability of nociceptor tips to initiate electrical signals, but it
has been long known that nociceptor nerve terminals exposed to capsaicin lose the
capacity to take up and retrogradely transport neurotrophic factors such as NGF to
the cell body [44, 45]. Without a constant supply of NGE, many nociceptors lose
their ability to maintain a hyperexcitable phenotype [27]. Hence, TRPV1 agonist
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treatments may actually alter the phenotype of nociceptors by depriving them of
pro-excitatory influences from their target organs.

The onset of efficacy and duration of pain relief or reduced bladder activity after
discontinuation of TRPV1 agonist treatment may be related to the rate at which
nociceptive nerve endings lose and then regain functionality [46, 47]. Although
nociceptors can remain functionally inactive for weeks following the topical appli-
cation of capsaicin, they eventually return to pre-treatment levels of sensitivity.
Changes in nociceptor immunostaining also occur with the same time course as the
effect. As is the case with impaired functionality, immunostaining reductions are
reversible, probably through the natural processes of nerve-fiber elongation and
protein recycling.

Potential indications for locally administered TRPV1 agonists

Given the ubiquitous distribution of TRPV1-expressing sensory nerve fibers
throughout the body, systemic TRPV1 agonist-based therapies are unlikely to be
viable, as widespread and persistent nociceptor desensitization may produce an
unacceptable side-effect profile. However, directed TRPV1 agonist therapies — in
which nociceptor desensitization is restricted to discrete target organs or regions —
remain a tenable and potentially attractive means to control localized pain or neu-
rogenic inflammation.

In contrast to a highly localized desensitization of nociceptive terminals in skin
or other peripheral sites, another approach to a TRPV1 agonist-based therapy is
possible: use of TRPV1 agonists in a neurolytic procedure which targets with high
selectivity nociceptive neuron cell bodies. Non-selective neurolytic procedures are
still commonly utilized to control intractable chronic pain syndromes, and nonclin-
ical studies have confirmed the efficacy and limited side effects of capsaicin or RTX
when these substances are injected into the vicinity of sensory ganglia [48]. To
debate the justifications for such a highly invasive procedure is beyond the scope of
this chapter, but there can be no doubt that such a therapy would face intense scruti-
ny from regulatory authorities and, even if approved, would almost certainly be rel-
egated to use as a last resort.

Topical capsaicin for peripheral neuropathies

The skin is innervated with approximately 1 million sensory nerve fibers, with their
cell bodies in sensory ganglia (i.e. dorsal root, trigeminal or nodose ganglia). The
main nerve branches enter the subdermal fatty tissue, and then divide into smaller
bundles that fan out laterally to form a branching network which ascends — often
accompanying blood vessels — to form a mesh of interlacing nerves in the superficial
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dermis, with some fibers extending into the epidermis [12]. The epidermis contains
almost exclusively unmyelinated C-fiber nociceptive nerve endings, which specialize
in the detection of noxious stimuli [49, 50]. As there are obviously many nocicep-
tive nerve fibers in the dermis too, the term cutaneous nociceptor is used to refer col-
lectively to those nociceptors that may terminate in the epidermis or course through
the dermis. As discussed above, pathological activity of cutaneous nociceptors is
implicated in chronic pain syndromes.

Capsaicin and closely related vanilloid compounds have been used as topical
analgesic agents for centuries. The first formal report of the pain-reducing proper-
ties of capsaicin in the West appeared in 1850 as a recommendation to use an alco-
holic hot pepper extract on burning or itching extremities [51]. Creams, lotions and
patches containing capsaicin generally in the range of 0.025-0.1% by weight are
now sold, usually without the requirement of a prescription, for the treatment of
neuropathic and musculoskeletal pain. Clinical studies of these low-concentration
medications, usually involving three to five daily topical applications for periods of
2-6 weeks, have often suggested beneficial effects for the treatment of many disor-
ders, including post-herpetic neuralgia, diabetic neuropathy, osteoarthritis and even
psoriasis [52]. As low-concentration, capsaicin-based products often result in cont-
amination of the patient’s environment (clothing, bedding, contact lenses, etc.) and
each application is associated with a burning sensation, poor patient compliance
with these products is often cited as a likely contributor to limited efficacy [53].

Much as in the case of bladder instillations (to be discussed below), support for
the potential utility of single or episodic high-concentration topical exposures was
derived from compassionate treatments of 10 patients with intractable pain syn-
dromes [54]. A high-concentration topical capsaicin-containing patch is in clinical
development for the management of pain associated with peripheral neuropathies.
Phase 1 data suggest that a single 60-min patch application is adequate to induce
substantial nociceptor desensitization, as measured by reductions of thermal thresh-
olds and epidermal PGP 9.5 immunostaining [55]. Preliminary efficacy data suggest
significant potential for efficacy against post-herpetic neuralgia [56] and painful
HIV-associated neuropathy (AN) [57].

Control of bladder pain and overactivity

Bladders are richly innervated with nociceptive sensory nerve fibers, which can
detect bladder distension or the presence of irritant chemicals; activation of these
fibers triggers reflex bladder contraction and emptying [58]. However, under nor-
mal conditions, C-fiber-initiated reflexes are not the primary control mechanism for
the bladder: a long pathway passing through the pontine micturition center and ini-
tiated by activation of capsaicin-resistant Ad-fibers is thought to control most nor-
mal bladder contractions. There is a short neuronal pathway contained entirely
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within the sacral spinal cord and initiated by activation of capsaicin-sensitive blad-
der C-fibers, but this pathway is usually inhibited in adult mammals unless there are
pathologies such as inflammation or spinal transection [59]. Thus, under patho-
physiological conditions, bladder contractions triggered by capsaicin-sensitive C-
fibers and mediated by the sacral reflex are involuntary and can be triggered by
small volumes of urine, characteristics that generate an urge to urinate, urinary
incontinence and a high urinary frequency. Moreover, these C-fiber-initiated con-
tractions lack coordination with urethral sphincter muscle relaxation and can lead
to increased intravesicular pressure and potential harm to the upper urinary tract
[58]. Interestingly, TRPV1 expression occurs not only in nociceptive fibers that form
close contacts with bladder epithelial (uroepithelial) cells but also in uroepithelial
cells themselves [60]; this suggests that these cells may work in concert with under-
lying afferent nerves to detect the presence of irritating stimuli.

In conditions characterized as IC, overactive or neurogenic bladder and detrusor
instability (with the exception of those due to spinal cord injury) an increased densi-
ty of afferent/nociceptive nerve fibers has been reported, based upon increased levels
of immunostaining for PGP 9.5 and other markers [20, 61]. As TRPV1-immunos-
taining is clearly co-localized with nociceptive fibers in the bladder [62], it is possi-
ble that proliferating nociceptors may express enhanced levels of TRPV1 as well.

Interest in TRPV1 agonists for the treatment of overactive bladder and chronic
bladder pain began with the need to treat patients with neurogenic detrusor over-
activity, frequently due to spinal-cord injury. In order to provide compassionate
treatments for patients without alternatives, capsaicin was instilled intravesicularly
for the first time in 1989 [63]. These and subsequent unblinded investigations have
used single administrations of high-concentration (usually 1-2 mM) solution for
about 30 min. Efficacy from single capsaicin instillations has been reported to last
from 1 to 3 months, with some patients showing clinical benefit for up to 1 year
[64]. In a meta-analysis of unblinded treatments for 131 patients, mean bladder
capacity increased by ~50% at various times after treatment and mean symptomatic
improvement was ~70%. The primary acute adverse effects reported were suprapu-
bic pain, increased incontinence or macroscopic hematuria; all of these usually
resolved within 1 week of therapy. No long-term adverse events or safety issues have
been reported [64].

