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PREFACE

Transient receptor potential channels are a superfamily of trans-
membrane cation channels involved in transduction in response to a plenty
of chemical and physical stimuli. Comprised of four subunits with six
trans-membrane helices, these channels can homo- or hetero-tetramerize to
create a pore for cation permeation. These channels are found in the plasma
membrane and can gate several types of mono- and divalent cations,
through the pore following exposure to a stimulus. Transient receptor
potential channels have also been implicated as sensors of many
physiological and pathological processes including temperature and
mechanical sensations, cancers, pain and itch. Almost for last two decades
this superfamily of channels has received a tremendous interest because
members of this family are involved in a plethora of cell functions and
have been identified as causal for many hereditary and acquired diseases.

This book provides up-to-date information on the molecular and
functional properties transient receptor potential channels and of my
laboratory evidences describing properties of a single channel or portray
more general principles. | hope that this book will guide a large reader
community through the fascinating world of the transient receptor potential
channels superfamily from basic science to pathophysiology and clinic.

In conclusion, | will gratefully accept any comments and notes of my
readers.
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Chapter 1

INTRODUCTION

The Transient Receptor Potential (TRP) channel superfamily is
comprised of a large group of cation-permeable channels, which display an
extraordinary diversity of roles in sensory signaling and are involved in
plethora of animal behaviors. These channels are activated through a wide
variety of mechanisms and participate in virtually every sensory modality.
In particular, TRPs are critical for sensing the external environment,
functioning in vision, thermosensation, olfaction, taste, mechano- and
hygro-sensations. Consequently, these channels have a profound impact on
animal behavior which includes survival mechanisms in a challenging of
environment (Fowler, Montell, 2012).

According to the PubMed data, the number of publications on this
topic has risen explosively for last three decades. So far, more than 17.000
publications and 2.500 review articles have been published about TRPs
channels (Figure 1).

TRP channels were initially discovered in a blind strain of Drosophila
melanogaster (Montell, Rubin, 1989). When exposed to prolonged intense
light, these spontaneously mutant fruit flies showed transient calcium
influx into their photoreceptor cells; this is why the mutant gene was
termed trp, ‘transient receptor potential’. This seminal finding paved the
way to the discovery of the first mammalian TRP channels subfamily,
called ‘canonical’ (TRPC1) due to their homology to the Drosophila
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2 Merab G. Tsagareli

channel. Although the exact function of TRPC1 is still elusive, TRP
channels now represent an extended family of 28 members, fulfilling
multiple roles in the living organism.

As a general rule, TRP channels are ‘cellular sensors’ that respond to
changes in the cellular environment, including temperature, stretch/
pressure, chemicals, oxidation/reduction, osmolarity and pH, both acidic
and alkaline. Of note, a number of TRP channels are also activated by
natural products, including herbs, spices, venoms and toxins (Kaneko,
Szallasi, 2014).

Number of research papers per year Number of reviews per year
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1200 -
1000 200 9

800 - 150
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400 -
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200 4

O =TT ]

g L
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Figure 1. Number of publications in the TRP field in accordance with the PubMed data
(March 25, 2019).

The importance of these channels is underscored by the number of
genetic diseases caused when they are mutated: skeletal, skin, sensory,
ocular, cardiac, and neuronal disturbances all arise from aberrant TRP
function. Significant interest in the therapeutic utility of TRP channels
persists across disease areas despite these challenges because of the
compelling biology (Moran, 2018). Modulating TRP channel activity
provides an important way to regulate membrane excitability and
intracellular calcium levels. This is reflected by the fact that small
molecule compounds modulating different TRP have all entered clinical
trials for a variety of diseases. The role of TRPs will be further elucidated
in complex diseases of the nervous, intestinal, renal, urogenital,
respiratory, and cardiovascular systems in diverse therapeutic areas
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Introduction 3

including pain and itch, pulmonary function, oncology, neurology, visceral
organs and genetic diseases.

Numerous experiments have been conducted to investigate the role of
TRP channels in sensory signal transductions. These studies presented
evidence showing that the peripheral nervous system in particular
transduces cutaneous sensory stimuli into electrical signals and transmits
them to the central nervous system (CNS). In general, mammalian TRP
channels comprise six related protein subfamilies TRP-canonical (TRPC),
TRP-vanilloid (TRPV), TRP-melastatin (TRPM), TRP-ankyrin (TRPA),
TRP-mucolipin (TRPML), and TRP-polycystic (TRPP). Although the
physiological functions of most TRP channels are not well known, their
wide distribution indicates that the biological functions and activation
mechanisms for these channels are diverse and important. For instance,
TRP channels are best recognized for their contributions to sensory
transduction, response to temperature, nociceptive stimuli, touch, itch,
osmolarity, pheromones or odorants, and other stimuli from both within
and outside the cell (Flockerzi, Nilius, 2014; Julius, 2013; Moran, Szallasi,
2018; Tsagareli, 2013; Tsagareli et al., 2019).
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Chapter 2

PHYLOGENY OF TRP CHANNELS

The TRP channels are ancient, evolutionarily conserved proteins that
function in a wide range of metazoan organisms. These include
invertebrates, such as worms, arachnids (e.g., ticks), insects (e.g., flies,
mosquitoes and bees) and vertebrates such as zebrafish, mice, and humans.
However, the range of TRP channels in some ancient organisms, such as
protozoa, is limited to TRPP and TRPML channels (Venkatachalam et al.,
2014).

In insects the total number of TRP family members is 13-14,
approximately half that of mammalian TRP family members. As shown for
mammalian TRP channels, this may suggest that single TRP channels are
responsible for integrating diverse sensory inputs to maintain the insect
sensory systems comparable to that of mammals. These results
demonstrate that there have been both evolutionary conservation and
changes in insect TRP channels. In particular, the evolutionary processes
accelerated in the TRPA subfamily, indicating divergence in the
mechanisms that insects use to detect environmental temperatures
(Matsuura et al., 2009).

At least five of the six subfamilies include members that are conserved
in animals as divergent as the roundworm Caenorhabditis elegans, the fruit
fly Drosophila, and humans. Representative members of most of the TRP
subfamilies have been expressed in vitro, and each appears to be a non-
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6 Merab G. Tsagareli

selective cation channel. Nevertheless, the modes by which the various
TRPs are activated appear to be quite diverse (Latorre et al., 2009;
Montell, 2001).

Today, almost 30 years after the first TRP channel was obtained, we
can list more than hundred channels within this superfamily (invertebrate
and vertebrate combined) organized by their sequence homology into
seven subfamilies. There are 33 TRP channel genes in mammals, nearly 60
in zebrafish, 30 in sea squirts, 24 in nematodes, 16 in fruit flies and 1 in
yeast. They are subdivided into seven subfamilies on the basis of sequence
similarity (Christensen, Corey, 2007) (Figure 2).

