Chapter 2

Pharmacology of the Capsaicin Receptor,
Transient Receptor Potential Vanilloid
Type-1 Ion Channel

Istvan Nagy, Dominic Friston, Joao Sousa Valente, Jose Vicente Torres Perez
and Anna P. Andreou

Abstract The capsaicin receptor, transient receptor potential vanilloid type 1 ion
channel (TRPV1), has been identified as a polymodal transducer molecule on a
sub-set of primary sensory neurons which responds to various stimuli including
noxious heat (>~42 °C), protons and vanilloids such as capsaicin, the hot ingredi-
ent of chilli peppers. Subsequently, TRPV1 has been found indispensable for the
development of burning pain and reflex hyperactivity associated with inflamma-
tion of peripheral tissues and viscera, respectively. Therefore, TRPV1 is regarded
as a major target for the development of novel agents for the control of pain and
visceral hyperreflexia in inflammatory conditions. Initial efforts to introduce
agents acting on TRPV1 into clinics have been hampered by unexpected side-
effects due to wider than expected expression in various tissues, as well as by the
complex pharmacology, of TRPV1. However, it is believed that better understand-
ing of the pharmacological properties of TRPV1 and specific targeting of tissues
may eventually lead to the development of clinically useful agents. In order to
assist better understanding of TRPV1 pharmacology, here we are giving a compre-
hensive account on the activation and inactivation mechanisms and the structure—
function relationship of TRPV1.

2.1 Introduction

The biological effects of chilli peppers, which are produced by capsaicin, the
archetypical exogenous activator of the transient receptor potential vanilloid type
1 ion channel (TRPV1) (Caterina et al. 1997; Thresh 18764, b), have been known
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for several thousands of years. When applied through the oral rout (e.g. eating
spicy dishes), these effects include burning pain in the mouth, heavy perspiration
and increased bowel movements. It is rather perplexing why, in spite of the pain
and discomfort, the majority of people still enjoy eating hot dishes. Nevertheless,
the biological effects through topical application (e.g. accidental application on
mucous membranes) which include erythema in addition to a burning pain sensa-
tion are also well known. It is also an everyday experience that repeated consump-
tion of, or contact with, hot peppers results in reduced sensitivity to chilli pepper
and even to other stimuli. This desensitizing effect was widely used by native
Americans, and later in Europe, for analgesia.

The first animal and human experiments to find out the physiological effects
of capsaicin were conducted by a Hungarian doctor, Hégyes (1878a, b). He noted
that oral application of capsaicin reduced the respiratory and heart rate and body
temperature in dogs. Topical application onto his own or his assistant’s arm pro-
duced the well-known hyperaemia and burning pain. When H&gyes put capsaicin
onto his tongue he felt a sharp burning pain. When he consumed capsaicin in a
capsule, he first felt warmth in the epigastrium, then experienced belching and flat-
ulence (H6gyes 1878b).

Following more than 60 years of dormancy, pharmacological studies with
capsaicin were revitalized by three, again Hungarian, scientists Nicolas Jancsd,
Aurelia Jancs6-Gabor and Janos Poérszasz (Jancsé and Jancsoné 1949; Porszasz
and Jancsé 1959). They noted that capsaicin activated a subpopulation of sensory
nerve fibres, which belonged to the so-called nociceptive sensory nerves. They
also noted that following capsaicin application, the responsiveness of the nerves
was reduced not only to capsaicin but also to other chemical activators, such as
mustard oil (Pérszdsz and Jancs6 1959). These authors then noted that topical cap-
saicin application increased mechanical responsiveness, a phenomenon which was
recreated and analysed in humans by Simone et al. 30 years later (P6rszdsz and
Jancs6 1959; Simone et al. 1989). Jancsé et al. later found evidence that capsai-
cin, through activating a group of sensory nerve fibres, induced neurogenic inflam-
mation (Jancsé et al. 1967) and that capsaicin impaired thermoregulation through
an action in the hypothalamus (Jancs6-Gdbor et al. 1970). Another major step in
studying the biological actions of capsaicin was when Nicolas Jancsé’s son, Gabor
Jancs6 showed that capsaicin activated, and was able to induce degeneration in, a
subset of chemosensitive primary sensory neurons (Jancsé et al. 1977). An undis-
putable evidence for the presence of a specific and selective receptor for capsaicin
on a sub-set of small diameter (nociceptive) primary sensory neurons was finally
showed by Szallasi and Blumberg (1990). Although many laboratories had tried
to find the capsaicin receptor, particularly after Jancsé et al. and Szallasi and
Blumberg’s findings (Jancsé et al. 1977; Szallasi and Blumberg 1990), the cap-
saicin receptor, then called as vanilloid type 1 receptor, was cloned only in 1997
(Caterina et al. 1997). Since then, the number of papers dealing with the pharma-
cology of capsaicin and its receptor the transient receptor potential vanilloid type 1
ion channel (TRPV1) has grown at an exponential rate. This is because it became
clear that TRPV1, in addition to some physiological functions, also plays a pivotal
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role in the development of various pathological processes; most prominently, in
the development of inflammatory pain (for further references see: White et al.
2011; Nagy et al. 2004). Here, we give an account of our current knowledge of the
pharmacology of the capsaicin receptor, TRPV1.

2.2 Exogenous Activators of TRPV1

As a polymodal nocisensor, TRPV1 is responsive to different exogenous activators
including various toxins and other painful agents, heat above 42 °C, protons and
membrane depolarisation.

2.2.1 Chemical Activators

Of TRPV I’s activating agents, the prototypical activator is capsaicin (trans-8-methyl-N-
vanillyl-6-nonenamide), the main pungent ingredient of the hot chilli pepper (Capsicum
peppers; Thresh 1876a). Capsaicin, which is believed to be a selective and specific
TRPV1 activator, has a half-maximal effective concentration (ECsg) of ~700 nM on
this ion channel, though the efficacy of capsaicin on TRPV1 slightly varies depending
on the species, expression system and read out (Oh et al. 1996; Caterina et al. 1997).
Activation of TRPV 1 by capsaicin (and by other activators as well, see below) results in
increased open probability of the ion channel and subsequent increase in cationic flux
(Liu et al. 2006a; Wood et al. 1988; Dray 1992; Caterina et al. 1997).

TRPV1 is a non-selective cationic channel; hence it is permeable to all the
major cations found extracellularly and intracellularly (Caterina et al. 1997).
Therefore, when TRPV1 is expressed by cells with excitable membranes such as
neurons, its activation results in a net cationic influx and subsequent depolarisation
upon which neurons are capable of generating and propagating action potentials
(Caterina et al. 1997). In the case of nociceptive primary sensory neurons, which
are believed to be the main type of neurons expressing TRPV1 (Cavanaugh et al.
2011), the initial excitation in vivo is accompanied by a local increase of inflam-
matory mediators and the development of a burning pain sensation. However,
the initial excitation is followed by a refractory state in which the neurons do not
respond to capsaicin (Pdrszdsz and Jancsé 1959). This process is known as nocic-
eptor desensitization (Caterina et al. 1997) (for details see below).

Nociceptive primary sensory neurons play a pivotal role in the development
and maintenance of various pain conditions (Nagy 2004). Hence, the capsaicin-
induced desensitisation explains the paradoxical use of capsaicin as an analge-
sic agent to treat different pain disorders (Ueda et al. 2013b; Noto et al. 2009;
Webster et al. 2011). Importantly, when capsaicin is applied in sufficiently high
concentration and duration, it induces degeneration due to excessive Ca?t influx
(Jancso6 et al. 1977).
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Capsaicin possesses a vanillyl moiety (Fujiwake et al. 1980). A large series
of other plant-derived molecules, including piperine and piperinoyl-piperidine,
the alkaloids present in black or white pepper (Izzo et al. 2001; Mandadi and
Roufogalis 2008), eugenol, a phenol derived from clove and cinnamon leaf oil
and gingerols, which are phenol compounds in ginger (Holzer 2008; Mandadi and
Roufogalis 2008), also have this moiety, and they can activate TRPV1 with vari-
ous efficacies and potencies. Still, perhaps the best-known vanilloid is resinifera-
toxin (RTX) from Euphorbia resinifera.

RTX is an unusual phorbol-related diterpene which is more potent (with
an ECsp of ~40 nM) than capsaicin in producing TRPV1-mediated biological
effects (Caterina et al. 1997). The acute excitatory response of TRPV1 evoked
by RTX is also followed by desensitization, and these two agents produce cross-
desensitization. However, RTX produces prolonged depolarisation. Further, the
depolarisation produced by a given concentration of RTX results in a significantly
lower number of action potentials than the same extent of depolarisation produced
by capsaicin. This could be due to the slower kinetics of RTX than of capsaicin
in activating TRPV1. The subsequent slow depolarisation during RTX application
then induces fewer simultaneous activation of sodium channels than the fast depo-
larisation during capsaicin application. Based on these properties, RTX may be
useful for clinical treatments as it produces less pain than capsaicin (Raisinghani
et al. 2005).