RTX is naturally occurring tricyclic diterpene from Euphorbia cactus which is an
ultra-potent TRPV1 agonist [65] and is often referred to as a non-pungent TRPV1
agonist, even though clinical experience still shows some pungency [64]. RTX was
licensed from the US National Institutes of Health in 1995, with the goal being to
develop well-tolerated treatment for neurogenic/overactive bladder or IC. Initial
clinical trials suggested that some patients experienced significant relief of inconti-
nence or pain-associated IC with few side effects [66]. Additional studies examined
the utility in patients with refractory and stable detrusor hyperreflexia. Initial results
showed improvements in bladder capacity, the number of incontinence episodes and
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patients’ subjective ratings [67]. Consistent with previous reports, RTX appeared to
be much better tolerated than capsaicin with respect to acute discomfort. Subse-
quently, a Phase 2 trial for IC has been completed, but RTX treatment failed to meet
the primary endpoints [68]. However, academic research studies for patients with
refractory bladder disorders continue, and RTX still shows promise for that subset
of patients [69].

Quite similar to effects observed in skin, single instillations of high-concentration
capsaicin also reduce immunohistochemical markers for suburothelial nerve fibers
[70]. Interestingly, there appears to be reduction of nerve-fiber immunostaining only
in patients who respond to the treatment. Similarly, in patients with idiopathic
detrusor overactivity, instillation of RTX increased the current perception threshold
values of C-fibers in all patients who showed symptomatic improvements [71].

Vulvodynia and mucosal disorders

Vulvodynia is a pain syndrome characterized by painful burning sensations, allody-
nia, hyperalgesia and itching, usually localized in the region of the vulvar vestibules
[72]. Vulvar tissue arises from the same urogenital progenitors as bladder; hence it
might not be surprising to find parallels involving hyperproliferation of nociceptive
fibers. In vulvodynia patients, the hypersensitivity of vulvar C-fibers is well docu-
mented [73, 74], and immunohistological evaluation of small-diameter nociceptive
nerve fibers shows increased densities relative to normal subjects [22, 26]. More-
over, TRPV1 expression appears to be significantly increased in these proliferated
nociceptors [75]. Low-concentration topical capsaicin has been evaluated as a treat-
ment for vulvar vestibulitis, the most common form of vulvodynia. Following 12
weeks of daily applications, significant improvements in pain, irritation and ability
to engage in sexual intercourse were reported [76].

Similar patterns of enhanced TRPV1 expression occur in rectal hypersensitivity
syndrome, which includes fecal urgency and incontinence as symptoms [23].
Increases in TRPV1 expression appear to correlate with decreases in heat and dis-
tension sensory thresholds. In a similar application area, topical capsaicin has been
used with success to treat intractable anal pruritis [77].

Traumatic and musculoskeletal pain

Until recently, TRPV1 agonist-induced desensitization for surgical or traumatic
injuries has not been widely considered as a therapeutic alternative, as the pungency
of these molecules would be perceived as increasing patients’ pain burdens. But now
a gel formulation containing a high concentration of capsaicin is undergoing clini-
cal evaluation for use in a variety of surgical procedures, including bunion-removal
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surgery, total knee replacement and abdominal surgeries (such as hernia repair or
hysterectomy) [78]. During a surgical procedure, this gel formulation is delivered
directly onto the cut surfaces of skin, muscle and bone, with the expectation that
desensitization will occur before local and general anesthetics have worn off.

Pain associated with degenerative bone and joint diseases is usually attributed to
sensitized nociceptors in inflamed peri-articular soft tissues [79]. Indeed, injection of
irritants or activating substances into peri-articular tissues is a standard model for
studying the mechanisms underlying nociceptor hypersensitization during inflam-
mation. However, recent investigations have drawn attention to the likely contribu-
tions of intrinsic bone innervation in chronic pain syndromes. In particular, during
the course of developing rodent bone-cancer pain models, it has been shown that
the femur and other bones are richly innervated by nociceptive nerve fibers [80].
While the periosteum is the most densely innervated tissue, when the total volume
of each tissue is considered, the bone marrow receives the greatest total number of
sensory fibers, followed by mineralized bone and then the periosteum. Thus the
innervation of bones may be primarily nociceptive in function and hyperactivity of
these nerve fibers may have an important role in both post-orthopedic surgical pain
and chronically painful joint and bone diseases such as osteoarthritis (OA), rheuma-
toid arthritis and metastatic cancer. For instance, it has been proposed that the ero-
sion of articular cartilage in OA uncovers subchondral bone, allowing nociceptive
nerve fibers within the bone to be activated by the mechanical forces of normal
weight bearing [81]. At this time, there is no published information regarding
TRPV1 expression in joints or changes in expression with disease. However, given
the potential contribution of NGF to OA [31, 32], increased TRPV1 expression
and/or C-fiber sprouting would not be surprising.

An injectable formulation of capsaicin that provides for direct delivery to joints
is under clinical evaluation for the treatment of OA and tendonitis; such a therapy
would provide direct desensitization of nociceptors in joint tissues. In contrast, top-
ical low-concentration capsaicin has been evaluated as a treatment for osteoarthri-
tis in four double-blind vehicle-controlled clinical trials. From these data — limited
by the potential for inadequate blinding due to the lack of vehicle pungency - it can
be inferred that topical capsaicin appears effective, either as a monotherapy or
adjunctive therapy [82]. Similarly, topical 0.075% civamide (cis-capsaicin; see
below) cream has recently been shown to be more effective than an active control
in a large double-blind, placebo-controlled Phase 3 trial for OA [83]. Assuming that
the highly lipophilic capsaicin isomers are not working via transdermal delivery and
selective accumulation in joints, the basis for the efficacy of topical TRPV1 agonists
in OA may seem mysterious, unlike conditions with evidence for involvement of
nociceptors in skin. One intriguing clue is that cutaneous nociceptors are also affect-
ed in OA (and rheumatoid arthritis), as patients report regions of both tactile allo-
dynia and hypoesthesia in the skin superficial to diseased joints, much like those
reported with many peripheral neuropathies [84].

201



Keith R. Bley and Annika B. Malmberg

Migraine and headache

Civamide is the generic name for cis-capsaicin (which is also known as zucapsaicin;
see Fig. 3). trans-Capsaicin is the naturally occurring form of capsaicin, whereas cis-
capsaicin must be synthesized [85]. Following systemic administration, civamide has
been reported to be active in rodent models of nociceptive and neuropathic pain
[86]. Subsequently, civamide has been investigated clinically for a number of indi-
cations, including prophylaxis of migraine, episodic cluster headache and OA (see
above). Phase 2 data regarding a 0.025% (w/v) intranasal liquid spray dosed daily
for migraine [87] and cluster headache [88] have been encouraging. As expected,
civamide displays pungency similar to capsaicin, and thus nasal irritation and
lacrimation are listed as frequent adverse events. Phase 2 data for topical civamide
(0.075%, w/w) formulation to be applied several times a day for the management
of OA pain were also positive [83].

Although called ‘an orally active capsaicin analog’ in an early publication [86],
there are few data to suggest that the pharmacological actions of cis-capsaicin are
significantly different from trans-capsaicin. Indeed, the structure-activity relation-
ship of capsaicin analogs would suggest that the double bond at this position on the
aliphatic chain should make little impact on interactions with TRPV1 [89]. At this
time, no peer-reviewed data have appeared which support any significant pharma-
cological or pharmacokinetic differences between cis- and #rans-capsaicin.

Conclusions

Evidence for the hyperactivity of nociceptive nerve fibers in acute and chronic pain
syndromes is robust, and thus it should come as no surprise that TRPV1 receptor
agonist-mediated desensitization is a long-standing approach to manage pain.
Instead of focusing on damaged or lost nerve fibers, explanations for persistent neu-
ropathic pain should focus on the altered properties of residual or intact nocicep-
tors, which share the same innervation territory as nociceptors absent due to dam-
age. Chronic inflammatory pain syndromes seem to be associated with nociceptor
proliferation and up-regulation of TRPV1 and other pro-excitatory proteins. The
potential contributions of excessive exposure to neurotrophins and cytokines to
either nociceptor hyperactivity or sprouting, although suggested by existing data,
await further elucidation.