Mouse
Frog
Nematode
Yeast

Ry

i

Figure 2. Phylogeny of representative TRP channels. A phylogenic tree was generated
in ClustalX by aligning the transmembrane domains of all 33 TRP channels from
mouse and some from other species. The seven main branches are denoted by circles at
the branch roots. The letters and numbers following TRP denote TRP subfamily and
member, respectively. Different species are indicated by colours and by prefixes. ce,
Caenorhabditis elegans; dm, Drosophila melanogaster; mm, Mus musculus; sc,
Saccharomyces cerevisiae; xI, Xenopus laevis. (Reproduced from Christensen, Corey,
2007).
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Phylogeny of TRP Channels 7

All seven subfamilies are represented in flies and worms, although
these organisms have fewer TRP channels than humans. Nevertheless, the
TRPA subfamily is the largest in insects, even though only one
representative exists in mice and humans. This notable difference might
reflect a particularly important role for TRPA channels in sensing
environmental chemicals and changes in temperature, since poikilothermic
animals such as insects are particularly sensitive to heat and cold, and are
subjected to a very complex repertoire of compounds in their surroundings
(Venkatachalam et al., 2014).

Combined molecular and physiological analyses of nociceptive
transduction have revealed important mechanisms in a few species.
Particularly, the TRP channels have demonstrated their importance for
nociceptive transduction in both vertebrates and invertebrates (Julius,
2013; Walters, 2009). The repertoires of temperature-gated TRP (or
thermo-TRP) homologous have changed through vertebrate evolution.
Since thermo-TRPs are involved in thermosensation as well as other kinds
of sensory detection, variability of repertoires may be associated with
adaptation of the organisms to their respective habitat environments
(Dhaka et al., 2006; Saito, Shingai, 2006). Distinct members of the thermo-
TRP families are present in the invertebrates, C. elegans and D.
melanogaster as illustrated in Figure 3.

Reconstruction of thermo-TRPs history revealed several gene
duplications preceding high divergences of protein sequences. Almost all
TRPs, including the hot and warm (cold) nociceptors (TRPV1 and TRPAL,
respectively), are found across vertebrates and originated in their most
recent common ancestor (MRCA). The mild-cold and mild-heat receptors
in mammals, TRPM8 and TRPV3, respectively, emerged later at latest in
the common ancestor of tetrapod and teleost fishes and became the main
components of temperature sensation in mammals. Notably, TRPA1 is a
heat receptor in reptiles and TRPV3 is a cold receptor in frogs. This
suggests that thermo-receptors underwent a diversification phase in
Tetrapoda, probably associated with the adaptation to non-aqueous
ecosystems subjected to greater variations in temperature (Blanquart et al.,
2019).
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8 Merab G. Tsagareli

TRPV TRPM TRPA
hsTRPV2 % hsTRPM7 mmTRPAT *
mmTRPV2 » mmTRPM7 hsTRPA1 *
mmTRPV1* hsTRPM6 dmTRPA1 *
hsTRPV1 % mmTRPME ceC29E6.2
hsTRPV4 * hsTRPM3 dmPYREXIAa *
mmTRPV4 mmTRPM3 dmPYREXIAD *
mmTRPV3 # hsTRPM1 dmAAF54160
hsTRPV3 * mmTRPM1 dmPAINLESS *
mmTRPV6 ceGON-2 e ceM05B5.6
hsTRPV6 ceGTL-2
hsTRPV5 ceGTL-1
mmTRPVS dmTRPM
dmINACTIVE hsTRPM8 *
ceOSM-9 mmTRPMS *
ceOCR-2 mmTRPM2
ceOCR-1 hsTRPM2
ceOCR-3 hsTRPM5 *
ceOCR-4 mmTRPMS *
dmNANCHUNG hsTRPM4 »

mmTRPM4 *
ceCED-11

Figure 3. Phylogenies are shown for three families of TRP cation channels: TRPV,
TRPM, and TRPA. H. sapiens, M. musculus, D. melanogaster, and C. elegans
members of these families are color coded. Channels implicated in thermosensation are
labeled with an asterisk. (Reproduced from Dhaka et al., 2006 with permission).
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Chapter 3

STRUCTURAL-FUNCTIONAL
CHARACTERISTICS OF TRP CHANNELS

Structural studies on TRP channels are poised for a quickened pace
and rapid expansion. These structures enhance our understanding of TRP
channel assembly and regulation. Continued technical advances in
structural approaches promise a bright outlook for TRP channel structural
biology (Li etal., 2011).

3.1. STRUCTURAL BiloLOGY OF TRP CHANNELS

Our understanding of the TRP complex membrane proteins made a
huge leap forward through numerous high-resolution cryo-electron
microscopy (cryo-EM) structures of near full-length TRP channels,
beginning with TRP vanilloid 1 (TRPV1). Structures of near full-length
ion channels are complemented nicely by structures from various soluble
TRP channel domains (Goretzki et al., 2018).

TRP channel architecture is similar to other ion channels. Most
members of the TRP channel superfamily share a low level of structural
similarity, but some channels — such as TRPC3 and TRPC7, as well as
TRPV5 and TRPV6 — are highly homologous to each other. Most of the
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10 Merab G. Tsagareli

TRP channels are predicted of a six-transmembrane helix topology (S1
through S6) with a reentrant loop between S5 and S6 forming the channel
pore that is a recurring structural motif. These channels tetramerize to a 24-
helix functional protein complex (Figure 4).

S$1-54 transmembrane Na- Ca’
domains
Weak voltage sensing

Selectivity fiter
and upper gate

.\')C)OOO“ 4

Gate Membrane

Gating lever

Anchoring and/or
protein interaction

Ak TRPV: - 786 aa

Ankyrin repeat domain

Coiled-coil domains " (TRPCA4TRPCS)
TRPM hén\ol(;gyreéiml B V ) o ) o ) V ) V ) B - 7 TRPM: ‘7";70783
e TR
TRP) ‘
TREM m ﬁiﬁl | ‘IRPMG.TRPMIJ

ADP ribase

EFhand R .
TRPP _(;OD ety e TRPP: = 79500
(TRPP2) " Coie )

ER. L TRPML: - 566 aa
retention |

TRPML

Figure 4. The six TRP cation families contain very different motifs in their amino and
carboxyl termini. The TRPV, TRPA and TRPC families have amino terminal ankyrin
repeat (AnkR) domains that are not present in other TRP channel subfamilies. The
TRP box, which is found in the TRPV, TRPM and TRPC families, is thought to be
involved in gating. TRP cation channel TRPP and TRPML proteins both have
endoplasmic reticulum (ER) retention domains that may be due to their functional
localization on intracellular organelles. aa, amino acids; CIRB, calmodulin/inositol-
1,4,5-trisphosphate (Ins(1,4,5)P3) receptor binding domain; NUDIX, nucleoside
diphosphate-linked moiety X; PDZ, acronym for postsynaptic density protein 95
(PSD95), Drosophila disc large tumor suppressor (DLGA) and zonula occludens
protein 1 (ZO1). (Reproduced from Moran et al., 2011 with permission).
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Structural-Functional Characteristics of TRP Channels 11

Many TRP channels form functional channels as homo-tetramers,
although hetero-multi-merization is not uncommon. The latter
phenomenon may have important implications in drug discovery as it is
crucial for understanding the endogenous subunit composition of the ion
channels so that TRP can be appropriately targeted with a pharmacological
agent (Moran et al., 2011).