In addition to vanilloids, other plant-derived molecules also activate TRPV 1.
Allicin can be found in garlic and activates TRPV1 in addition to the ankyrin
type 1 ion channel (TRPA1), another transient receptor potential (TRP) molecule
(Macpherson et al. 2005). The EC5 of allicin-containing garlic extract in TRPV1-
expressing CHO cells is ~1:3500 dilution (Macpherson et al. 2005), whereas
it is 1:500 dilution in TRPV1-expressing Xenopus oocytes (Macpherson et al.
2005). The specific ECsg of allicin in TRPV 1-expressing CHO cells is ~50 pM
(Macpherson et al. 2005). Allicin activates TRPV1 differently from capsaicin as it
acts by covalent modification of a single cysteine residue in the N-terminus of the
channel, C157 (see below) (Salazar et al. 2008).

Allyl isothiocyanate is another plant-derived agent which activates TRPV1
(Ohta et al. 2007). Allyl isothiocyanate, which can be found in the genus Brassica,
is an agent we consume in mustard and wasabi. Similarly to allicin, allyl isothio-
cyanate also activates both TRPV1 and TRPA1 (Everaerts et al. 2011). Mustard
oil causes a concentration-dependent increase in TRPV1-mediated currents above
~100 uM (Everaerts et al. 2011). The TRPV 1-mediated response induced by allyl
isothiocyanate is significantly smaller than that of 1 WM capsaicin suggesting that
it is a weak partial agonist of TRPV1 (Everaerts et al. 2011). It is assumed that the
residue S513 (see below) may have a role in allyl isothiocyanate-induced activa-
tion of TRPV1 (Gees et al. 2013).

Camphor (1,7,7-Trimethylbicyclo[2.2.1]heptan-2-one) is isolated from the
plant Cinnamomum camphora and activates TRPV1, as well as another vanilloid
type TRP molecule, TRPV3. The camphor-induced TRPV1 activation is followed
by desensitization of the ion channel, which is more complete than that induced
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by capsaicin (Xu et al. 2005). Hence, the camphor-induced TRPV1 desensitisa-
tion together with the inhibitory effect on TRPA1 (Fajardo et al. 2008), which also
plays a pivotal role in the development of pain associated with inflammation of
tissues, might be responsible for the well-known and widely used antinocicep-
tive effect of this agent (Xu et al. 2005; Fajardo et al. 2008). The molecular basis
of camphor-sensitivity of TRPV1 is separate from its capsaicin-sensitivity but,
similarly to capsaicin, camphor fails to activate chicken TRPV1 (Xu et al. 2005).
Hence, camphor may activate TRPV1 by a novel mechanism, which is distinct
from vanilloid-induced activation.

In addition to plant-derived TRPV1 activators, some molecules synthesised
and excreted by animals can also activate TRPV1. For example, the peptides
vanillotoxins (VaTxs) are present in tarantula venom (Psalmopoeus cambridgei
and Ornithoctonus huwena). In addition to TRPV1, some VaTxs (VaTx1-3) act
on voltage-gated potassium channels, which supports the close relationship sug-
gested between TRP and voltage-gated potassium channels (Siemens et al. 2006).
Interestingly, while the great majority of molecules acting on TRPV1 are hydro-
phobic and act at the intracellular side of the channel, VaTxs are amphiphilic and
activate TRPV1 at its extracellular side (Cromer and McIntyre 2008).

Several widely used synthetic compounds including four of the most commonly
used artificial sweeteners (saccharin, aspartame, acesulfame-K and sodium cycla-
mate) have been shown to activate TRPV1 in a dose-dependent manner (Riera et
al. 2007). Interestingly, there is a shift from pleasant to unpleasant (bitter/metal-
lic) taste perception when the concentration of these agents is increased (Vincent
et al. 1955; Helgren et al. 1955; Schiffman et al. 1995). In addition to activating
TRPV1, artificial sweeteners also sensitize this ion channel to acids and thermal
stimuli (Riera et al. 2007).

Electrophysiological recordings demonstrated that extracellular Na™, Mg?* and
Ca’* ions sensitize and activate TRPV 1 via electrostatic interactions with the resi-
dues E600 and E648 (see below) (Ahern et al. 2005b). Mg2+ is even capable of
reducing capsaicin’s ECsp by about 50 % (Ahern et al. 2005b). Three other salts
(CySOy4, ZnSO4 and FeSOy4), which produce a metallic taste sensation, have also
been shown to activate TRPV1 (Riera et al. 2007). It is still not clear how these
salts activate TRPV 1, although they have been suggested to act through intracel-
lular binding sites (Riera et al. 2007). The activation of TRPV1 by these sulphuric
salts could be explained by the potential harmfulness of the sulphate group and
the function of TRPV1 as a sensor for potentially dangerous stimuli. This view is
supported by the difficulty to distinguish between bitter/metallic taste and burning
sensation (Green and Hayes 2003; Lim and Green 2007).

Ethanol, between 0.1 and 3 %, potentiates TRPV1 responses evoked by other
activators (Trevisani et al. 2002), including capsaicin, protons and heat (Trevisani
et al. 2002). The ethanol-induced sensitisation, at least to heat stimuli, is medi-
ated through lowering the heat threshold of the ion channel (from approx. 42 °C
to approx. 34 °C) (Trevisani et al. 2002). Hence, TRPV 1-expressing sensory nerve
fibres become activated by the body temperature following exposure to ethanol.
The ethanol-induced sensitisation of TRPV1 explains why high alcohol content
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drinks induce burning sensation and why those drinks do not produce the burning
sensation when they are consumed with ice.

TRPV1 also seems to be important for specific behavioural actions induced by
ethanol (Blednov and Harris 2009; Glendinning et al. 2012). For example, attenu-
ation of ethanol’s capsaicin-like burning sensation could at least partially explain
why adolescent ethanol use and abuse behaviour in humans is associated with foe-
tal ethanol exposure (Glendinning et al. 2012). Further, given the role of TRPV1
in thermoregulation (Gavva et al. 2007), ethanol’s effects on TRPV1 also underlay
its effects on body temperature (Trevisani et al. 2002) and the lethal hypothermia
commonly observed following alcohol intoxication.

2.2.2 Protons

Acidic pH also activates TRPV1 (Tominaga et al. 1998; Jordt et al. 2000;
Baumann and Martenson 2000; McLatchie and Bevan 2001). Extracellular pro-
tons are considered to be TRPV1 modulators as they increase the potency of heat
and capsaicin by lowering the threshold of channel activation (Jordt et al. 2000;
Tominaga et al. 1998). However, protons also directly activate TRPV1 (pH < 6.0)
(Tominaga et al. 1998). Remarkably, in addition to protonation, deprotonation also
activates TRPV1 (Dhaka et al. 2009). In contrast to the extracellular sites for pro-
tonation, the site for deprotonation is located intracellularly (see below). Hence
TRPV1 must play an important role in sensing and maintaining extracellular and
intracellular pH.

2.2.3 Heat

The great majority of TRP channels respond to changes in various physical stimuli
such as heat or pressure (Nilius and Appendino 2011). TRPV1 was the first TRP
channel, and indeed molecule, shown to respond specifically to increased tempera-
tures (Caterina et al. 1997). Interestingly, TRPV1 seems to be tonically active in
vivo, hence it acts as a molecular thermometer (Gavva et al. 2007). Accordingly, it
has been proposed that the main function of TRPV1 is to maintain body tempera-
ture (Gavva et al. 2007). This putative function explains why some TRPV1 ago-
nist, e.g. capsaicin and RTX, cause a reduction in body temperature, and also why
TRPV1 antagonists induce considerable hyperthermia in several species (Holzer
2008). The role of TRPV1 in thermoregulation may hamper the use of TRPV1
antagonists in treating pain conditions.

The heat sensor of TRPV1 allows the receptor to detect noxious heat. It is a
specific heat-induced signalling-event with a temperature coefficient of about 26
(Liu et al. 2003). In comparison, the temperature coefficient of molecules which
do not specifically respond to heat is about 2 (Liu et al. 2003). An increase from
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the ambient temperature to about 45 °C leads to a pronounced increase in the
intracellular calcium concentration in TRPV1-expressing cells (Caterina et al.
1997). Studies of chimeric thermo-sensitive TRP channels show that a segment in
the C-terminus of TRPV1 confers heat-sensitivity to the channel ((Brauchi et al.
2006), see details below). Apparently, heat acts by prolonging the burst of TRPV1
channel opening and the sensitivity of the channel to heat can be modulated by
environmental agents such as ethanol (Trevisani et al. 2002).

It seems puzzling that TRPV1 could be involved both in thermoregulation with
maintaining the body’s core temperature at ~37 °C, and in the detection of noxious
heat above ~42 °C. Little is known about the mechanism of molecular thermo-
thresholding of TRPV1 and further studies must be done to determine them.
There are multiple putative mechanisms which could explain how TRPV1 plays
a role both in maintaining the body temperature and in the detection of noxious
heat stimuli. These include the presence of different splice variants of TRPV1,
post-translational modification (e.g. specific phosphorylation sites), or tetrameric
combinations of TRP channels (see below) in various tissues. Alternatively tissue-
specific agents may regulate the gating properties of TRPV 1.