When TPRV1 agonists are administered in such a way that they gain immediate
access to nociceptive fibers, which have been sensitized by acute trauma, the
prospects for efficacy via the induction of long-term nociceptor desensitization are
high. For chronic pain conditions involving increased TRPV1 expression and noci-
ceptive fiber proliferation, and sprouting in some indications (e.g. vulvodynia and
IC), significant efficacy is also likely, as those fiber tips should display enhanced vul-
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Figure 3
Structures of selected TRPV1 agonists.

nerability to desensitization. Finally, a substantial portion of peripheral neuropath-
ic patients are likely to respond to topical TRPV1 agonist therapies.

All commercially available TRPV1 agonist-based products or treatments are
based on low-concentration capsaicin, whereas high-concentration capsaicin and
RTX products are in advanced clinical evaluation. The former are more appropri-
ate for patient self-administration, whereas the latter appear to be better suited for
physician administration. Directed high-concentration TRPV1 agonist therapies — in
which episodic nociceptor desensitization is restricted to discrete regions — may
emerge as an attractive means to control localized pain or inflammation. However,
given the ubiquitous distribution of TRPV1-expressing sensory nerve fibers
throughout the body, systemic TRPV1 agonist-based therapies are unlikely to be
viable, as the side-effect profile of widespread desensitization is unlikely to be
acceptable.
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Rationale for intravesical application of TRPV1 agonists

Clinical interest on TRPV1 agonists for the treatment of bladder diseases started
with the observation that reflex bladder contractions triggered by bladder filling in
intact or spinally transected cats had distinct sensibilities to systemic capsaicin. In
spinally transected cats, but not in intact cats, reflex bladder contractions were com-
pletely suppressed by the neurotoxin [1]. The identification of two neuronal path-
ways involved in micturition control offered a solid explanation to this finding. A
long pathway passing through the pontine micturition center and initiated in Ad-,
capsaicin-resistant, bladder sensory fibers controls reflex bladder contractions in
mammals with intact spinal cord. A short neuronal pathway entirely lodged in the
sacral spinal cord and initiated in type C, capsaicin-sensitive, bladder sensory fibers,
usually inactive in adult mammals, is enhanced after spinalization and replaces the
supra-spinal reflex [1]. Bladder contractions triggered by the sacral reflex usually
call for treatment since they are distinct from those controlled by the supra-spinal
reflex. First, they are totally involuntary and triggered by small volumes of bladder
filling, characteristics that generate urge to urinate, urinary incontinence and high
urinary frequency. Second, contractions driven by the sacral reflex lack coordination
with urethral sphincter relaxation leading to bladder—sphincter dyssinergia, a situa-
tion that may increase intravesical pressure to potentially harmful levels for the
upper urinary tract [1].

Additional experimental and clinical studies revealed that the capsaicin-sensitive
sacral micturition reflex is enhanced in pathological conditions other than spinal-
cord transection, including obstructive and idiopathic forms of overactive bladder.
Local anaesthesia of the prostatic urethra increases bladder volume at which first
sensation to urinate and maximal bladder capacity occur in patients with bladder-
outlet obstruction caused by benign prostatic enlargement [2]. As lidocaine is more
effective to anesthetize C- than Ad-fibers, the contribution of C-fiber input to abnor-
mal bladder reflex activity observed in some prostatic patients was strongly sug-
gested [2]. This hypothesis was further reinforced by the report of a positive ice-
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water test in a high percentage of these patients. In fact, cold-induced bladder con-
tractions depend upon a C-fiber-driven sacral reflex usually inactive in normal
adults [3]. Also in accordance with this, a high density of nerve fibers staining for
substance P and calcitonin-gene-related peptide was reported in the bladder mucosa
of patients with idiopathic overactive bladder [4]. Observations carried out in rat
models of chronic bladder-outlet obstruction similarly conclude for the facilitation
of the capsaicin-sensitive micturition reflex. In normal rats, pelvic nerve stimulation
evoked a long-latency parasympathetic output through the activation of the supra-
spinal micturition reflex. However, in rats with chronic bladder-outlet obstruction,
stimulation of the pelvic nerve induced a short-latency parasympathetic outflow
preceding the long-latency response, suggesting enhancement of the sacral micturi-
tion reflex [5].

TRPV1 agonists, by desensitizing capsaicin-sensitive bladder afferents, decrease
their responsiveness to bladder distention [6, 7]. Since topical bladder application of
capsaicin and resiniferatoxin (RTX) avoid the severe neurotoxicity observed during
their systemic application [8], these two TRPV1 agonists were assayed in patients
with neurogenic and non-neurogenic forms of overactive bladder. The intention of
this chapter is to review the results of the clinical studies carried on with intravesi-
cal TRPV1 agonists and to discuss possible mechanisms of action.

Clinical experience with intravesical TRPV1 agonists in neurogenic forms
of bladder overactivity

Spinal-cord injury patients presenting high urinary frequency, urgency and inconti-
nence frequently require vigorous treatment to improve their social integration and
quality of life. Anticholinergic or smooth muscle-relaxant drugs are among the first-
line therapeutic options. However, as these compounds do not completely avoid fre-
quent voidings or non-voluntary urine loss without giving rise to unacceptable side
effects [9], clinical trials with intravesical TRPV1 agonists were pushed forward in
several medical centers devoted to spinal patients.

More than 100 patients with different types of spinal-cord lesions received
intravesical capsaicin in seven non-controlled [10-16] and one controlled [17] clin-
ical trial. Treatments followed a similar methodology. Capsaicin was dissolved in
30% ethanol and 100-125 ml (or half of the bladder capacity if lower than that vol-
ume) of 1-2 mM solutions were instilled into the bladder and left in contact with
the mucosa for 30 min.

Best clinical results were found among patients who maintained some degree of
bladder sensation and emptied the bladder by micturition. Most of these patients
had incomplete spinal-cord lesions caused by multiple sclerosis, trauma or infectious
diseases. After an initial period of 2 weeks during which urinary symptoms wors-
ened, complete continence or satisfactory improvement was reported by 70-90% of
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the patients [11, 15, 16]. In addition, capsaicin also decreased their urinary fre-
quency and urge to urinate [11, 15, 16]. The duration of capsaicin’s effect on mic-
turition symptoms was long-lasting, exceeding 6 or even 9 months in some cases
[11, 15, 16]. Upon reinstillation, capsaicin maintained the efficacy found at the first
administration [11, 15, 16]. In patients who lacked bladder sensation or who emp-
tied the bladder without warning due to totally reflex bladder contractions the suc-
cess rate was, on the contrary, very poor. Among patients with complete cervical
cord lesions full urinary continence was achieved in 20% and another 20% found
partial relief of this problem [12].

Cystometric studies showed that intravesical capsaicin increased bladder capac-
ity in 70-90% of the patients, the increase above pretreatment capacity ranging
between 47 and 156%. In three studies maximal pressure during bladder contrac-
tions was also significantly decreased [11, 16, 17], an important aspect in the man-
agement of spinal patients in order to prevent damage to the upper urinary tract.

A randomized, controlled study comparing capsaicin with 30% ethanol con-
firmed the superiority of the TRPV1 agonist against the vehicle solution [17]. Twen-
ty cases were randomized to receive either capsaicin or 30% ethanol. All patients
treated with capsaicin reported improvement of urge sensation and urinary inconti-
nence whereas only one ethanol-treated patient noticed some improvement. On cys-
tometry, only capsaicin-treated patients had an increase in the bladder volume to
micturition [17].