As observed for other ion channels, the TRP channel function is
strongly influenced by large intracellular domains, and the responsiveness
to functional modulators, e.g., regulation by phosphor-inositides, or
inhibition by quaternary ammonium ions, and venom toxins, is conserved
across ion channel families (Hellmich, Gaudet, 2014). Although all
functional TRP channels are likely composed of four subunits (either
homo- or hetero-tetramers), there is relatively low sequence homology
between family members, and the overall structure of the channels can
diverge significantly. Recently, the structures of several TRP channels
have been elucidated with cryo-EM which is shown in Figure 5.

TRPV1 TRPV2 TRPA1 TRPP2

Figure 5. Comparison of recently elucidated TRP channel structures showing a side-on
view of the channel indicated. (Reproduced from Moran, 2018 with permission).

Currently, structure models solved by cryo-EM are available for 48
TRP channels from 11 subfamilies (Figure 6) and the number of structures
is still growing. Benefiting from the potential of cryo-EM to identify
conformational heterogeneity by 2D and 3D classification methods, for
almost all TRP channels, different conformational states were observed;
e.g., open and closed conformations, and inhibited or activated states.
Moreover, in many structures, the channels show association with lipids
(Madej, Zeigler, 2018).
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12 Merab G. Tsagareli

Comparisons between structures of different TRP channel subfamilies
show similarities and, more importantly, differences that provided
molecular insights into ion selectivity, gating, and activation. TRP
channels share the tetrameric assembly, which is well preserved in
detergent, amphipol, or reconstituted into nanodiscs. Due to the
organization similarities of the membrane channel portion, in particular in
the pore domain harboring the selectivity filter, comparisons of available
structures gave profound insights into ion selectivity and permeation
(Madej, Zeigler, 2018).

vanilloid

polycystin

TRPML1

TRPC
“canonical” TRPML3

mucolipin

1.500

Figure 6. Phylogenetic similarity of TRP channels with resolved electron microscopy
maps. The respective coordinates are shown as ribbon models, color ramping from N-
(blue) to C-terminus (yellow). The gray rectangle indicates the extent of the
membrane. (Reproduced from Madej, Zeigler, 2018 with permission).
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Structural-Functional Characteristics of TRP Channels 13

It has been recently established in David Clapham laboratory (Duan et
al., 2018a) that TRPM6 and TRPM7 are ubiquitously expressed with
prominent roles in early embryonic development. Uniquely, these channels
also include an active kinase domain. The functions of TRPM6 and
TRPM7 are correlated with proteolytic cleavage of the kinase domain,
which is then translocated to the nucleus to phosphorylate histones and
regulate gene expression. TRPM7 contains both an ion channel and o-
kinase. The channel domain comprises a non-selective cation channel with
notable permeability to Mg?* and Zn?*. The structures reveal key residues
for an ion binding site in the selectivity filter, with proposed partially
hydrated Mg?* ions occupying the center of the conduction pore. In high
[Mg*], a prominent external disulfide bond is found in the pore helix,
which is essential for ion channel function. These results provide a
structural framework for understanding the TRPM1/3/6/7 subfamily and
extend the knowledge base upon which to study the diversity and evolution
of TRP channels (Duan et al., 2018a).

Furthermore, they have found a cryo-EM structure of TRPC4 in its un-
liganded (apo) state to an overall resolution of 3.3 A. The structure reveals
a unique architecture with a long pore loop stabilized by a disulfide bond.
Beyond the shared tetrameric six-transmembrane fold, the TRPC4
structure deviates from other TRP channels with a unique cytosolic
domain. This unique cytosolic N-terminal domain forms extensive
aromatic contacts with the TRP and the C-terminal domains (Duan et al.,
2018c). TRPC4 has been characterized as a non-selective cation channel
with moderate selectivity for Ca?* over monovalent cations. Comparison of
this TRPC structure with other TRP channel structures highlights some
commonalities and differences.

In addition, this group of scientists has observed the electron cryo-
microscopy structure of human TRPM4 in a closed, Na*-bound, apo state
at pH 7.5 to an overall resolution of 3.7 A. Five partially hydrated sodium
ions were proposed to occupy the center of the conduction pore and the
entrance to the coiled-coil domain. They identified an upper gate in the
selectivity filter and a lower gate at the entrance to the cytoplasmic coiled-
coil domain. Intramolecular interactions exist between the TRP domain

Complimentary Contributor Copy



14 Merab G. Tsagareli

and the S4-S5 linker, N-terminal domain, and N and C termini. This
TRPM4 channel is a widely distributed, calcium-activated, monovalent
selective cation channel. Mutations in human TRPM4 result in progressive
familial heart block (Duan et al., 20118b).

3.2. PHYSIOLOGICAL FuNCTIONS OF TRP CHANNELS

The TRP channels have myriad functions in cell biology, including
migration, proliferation and survival. They play roles in carcinogenesis,
immunological processes, tissue homeostasis, and are prominently present
in pathways of sensory transduction and electrolyte homeostasis. All TRP
channels are cation permeable channels and exhibit at least some calcium
conductance, exerting their function mostly by facilitating spatiotemporal
calcium signaling events. In Particular, two TRP channels, TRPV5 and
TRPV®, have evolved into highly selective ion channels that partake in the
process of epithelial calcium transport, contributing significantly to the
maintenance of human calcium homeostasis (van Goor et al., 2017).