Ectotherm animals such as fish, amphibians or reptiles, which use external
source of heat to regulate their body temperature, also require a temperature sensor
since the ability to sense environmental temperature is necessary for survival, to
maintain homeostasis and to avoid tissue damage. Zebrafish (Danio rerio) express
a single TRPV1/2-like orthologue, which could be derived from an evolutionary
precursor of tetrapod TRPV1 and another vanilloid type TRP molecule, TRPV2
(Saito and Shingai 2006). Based on the expression of this zebrafish TRPVI in
nearly all early-born trigeminal neurons (Gau et al. 2013), and the fact that envi-
ronmental hot temperatures activate TRPV 1-expressing neurons in zebrafish (Gau
et al. 2013), it has been suggested that TRPV1 has been involved in heat sensation
for at least 360—-450 million years, when fish diverged from tetrapods (Volff 2005).

2.3 Endogenous Activators

TRPV1 is activated by two major types of endogenous molecules. The first group
of endogenous activators comprise of ligands which, similarly to exogenous
ligands, bind to TRPV1 and increase the open probability of the ion channel. The
second group of endogenous TRPV1 activators includes intracellular signaling
molecules which, mainly through phosphorylation of discrete amino acid resi-
dues, increase either the open probability of TRPV1 or the efficacy or potency of
TRPV 1-activating ligands (sensitization). The separation between these molecules
is not entirely unambiguous. For example, while anandamide (see below) has pre-
viously been considered as a ligand (i.e. endovanilloid), recent evidence suggests
that it is also an intracellular signaling molecule. Nevertheless, while ligand bind-
ing results in transient activation (i.e. while the ligand is present), sensitization
induced by intracellular signaling molecules may last longer.
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2.3.1 Ligands from the Inside (Autocrine Signalling)

A series of putative endovanilloids, containing unsaturated fatty acids with 18 or
20 carbon atoms, have been identified in recent years. In these molecules, arachi-
donic or oleic acids bind to various moieties, such as glycerol, ethanolamine or
dopamine.

Arachidonylethanolamide (anandamide), which was established as an endog-
enous ligand for the G protein-coupled cannabinoid 1 (CB1) receptor (Matsuda et
al. 1990; Devane et al. 1992), was the first endogenous molecule to be identified as
a putative endogenous TRPV1 activator (Zygmunt et al. 1999). Although a series
of other target molecules for anandamide has recently been found (Goodfellow
and Glass 2009), the CB1 receptor and TRPV1 are still considered to be the main
targets for anandamide.

Anandamide is synthesized by various cells including primary sensory neurons
(Carrier et al. 2004; Di Marzo et al. 1996; Di Marzo et al. 1994; van der Stelt and
Di Marzo 2005; Vellani et al. 2001). Multiple enzymatic pathways are involved in
anandamide synthesis, which produce this ligand either in a Ca>* dependent or
Cat independent manner (Okamoto et al. 2004; Sun et al. 2004; Liu et al. 2008;
Simon and Cravatt 2008; Vellani et al. 2008). In primary sensory neurons, both
increased intracellular Ca%t concentration, which, for example, occurs following
TRPV1 activation (Caterina et al. 1997), and activation of protein kinase A (PKA)
and protein kinase C (PKC) result in anandamide synthesis (van der Stelt et al.
2005). Accordingly, TRPV 1-expressing primary sensory neurons express several
enzymes which have been implicated in anandamide-synthesis, and those enzymes
seem to form functional anandamide synthesising pathways (Nagy et al. 2009;
Varga et al. 2013). It has consistently been shown that anandamide produced by
primary sensory neurons activate TRPV1 (van der Stelt et al. 2005; Varga et al.
2013). Based on the expression pattern of anandamide-synthesising enzymes and
TRPV1, the trigger for anandamide production and the effect of anandamide of
primary sensory neuron origin, Di Marzo et al. suggested that anandamide acts as
a signal amplifier for TRPV1 (van der Stelt and Di Marzo 2005). Anandamide is
believed to bind to the same site as capsaicin in TRPV1 (Jordt and Julius 2002).

Another ethanolamide, which instead of arachidonic acid contains oleic acid,
also activates TRPV1 (Ahern 2003; Movahed et al. 2005). Oleoylethanolamide
has been identified as a peripheral satiety factor whose actions are mediated pri-
marily through peroxisome proliferator-activated receptor alpha (Fu et al. 2003).
Oleoylethanolamide activates TRPV1 with a potency similar to that of ananda-
mide (Ahern 2003; Movahed et al. 2005). However, phosphorylation of TRPV1
by PKC is essential for TRPV1 to respond to oleoylethanolamide (Ahern 2003).
Consistently with oleoylethanolamide being an endogenous TRPV1 ligand, intra-
peritoneal oleoylethanolamide administration induces visceral -related behavior,
which is absent in TRPV1~/~ mice (Wang et al. 2005). These data suggest that
oleoylethanolamide has a physiological role in modulating TRPV 1 in pathological
conditions (Almasi et al. 2008).
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N-arachidonyldopamine (NADA) is an endogenous molecule identified in sev-
eral brain regions with particularly high concentrations in the striatum (Huang et
al. 2002b). Administration of NADA to cultured primary sensory neurons results
in TRPV1-mediated calcium influx and neuropeptide release (Huang et al. 2002a).
Further, intradermal injection of NADA into the hind paw of mice induces ther-
mal hyperalgesia in a TRPV1-dependent manner (Huang et al. 2002a). As with
oleoylethanolamide, TRPV1’s sensitivity to NADA is greatly increased by PKC-
mediated phosphorylation at Ser502 and 800 (Premkumar et al. 2004).

Lipoxygenases (LOX) produce molecules which are capable of activating het-
erologously expressed, as well as native, TRPV1 (Hwang 2000). These products
include some hydroperoxy eicosatetraenoic acids (HPETEs) and leukotrienes
which are derivatives of fatty acids (Samuelsson 1983). Among the LOX products,
12-(S)-, 15-(S)- and 5-(S)-HPETE and leukotriene B4 exhibit high potency in acti-
vating TRPV1 (Hwang 2000). LOX products are produced during inflammation,
and their intradermal injection has been shown to produce hyperalgesia (Levine
et al. 1986). A link between inflammation, LOX products and TRPV1 activity has
been established by Shin et al. (2002). They found that 12- HPETE, which has the
highest potency in activating TRPV1, is produced by primary sensory neurons fol-
lowing activation of the bradykinin 2 (B2) receptor by one of the most important
inflammatory mediators, bradykinin, and subsequent production of arachidonic
acid by B2 receptor-evoked phospholipase A2 activity (Shin et al. 2002).

Lysophosphatidic acid (1-acyl-glycerol-3-phosphate, LPA) is a precursor of
phospholipid biosynthesis but also functions as an intercellular signaling molecule
participating in cell survival, neurite retraction, cancer cell migration and invasion,
fertilization, embryonic implantation, spermatogenesis, vasculogenesis, angio-
genesis, proliferation and differentiation of neural progenitor cells (Ueda et al.
2013a). These biological functions have been linked to a specific class of receptor,
called LPA receptors 1-6 (Noguchi et al. 2009). Most recently, TRPV1 has also
been shown to be activated by LPA (Nieto-Posadas et al. 2012). Hence, intracel-
lular application of LPA results in TRPV1 activation via a direct interaction with
the proximal C terminus of TRPV1, specifically with K710, which is also a bind-
ing site for phosphatidylinositol 4,5-bisphosphate (PIP2; see below) (Brauchi et al.
2007). In agreement with the cellular response, LPA injection into the paw induces
significantly less acute pain-related behavior in TRPV1~/~ mice than in wild-type
mice (Nieto-Posadas et al. 2012).

The group of putative endovanilloids, in addition to some lipophylic com-
pounds, also include some hydrophylic molecules which bind to and activate
TRPVI1. ATP is an important mediator of pain because it is released from tissues
during inflammation and/or tissue damage (Bours et al. 2006). While ATP primar-
ily activates P2X and P2Y receptors (Burnstock and Kennedy 2011; Burnstock
2008, 2009), it can also bind directly to TRPV1 in a region between the ankyrin
repeats in the N-terminus (Lishko et al. 2007) as well as at the C terminus (Kwak
et al. 2000). ATP interacts with calmodulin (CaM; see below) at these binding
sites.
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Calcium overload induces cells death (Kass and Orrenius 1999; Caterina et
al. 1997). Hence, maintaining Ca’" homeostasis is crucial. One way to main-
tain Ca®t homeostasis is to regulate Ca>t-permeable channels such as TRPV1
(Caterina et al. 1997). Several molecules seem to be involved in the modulation
of TRPV1 activity based on the Ca?* influx. One such molecule is calmodulin
(CaM), which binds four Ca?* (Vetter and Leclerc 2003). The Ca?t-CaM complex
has been implicated in one of the most characteristic features of TRPV1, Cat-
dependent desensitization (Koplas et al. 1997) (more details on desensitisation is
presented later in this Chapter). TRPV1 has two putative CaM-binding sites. One
of them is present in the NHj-terminus, in a region including amino acids 189-222
(Rosenbaum et al. 2004), a site that can also bind triphosphate nucleotides such as
ATP. Here, CaM and ATP are believed to compete for binding. While binding of
the Ca>*-CaM complex reduces responses of TRPV 1 to its activators (desensitiza-
tion/tachyphylaxis), ATP binding prevents desensitization (Lishko et al. 2007). It
is proposed that this effect is mediated by modulating the channels sensitivity to
calcium fluctuations and possibly metabolic state (Phelps et al. 2010). Mutation
on this shared binding site eliminates desensitization (Lishko et al. 2007). A
second putative CaM-binding site is located in the C terminus (Numazaki et al.
2003). Mutation at this site does not eliminate desensitization, though its kinetics
are altered (Rosenbaum et al. 2004). Hence, this CaM-binding site could also be
involved in TRPV1 desensitization.