The first non-controlled trials with RTX included 54 patients, most of them with
incomplete spinal cord lesions [18-22] in which different RTX concentrations were
tested. Vehicle solutions included 10% ethanol [18, 21, 22] or saline [19, 20]. RTX
instillation in patients with preserved bladder sensation did not cause severe supra-
pubic burning pain. In addition, also in contrast with capsaicin did RTX not exac-
erbate the urinary symptoms transiently. In most studies [18-21], 50-100 nM RTX
brought an immediate improvement or disappearance of urinary incontinence in a
large number of patients (67-85%), and a 30% decrease in daily urinary frequen-
cy. The effect was long-lasting, being observed up to 12 months after the instillation
[18, 21]. The only exception came from a recent report [22] where improvement
was only found in 32% of the patients. However, in this study the concentration of
RTX effectively administered was imprecise due to long storage of the solution in
plastic containers that absorbed the compound [22]. With 10 nM doses a very short-
lasting improvement of urinary symptoms was obtained [19]. In patients treated
with doses so high as 10 uM, a transient urinary retention due to detrusor hipoac-
tivity occurred [20]. Thus, at the moment 50 or 100 nM solutions seem ideal to start
intravesical RTX in neurogenic patients. Urodynamic improvement was observed in
most of the RTX-treated patients. The volume to first detrusor contraction
increased 40% after 50-100 nM RTX. Maximal bladder capacity increased 25%
after 10 nM [19], 80% after 50-100 nM [18, 21] and 120% after 10 uM solutions
[20]. Maximal detrusor pressure was decreased only after 10 UM solutions [20].
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Figure 1

Maximal bladder capacity in a randomized clinical trial in which patients received intraves-
ical 50 nM RTX or its vehicle solution (10% ethanol). At baseline maximal bladder capaci-
ty was identical in both groups (open bars). Maximal bladder capacity increased 3 months
later (black bars) only in patients who received the TRPV1 agonist. *P<0.05; ns, non-sig-
nificant.

RTX was compared against the vehicle solution (10% ethanol in saline) in a ran-
domized study [23]. The discomfort reported by patients was similarly low in both
arms. A significant improvement of urinary frequency and incontinence was found
only in the RTX arm. In addition, only patients receiving RTX had a significant
increase of the volume to first detrusor contraction and of maximal bladder capac-
ity; 35 and 80% above the pre-treatment values, respectively (Fig. 1). Three studies
compared 50-100 nM RTX with 1-2 mM capsaicin [24-26]. In general, RTX solu-
tions were better tolerated and their effects on continence and urodynamic parame-
ters were equivalent [26] or superior [25] to those induced by capsaicin solutions.

Clinical experience with intravesical TRPV1 agonists in obstructive forms
of overactive bladder

Symptoms of urgency, frequency, nocturia and urge incontinence are highly preva-
lent and bothersome among patients with prostatic enlargement due to benign pro-
static hyperplasia (BPH) [27]. In addition, they are more refractory to a-blockers
and So-reductase inhibitors, two commonly prescribed medications for BPH
patients, than poor urinary stream or the sensation of incomplete bladder emptying.
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Mean International Prostate Score Symptom (IPSS; A) and quality of life (QoL; B) scores in
12 patients with benign prostatic hyperplasia at baseline and at 1, 3 and 6 months after
intravesical 50 nM RTX. ***P <0.001 against baseline values. Reproduced from [28], with
permission.

As some studies have shown the enhancement of the spinal micturition reflex by
chronic bladder-outlet obstruction (see above), we decided to assay the effect of C-
fiber desensitization on the intensity of urinary symptoms in BPH patients [28].

Twelve males with a mean age of 60 years and a mean prostate volume of 45 ml
received a single bladder instillation of a 50 nM RTX solution in 10% ethanol over
30 min [28]. All of them complained of urgency, frequency and nocturia, and half
of them had episodes of urge incontinence. The intensity and bother of urinary
symptoms were quantified by the International Prostate Score Symptom (IPSS) ques-
tionnaire and associated quality of life (QoL) questions. On average, RTX decreas-
es IPSS and QoL scores by half (Fig. 2), with 91% of the patients having reported
at least a 25% improvement [28]. Mean urinary frequency decreased from 15 to
about 10 micturitions per day. Urge incontinence, which was present in six cases,
disappeared in four and decreased to less than half in the other two. In addition, at
cystometry, mean volume at which patients reported the first desire to void and the
urge sensation to urinate increased 90 and 55%, respectively [28].

Another trial, involving 18 BPH patients in whom urge incontinence due to blad-
der overactivity persisted in spite of having been submitted to prostatectomy, con-
firmed the effect of RTX in BPH-associated urge incontinence [29]. The treatment
dose was 100 nM in 10% ethanol. In spite of being a subgroup of patients particu-
larly difficult to handle, 11 patients (61%) improved due to a decrease of 50% or
more in the number of urge-incontinence episodes [29]. At present a randomized,
clinical trial comparing the effect of intravesical 50 nM RTX with its vehicle solu-
tion (10% ethanol) is being organized in order to confirm these preliminary data.
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Clinical experience with intravesical TRPV1 agonists in idiopathic forms
of overactive bladder

Idiopathic overactive bladder is a chronic condition which is probably the leading
cause of high urinary frequency, urge sensation to urinate and urge incontinence
among the adult population [30]. At urodynamic testing, the bladder of many of
these patients will display involuntary contractions during filling [30]. In spite of the
considerable efforts to clarify the origin of such abnormal smooth muscle activity,
the pathologic mechanisms underlying idiopathic overactive bladder remain
unknown.

In a recent study we applied intravesically RTX to a small group of these patients
[31]. The objectives were to clarify the role of C-fiber input in the emergence of uri-
nary symptoms and, at the same time, investigate the potential therapeutic role of
TRPV1 agonists in idiopathic overactive bladder. Eleven females and two males
with a mean age of 50 years and urinary symptoms for more than 1 year, all pre-
senting involuntary bladder smooth muscle contractions during urodynamic testing,
were treated with 50 nM RTX in 10% ethanol [31]. RTX delayed or suppressed
involuntary detrusor contractions during filling cystometry (Fig. 3A). In conse-
quence, the volume of bladder filling at which first involuntary bladder contraction
occurred increased in more than 90% of the patients, the mean post-treatment vol-
ume exceeding the pre-treatment one by almost 200% (Fig. 3B) [31]. Maximal blad-
der filling tolerated also increased [31]. Both changes were sustained up to 6 months
(Fig. 3B). Intravesical RTX improved urinary incontinence, 25% achieving full con-
tinence and 50% having a decrease in the daily number of incontinence episodes
superior to 50%. Mean urinary frequency also decreased [31].

A similar study conducted by Palma and co-workers [32], which included 12
women with an average age of 65 years, reproduced our findings. Episodes of uri-
nary incontinence decreased in average from four to one during the daytime and
from three to one during sleep. This was accompanied by a decrease in urinary fre-
quency and by a 125% increase in the volume at which first involuntary bladder
smooth muscle contraction occurred.

Figure 3

(A) Filling cystometry of a patient with idiopathic overactive bladder at baseline (left) and
after instillation of 50 nM RTX (right). The top line (P4, which indicates pressure depen-
dent upon bladder smooth muscle contraction, shows that the volume at which the first
involuntary contraction occurred increased from 135 to 483 ml. P ., detrusor pressure; P
vesical pressure; P,p4 abdominal pressure; Pyoi=P\es—Papa Vinfus volume infused. (B) Mean
volume to first involuntary bladder contraction (open bars) and maximal bladder capacity
(black bars) at baseline (0) and at 30 and 90 days after 50 nM RTX in 13 patients with idio-
pathic overactive bladder. Reproduced from [31], with permission.
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Hence, from these two studies it should be concluded that C-fiber input plays an
important role in idiopathic overactive bladder and that TRPV1 agonists should be
considered in the treatment of this bladder disease.

Mechanisms of action of intravesical vanilloids

Capsaicin and RTX cause a long-lasting suppression of sensory activity in type-C
primary afferent fibers by a process that requires binding to TRPV1 receptors and
Ca?* inflow into the sensory neuron [33]. In bladder afferents this process is accom-
panied by a loss of immunoreactivity to TRPV1 [22, 34] and P2X3 receptors [35]
and to neuropeptides like substance P and calcitonin-gene-related peptide [8]. By
contrast, immunoreactivity to galanin, a peptide usually not expressed by bladder
sensory neurons, is increased, possibly related to the up-regulation of the c-jun gene
[36]. Eventually, loss of peripheral sensory terminal may occur [22, 35], although
an ultrastructural inspection of rat bladders 24 h after intravesical RTX was unable
to detect acutely degenerated nerve fibers [8].