The TRP channels play a plethora of physiological and pathological
roles in response to various extracellular and intracellular stimuli, such as
changes of temperature, pH, or osmolarity, injury, depletion of calcium
stores, as well as volatile chemicals (odorants) and cytokines. Once
activated, TRP channels, with homo- or hetero-tetrameric configurations,
function as an integrator of several signaling pathways to elicit a serial of
responses. Some TRPs are involved in sensory functions such as smell,
taste, pain, and pheromone sensing. Some are responsive to temperature
and may help to avoid tissue-damaging noxious temperatures. Some TRPs
are sensitive to natural compounds or their ingredients that have been used
in medical practice. It has been demonstrated that these TRP family
members are involved in cell physiological functions and also in many
hereditary and acquired diseases. Abnormalities in TRP channel function,
as the result of alteration of protein expression levels, changes in channel
properties, or changes in their myriad regulators, have been associated with
numerous diseases ranging from chronic pain to cardiovascular disease,
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Structural-Functional Characteristics of TRP Channels 15

skeletal abnormalities, kidney diseases, brain disorders, and cancer, which
provide numerous opportunities for therapeutic intervention (Li, 2017).

A large number of TRP channels can be activated directly by the
binding of specific ligands, such as vanilloid compounds, endogenous
lipids, ATP, and select medications, to binding pockets on the channel
surface. Indirect activation that arises downstream of receptor-mediated
signaling, either via G-protein coupled receptors (GPCR) or receptor
tyrosine kinases (trk), also controls the activity of many TRP channels.
Finally, several TRP channels are activated by biophysical mechanisms
such as voltage, temperature and stretch. Interestingly, mechanical gating,
caused by deformation of the plasma membrane, was proposed recently as
a universal activation mechanism for all TRP channels (van Goor et al.,
2017).
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Chapter 4

A SHORT REVIEW OF TRP
CHANNELS SUPERFAMILY

Extensive works on TRP channels for last decades, — especially on
TRP gene knockout animals, obtained by deletion of individual trp genes
in embryonic stem cells through homologous recombination, — have made
it possible to identify TRP channel functions and their relationship to
physiological and pathophysiological processes in the living organism.
TRPs are probably expressed in all cells of human body. It was therefore
not unexpected that TRP channels are involved in several, still not well-
understood diseases and have therefore triggered a huge hope for the
development of new drug targeting these channels (Flockerzi, Nilius,
2014). Significant interest in the therapeutic utility of TRP channels
persists across disease areas despite these challenges because of the
compelling biology. Therefore, not surprisingly, there has been significant
pharmaceutical interest in targeting these fascinating channels (Moran,
2018).
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4.1. TRPA SUBFAMILY

The transient receptor potential 1 (TRPAL) is the only member of the
ankyrin subfamily so far identified in mammals and constitutes its own
subfamily. The TRPA1 protein, originally called ANKTM1 (ankyrin-like
with transmembrane domains protein 1), was first identified in human fetal
lung fibroblasts as a transformation-associated gene product. Later studies
showed that TRPA1 was expressed in sensory neurons of dorsal root
ganglion (DRG), nodose ganglion (NG) and trigeminal ganglion (TG)
neurons and therefore, was crucial for the comprehension of the sensory
functions, highlighting it as a putative component for the propagation of
noxious and inflammatory stimuli (de Andrade et al., 2012).

TRPAL is a nonselective cation channel with six putative
transmembrane segments (S1-S6), intracellular N- and C-termini, and a
pore loop between S5 and S6. The N-terminus contains between 14 and 18
ankyrin repeats that probably are important for protein—protein interactions
and insertion of the channel into the plasma membrane. Because of the
unusually large N-terminal Ankyrin repeat domain, it is also possible that
TRPAL is involved in mechanosensation, in which the N-terminal could
act as a link between mechanical stimuli and channel gating. The N-
terminal region contains a large number of cysteines, some of which can
form a complex network of protein disulfide bridges within and between
monomers (Figure 7). The N- and C-termini have been suggested to
contain binding sites for Ca?" that can both sensitize and desensitize
TRPAL (Zygmunt, Hogestatt, 2014).

Nowadays, it is well known that TRPAL is a sensor for chemical
irritants (allicin, carvacrol, cinnamaldehyde, gingerol, mustard oil, thymol,
wasabi) and a major contributor to chemo-nociception. Key residues
involved in irritant detection are solvent accessible and lie within a
putative allosteric nexus converging on an unpredicted TRP-like domain,
suggesting a structural basis in which TRPAL functions as a sensitive, low-
threshold electrophilic receptor (Paulsen et al., 2015).
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Figure 7. A schematic of key features of the ion channel TRPAL, which mediates the
cellular influx of cations such as calcium ions (Ca?"). Two TRPA1 subunits are shown,
although the channel is comprised of four. Each subunit contains six membrane
spanning a-helical domains, S1-S6. Two pore helices link S5 and S6 at the
extracellular surface, where a constriction regulates influx of Ca?*. The helical TRP
domain is part of a second, lower constriction. Sixteen ankyrin repeats (ARs) at the
amino-terminal end (N) of the subunit cover a carboxy-terminal (C) coiled-coil
structure, providing a large cytoplasmic surface for interactions with noxious agents. It
is probable that the molecular interactions of ligands with ARs lead to conformational
changes, conveyed through the S4-S5 linker structure, that open the channel.
(Reproduced from Clapham, 2015 with permission).

TRPAL is a promiscuous chemical nocisensor that is also involved in
noxious cold and mechanical sensation. It is present in a subpopulation of
Ao- and C-fiber nociceptive sensory neurons as well as in other sensory
cells including epithelial cells. In primary sensory neurons, Ca?* and Na*
flowing through TRPAL into the cell cause membrane depolarization,
action potential discharge, and neurotransmitter release both at peripheral
and central neural projections. In addition to being activated by cysteine
and lysine reactive electrophiles and oxidants, TRPA1 is indirectly
activated by pro-inflammatory agents via the phospholipase C signaling
pathway, in which cytosolic Ca?" is an important regulator of channel
gating (Zygmunt, Hogestatt, 2014).

Complimentary Contributor Copy



20 Merab G. Tsagareli

4.2. TRPC SUBFAMILY

The TRP-canonical (TRPC) subfamily, which consists of seven
members (TRPC1-TRPC7), are Ca?*-permeable cation channels that are
activated in response to receptor-mediated phosphatidyl-inositol
biphosphate (PIP2) hydrolysis via store-dependent and store independent
mechanisms (Ong et al., 2014). This TRPC subfamily discovered almost
25 years ago (Wes et al., 1995; Zhu et al., 1995), is unique in that its
members are not only responsible for agonist-activated nonselective cation
currents, but in that they also participate in the so-called slow sustained
mode of Ca?* signaling, which requires sustained elevations of intracellular
Ca?". This subfamily differs from the other TRP subfamilies in that it
fulfills two different types of function: (1) membrane depolarization,
resembling sensory transduction TRPs, and (2) mediation of sustained
increases in intracellular Ca?* (Birnbaumer, 2009).
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Figure 8. Structural domains of TRPC channels. All seven members of this subfamily
are structurally similar having six transmembrane helices, a putative hydrophobic pore
forming loop, three to four Ankyrin repeats, coiled-coil domains in the N- and C-
terminus, a C-terminal proline rich region, a Calmodulin/IP3 binding region and the
TRP motif. They have the so-called TRP domain immediately after the ion channel
domain, which includes three variations of the Glu-Trp-Lys-Phe-Ala-Arg (EWKFAR)
TRP box. (Adapted from Birnbaumer, 2009).