Although the Ca**-calmodulin dependent kinase IT (CaMKII) does not bind to
TRPV1, we discuss its function here due to its role in Ca2+-dependent modulation
of TRPV1 activity. CaMKII-mediated phosphorylation of TRPV1 is fundamental
for TRPV1 responsiveness to capsaicin (Jung et al. 2004). In contrast, the dephos-
phorylation of TRPV1 by the Ca>*-dependent phosphatase calcineurin leads to a
desensitization of the receptor (Docherty et al. 1996). Hence, it is believed that
there is a dynamic balance between the phosphorylation and dephosphorylation of
the TRPV1 channel by CaMKII and calcineurin respectively, which controls the
responsiveness/desensitization states of the channel. In addition, Ca?* has also
been shown to stimulate phospholipase C (PLC)-mediated cleavage of the sensi-
tizing agent phosphatidylinositol-4,5-bisphosphate (PIP2) (Liu et al. 2005; Stein
et al. 2006; Lishko et al. 2007; Lukacs et al. 2007; Mercado et al. 2010; Lau et al.
2012).

Phosphatidylinositol-4,5-bisphosphate (PIP2) is a minor component of the
plasma membrane that can serve multiple roles in cell physiology. It is involved
in the regulation of many proteins and can also anchor proteins to the plasma
membrane through pleckstrin homology and other domains (DiNitto et al. 2003;
Lemmon 2003; Cho and Stahelin 2005). One of the most important roles of PIP2,
however, is acting as a source of intracellular second messengers (Dietrich et al.
2005) as it is cleaved by PLC to generate diacylglycerol (DAG) (Woo et al. 2008b)
and inositol 1,4,5-trisphosphate (IP3).

Phosphatidylinositol-4,5-bisphosphate is involved in the regulation of TRPV1
activity via at least three mechanisms: by direct binding (Prescott and Julius 2003;
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Chuang et al. 2001; Brauchi et al. 2007), through the generation of DAG (Woo et
al. 2008b) and IP3 (Ahern et al. 2005a) and by activating the accessory membrane
protein phosphoinositide interacting regulator of TRP (Kim et al. 2008).

Although the role of direct binding has been studied extensively, its role still
remains controversial. Early reports suggested that PIP2 is an inhibitor of TRPV1
activity (Chuang et al. 2001). More recently, several groups reported that PIP2
binding and depletion sensitizes and desensitizes the channel, respectively, in
mammalian cells (Liu et al. 2005; Stein et al. 2006). In agreement with the latter
findings, the presence of PIP2 appears to prevent TRPV1 desensitization (Lishko
et al. 2007).

Regarding PLC-mediated PIP2 cleavage, DAG activates PKC, which then
phosphorylates TRPV1 (Bhave et al. 2003) (see below). In addition, DAG is also a
partial agonist of heterologously-expressed TRPV1 (Woo et al. 2008a).

Nitric oxide (NO) is an important cellular signaling molecule, participating
in many physiological and pathological processes such as vasodilation (Culotta
and Koshland 1992). NO can induce calcium entry into cells via TRP channels,
including TRPV1, through an activation mechanism mediated by S-nitrosilation
of cysteine residues (Yoshida et al. 2006). S-nitrosilation involves covalent
incorporation of the nitric oxide moiety into the thiol group of cysteine to form
S-nitrosothiol. This is a reversible post-translational modification analogous to
phosphorylation.

A-kinase anchoring proteins (AKAPs) are well known for their ability to scaf-
fold PKA, PKC, or calcineurin to a large number of different ion channels, pro-
moting fast and precise phosphorylation. AKAP79 was found to be able to bind
TRPV1 (Zhang et al. 2008). Interestingly ablation of this protein, by genetic
manipulation, resulted in a strong reduction of PKC-mediated sensitization of
TRPV1 (see below; (Jeske et al. 2009)). More recently, an antagonist of TRPV1-
AKAP79 binding has been developed and shown to potently block TRPV1 sensiti-
zation (Fischer et al. 2013).

Another scaffolding protein, B-arrestin-2, has also been recently implicated
in the desensitization of TRPV1 (Por et al. 2012) by linking the phosphodies-
terase PDE4D5 to the receptor and limiting its PKA-phosphorylation status (for
details of PKA-mediated phosphorylation see below). Further, knocking down
B-arrestin-2 using small interfering RNA resulted in an increase of TRPVI1-
mediated cellular responses to capsaicin both to initial and repeated administra-
tions (Por et al. 2012).

In addition to their interaction with polymerized microtubules, tubulin dimers
can interact with the C-terminus region of TRPV1 in vitro (Goswami et al. 2004).
Recently, a region in the N-terminus of TRPV1 has also been shown to bind tubu-
lin independently (Lainez et al. 2010). Hence, TRPV1 may have multiple tubu-
lin-binding sites. Storti et al. have demonstrated that the microtubule cytoskeleton
helps to form the TRPV1 tetramer (see below) in the membrane (Storti et al.
2012). Therefore, it is possible that tubulin interaction with TRPV1 is a dynamic
process and helps to modulate TRPV1 function.
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2.3.2 Second Messenger Interactions

TRPV1 activity which is induced by heat or/and ligands can be modified by the
activation of other receptors including those coupled to tyrosine kinase (trk) or G
proteins (Nagy et al. 2004). Activation of tyrosine kinase (trk)-coupled or Ggq/s
protein-coupled receptors results in reducing the molecule’s heat threshold and/
or increasing the efficacy and potency of ligands (Tominaga et al. 2001; Vellani
et al. 2001; Cesare and McNaughton 1996; Moriyama et al. 2005b; Lopshire and
Nicol 1998). This type of modulation appears to be crucial in inflammation, where
inflammatory mediators including nerve growth factor, bradykinin, serotonin, his-
tamine and prostaglandins accumulate, activate their cognate receptors on TRPV1-
expressing neurons and induce TRPV1 sensitisation. The downstream effectors of
inflammatory mediators on TRPV1 include molecules belonging to trk-, protein
kinase A (PKA)- or protein kinase C (PKC)-dependent pathways (Cesare et al.
1999; Premkumar and Ahern 2000; Vellani et al. 2001) and various endogenous
activators such as anandamide or 12-HPETE (Shin et al. 2002; Vellani et al. 2008).

PKA within primary sensory neurons plays a major role in producing inflam-
matory hyperalgesia (Levine and Taiwo 1990). Prostaglandins, such as prostaglan-
din E2 (PGE2), produce hyperalgesia by elevating intracellular cAMP levels and
hence activating PKA in sensory neurons (Taiwo et al. 1989; Taiwo and Levine
1990). PKA’s action on TRPV1 depends on the phosphorylation of residues impli-
cated in the sensitisation of heat-evoked responses (Rathee et al. 2002). It appears
that PKA-mediated phosphorylation is essential to keep TRPV1 in a responsive
state (Bhave et al. 2002; Mahmud et al. 2009).

The PKC pathway can be activated following activation of Gq-coupled recep-
tors by several inflammatory mediators including ATP, bradykinin, prostaglan-
dins and trypsin or tryptase (Moriyama et al. 2003, 2005a; Tominaga et al. 1998;
Cortright and Szallasi 2004). Phosphorylation of TRPV1 by PKC results in reduc-
tion of its temperature threshold and potentiation of proton-evoked responses
(Bhave et al. 2003; Studer and McNaughton 2010; Numazaki et al. 2002; Huang
et al. 2006a, b). This PKC-mediated phosphorylation is also implicated in the
potentiation of TRPV1 activation by NADA (Premkumar et al. 2004) and oleoyle-
thanolamide (Ahern 2003) as well as in re-phosphorylation of TRPV1 after desen-
sitization in the presence of Ca>t (Mandadi et al. 2004).

2.3.3 Depolarisation

TRPV1 was initially considered to be a cation channel with no voltage sensitiv-
ity (Caterina et al. 1997) in accordance with its lack of positively charged resi-
dues in the fourth transmembrane domain. However, a pronounced outward
rectification of capsaicin-induced membrane currents had previously been
observed (Gunthorpe et al. 2000), suggesting the existence of a membrane
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depolarization-sensing domain in TRPV1. The C terminus of TRPV1 had recently
been shown to influence both temperature and voltage-sensing (Vlachova et al.
2003). However, studies using chimeras between TRPV1 and another TRP chan-
nel, the cold receptor melastatin type 8 (TRPMS8) channel, had demonstrated that
the thermo-TRP-specific region is different from the voltage sensor region of these
molecules (Brauchi et al. 2006).

2.4 Signal Integration

The fascinating polymodal nature of TRPV1 raises the question of how TRPV1
integrates the effects of its various activators. In recent years, two opposing views
on this signal integration have developed. Bernd Nilius et al. have proposed a
sequential model. In this model, various stimuli shift the voltage dependence of
the channel from a physiologically uninteresting voltage range into a functionally
relevant voltage (Nilius and Voets 2005). Hence, according to this model, all types
of stimuli open the channel through modifying voltage-sensitivity. However, post-
translational modifications as well as ligand binding also induces changes in tem-
perature-sensitivity, which itself is connected to voltage dependence (Gunthorpe
et al. 2000; Vlachova et al. 2003). Therefore, while a shift in the voltage-depend-
ence may ultimately be responsible for opening the channel, ligand binding and
post-translational modifications may act through modifying both temperature- and
voltage-sensitivity.