A few studies suggested that local application of TRPV1 agonists decreases nerve
growth factor (NGF) in sensory fibers [36, 37]. Possible mechanisms include a
reduced retrograde transport of NGF from the periphery into dorsal root ganglions
or a reduced uptake of the neurotrophic factor by the peripheral sensory endings
[38]. Whatever the mechanism, this is an interesting finding taking into considera-
tion that high levels of NGF have been identified in bladders after spinal-cord tran-
section [39, 40] or after prolonged bladder-outlet obstruction [41]. As NGF decreas-
es bladder C-fiber threshold and turns normal bladders hyperactive [42], reducing
the bladder levels of this neurotrophic factor has emerged as an interesting concept
to prevent the enhancement of the C-fiber-driven spinal micturition reflex [43]. First
attempts showed that NGF inactivation was able to reduce bladder overactivity in
animal models of spinalization or bladder-outlet obstruction [40, 43]. If future stud-
ies will confirm the possibility of reducing the deleterious effects of an excess of
bladder NGF by intravesical TRPV1 agonits, then the therapeutic indications of
these compounds will be substantially expanded.

Safety of intravesical TRPV1 agonists

The most frequent problem seen with capsaicin instillation is supra-pubic burning
pain felt by patients with preserved bladder sensation. It starts immediately after the
beginning of the treatment and may require vigorous analgesic medication and
prompt capsaicin evacuation. Preliminary bladder anesthesia with lidocaine may
provide partial relief [11, 15]. In addition, a transient worsening of the urinary
symptoms may occur during the first 1-2 weeks after instillation, which should not
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be interpreted as a treatment failure [11, 15]. Another side effect of capsaicin needs
to be stressed. In patients with high, complete spinal-cord lesions, capsaicin can trig-
ger severe, life-threatening episodes of autonomic dysreflexia [12, 15].

In contrast to capsaicin, RTX does not evoke significant bladder pain. In spinal
patients that had already received intravesical capsaicin, discomfort caused by 50 or
100 nM RTX instillation was one-fifth of that induced by 1 mM capsaicin [21] and
similar to that caused by instillation of the vehicle solution, 10% ethanol [23]. In
addition, no cases of autonomic dysreflexia were reported with these doses [18-23].
In patients with non-neurogenic forms of bladder overactivity, who in contrast to
spinal patients conserve normal bladder-pain sensation, instillation of 50 nM RTX
also evoked a minimal discomfort which did not require analgesic treatment or
bladder evacuation of the solution [28, 31, 32].

Human contact with capsaicin and RTX was not initiated with intravesical
application of these substances. Capsaicin spices the diet of millions of people and
historical reports state that unguents prepared with the latex of Euphorbia
resinifera, the cactus plant from which RTX is extracted, have analgesic properties
[33]. Nevertheless, the consequence for the bladder mucosa of the instillation of
TRPV1 agonists needs careful evaluation. Until the moment, bladder biopsies
obtained from patients repeatedly instilled with capsaicin [44] or RTX [45] and
examined under the conventional and electronic microscope did not detect any sig-
nificant modification of the bladder wall brought about by intravesical TRPV1 ago-
nists.

Other possible applications of intravesical TRPV1 agonists

Intravesical administration of capsaicin [6] or RTX [7] can prevent pain induced by
acute bladder inflammation in the rat, as shown by the suppression of c-fos gene
expression in the spinal cord. An eventual analgesic effect of intravesical vanilloids
in pain generated by chronic inflammatory bladder conditions would, therefore, be
extremely relevant in a clinical setting. Chronic inflammatory pain is frequently dis-
proportional to the intensity of the stimulus and is more resistant to common anal-
gesics than acute pain. To investigate the effect of intravesical vanilloids in chronic
inflammatory pain at the experimental level, a rat model of chronic cystitis induced
by cyclophosphamide was used [46]. Instillation of a 100 nM RTX solution in
cyclophosphamide-inflamed bladders prevented spinal c-fos overexpression induced
by physiologic bladder contractions (Fig. 4) [46]. In addition, increased micturition
frequency accompanying bladder inflammation was analogously suppressed. The
potential therapeutic application of these observations remains unknown. Maggi
and co-workers [47], however, recognized that intravesical capsaicin could reduce
pain in patients with bladder hypersensitivity disorders. Further studies with cap-
saicin [15, 48, 49] or RTX [50, 51] in these patients, including two placebo-con-
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Figure 4

Number of Fos-immunoreactive cells per L6 spinal-cord section in sham-inflamed (open
bar), cyclophosphamide-inflamed (CYP; black bar) and cyclophosphamide-inflamed+10 nM
RTX-treated (hatched bar) rats after physiological bladder distention. *P<0.05, **P<0.01.

trolled trials, confirmed the clinical utility forwarded by Maggi’s initial observa-
tions. Future research will clarify whether these compounds can be useful in the
treatment of severe bladder pain in patients with interstitial cystitis.

Conclusions

Findings of several clinical trials in which TRPV1 agonists have been used intraves-
ically show that desensitization of bladder sensory innervation may have a place in
the treatment of urge incontinence, high urinary frequency and bladder pain. In
addition, the same clinical trials gave an important contribution to the pathophysi-
ology of the overactive bladder by confirming the pivotal role of sensory input con-
veyed in capsaicin-sensitive fibers to this condition. At the moment RTX seems the
ideal TRPV1 agonist for clinical use. It is not harmful to the bladder mucosa and its
instillation does not evoke significant bladder pain. However, it is probable that
future TRPV1 agonists still to be developed will prove even more effective than
RTX.

It should also be kept in mind that C-fiber desensitization induced by intravesi-
cal RTX or capsaicin is a crude phenomenon during which C-fibers lose many of
their neurochemical and receptor characteristics or even degenerate. Hence, among
the receptors expressed by C-fibers, the identification of those encoding for the
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degree of bladder filling and urge sensation to urinate looks like an indispensable
step. Such studies may, additionally, uncover appropriate receptor antagonists for
clinical use. At present the most obvious receptors to be studied are TRPV1 and
P2X3 receptors, which previous studies have shown to be largely co-expressed in
type-C sensory fibers [52]. Knockout mice for these receptor genes have a volume
to reflex bladder contraction that is higher than that found in wild-type animals [53,
54]. In addition, in men with neurogenic detrusor overactivity who received intrav-
esical RTX it was shown that bladder capacity is inversely correlated with the den-
sity of TRPV1- and P2X3-expressing nerve fibers coursing in the bladder wall [22,
35]. Following this rationale, a recent study [55] showed that capzasepine, the spe-
cific TRPV1 antagonist, could decrease the frequency of reflex bladder contractions
in a rat model of chronic bladder inflammation. Thus, it is likely that in the near
future effective TRPV1 antagonists will also prove effective in the control of mic-
turition symptoms in patients with overactive bladder.
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Introduction

The receptor mediating the pungent effects of capsaicin, identified as TRPV1 in
1997, has long been of interest as a therapeutic target for drug discovery. Capsaicin
is well known for its ability to induce nocifensive and hyperalgesic behaviors in
many different species and intense burning pain in humans when injected subcuta-
neously or applied topically [1-5]. As discussed in the preceding chapters of this
book, TRPV1 is not only activated by capsaicin and the ultra-potent resiniferatox-
in (RTX), but also by a variety of noxious physical and chemical stimuli, particu-
larly those associated with inflammatory processes such as low extracellular pH,
products of the lipoxygenase pathway and heat. These stimuli may act indepen-
dently or in concert to alter the activity of TRPV1 and, in turn, the sensitivity of
TRPV1-expressing sensory neurons. These characteristics suggest a role for TRPV1
as an integrator of multiple pain-producing stimuli, and have stimulated significant
efforts to identify small-molecule inhibitors of TRPV1 function as potential thera-
peutics to treat pain.