The seven members of this subfamily are commonly divided into four
groups based on sequence homology (I) TRPC1; (1) TRPC2; (l11) TRPC3,
TRPC6, TRPC7; and (IV) TRPC4 and TRPC5. TRPC channels have been
shown to form both hetero-tetramers and homo-tetramers within the TRP
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channel superfamily, with different members having certain preferences,
for example, TRPC1 forms physiologically relevant functional channels
with several TRPC channels including TRPC4, as well as, TRPV1, and
TRPP2 (Samanta et al., 2018).

The advances in cryo-EM enable the high resolution structure
determination of TRP ion channels, including the TRPC subfamily. These
structures shed light on the architecture of this receptor-activated TRPC
channel and provide a structural basis in understanding how the ion
conduction pathway is built and the gating mechanism (Figure 8). The
findings have broad implications for understanding the structural basis
underlying calcium homeostasis, epitope antibody selectivity, and the
diverse functional and physiological roles of this ion channel family.
Although TRPCs has wide pharmaceutical applications in treatment of
various diseases, drug development specifically targeting TRPCs has been
limited due to the lack of understanding of its molecular activation
mechanisms and the relationships between structural properties and the
physiological conditions. These structures provide the starting point for
future investigation on these important molecules (Li et al., 2019).

A growing body of evidence suggests a prime contribution of TRPC
channels in regulating fundamental neuronal functions, including second
messengers and store depletion. TRPC channels have been recently shown
to be associated with neuronal development, proliferation and
differentiation. In addition, TRPC channels have also been suggested to
have a potential role in regulating neurosecretion, long-term potentiation,
and synaptic plasticity. During the past years, numerous seminal
discoveries relating TRPC channels to neurons have constantly emphasized
on the significant contribution of this group of ion channels in regulating
neuronal functions (Bollimuntha et al., 2009). The Ca?* influx mediated by
TRPC channels generates distinct intracellular Ca?* signals that regulate
downstream signaling events and consequent cell functions. This requires
localization of TRPC channels in specific plasma membrane microdomains
and precise regulation of channels function which is coordinated by
various scaffolding, trafficking, and regulator proteins (Ong et al., 2014).
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Finally, TRPC channels have emerged as central players in various
physio-pathological processes in non-neuronal systems. In particular, in the
kidney, cardiovascular system, and lung, the three major organs in which
the functions of TRPC channels have been most extensively studied in the
past years. Mutations in these proteins are frequently associated with
human diseases. As more information from the in vivo role of TRPC
channels in animal models and clinical data from patients carrying
mutations become available, our knowledge of the role of TRPC channels
in disease pathogenesis will expand considerably (Tai et al., 2017).

4.2.1. TRPC1

As stated above, the TRPC1 ion channel was one of the first
mammalian TRP channels to be cloned in Drosophila (Zhu et al., 1995). In
humans, it is encoded by the TRPC1 gene located in chromosome 3. The
protein is predicted to consist of six transmembrane segments with the N-
and C-termini located in the cytoplasm. The extracellular loop connecting
transmembrane segments 5 and 6 participates in the formation of the ionic
pore region. Inside the cell, TRPC1 is present in the endoplasmic
reticulum, plasma membrane, intracellular vesicles, and primary cilium, an
antenna-like sensory organelle functioning as a signaling platform. In
human and rodent tissues, it shows an almost ubiquitous expression.
TRPC1 interacts with a diverse group of proteins including ion channel
subunits, receptors, and cytosolic proteins to mediate its effect on Ca?*
signaling. It primarily functions as a cation nonselective channel within
pathways controlling Ca?* entry in response to cell surface receptor
activation. Through these pathways, it affects basic cell functions, such as
proliferation and survival, differentiation, secretion, and cell migration, as
well as cell type-specific functions such as chemotropic turning of
neuronal growth cones and myoblast fusion. The biological role of TRPC1
has been studied in genetically engineered mice where the Trpcl gene has
been experimentally ablated. Although these mice live to adulthood, they
show defects in several organs and tissues, such as the cardiovascular,
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central nervous, skeletal and muscular, and immune systems. Genetic and
functional studies have implicated TRPC1 in diabetic nephropathy,
Parkinson’s disease, Huntington’s disease, Duchenne muscular dystrophy,
cancer, seizures, and Darier—-White skin disease (Dietrich, 2014; Nesin,
Tsiokas, 2014).

Together, in the near future agonists and antagonists of TRPC1 and
TRPC4/5 channels as well will provide valuable hints to comprehend the
functional importance of these ion channels in native cells and in vivo
animal models. Importantly, human diseases and disorders mediated by
these proteins can be studied using these compounds to perhaps initiate
drug discovery efforts to develop novel therapeutic agents (Rubaiy, 2019).

4.2.2. TRPC2

The TRPC2 was the second ortholog of the Drosophila TRP gene to be
identified. Whereas full-length TRPC2 transcripts have been cloned in a
number of species including mice, rats and New World monkeys, and in a
number of other vertebrates, TRPC2 is lightly expressed in the rodent
vomero-nasal organ (VNO). It is also detectable at the protein level in
murine erythroblasts, sperm, and brain and has been detected in other
tissues by the reverse transcription polymerase chain reaction (RT-PCR).
Its activation by diacylglycerol (DAG) and by erythropoietins has been
described in greatest detail, and inhibition by Ca?*-calmodulin has been
reported. The major demonstrated functions of TRPC2 are regulation of
pheromone-evoked signaling in the rodent VNO, regulation of
erythropoietin-stimulated calcium influx in murine erithroid cell, and the
zona pellucida sperm-binding protein 3 (ZP3)-evoked calcium influx into
sperm. Depletion of TRPC2 in knockout mice resulted in clones in
behavior including altered sex discrimination and lack of male-male
aggression. The red blood cells of TRPC2 knockout mice showed
increased mean corpuscular volume, mean corpuscular hemoglobin,
hematocrite, and reduced mean corpuscular hemoglobin concentration.
TRPC2-depleted red cells were resistant to oxidative stress-induced
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hemolysis (Miller, 2014). While the human Trpc2 is a pseudogene and
does not form a functional channel (Wes et al., 1995; Zhu et al., 1995),
TRPC2 in other mammals such as rat, bovine, and mouse, forms functional
channels in different cell types and tissues, such as the VNO, testis, spleen,
and liver. TRPC2 has been reported to co-localize with anoctamin 1 in the
vomero-nasal epithelium, although the interaction between the two
proteins has not been confirmed using other techniques such as immune-
precipitation, fluorescence resonance energy transfer (FRET) and total
internal reflection fluorescence (TIRF) microscopy (Ong et al., 2014).