An opposing view has been put forward by Latorre et al. who proposed an
allosteric model. According to this model, while various sensors interact with each
other, each sensor is linked directly to the gating apparatus. Hence, each stimu-
lus is able to open the channel independently of each other (Latorre et al. 2007).
The evidence that the C-terminus plays a role in temperature control while leaving
voltage dependence unaffected (Brauchi et al. 2006) would support this view.

2.5 Mechanisms of TRPV1 Inactivation

Inactivation of TRPV1 can have potential therapeutic implication in a number
of conditions, including pain (Roberts and Connor 2006; Jara-Oseguera et al.
2008), inflammation (Fernandes et al. 2012; Southall et al. 2003), chronic res-
piratory diseases (Preti et al. 2012) and conditions related to the cardiovascular
system (Fernandes et al. 2012; Robbins et al. 2013). The action of TRPV1 may
be negatively modulated by endogenous molecules, such as adenosine and choles-
terol. Extracellular inactivation of TRPV1 may occur through antagonists (Roberts
and Connor 2006) or through desensitisation (Touska et al. 2011) which may
allow capsaicin and its analogues to be used as analgesics (Hoffmann et al. 2012;
Maihofner and Heskamp 2013).
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2.5.1 Endogenous Negative Modulators of TRPV1

Cholesterol, non-classic eicosanoids and adenosine have been proposed to nega-
tively modulate TRPV1 (Morales-Lazaro et al. 2013). Picazo-Juarez et al. have
demonstrated that cholesterol enrichment of excised patches from TRPVI-
expressing HEK293 cells decreases capsaicin-induced TRPV1 currents as well
as currents induced by temperature and voltage increase (Picazo-Juarez et al.
2011). The level of membrane cholesterol also appears essential for the expres-
sion of TRPV1. Earlier studies by Liu et al. (2006b) have demonstrated that deple-
tion of cholesterol from membrane rafts reduces channel expression as well as
capsaicin and proton-induced TRPV1 currents, probably through internalisation
of TRPV1 channels on the membrane. The role of cholesterol might be multifac-
eted as depletion of cholesterol in trigeminal neurons was sufficient to diminish
calcium uptake in response to capsaicin or resiniferatoxin (RTX). However, in rat
TRPV 1-transfected cells, cholesterol depletion was able to inhibit calcium influx
in response to capsaicin and or N-oleoyl-dopamine, but not in response to ananda-
mide, RTX or low pH (Szoke et al. 2010).

Other components of the lipid raft are likely to play additional, more complex
roles in regulating the function and expression of TRPV1 channels. For exam-
ple, treatment of sensory neurons with sphingomyelinase inhibited activation of
TRPV1 by capsaicin and RTX, while inhibition of ganglioside synthesis reduced
capsaicin- or RTX-evoked calcium influx (Szoke et al. 2010; Santha et al. 2010).

Resolvins are omega-3 fatty acids derivatives that have been shown to inhibit
TRPVI1-mediated currents in DRG neurons, with resolvin D2 being more potent
that resolvin D1 or resolvin El (Park et al. 2011). The mechanism by which
resolvins modulate TRPV1 activity is not clear, though it is likely to involve inhi-
bition of the extracellular signal-regulated kinase (ERK) signalling pathway (Xu
et al. 2010). In addition, inhibition of the Gi/o protein (Liu and Simon 1996;
Caterina et al. 1997; Koplas et al. 1997) abolishes the inhibitory effects of resolvin
D2 (Park et al. 2011; Morales-Lazaro et al. 2013). At a much higher concentra-
tion, resolvins are also inhibitors of TRPA1 and TRPV3 (Park et al. 2011; Bang
et al. 2012). Intrathecal administration of resolvins at very low doses prevents
spontaneous pain and mechanical hypersensitivity evoked by intrathecal capsai-
cin administration as well as formalin injection- and Complete Freund’s Adjuvant
injection-induced pain-related behaviour (Park et al. 2011; Xu et al. 2010).

Adenosine has also been suggested to negatively regulate the action of TRPV1,
as its intrathecal injection has been shown to inhibit allodynia and mechanical
hyperalgesia induced by intradermal injection of capsaicin in humans (Eisenach
et al. 2002). In in vitro studies, adenosine analogues have been shown to inhibit
capsaicin-induced TRPV1-mediated currents in TRPV1-expressing HEK293 cells
and in DRG neurons in a competitive manner. Adenosine analogues compete for
the ligand (resiniferatoxin and capsaicin)-binding site of TRPV1, indicating that
the inhibitory effect is mediated via a direct interaction of these ligands with the
ion channel (Puntambekar et al. 2004) rather than via the activation of adenosine
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receptors (Sawynok and Liu 2003). It is possible that adenosine mediates tonic
suppression of TRPV1 activity in these conditions and thereby reduces the sen-
sory inputs triggered by activation of this receptor (Puntambekar et al. 2004).
TRPV1 activation has been suggested to promote adenosine release as its produc-
tion depends on calcium availability, which is increased when TRPV1 is activated
(Morales-Lazaro et al. 2013).

2.5.2 Desensitisation and Tachyphylaxis of TRPV1

Prolonged activation of TRPV1, for example by vanilloids or protons, induces
acute desensitization of the receptor and insensitivity to subsequent stimuli (Liu
and Simon 1996; Caterina et al. 1997; Koplas et al. 1997). Repeated applications
of vanilloids also induce reduction in TRPV1-mediated responses, a phenomenon
which is called tachyphylaxis (Liu and Simon 1996; Touska et al. 2011). It is not
yet clear if tachyphylaxis is induced through the same mechanisms as desensitisa-
tion, but they are likely to share at least some molecular processes.

Desensitisation of TRPV1, which is largely a Ca**-depended process, is due
to a rapid rise in intracellular calcium levels which occurs when TRPV1 is acti-
vated (Koplas et al. 1997; Mohapatra and Nau 2005; Cholewinski et al. 1993;
Piper et al. 1999). In the absence of extracellular or intracellular Ca?*, no desen-
sitisation occurs (Koplas et al. 1997; Cholewinski et al. 1993). As mentioned,
Ca”* binds to CaM and activates the phosphatase calcineurin and CaMKII. This
transient calmodulin binding is essential for TRPV1 desensitisation (Numazaki et
al. 2003; Rosenbaum et al. 2004; Lishko et al. 2007). Rosenbaum et al. (2004)
have demonstrated that overexpression of CaM in TRPV 1-expressing cells poten-
tiates the desensitising effects of Ca’*, whereas co-expression of a mutant inac-
tive form of CaM with TRPV1 results in a lack of Ca’>*-induced desensitisation.
Dephosphorylation of the receptor by calcineurin, triggered by increased intracel-
lular Ca®t concentration, has been reported to enhance desensitisation (Docherty
et al. 1996; Mohapatra and Nau 2005; Piper et al. 1999). Intracellular inhibition
of calcineurin significantly decreases desensitization of TRPV1 by capsaicin or
protons (Mohapatra and Nau 2005). On the other hand, PKA activity results in
decreased desensitization and increased sensitivity to capsaicin, protons and anan-
damide (Mohapatra and Nau 2005; Di Marzo et al. 2002; Bhave et al. 2003). A
balance between TRPV1 dephosphorylation by calcineurin and phosphoryla-
tion by different kinases, as mentioned earlier, is thought to regulate the Ca>*-
dependent desensitization of the channel (Jung et al. 2004; Cortright and Szallasi
2004; Docherty et al. 1996; Mohapatra and Nau 2005; Mandadi et al. 2004).

Upon desensitisation of TRPV1, a number of other molecular mechanisms
contribute to further inhibition of the channel. Sanz-Salvador et al. (2012) have
recently reported that TRPV1 agonists can downregulate the membrane expres-
sion of TRPV1 through endocytosis and lysosomal degradation, thus contribut-
ing further to agonist-insensitivity. This process is modulated by PKA-dependent
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phosphorylation (Sanz-Salvador et al. 2012). Capsaicin-desensitised TRPV1 also
appears to have decreased affinity for capsaicin as, following the rapid onset of
the first capsaicin evoked-response of TRPVI in transfected HEK293T cells,
the kinetics of subsequent responses become slower. In this case, desensitisation
can be overcome with higher capsaicin concentrations (Vyklicky et al. 2008).
However, the desensitisation is not due to the impairment of intrinsic gating mech-
anisms as the desensitised channel remains responsive to depolarisation (Yao and
Qin 2009). Capsaicin-induced desensitisation of TRPV1 is also accompanied by
a decrease in the responsiveness to heat (Vyklicky et al. 2008; Tominaga et al.
1998).

Other mechanisms, in addition to Ca2+-dependent desensitisation are also
involved in the receptor’s desensitisation. As mentioned above, camphor activates
TRPV1 independently of the vanilloid binding site and desensitises the channel in
a Ca®*-independent manner (Xu et al. 2005). Piperine has a propensity to cause
greater desensitisation of TRPV1 than capsaicin, even in the absence of extracel-
lular Ca?* (McNamara et al. 2005).