Several molecularly diverse TRPV1 antagonists have recently been reported. In
some cases these compounds have been examined in pre-clinical models of acute,
inflammatory or neuropathic pain. This chapter will focus primarily on the discov-
ery of new TRPV1 modulators and their effects on pain modulation.

From agonists to antagonists

To date, only the TRPV1 agonist capsaicin has been readily available for the treat-
ment of clinical pain syndromes. Topical capsaicin is available in a variety of prepa-
rations without prescription and has been shown to provide mild pain relief to
osteoarthritis patients as well as to reduce and prevent itching associated with
chronic pruritus [6, 7]. Prolonged topical capsaicin treatment has also shown effi-
cacy in a large number of painful syndromes, including post-herpetic neuralgia,
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post-mastectomy pain, phantom limb pain, reflex sympathetic dystrophy, trigeminal
neuralgia, fibromyalgia and diabetic neuropathy [6, 8]. Although this list of indica-
tions is impressive, the analgesia produced by topical capsaicin appears to be high-
ly variable and dependent on the limited amount of capsaicin that penetrates the
skin due to its poor absorption characteristics. Furthermore, the irritation and burn-
ing caused by the initial excitation produced by capsaicin has led to poor compli-
ance for this therapy. Nevertheless, even with these drawbacks, the limited efficacy
of topical capsaicin in a wide variety of chronic pain syndromes is intriguing. Impor-
tantly, from a therapeutic perspective, analgesia following topical capsaicin treat-
ment appears not to be limited to a reduction in thermal hyperalgesia, but also
includes a reduction in pain associated with mechanical stimulation.

To date, a variety of naturally occurring and synthetic TRPV1 agonists, includ-
ing olvanil [9], glyceryl nonamide [9], phorbol 12-phenylacetate 13 acetate 20-
homovanillate [10], scutigeral [11] and capsiate [12], have been described that show
reduced pungency compared to capsaicin and could thus offer improved patient
compliance. Multiple hypotheses have been put forth to explain the diminished pun-
gency, such as the existence of TRPV1 subtypes, slow activation kinetics or phar-
macokinetic limitations [9-11]. Regardless of the mechanism, it is clear that low
pungency TRPV1 agonists can retain capsaicin-like analgesic and antihyperalgesic
properties in rodent models. To this end, the low pungency TRPV1 agonist SDZ
249-665 showed efficacy in the mouse tail-flick and writhing assays of acute noci-
ception as well as in rat and guinea pig models of inflammatory mechanical hyper-
algesia [13].

The significance of these TRPV1 agonist studies is two-fold. First, they highlight
TRPV1 as a target for a variety of structurally diverse compounds, well beyond its
initial narrow classification as a vanilloid receptor. Second, these studies suggest that
desensitization or down-regulation of TRPV1 expressed on nociceptive neurons,
with or without a strong initial excitatory component, can significantly modify noci-
ception in both animals and humans. Thus, antagonism of TRPV1 may provide a
similar therapeutic utility. This hypothesis is further supported by experiments in
mice that have had TRPV1 genetically deleted and which show significantly dimin-
ished thermal hyperalgesia in models of inflammatory pain [14, 15]. Although ini-
tial studies utilizing the classic TRPV1 antagonist capsazepine in rat models of
inflammatory pain did not demonstrate antihyperalgesia, with the recent cloning of
TRPV1 from multiple species and the advent of new pharmacological tools, expla-
nations for the lack of efficacy in these early studies are now available.

TRPV1 antagonists

It is becoming increasingly apparent that broad iz vitro antagonist activity against
multiple modes of TRPV1 activation (i.e. capsaicn-site agonists, low pH and heat)
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may be an important predictor of in vivo efficacy in animal models of pain (see
below). While some of these molecules have been tested against these various mech-
anisms of TRPV1 activation, many still require further pharmacological characteri-
zation. A clear understanding at the molecular level, in conjunction with pharma-
cokinetic and pharmacodynamic considerations, should ultimately allow a more
accurate prediction of TRPV1 antagonist activity iz vivo. Those TRPV1 antagonists
that have been profiled in animal models of pain are presented in Table 1.

Classic TRPV1 antagonists: ruthenium red (RR) and capsazepine

RR is a polycationic dye that was the first reported antagonist of capsaicin’s excita-
tory action on neurons (Tab. 1). RR is an antagonist of capsaicin-stimulated Ca?*
influx [16, 17] and transmitter release in cultured dorsal root ganglion neurons [18,
19] and it inhibits capsaicin-induced excitation of primary afferent neurons [20].
Using a [*H]RTX binding assay, RR did not interact with the capsaicin-binding site,
suggesting a non-competitive mechanism of channel blockade [21]. Characteriza-
tion of heterologously expressed rat and human TRPV1 subsequently showed that
RR could block channel activation by capsaicin and low pH [22, 23].

A limited number of reports have demonstrated efficacy of RR in models of pain
including the formalin test and the capsaicin model of hyperalgesia [24, 25]. The
utility of RR as a tool to study TRPV1 function in vivo has been severely hampered
by off-target side effects in the dose range necessary to antagonize capsaicin’s
actions [26]. Indeed, recent studies demonstrate that RR shows antagonist activity
at multiple TRPV channels as well as many other channels and receptors [27, 28].

Capsazepine was the first reported competitive small-molecule antagonist of cap-
saicin-evoked activation of sensory neurons [29, 30] (Tab. 1). In vitro, capsazepine
has been shown to competitively inhibit capsaicin-mediated responses in isolated
dorsal root ganglion neurons [29] and tissues from rat [31-34], mouse [35] and
guinea pig [2, 3, 36-38]. However, while capsazepine is able to block acid-induced
activation of recombinant guinea pig and human TRPV1 in vitro [23, 37, 39-41], a
similar blockade is not seen against native rat TRPV1 ex vivo [31, 42—-44] or recom-
binant rat TRPV1 in vitro [23, 44]. The use of capsazepine to study the role of
TRPV1 in chronic pain has thus been complicated by its species selectivity with
respect to blockade of low-pH-induced TRPV1 activation. Similar discrepancies
have also been reported for blockade of heat-induced activation of TRPV1 [23]. In
addition, at higher concentrations, capsazepine shows some antagonist activity
towards acetylcholine receptors [45], voltage-gated Ca?* channels [46] and hyper-
polarization-activated cyclic nucleotide-gated channels [47].

Subcutaneous administration of capsazepine has not been shown to affect normal
withdrawal thresholds to noxious thermal or mechanical stimuli in mice, rats or
guinea pigs [48]. In contrast, TRPV1-null mice show reduced responses to noxious
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thermal stimuli [14] and a complete absence of carrageenan-induced thermal hyper-
algesia [15]. However, the hyperalgesic effects of heat cannot be explained by the
action of TRPV1 alone, since mice lacking TRPV1 retain the ability to escape from
noxious heat [14, 15], suggesting the involvement of additional thermal receptors. In
keeping with this hypothesis, two TRPV1 homologs, VRL-1 (TRPV2) and TRPV3
have been reported to be insensitive to capsaicin or protons but respond to either
high- or low-threshold heat stimulation; neither is blocked by capsazepine [49, 50].

Consistent with its in vitro pharmacological profile, capsazepine inhibits the
development of mechanical hyperalgesia induced by intraplantar injection of cap-
saicin, with a similar potency in mice, rats and guinea pigs [25, 48, 51-53]. Most
interestingly, although capsazepine does not affect mechanical hyperalgesia in rat or
mouse models of inflammatory pain, it does significantly reverse inflammatory
hyperalgesia in the guinea pig. Similarly, in a model of neuropathic pain, cap-
sazepine was surprisingly effective in the guinea pig, producing up to 80% reversal
of mechanical hyperalgesia, but had no effect in the rat or mouse [48]. These data
parallel the observations that capsazepine inhibits capsaicin-induced activation of
TRPV1 in both rats and guinea pigs, but only inhibits low-pH-induced activation of
guinea pig, but not rat, TRPV1 [23]. As the in vitro pharmacological profile for
human TRPV1 is most similar to that for the guinea pig TRPV1 [41], these data
raise the possibility that blockade of TRPV1 responses activated by low pH, or dual
blockade of capsaicin-site- and pH-site-mediated responses, may be important for
antihyperalgesic efficacy in vivo.