4.2.3. TRPC3

TRPC3 represents one of the first identified mammalian relative of the
Drosophila  TRP gene product. Despite extensive biochemical and
biophysical characterization as well as ambitious attempts to uncover its
physiological role in native cell systems, the channel protein still represent
a rather enigmatic member of the TRP superfamily. TRPC3 is significantly
expressed in the brain and heart and appears of (patho) physiological
importance in both non-excitable cells and excitable cells, being potentially
involved in a wide spectrum of Ca* signaling mechanisms. TRPC3 cation
channels display unique getting and regulatory properties that allow for
recognition and integration of multiple input stimuli including lipid
mediators, cellular Ca?* gradients, as well as redox signals. Physiological/
pathophysiological functions of the highly versatile cations channel protein
are as yet incompletely understood. Its ability to associate in a dynamic
manner with a variety of partner proteins enables TRPC3 to serve
coordination of multiple downstream signaling pathways and control of
divergent cellular functions. A crucial role of this signaling molecule in
cardiovascular and neuronal pathologies as well as its significance as a
therapeutic target is likely (Lichtenegger, Groschner, 2014).

TRPC3 channels are expressed in the endothelium and/or smooth
muscle of specific intact arteries, such as mesenteric, cerebral and
myometrial, where they are critical for the control of vascular tone, and
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show altered activity in development and disease. In artery endothelium,
TRPC3 contributes to endothelium-derived hyperpolarization and nitric
oxide-mediated vasodilatation. In artery smooth muscle, TRPC3
contributes to constrictor mechanisms. In both endothelium and smooth
muscle, TRPC3 contributes to function via caveolae-caveolin dependent
and independent mechanisms. In different cell types and states, like other
TRP channels, TRPC3 can form complexes with other TRP proteins and
associated channels and accessory proteins, including those associated with
endo-(sarco)-plasmic reticulum (ER/SR), thereby facilitating Ca?* channel
activation and/or refilling ER/SR Ca?" stores. The diversity of TRPC3
interactions with other vascular signaling components is a potential target
for artery specific control mechanisms (Grayson et al., 2017).

4.2.4. TRPC4

TRPC4 proteins comprise six transmembrane domains a putative pore-
forming region, and an intra-cellular located amino- and carboxy-terminus.
Among eleven splice variants identified so far, TRPC4, and TRCP4; are
most abundantly expressed and functionally characterized. TRPC4 is
expressed in various organs and cell types including the soma and
dendrites of numerous types of neurons; the cardiovascular system
including endothelial, smooth muscle, and cardiac cells; myometrial and
skeletal muscle cells; kidney; and immune cells such as mast cells. Both
recombinant and native TRPC4-contaning channels differ tremendously in
their permeability and other biophysical properties, pharmacological
modulation, and mode of activation depending on the cellular environment.
They vary from inwardly rectifying store-operated channels, with a high
Ca?* selectively to non-store-operated channels predominantly carrying
Na* and activated by G.q - and/or G receptors with a complex U-shaped
current voltage relationship. Thus, individual TRPC4-contacting channels
contribute to agonist-induced Ca®*entry directly or indirectly via
depolarization and activation of voltage-gated Ca?*-channels. The
biological relevance of TRPC4 contacting channels was demonstrated by
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knockdown of TRPC4 expression numerous native system including gene
expression, cell differentiation and proliferation, formation of myotubes,
and axonal regeneration. Studies of TRPC4 single and TRPC compound
knockout mice uncovered their role for the regulation of vascular tone,
endothelial permeability, gastrointestinal contractility and motility,
neurotransmitter release, and social exploratory behavior as well as for
excite-toxicity and epileptogenesis. Recently a single-nucleotide
polymorphism (SNP) in the Trpc4 gene was associated with a reduced risk
for experience of myocardial infarction (Freichel et al., 2014).

TRPC4 is most closely related to TRPC5, sharing 65% amino acid
identity, but both proteins diverge in the last 220 amino acids. There is
general consensus that TRPC4 forms a store-operated channel (SOC) even
though it has been shown to form constitutively active or store-independent
channels in some studies (Ong et al., 2014; Venkatachalam, Montell, 2007;
Venkatachalam et al., 2014).

4.2.5. TRPCS

Human canonical transient receptor channel 5 (TRPC5) has been
cloned from the Xq23 region on chromosome X as a suspect in non-
syndromic mental retardation. TRPC5 is a Ca?* permeable cation channel
predominantly expressed in the CNS, including the hippocampus,
cerebellum, amygdala, sensory neurons, and retina. It also shows more
restricted expression in the periphery, notably in activated by reception
coupled to G4 and phospholipase C and/or G; proteins, but TRPC5 may
also gate in a store-depended manner, which requires other partner proteins
such TRPC1, stromal interaction molecule 1 (STIM1), and Orail. There is
an impressive array of other activation of TRPC5 channels, such as nitric
oxide, lysophospholipids, sphingosine-1-phospate, reduced thioredoxin.
Moreover, TRPC5 shows constitutive activity, and it is responsive to
membrane stretch and cold. Thus, TRPC5 channels have significant
potential for synergistic activation and may serve as an important focal
point in Ca?* signaling and electrogenesis. Moreover, TRPC5 functions in
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partnership with about 60 proteins, including TRPC1, TRPC4, calmodulin,
IP; receptors, NHERF, neuronal calcium sensor-1 (NCS-1), junctate,
stathmin 2, Ca?" binding protein 1, caveolin and SESTD1, while its
desensitization is mediated by both protein kinases A and C. TRPC5 has a
distinct voltage dependence shared only wide its closest relative TRPCA4.
Its unique N-shaped activation curve underlined by intracellular Mg?*
block seems to be perfectly ‘shaped’ to trigger action potential discharge,
but not to grossly interfere with the action potential shape. The range of
biological functions of TRPCS5 channels is also impressive, from
neurotransmission to control of axon guidance and vascular smooth muscle
cell migration and contractility. Recent studies of Trpc5 gene knockout
begin to uncover its roles in fear, anxiety, seizures, and cold sensing (Ong
et al., 2014; Rubaiy, 2019; Zholos, 2014).