Desensitisation of TRPV1 has been widely used to control pain for centuries
and, in recent years, we have witnessed a revival of using capsaicin or its ana-
logues in various concentrations. A formulation (WL-1002) from Winston
Laboratories is in clinical trials for cluster headache, migraine and osteoarthritic
pain, as is Compound 4975 from Anesina for neuropathic and musculoskeletal
pain (Jara-Oseguera et al. 2008; Mandadi and Roufogalis 2008). At present, there
are creams with a low concentration of capsaicin (0.075 %) available with no
proof of desensitization (Szallasi and Sheta 2012) and a patch with an 8 % concen-
tration of trans-capsaicin is available for the treatment of peripheral neuropathic
and HIV-associated pain (Noto et al. 2009).

As application of capsaicin results in an unpleasant hot sensation and skin irri-
tation, attempts have been made to develop TRPV1 agonists which produce less
pungency, such as capsaite and olvanil (Brand et al. 1987; Iida et al. 2003). Such
agonists have been shown to robustly activate TRPV1 and to present hyperalgesic
effects in vivo (Wu et al. 2006; Appendino et al. 2005b; Phillips et al. 2004; Iida
et al. 2003; Roberts and Connor 2006). However, the use of such synthetic ago-
nists as analgesics has not been very successful in humans as they require direct
contact with nerve endings before being broken down or sequestered (Cromer and
Mclntyre 2008).

In addition to desensitisation, other mechanisms have also been implicated
in vanilloid-induce analgesia. Some studies reported degeneration of epider-
mal nerve fibers upon repeated or prolonged application of capsaicin (McMahon
et al. 1991; Nolano et al. 1999; Simone et al. 1998; Knotkova et al. 2008) in
parallel to reduction of pain responses. This capsaicin-induced degeneration
of small nerve endings is a reversible process (Simone et al. 1998; McMahon
et al. 1991) which may account for the long-lasting antinociceptive effects of cap-
saicin (Knotkova et al. 2008; Nagy et al. 2004; Jancsé et al. 2008; Tender et al.
2005). The vanilloid-induced degeneration is likely to occur through neurotoxicity
due to excess Ca2T influx (Olah et al. 2001; Szolcsanyi 2004) or the production
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of intracellular reactive oxygen species (Hail 2003). In addition, a significant role
for the vanilloid-induced inhibition of axonal transport (Santha and Jancso 2003)
and decreased availability of nerve growth factor have also been suggested in the
defunctionalisation of C-fibers (Jancsé et al. 2008). This may have additional
effects on the availability of neuropeptides such as substance P and calcitonin
gene-related peptide (CGRP), which have been implicated in nociceptive pro-
cesses, thus further promoting anti-nociception (Jancsé et al. 2008).

2.5.3 Mechanisms of Action of TRPV1 Receptor Antagonists

The aim for the development of TRPV1 antagonists is to provide novel analge-
sic drugs which do not produce undesirable side effects (Gomtsyan et al. 2005;
Roberts and Connor 2006). Non-competitive antagonists that interact with sites
other than the agonist binding site prevent agonist-induced receptor opening or
block the aqueous pore. This mode of action is thought to be more clinically rel-
evant as, in a disease state, TRPV1 might already be activated. Competitive antag-
onists, on the other hand, bind to the agonist binding site and lock the channel in
a closed, non-conductive state (Roberts and Connor 2006). TRPV1 is activated,
through interactions with different binding sites by vanilloids, heat and protons
(see below), which may all play a role in TRPV1 activation in pathological condi-
tions. Therefore, antagonists should inhibit all binding sites. However, inhibition
of the capsaicin binding site remains a critical requirement for TRPV1 antagonists
and many have been developed by structurally altering capsaicin or other potent
TRPV1 agonists such as RTX.

Capsazepine, an analogue of capsaicin, was the first synthetic competitive
antagonist of TRPV1 (Bevan et al. 1992). Compared with other TRPV1 antago-
nists, capsazepine has a relatively low potency on TRPVI1. Capsazepine has
been shown to inhibit capsaicin-induced TRPV1 currents in sensory neurons and
to compete with RTX for binding (Szallasi et al. 1993). Although capsazepine
was shown to inhibit the behavioural nociceptive properties of capsaicin in vivo
(Perkins and Campbell 1992), its effect on heat- and proton-induced TRPV1 acti-
vation appears to be species-dependant (Walker et al. 2003; Savidge et al. 2002).
In humans, capsazepine has been reported to inhibit TRPV1 activation by heat
and protons. However, due to low metabolic stability and poor pharmacokinetic
properties, capsazepine did not reach clinical development (Gomtsyan et al. 2005).
Capsazepine has also shown some effects on other channels, such as voltage-
gated calcium channels, nicotinic receptors and TRPMS8 (Roberts and Connor
2006). Although capsazepine has a low potency and exhibits unspecific binding,
it has been used in many pharmacological studies and served as a pharmacologi-
cal tool for comparing novel TRPV1 antagonists. In addition to capsazepine, other
TRPV1 antagonists were also derived from TRPV1 agonists. Halogenation (i.e.
iodine substitution) of vanillamide compounds, such as nonivamide and arvnil,
produced potent TRPV1 antagonists (Appendino et al. 2003, 2005a, b; Roberts
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and Connor 2006; Wahl et al. 2001). Since then, a number of pharmaceutical com-
panies have explored the development of novel TRPV1 antagonists such as fused
pyridine, azabicyclic, heterocyclic and amide derivatives (Roberts and Connor
2006). Of them, fused pyridine derivatives have been shown to exhibit antinoci-
peptive effects in rodent models of neuropathic pain at a low dose (0.1 mg kg™!,
(Roberts and Connor 2006). Other structural classes of TRPV1 antagonists include
pyridyl piperazinyl ureas and cinnamides. Most of these compounds are potent
TRPV1 antagonists that block capsaicin-, heat- and pH-evoked TRPV1 responses,
with high efficacy in a number of pain models and good oral bioavailability
(Swanson et al. 2005; Sun et al. 2003; El Kouhen et al. 2005; Honore et al. 2005;
Tafesse et al. 2004; Gavva et al. 2005).

A number of novel TRPV1 antagonists produce long-lasting and dose-depend-
ent hyperthermia (Roberts and Connor 2006; Swanson et al. 2005), which is
thought to be due to the blocking of tonic TRPV1 activity which controls body
temperature. In addition, the efficacy and potency of most novel TRPV1 antago-
nists has been assessed on peripherally produced analgesia. However, TRPV1
is also expressed in the central nervous system (Peters et al. 2011; Chavez et
al. 2010; Matta and Ahern 2011; Kauer and Gibson 2009), as well as in vari-
ous peripheral tissues where the role of TRPV1 is poorly defined. For example,
TRPV1 is suggested to play a protective role against noxious stimuli in gastric
mucosal epithelial cells (Kato et al. 2003; Holzer 2011; Faussone-Pellegrini et
al. 2005), and a modulatory role in insulin secretion in the pancreas (Gram et al.
2007). Further, TRPV1 has been associated with a protective role against myocar-
dial injury through the generation of chest pain in myocardial hypoxia (Robbins
et al. 2013; Fernandes et al. 2012). Therefore, the blocking of TRPV1 activity by
antagonists may have additional undesirable side-effects.

2.6 Stucture: Function Relationship in TRPV1

The TRPV1 protein consists of 838 or 839 amino acids in rats and humans respec-
tively, and has an estimated relative molecular mass of 95,000 (Caterina et al. 1997).
It can be divided into three structural components; the N- and C- termini, both of
which are intracellular, and a transmembrane region consisting of six helices (S1-6)
and a pore-forming loop between S5 and S6 (Fig. 2.1). The TRPV1 molecule pos-
sesses distinct protein moieties that enable it to complex with other molecules, or
‘subunits’, in order to form a tetrameric ion channel with fourfold symmetry and
an aqueous pore. TRPV1 subunits typically self-associate, leading to TRPV1’s
predominant expression as a homotetramer, though it may also contribute struc-
turally to heteromers in the form of TRPV1 splice variants or functionally distinct
complexes including other vanilloid type TRP channel subunits, such as TRPV2
and TRPV3 (Rutter et al. 2005; Smith et al. 2002). The resulting channel is inte-
grated into a ‘transducisome’, a macromolecular complex including scaffolding pro-
teins and downstream signalling molecules. The complex, derived from Drosophila
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Fig. 2.1 Critical residues involved in TRPV1 function. TRPV1 topology highlighting residues
implicated in the activation, sensitisation, desensitisation, gating properties or permeation of the
channel

phototransduction machinery which includes the prototypical TRP channel
(Vennekens et al. 2002), improves transduction efficiency by grouping components
of the channel’s intracellular signalling pathways, such as PKC, PLC (Vennekens
et al. 2002), calmodulin (Docherty et al. 1996), phosphoinositide 3-kinase (Stein et
al. 2006), SNAPIN and synaptotagmin IX (Morenilla-Palao et al. 2004). Within the
channels at the centre of these signalling complexes, the structural divisions of each
TRPV1 subunit also reflect functional distinctions determined by the localisation of
activation sites where interactions with various endogenous and exogenous ligands,
heat, protons and post-transcriptional modifications occur.