Peptide-based antagonists

Ferrer-Montiel and colleagues [54] hypothesized that, similar to the N-methyl-D-
aspartate receptor, the TRPV1 high-affinity Ca2*-binding site within the receptor’s
channel pore could interact with arginine-rich hexapeptides [54]. Indeed, using an
oocyte expression system, capsaicin-induced TRPV1 currents were potently and
reversibly blocked by the peptide R4W2 in a non-competitive and non-stereoselec-
tive manner (Tab. 1). Similarly, it was shown that the naturally occurring arginine-
rich peptide, dynorphin A, could also block capsaicin-mediated TRPV1 currents in
oocytes. A more recent study however, supports a competitive interaction for these
peptides at the capsaicin-binding site [55]. Additional studies will be necessary to
understand these discrepancies, investigate their activity against low-pH- and heat-
mediated TRPV1 activation, and test their utility in animal models of chronic pain.
Along these lines, it has been shown that the irritation associated with topical appli-
cation of capsaicin to the mouse eye is significantly reduced by co-application of
either R,W, or dynorphin A.

Continued work within the Ferrer-Montiel laboratory resulted in the identifica-
tion of trimeric N-alkylglycine peptoid TRPV1 channel blockers [56]. Two mole-
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cules were identified (Table 1) that demonstrated non-competitive, low-micromolar
ability to block capsaicin activation of rat TRPV1 expressed in oocytes (DD161515
and DD1915135, with ICs, values of 0.7 and 2.6 uM, respectively). Importantly,
DD161515 completely reversed capsaicin-evoked neural activity in rat knee-joint
nociceptor fibers and significantly attenuated thermal nociception in the mouse hot-
plate and tail-immersion tests (both 52°C) upon intraperitoneal administration at
0.2 mmol/kg. The characteristic licking and flinching responses elicited by intra-
plantar injection of capsaicin into the mouse hindpaw were also dose-dependently
inhibited by both DD161515 and DD191515. Similarly, capsaicin-induced hind-
paw edema and mustard oil-induced thermal hyperalgesia were prevented by treat-
ment with DD1615135.

RTX- and capsaicin-based antagonists

The characterization of a S-iodo-substituted analog of RTX has recently been
described [57-59]. Surprisingly, iodine substitution on the 5-position of the vanillyl
ring converts the highly potent TRPV1 agonist into a potent antagonist (Tab. 1). In
the work by Wahl and colleagues [57], 5-iodoRTX showed K; values of 6 and 5§ nM
for recombinant and spinal-cord TRPV1, respectively, as measured by ['2°I|JRTX
displacement. Functionally, 5-iodoRTX showed no agonist activity in oocytes
expressing recombinant rat TRPV1. However, non-competitive, concentration-
dependent inhibition of capsaicin-induced currents was observed with an IC, value
of 3.8 nM, compared to 152 nM for capsazepine. Iz vivo, 5-iodoRTX administered
intrathecally to mice was more potent at blocking capsaicin-mediated paw-licking
behavior (EDj, value, 16 ng/mouse) than morphine or nociceptin, while capsazepine
was ineffective in this model.

Similarly, in the work by Seabrook and colleagues [58], 5-iodoRTX showed K;
values of 0.39 and 6.7 nM for recombinant rat and human TRPV1, respectively, as
measured by [PH]JRTX displacement. Functionally, 5-iodoRTX concentration-
dependently blocked capsaicin-mediated currents in HEK-293 cells expressing rat or
human TRPV1 with ICs, values of 0.7 and 5.4 nM, respectively. 5-IodoRTX also
completely blocked currents induced by pH 5.5 (ICs, value of 550 nM for both rat
and human TRPV1), or a heat ramp from 25 to 48°C. In contrast to the report by
Wahl et al. [57], intraplantar administration of 5-iodoRTX increased paw-flinching
behavior in rats to a similar magnitude as capsaicin, an effect that was also observed
in TRPV1-knockout mice, suggesting a non-TRPV1 mechanism of action for this
stimulatory effect.

5-TodoRTX blocked acetic acid-induced writhing in mice with an EDs, value of
0.42 umol/kg compared to 7.9 umol/kg for capsazepine [59]. In this assay, 5-iodoR-
TX did cause mild writhing responses in ~33% of the mice injected. The data gen-
erated thus far with 5-iodoRTX show potent TRPV1-blocking activity across a
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number of species and in a number of in vitro, ex vivo and in vivo pain and neuro-
genic inflammation models, strongly suggesting its potential as a new pharmaco-
logical tool to better understand TRPV1 physiology.

Capsaicin-based antagonists have also been identified, with 6-iodo-nordihydro-
capsaicin showing competitive blockade of capsaicin-induced Ca?* influx in HEK-
293 cells expressing recombinant human TRPV1 (IC;, value of 10 nM, four times
more potent than capsazepine) [60]. A significantly lower potency was seen using
Ca?* influx in cultured rat dorsal root ganglion neurons, with an ICs, value of
640 nM, compared to 2.34 uM for capsazepine. This discrepancy may represent a
fundamental difference between the two assays, as both the iodo-nordihydrocap-
saicin and capsazepine concentration-response curves were shifted approximately
60-fold to the right. Further investigations into the activity against low-pH- and
heat-mediated TRPV1 activation, as well as utility in animal models of chronic pain,
are necessary with this new series of capsaicin-based antagonists.

A new generation of TRPV1 antagonists

Novel small-molecule TRPV1 antagonists identified by high-throughput screening
and combinatorial chemistry efforts at several pharmaceutical companies are now
being reported. A series of conformationally more flexible thiourea analogs of cap-
sazepine have recently been described as potent TRPV1 antagonists, with detailed
analyses presented for two analogs from this series, MK056 and SC0030 (Table 1)
[61, 62]. Both compounds displaced [PH]RTX from rat TRPV1 expressed in Chi-
nese hamster ovary (CHO) cells with K; values of 63 and 54 nM, respectively, com-
pared to 1300 nM for capsazepine. In addition, competitive blockade of capsaicin-
stimulated #*Ca?* uptake was demonstrated in the rat TRPV1-CHO cell line with K;
values of 31 and 8 nM, respectively, compared to 430 nM for capsazepine. Similar
results were obtained using the Ca?*-sensitive dye fura-2 in both recombinant cells
and isolated neurons of the dorsal root ganglion. Importantly, SC0030 completely
prevented channel activation in response to elevated temperature (44°C) and low
pH (6.0), whereas MK506 and capsazepine showed only partial blockade against
these stimuli. Iz vivo, intraperitoneal administration of SC0030 showed a complete
and dose-dependent reversal of phenylbenzoquinone-induced writhing in mice
(EDgg, ~0.3 mg/kg) [63]. Similarly, SC0030 dose-dependently inhibited capsaicin-
induced nociception and pain-related behaviors.

Another series of structurally similar thiourea analogs was discovered as potent
TRPV1 antagonists from the same group [64]. From this series, compounds 40 and
61 showed the highest potency (Tab. 1). Both compounds displaced [’ H]RTX from
rat TRPV1 expressed in CHO cells with K; values of 29 and 54 nM, respectively. In
addition, competitive blockade of capsaicin-stimulated **Ca2* uptake was demon-
strated in the rat TRPV1-CHO cell line with K; values of 67 and 8 nM, respective-
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ly. The analgesic activities of both analogs (intraperitoneal administration) were
evaluated in the acetic acid-induced writhing model in mice, and were compared to
the clinically used non-steroidal anti-inflammatory drug, ketorolac. While com-
pound 40 showed a comparable potency (EDs,, 2.6 mg/kg) relative to ketorolac
(EDysy, 2.8 mg/kg), compound 61 exhibited dramatically enhanced analgesic poten-
cy, with an EDg, value of 0.007 mg/kg, approximately 350-fold more potent than
compound 40.