The precise activation mechanisms of TRPC4 and TRPC5 channels
have remained largely elusive for a long time, as they were considered as
being insensitive to the second messenger DAG in contrast to the other
TRPC channels. Recent findings, however, indicate that the C-terminal
interactions with the scaffolding proteins Na*/H* exchanger regulatory
factor 1 and 2 (NHERF1 and NHERF2) dynamically regulate the DAG
sensitivity of the TRPC4 and TRPC5 channels. Interestingly, the C-
terminal NHERF binding suppresses, while the dissociation of NHERF
enables, the DAG sensitivity of the TRPC4 and TRPC5 channels. This
leads to the assumption that all of the TRPC channels are DAG sensitive.
The identification of the regulatory function of the NHERF proteins in the
TRPC4/5 — NHERF protein complex offers a new starting point to get
deeper insights into the molecular basis of TRPC channel activation
(Mederos y Schnitzler et al., 2018).

Interesting data were found in the Pertovaara’s lab. They studied
whether TRPC4/C5 channels in the central nucleus of amygdala (CeA) in
rodent’s brain that are known to have anxiogenic properties contribute to
the maintenance of sensory or affective aspects of pain in an experimental
model of peripheral neuropathy. Rats with a spared nerve injury (SNI)
model of neuropathy in the left hind limb had a chronic cannula for
microinjections of drugs into the right amygdala or the internal capsule (a
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control site). Sensory pain was assessed by determining mechanical
hypersensitivity with calibrated monofilaments and affective pain by
determining aversive place-conditioning. Amygdaloid treatment with ML-
204, a TRPCA4/C5 antagonist, produced a dose-related (5-10 ng) anti-
hypersensitivity effect, without obvious side-effects. Additionally,
amygdaloid administration of ML-204 reduced affective-like pain
behavior. In the internal capsule, ML-204 had no effect on hypersensitivity
or affective-like pain in SNI animals. In healthy controls, amygdaloid
administration of ML-204 failed to influence pain behavior induced by
mechanical stimulation or noxious heat. The results indicate that the
amygdaloid TRPC4/C5 channels contribute to maintenance of pain
hypersensitivity and pain affect in neuropathy. It is hypothesized, thus, that
the amygdaloid TRPC4/C5 might exert a role in comorbidity between
affect and chronic pain and thereby, they might provide therapeutic targets
in affective disorder associated chronic neuropathic pain conditions (Wei
etal., 2015).

4.2.6. TRPC6

Canonical transient receptor potential 6 (TRPC6) proteins assemble
into hetero-multimeric structures forming non-selective cation channels. In
addition, many TRPC6-interacting proteins have been identified like some
enzymes, channels, pumps, cytoskeleton-associated proteins, immune-
philins, or cholesterol binding proteins, indicating that TRPC6 are engaged
into macromolecular complexes. Depending on the cell type and the
experimental conditions used, TRPC6 activity has been reported to be
controlled by diverse modalities. For instance, the second messenger DAG,
store-depletion, the plant extract hyperforin or H,O, have all been shown
to trigger the opening of TRPC6 channels. A well-characterized
consequence of TRPC6 activation is the elevation of the cytosolic
concentration of Ca?". This latter response can reflect the entry of Ca?
through open TRPC6 channels but it can also be due to the Na*/Ca®*
exchanger (operating in its reverse mode) or voltage-gated Ca?* channels
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(recruited in response to a TRPC6-mediated depolarization). Although
TRPCG6 controls a diverse array of biological functions in many tissues and
cell types, its pathophysiological functions are far from being fully
understood (Bouron et al., 2016).

TRPCG is likely to play a number of physiological roles which are
confirmed by the analysis of a Trpc6 " mouse model. In smooth muscle
Na* ions influx through TRPC6 channels, and activation of voltage-gated
Ca%" channels by membrane depolarization is the driving force for
contraction. Permeability of pulmonary endothelial cells depends on
TRPC6 and induces ischemia-reperfusion edema formation in the lungs.
TRPC6 was also identified as an essential component of the slit diaphragm
architecture of kidney podocytes and play an important role in the
protection of neurons after cerebral ischemia. Other function especially in
immune and blood cells remain elusive. Recently identified TRPC6
blockers may be helpful for therapeutic approaches in diseases with highly
activated TRPC6 channel activity (Dietrich, Gudermann, 2014)

Recent evidence have clearly shown an involvement of some TRP
channels (TRPA1, TRPC4, TRPC6, TRPV1, TRPV4, TRPM2 and
TRPMB8) expressed in the lung and respiratory airways for toxin sensing
and as mediators of lung inflammation and associated diseases like asthma,
chronic obstructive pulmonary disease (COPD), lung fibrosis and edema
formation (De Logu et al., 2016; Dietrich et al., 2017). Specific modulators
of these channels may offer new therapeutic options in the future and will
endorse strategies for a causal, specifically tailored treatment based on the
mechanistic understanding of molecular events induced by lung-toxic
agents (Dietrich, 2019).

4.2.7. TRPC7

The TRPC7 channel is the seventh member of the mammalian TRPC
channel family. TRPC7 mRNA protein, and channel activity have been
detected many tissues and organs from the mouse, rats and human. TRPC7
has high sequence homology with TRPC3 and TRPC6 and all three
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channels are activated by membrane receptors that couple to isoforms of
phospholipase C (PLC) and mediate non-selective cation currents. TRPC?7,
along with TRPC3 and TRPC6, can be activated by direct exogenous
application of DAG analogues and by pharmacological maneuvers that
increase endogenous DAG in cells. TRPC7 shows distinct properties of
activation, such as constitutive activity and susceptibility to negative
regulation by extracellular Ca?* and by protein kinase C. TRPC7 can form
hetero-multimers with TRPC3 and TRPC6. Although TRPC7 remains one
of the least studied TRPC channels, its role in various cell types and
physiological and pathophysiological conditions is beginning to emerge
(Zhang, Trebak, 2014).

Altered TRPC7 channel expression and activity are observed in
various diseases including malignant breast cancer tumors. Regulation of
multiple TRPC genes has been shown to be mediated by the Rho-
associated protein kinase pathway. Rho-kinase activity has been associated
with metastasis of esophageal cancer cell lines and inhibition of this
pathway using the pharmacological inhibitor Y-27632 prevented the
growth and invasiveness of these cancer cells. Interestingly the Rho-kinase
inhibitors attenuated expression of TRPC1 and another TRP family
member TRPV2. This study suggests a potential protective role of TRPC7
in cancer cell growth and progression TRPC7 expression has also been
shown to be up-regulated in animal models of disease. In Dahl salt
sensitive rats, TRPC7 mRNA was increased in the failing myocardium of
these animals. This increased expression correlated with an increased level
of apoptosis as assessed by TUNEL staining. Heart failure in these mice
was suggested to be contributed by angiotensin Il-induced Ca?* entry
through activation of TRPC7 and subsequent myocardial apoptosis. In a
mouse model of pilocarpine induced status epilepticus, TRPC7 was shown
to mediate the initiation of acute seizures, as observed by the reduction in
pilocarpine induced gamma wave activity in TRPC7 knockout animals.
The mechanism by which TRPC7 mediates seizure induction was
characterized in brain slices derived from the hippocampal region cornu
ammonis (CA3), a central region involved in seizure generation. TRPC7
was shown to generate spontaneous epileptiform burst firing, these signals
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of seizure induction were initiated at the synaptic level where TRPC7 was
shown to be involved in the potentiation of these signals in the CA3
synapses and Schaffer collateral-CA1 synapses. This study using TRPC7
knockout animals was one of the first studies to provide insight into the in
vivo function of this enigmatic channel protein (Zhang et al., 2016).