2.6.1 The N Terminus

Like other vanilloid type TRP proteins (Jin et al. 2006; McCleverty et al. 2006;
Erler et al. 2004), TRPV1’s cytosolic N-terminus hosts an ankyrin repeat domain
(ARD) that contains six ankyrin repeats (Fig. 2.1). The 33-amino acid sequence
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of an ankyrin repeat can be found in many proteins with various responsibilities
including cytoskeletal integrity, cell-cycle regulation, inflammation and tran-
scription (Mosavi et al. 2004) and is required for channel function (Hellwig et
al. 2005). Within the TRPV family, the ARD enables self-association between
TRPV6 subunits (Erler et al. 2004) and the oligomerisation required for TRPV4
biogenesis (Arniges et al. 2006). Studies specifically investigating the TRPV1
ARD have identified a multi-ligand binding site for CaM and ATP which partly
regulates the Ca’T-dependent desensitisation discussed above (Koplas et al. 1997).

ATP binds to some transporters and receptors via nucleotide-binding sites
known as ATP-binding cassettes (ABCs) containing the Walker A and B motifs
and a signal sequence between their primary structures (Walker et al. 1982;
Decottignies and Goffeau 1997; Hung et al. 1998). While TRPV1 does not possess
the complete sequence, ATP was first proposed to interact with the N-terminus
via a Walker B motif including D178. Mutation of D178 abolishes ATP-mediated
potentiation of capsaicin-induced currents in TRPV 1-expressing oocytes (Kwak et
al. 2000), though Lishko’s model shows that this residue lies within a helix of the
second ARD rather than the typical Walker B p strand (Lishko et al. 2007).

As previously mentioned, extracellular acidity and intracellular alkalinity stim-
ulate TRPV1 independently and the latter is mediated via the N-terminus. The
alkaline deprotonation-underlying activation by an increase in cytosolic pH occurs
at H378 (Fig. 2.1), a histidine residue located between the ARD and the first trans-
membrane segment (Dhaka et al. 2009). Point mutation studies have also shown
that R114 within the N-terminus (Fig. 2.1) is a structural necessity for the chan-
nel’s hydrophilic interaction with capsaicin and RTX (Jung et al. 2002).

In addition to binding sites, the N-terminus houses sites for post-transcriptional
modifications. These sites include Y199 (or Y200 in humans; Fig. 2.1), the phos-
phorylation of which by Src kinase following nerve growth factor-induced activa-
tion of the tyrosine kinase A receptor promotes TRPV1 channel’s insertion into
the cell membrane (Zhang et al. 2005). The N-terminus is also suitably equipped
for mediating the regulation of Ca’*-dependent desensitisation; in addition to
its above-mentioned CaM binding region it houses multiple consensus sites for
PKA-mediated phosphorylation. Electrophysiological study of TRPV1 mutants
has identified both S116 and T370 (Fig. 2.1) as major PKA phosphorylation sites
required for reduction of TRPV1 desensitisation following capsaicin stimulation
(Bhave et al. 2002; Mohapatra and Nau 2005). While phosphorylation at these
sites reduces desensitisation, dephosphorylation at T144 and T370 (Fig. 2.1) by
calcineurin promotes desensitisation (Jeske et al. 2006).

2.6.2 The C Terminus

TRPV1’s C-terminus is composed of the distal 155 residues of the molecule
(Fig. 2.1). Among its key structural features is the TRP domain (E684-R721;
Fig. 2.1), a sequence located near the channel gate that is responsible for the
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tetramerisation of TRPV1 monomers (Garcia-Sanz et al. 2004) and modulating the
channel’s function. Functional TRPV chimaeras in which TRPV1’s TRP domains
are replaced with cognate domains from TRPV2-4 require capsaicin and/or heat to
exhibit voltage-dependent gating. This, coupled with further biophysical analysis
supporting the TRP domain’s role in determining the activation energy of chan-
nel gating, supports the region’s role in coupling stimulus reception with chan-
nel gating (Garcia-Sanz et al. 2007). Further study has localised key residues that
determine activation energy to the TRP box, a region in the TRP domain that is
highly conserved between the TRPV, the melastatin type (TRPM) and the canoni-
cal type (TRPC) TRP subfamilies. Alanine substitution of 1696, W697 and R701
within this six-residue segment significantly impairs voltage-, heat- and capsaicin-
induced channel activity in a manner consistent with modification of downstream
signalling and TRP box-dependent channel subunit interaction (Valente et al.
2008). Consistent with the C-terminus’ putative role in gating control, truncating
the distal 31 or 72 amino acids of TRPV1 progressively reduces pH-, heat- and
capsaicin-sensitivity, its thermal threshold and the onset, outward rectification and
peak tail current amplitude of voltage-induced currents (Vlachova et al. 2003).
Furthermore, TRP chimaeras coupling TRPV1 with the C-terminus of the cold-
sensing TRPMS8 molecule, or vice versa, exhibit the temperature sensitivity of the
donor channel (Brauchi et al. 2006). This demonstrates that the C-terminus con-
fers the channel’s thermosensing phenotype. Subsequent investigation established
that deletion of residues 741-752 abolishes TRPV1’s heat-sensitivity and hence
localised a major thermosensing region to the C-terminus (Brauchi et al. 2007).
In experimenting with these chimaeric receptors, Brauchi noted the exchange of
another important C-terminus feature; the modulation site of PIP2. PIP2 binding
has been suggested to occur within residues 777-820 (Fig. 2.1) by Prescott and
Julius (2003). However, homology modelling challenges the role of this region
as a direct binding site and instead suggests that PIP2 makes contact with K694,
K698 and K701 within the C-terminus (Fig. 2.1) (Brauchi et al. 2007). As dis-
cussed above, PIP,’s role in TRPV1 modulation remains unclear.

As with the proposed Walker B motif within the N-terminus, the C-terminus
was proposed to contain the Walker A motif normally found within ABC trans-
porters. Point mutation of a residue within this sequence at K735 prevents the
sensitising effects of ATP in TRPV 1-expressing oocytes (Kwak et al. 2000), sug-
gesting the C-terminus possesses a nucleotide binding domain. Despite not pos-
sessing any previously defined CaM binding motifs, the C-terminus was also
found to bind CaM within a 35-residue region (Numazaki et al. 2003). Point muta-
tions within this region subsequently established the involvement of 5 residues in
CaM binding (V769, R771, R785, K788 and R797). These findings were consist-
ent with a model by which the C-terminus’ binding motif docks into CaM as a
basic amphiphilic a-helix (Grycova et al. 2008). Additionally, E761 was found
to be of structural significance in vanilloid binding alongside R114 within the
N-terminus (Jung et al. 2002).

There are further functional similarities between the structural components
of the C- and N-termini. Point mutations of PKA consensus sites revealed that
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mimicking phosphorylation via S774D and S820D mutations significantly reduces
capsaicin-induced desensitisation, demonstrating the presence of phosphorylation
sites on the C-terminus. However, raising cAMP levels with forskolin pre-treat-
ment in the presence of these mutants decreased tachyphylaxis further still. As this
was not observed with S116D and T370D mutations, N-terminus-based phospho-
rylation sites appear to play the major roles in PKA-mediated TRPV1 modulation
(Mohapatra and Nau 2003). Conversely, TRPV1 phosphorylation by PKC occurs
at the C- rather than the N-terminus. Point mutation studies have identified that
S800 is a major phosphorylation site underlying PKC’s sensitising TRPV1 to cap-
saicin (Fig. 2.1) (Numazaki et al. 2002; Bhave et al. 2003), while S774 and S820
serve as minor PKC phosphorylation sites (Bhave et al. 2003). Furthermore, the
ability of phorbol esters to activate TRPV1 in addition to stimulating PKC was
identified and the potentiation of resulting currents by PKC was shown to be
dependent on S704 (Fig. 2.1) (Bhave et al. 2003). The C-terminus hence hosts a
variety of important structural features that regulate tetramerisation, gating proper-
ties, temperature sensitivity and channel sensitisation.

2.6.3 The Pore Domain

TRPV1’s pore domain is formed by S5, S6 and the adjoining pore loop (P-loop)
between them (Fig. 2.1). S6 constitutes the inner pore helix while the P-loop
serves as the channel’s selectivity filter. Subsequently, many key residues that
determine the channel’s gating and permeability properties have been identified
here. Employing the substituted cysteine accessibility method to scan S6 of rat
TRPV1 elucidated the presence of two intracellular constrictions that block the ion
conduction pathway. One, located at L681, prevents the ingress of large (~6 A)
molecules. The other, at Y671, prevents the passage of small ions (~2 A) and com-
prises TRPV1’s activation gate in response to both capsaicin and heat (Fig. 2.1).
Given the periodicity of an alpha helix, the accessibility of these residues was
consistent with their positioning within the aqueous pore-facing side of a heli-
cal transmembrane domain (Salazar et al. 2009). This arrangement is consistent
with the previous findings that T671 modulates Ca2*-permeation properties and
is implicated in Ca’*-dependent desensitisation (Mohapatra et al. 2003). Beyond
in addition to identifying pore constriction sites, point mutation studies have elu-
cidated a range of residues with alternative functional relevance in the pore region.
Following evidence that D646 neutralisation reduces divalent cation permeability,
it has been suggested that this residue might form a ring of negative charges in
order to construct a high affinity cation binding site near the channel’s extracel-
lular entrance. Such an arrangement could serve to coordinate cation movement
and hence modulate channel permeation and blockade (Garcia-Martinez et al.
2000). Further, E636 mutation weakly modulated pore blockade consistently with
this residue serving to stabilise the channel’s selectivity filter or tetrameric struc-
ture. The suggested roles of these residues are consistent with TRPV1’s proposed
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structural and operational similarity to the potassium crystallographically-sited
activation channel KcsA (Garcia-Martinez et al. 2000).