A number of companies have reported 2-pyridylpiperazine urea analogs as
potent TRPV1 antagonists [65-67]. The structure-activity relationship for this series
of compounds has been published recently [67]. BCTC [N-(4-tertiarybutylphenyl)-
4-(3-cholorphyridin-2-yl) tetrahydropryazine-1(2H)-carbox-amide] was discovered
as one of most potent TRPV1 antagonists among this series (Table 1) and two
reports describing the in vitro and in vivo biological activity of BCTC have pub-
lished recently [44, 68]. Using a Ca?*-sensing assay, BCTC inhibited capsaicin-
induced activation of rat TRPV1 with an ICs, value of 35 nM, compared to ~4 uM
for capsazepine. The mechanism of BCTC inhibition was competitive with the cap-
saicin-binding site. Importantly, BCTC also potently inhibited pH 5.5-induced acti-
vation of rat TRPV1 with an ICs, value of 6.0 nM while capsazepine was inactive
in this assay. Similarly, in the rat skin/nerve preparation both BCTC and capsazepine
blocked capsaicin-induced action potentials, while the response to acidification was
inhibited by BCTC, but not by capsazepine. The mechanism of BCTC inhibition of
low-pH-induced channel activation was not investigated; however, similar experi-
ments with capsazepine on human TRPV1 have demonstrated a non-competitive
interaction [23]. These in vitro pharmacological properties together with oral avail-
ability in the rat may make BCTC a better pharmacological tool than capsazepine
to investigate the potential role of TRPV1 in vivo.

To this end, the effects of BCTC were examined in rat models of inflammatory
and neuropathic pain [68]. Like capsazepine, BCTC significantly reduced hyperal-
gesia induced by intraplantar injection of capsaicin to the hindpaw of rats. Howev-
er, unlike capsazepine, BCTC significantly reduced thermal and mechanical hyper-
algesia in the inflamed rat hind paw. BCTC also reduced the mechanical hyperalge-
sia and tactile allodynia associated with peripheral nerve injury and incision of the
plantar surface of the rat hind paw. These data further support the hypothesis that
blockade of low-pH-induced, or both low-pH- and capsaicin-induced, activation of
TRPV1 is necessary for reversal of the pain-like behaviors observed in animal mod-
els of chronic pain.

SB-366791 is a TRPV1 antagonist discovered and reported by GlaxoSmithKline
[69]. Using a Ca**-sensing assay, the compound showed competitive antagonism of
human TRPV1 with an ICy, value of 25 nM against capsaicin-mediated channel
activation. SB-366791 also blocked low-pH- and heat-mediated activation of
human TRPV1. Similar potencies were seen against rat TRPV1 in the capsaicin and
low-pH assays, although no data were presented on blockade of heat responses in
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this species. Based on these pharmacological properties, SB-366791 represents
another potentially strong candidate for in vivo profiling in animal models of pain
and inflammation.

Finally, a recent patent application from Novartis reports a compound that is
claimed to have an in vitro ICs, value of 65 nM against human TRPV1 and 19 nM
against rat TRPV1 [70]. A dose-dependent reversal of mechanical hyperalgesia in a
rat model of neuropathic pain was also claimed for orally administered compounds
from this series, at a single dose from 0.3 to 30 mg/kg.

Mechanisms and perspectives

The advent of systemically available small-molecule TRPV1 antagonists has allowed
investigation of the role of TRPV1 in animal models of chronic pain. Surprisingly,
these compounds have suggested a role for TRPV1 antagonists as broad-spectrum
drugs for the treatment of chronic pain. Administration of TRPV1 antagonists has
been shown to reduce not only thermal but mechanical hyperalgesia in rat and
guinea pig models of inflammatory pain, and to reduce mechanical hyperalgesia and
tactile allodynia in neuropathic pain [48, 68].

The recent findings that TRPV1 antagonists show efficacy in a broad range of
chronic pain models and against thermal as well as mechanical endpoints were ini-
tially counter-intuitive given the in vitro profile of TRPV1 activation and data gen-
erated from knockout mice. As discussed above, both noxious heat and low pH are
known to activate the channel, but no in vitro experiments have demonstrated
mechanosensory properties of TRPV1. The lack of these findings does not neces-
sarily exclude the potential for TRPV1-expressing neurons to be at least indirectly
involved in the transmission of mechanical sensory information. A significant pro-
portion of small-diameter neurons respond to mechanical as well as heat stimuli
(only approximately 30% of C-fiber nociceptors are unresponsive to mechanical
stimuli or have very high mechanical thresholds [71-73]). Thus, while there is no
evidence to suggest that TRPV1 is directly activated by mechanical stimuli, TRPV1
may be expressed by mechanosensitive primary afferents as more than 30% of
small-diameter neurons express TRPV1 [74].

Examination of the effects of capsaicin stimulation may also provide useful
information. It has long been known that intradermal or topical application of cap-
saicin induces not only thermal but also mechanical hyperalgesia in a number of
species, including humans [1-3, 5, 75, 76]. There are significant differences in the
hyperalgesic areas and duration of hyperalgesia elicited by mechanical versus ther-
mal stimuli. For example, the area of capsaicin-induced mechanical hyperalgesia is
greater relative to thermal hyperalgesia [5] and the duration of mechanical hyperal-
gesia is significantly longer than the duration of thermal hyperalgesia [5]. It has been
proposed that capsaicin-induced mechanical hyperalgesia is centrally mediated, as
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intradermal capsaicin administration to monkeys excites spinothalamic tract neu-
rons in the dorsal horn of the spinal cord, and enhances mechanically evoked
responses [77]. Although TRPV1 receptors are present in the dorsal horn of the
spinal cord [78], it is unlikely that the effects of capsaicin on dorsal horn neurons
are centrally mediated given the localized injection. In addition to small-diameter
mechanosensitive primary afferents, there may exist some additional mechanisms
for communication between pathways activated by TRPV1 and those involved with
mechanosensation.

One possible explanation for these interactions may be changes in the expres-
sion pattern of TRPV1 following inflammation and peripheral nerve damage. In
naive animals, TRPV1-immunoreactivity is largely confined to small-diameter
neurons. However, following inflammation there is a significant increase in
TRPV1-immunoreactivity in medium-diameter neurons that also express neurofil-
ament 200, indicative of expression in Ad neurons [74]. Furthermore, studies in
rat models of neuropathic pain have shown that ligation of the LS spinal nerve
results in increased TRPV1 mRNA and immunoreactivity in A-fiber cell bodies in
the uninjured L4 dorsal root ganglia [79, 80], and in undamaged neurons in the
partial sciatic nerve ligation model of neuropathy [79]. Furthermore, similar
increases in TRPV1-immunoreactivity in myelinated neurons are seen in strepto-
zotocin-induced diabetic rats [81]. Given that inflammation and peripheral nerve
injury are associated with decreases in pH and increased local temperature [82,
83], which are both activators of TRPV1, it may be that these potentially
mechanosensitive neurons become sensitized to mechanical stimuli due to the
altered expression of TRPV1.

In conclusion, the observations that small-molecule TRPV1 antagonists of dif-
ferent structural chemotypes show similar efficacy profiles against mechanical and
thermal hyperalgesia in models of inflammatory and chronic pain [48, 68] suggests
that these effects are mediated by inhibition of TRPV1. It is also clear that due to
important species differences in the pharmacology and function of avian, rodent and
human TRPV1, new molecules must be carefully profiled for their activity in the
species of interest before in vivo results can be interpreted. As additional novel mol-
ecules with the appropriate pharmacological profiles become available it will be
possible to further test the role of TRPV1 in models of chronic pain. Finally, it is
expected that results from the first clinical pain trials for TRPV1 antagonists are
drawing closer and that these will provide much anticipated information on the
therapeutic efficacy of TRPV1 antagonists in humans.
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