While TRPV1’s response to intracellular pH increase is mediated by the
N-terminus, the effects of low pH, such as that occurring within damaged tissue due
to local acidosis, are presumed to result from protonation of its extracellular acidic
residues. Two such residues found near the channel’s pore confer different means of
proton-mediated gating (Fig. 2.1). E600 appears to determine the channel’s response
to other activators at low pH. Wild type TRPV1 exhibited dynamic heat-response
potentiation when the extracellular pH decreased across a range reflecting tissue-
damage associated local acidosis though, upon E600 mutation, the channel failed
to exhibit such dynamic and robust response modulation (Jordt et al. 2000). E648
instead appears to confer the channel’s direct activation by protons as its mutation
selectively abrogates proton-induced channel activation while responses to capsai-
cin and heat remained unaffected (Jordt et al. 2000). The E648A mutation hence
supports the co-existence of independent activation pathways for different stimuli
within TRPV1. However, it is worth noting that an alternative mutation of this resi-
due, E648Q, has conversely been reported to selectively potentiate responses to cap-
saicin and not protons. Furthermore, the study described this same effect as a result
of mutating residues E636 and D646 (Welch et al. 2000), both discussed above. In
addition to E600 and E648, a study demonstrating that both proton-induced activa-
tion and sensitisation of TRPV1 are mediated by shifting the voltage dependence
of activation curves towards more physiological membrane potentials elucidated that
both of these processes depend on F660 within the pore region (Aneiros et al. 2011).
Further still, the hydrophobic interactions that appear to mediate the coupling of pro-
ton binding with channel gating appear to rely on additional residues, one of which
is located in the pore region at T633 (Ryu et al. 2007).

The pore region has further function in addition to regulating TRPV1’s per-
meability and mediating responses to acidic pH. S-nitrosylation of C616 and
C621, which are located within the proximal pore domain, underlies NO-evoked
responses of TRPV1 (Yoshida et al. 2006). Further, the lipid cholesterol, an essen-
tial structural component of cell membranes, has been shown to be an impor-
tant regulator of TRPV1 and seems to bind to a cholesterol recognition amino
acid consensus (CRAC) sequence within S5 (Liu et al. 2006b; Szoke et al. 2010;
Jansson et al. 2013; Santha et al. 2010; Picazo-Juarez et al. 2011; Morales-
Lazaro et al. 2013). The substitutions R579D and F582Q within this CRAC motif
decrease the cholesterol response. However, depletion of cholesterol has also been
shown to reduce TRPV1-mediated currents and, furthermore, decrease TRPV1
channel membrane expression (Liu et al. 2006b).

Along with the C-terminus (Brauchi et al. 2007), the pore domain appears to
confer some of the channel’s thermosensing capability as mutating residues 613—
627, thereby giving TRPV1 an artificial pore turret sequence, prevents the channel
from responding to heat. This region was then observed to undergo heat-induced
conformational changes not observed with ligand- and voltage-dependent activa-
tion (Yang et al. 2010). In addition, triple (N628K, N652T and Y653T) and double
(N652T and Y653T) point mutant channels exhibit a shorter open time specifically
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in response to heat, while responses to capsaicin and pH are unaffected (Grandl
et al. 2010). Endogenous heat-induced TRPV1 gating incorporates multiple
open states of varying durations; those of greater length are diminished in these
mutants. As with other regions in the molecule, TRPV1’s pore region appears to
be functionally regulated by post-transcriptional modification. This was first estab-
lished with the identification of an exclusive N-glycosylation site at N604 in cell
lines (Jahnel et al. 2001). Western blotting of primary sensory nerve extracts later
indicated the presence of both glycosylated and unglycosylated TRPV1. This
variation in glycosylation state was observed in wild type TRPV1 (WT-TRPV1)
but not the unglycosylated N604T mutant (N604T-TRPV1) upon expression in
HEK?293 cells. Variations in glycosylation state were reflected in the variabil-
ity of capsaicin-induced currents and desensitisation observed across different
WT-TRPV 1-tranfected cells, while responses mediated by N604T-TRPV1 were
uniform. Glycosylation ultimately appears to alter the maintenance of capsaicin-
induced intracellular calcium level increases, acute desensitisation and pore dila-
tion in a manner consistent with a substantial variability of endogenous TRPV1
glycosylation (Veldhuis et al. 2012).

2.6.4 The S1-S4 Module

The final TRPV1 component, the S1-S4 module (Fig. 2.1), confers many func-
tional qualities also enabled by other regions of the molecule. However, by pos-
sessing the ‘vanilloid pocket’ between the first intracellular loop and S4, it is
set apart by its predominant interaction with capsaicinoids and resiniferonoids.
These compounds are highly lipophilic and it is presumed that they bind intra-
cellularly having crossed the cell membrane. Mutational analysis supports an
arrangement in which capsaicin interacts with the cytosolic aromatic residue
Y511 via its vanillyl moiety and other polar residues such as S512 and R491 via
hydrogen bonding (Jordt and Julius 2002). Alternatively, following the demon-
stration that I550T mutation in rabbit TRPV1 is sufficient to confer capsaicin
sensitivity and that the reverse T5501 mutation in rat and human TRPV1 pre-
vents it, it has been suggested that capsaicin’s vanillyl moiety interacts at T550
while hydrophobic interaction occurs at Y511 (Gavva et al. 2004). Similarly,
an additional mutation, L547M, was sufficient to enable high affinity binding
of the ultra-potent vanilloid RTX in rabbit TRPV1 and the reverse mutations at
positions 550 and 547 caused a loss of RTX binding in human and rat TRPV1
(Gavva et al. 2004). It was also demonstrated that anandamide, an endocannabi-
noid and endovanilloid with significant structural similarity to capsaicin, failed
to activate the YS11A mutant. It hence appears that there are shared structural
determinants of sensitivity to capsaicin and endogenous ligands (Jordt and Julius
2002).
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Consistent with these mutational analyses, a modelling study suggested that
capsaicin’s vanillyl moiety does indeed interact at Y511 via mw—m and hydrophobic
interactions and at S512 via hydrogen bonding, while its carbonyl group interacts
via hydrogen bonds with both Y511 and K571 (Lee et al. 2011). The w—7 and
hydrophobic interactions at Y511 also appeared to occur with RTX binding while
the residue’s hydroxyl group formed a hydrogen bond with K571 in order to
embrace RTX’s phenyl ring. Additionally, RTX’s longer tail region contributed to
hydrophobic interaction with M547, its C4-OH group hydrogen-bonded with T550
and its orthophenyl group exhibited hydrophobic interaction with L515. As the
RTX molecule has phenyl rings at both ends, and there are hydrophobic residues
at both ends of the binding region, the model also supported a secondary bind-
ing mode by which RTX’s vanillyl moiety pointed towards M547, its orthophe-
nyl group oriented towards Y511, its Cyp-ester seemed to form hydrogen bonds
with N551 and its Cy3-propenyl group formed hydrophobic interaction with L515
(Lee et al. 2011). In addition, the importance of a second hydrophobic site at F543
(which had been implicated in a previous RTX model alongside Y555 (Chou et al.
2004)) in binding a simplified RTX analogue was established and has interesting
implications for the design of novel ligands (Lee et al. 2011).

In addition to its major roles in vanilloid binding, the S1-4 module houses
residues key to TRPV1’s pH sensitivity. The mutational analyses that eluci-
dated the above-described vanilloid binding site concomitantly established the
involvement of S512 and R491 in mediating the channel’s response to protons.
R491G and S512F mutations dramatically reduced proton-induced currents,
while alternative mutations of these residues would preserve the responses to a
greater extent (Jordt and Julius 2002). Additionally, as with T633 within the pore
region, V538 within the second extracellular loop is required for the hydropho-
bic interactions involved in coupling proton binding with channel gating (Ryu
et al. 2007). The S1-S4 module enables further post-transcriptional modifica-
tion via S502, a consensus phosphorylation site for both PKA and PKC located
within the first intracellular loop. Upon comparison with other predicted phos-
phorylation site mutants including T370D, PKA-mediated potentiation of heat
response currents were most prominently reduced with S502D (Rathee et al.
2002), supporting the particular functional significance of this PKA phospho-
rylation site. As with S800 within the C-terminus, mutation studies have dem-
onstrated that phosphorylation of S502 by PKC potentiates capsaicin-induced
currents (Numazaki et al. 2002). Although TRPV1’s molecular determinants of
voltage sensing have not yet been identified, such activation is generally asso-
ciated with a series of positively charged amino acids within the channel’s S4.
This is supported by the effect of mutating such residues within various voltage-
gated ion channels on gating charge (Stuhmer et al. 1989; Papazian et al. 1991).
Employing this approach has since confirmed that S4 and the second intracellu-
lar loop do indeed constitute part of the voltage sensor in TRPMS, offering inter-
esting insight into how TRPV1 might sense voltage (Voets et al. 2007).
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