4.3. TRPM SUBFAMILY

The members of the TRPM (melastatin) subfamily are divided into 4
groups on the basis of sequence homology: TRPM1/3, TRPM2/8,
TRPM4/5, and TRPM 6/7. Ca?* permeability in the TRPM family ranges
from impermeable to Ca** (TRPM4 and 5) to highly Ca?* permeable
(TRPM3, 6 and 7). Unlike the other TRP channels, TRPM channels lack
the N-terminal ankyrin repeats (Gees et al., 2012).

Considering the level of sequence and structural similarity between
members of TRPM subfamily, it is not surprising that there is also cross-
talk by open and close states within the group. A combination of traditional
mutagenesis methods and some of the more recent developments will
provide further insights, many of which will be widely applicable to the
whole TRP channels. There are now 4 unique TRPM structures from over
20 protein data bank (PDB) entries (Figure 9), which have presented many
unprecedented findings in regard to the diversity of the structure, ion
permeation and gating mechanism (Chen et al., 2019).

The TRP box is situated in the C-terminal domain of the TRPM
family, though there are no ankyrin repeats in the N-terminus (Figure 10).
According to the latest data obtained using 3D cryo-structure electronic
microscopy, the TRP domain is not a continuous a-helix, but rather, has a
break at about two-thirds of the helical structure length, thus, dividing the
TRP domain into two segments (Winkler et al., 2017). The N-terminal part
of all TRPM proteins is usually longer, by approximately 300—400 amino
acids (aa), than the same regions in TRPC and TRPV families. In this
region, there is also a huge, approximately 700 aa TRPM-homology
domain (Figure 10). The C-terminal sequences of the TRPM family
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display high variabilities, differing from as much as 1000 to 2000 aa
(Hantute-Ghesquier et al., 2018).
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Figure 9. Structures of TRPM channels. (A) Cartoon representation of a NnTRPM2 (n:
Nematostella vectensis) protomer. (B) Cartoon representation of a hTRPM4 (h: Homo
sapiens) protomer. (C) Cartoon representation of a mTRPM7 (m: Mus musculus)
protomer. (D) Cartoon representation of a fTRPM8 (f: Ficedula albicollis) protomer.
(E) Comparison of nTRPM2 (green), hTRPM4 (cyan), mTRPM7 (magentas) and
fTRPMS (slate). (Reproduced from Chen et al., 2019 with permission).

TRPM channels express in wide range of organ systems throughout
our body, such as immune and cardiovascular systems, which are essential
guarantee for human health. Corresponding to their broad expression,
TRPM channels play a significant role in cell development and relevant
diseases which are urgent to be solved. For instance, TRPM4 and TRPM5
have been found as a modulator in taste cells, TRPM7 is involved in
mammalian homeostasis, and TRPMS8 is important in cold sensation (Chen
etal., 2019).
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Figure 10. General structure of the TRPM family of channels (reproduced from
Hantute-Ghesquier et al., 2018).

4.3.1. TRPM1

It has recently revealed that TRPM1, the founding member of the
melanoma-related TRPM subfamily, is required for photoreceptors in
mouse retinal ON-bipolar cells. Further experiments have demonstrated
that TRPM1 is component of the transduction cation channel negatively
regulated by the metabotropic glutamate receptor 6 (mGIuR6) cascades in
ON-bipolar cells through a reconstitution experiment using Chinese
hamster ovary (CHO) cells expressing TRPMI, mGluR6 and Goo.
Furthermore, human TRPM1 mutations are associated with congenital
stationary night blindness (CSNB) patients whose lack rod functions and
suffer from night blindness starting in early childhood. In addition to the
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function of transduction cation channel, TRPML is one of the retinal auto-
antigens in some paraneoplastic retinopathy (PR) associated with retinal
ON-bipolar cell dysfunction (Irie, Furukawa, 2014).

The available data clearly indicate that TRPM1 proteins in the
dendritic tips of ON-bipolar cells are embedded in a large multi-protein
complex, akin to the archetypical TRP channels of Drosophila
photoreceptors that also interact with a large number of different proteins
in a multi-protein complex that has been termed signalplex or trans-
ducisome (Schneider et al., 2015).

4.3.2. TRPM2

TRPM2 is the second member of the TRPM subfamily of cation
channels. The protein is widely expressed including in the brain, immune
system, endocrine cells, and endothelia. It embodies both ion channel
functionality and enzymatic ADP-ribose (ADPr) hydrolase activity.
TRPM?2 is a Ca?*-permeable non-selective cation channel embedded in the
plasma membrane and/or lysosomal compartments that in primarily
activated in a synergistic fashion by intracellular ADP-ribose and Ca?". It is
also activated by reactive oxygen and nitrogen species (ROS/NOS) and
enhanced by additional factors, such as cyclic ADPr and NAADP, while
inhibited by permeating protons (acidic pH) and adenosine mono-
phosphate (AMP). Activation of TRPM2 leads to increase in intracellular
Ca?* levels, which can serve signaling roles in inflammatory and secretory
cells through release of wvesicular mediators (e.g., cytokines,
neurotransmitters, insulin) and in extreme cases can include apoptotic and
necrotic cell death under oxidative stress (Faouzi, Penner, 2014).

TRPM2 has recently emerged as a likely candidate for the detector of
non-noxious warmth, as it is expressed in sensory neurons and mice show
deficits in the detection of warmth when TRPM2 is genetically deleted. It
plays a role in regulating body temperature, in the immune system and
cancer, in pain and insulin secretion (Tan, McNaughton, 2018).
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TRPM2 is also highly expressed in many types of cancer, including
breast, prostate, and pancreatic cancer, melanoma, leukemia, and
neuroblastoma, suggesting TRPM2 promotes tumor survival. When
TRPM2-mediated calcium influx is inhibited, mitochondria are
dysfunctional, cellular bioenergetics are reduced, production of the reactive
oxygen species (ROS) is increased, and autophagy and DNA repair are
impaired, decreasing tumor growth and increasing chemotherapy
sensitivity. Inhibition of TRPM2 expression or function results in
decreased tumor proliferation and/or viability in many malignancies
including breast, gastric, pancreatic, prostate, head and neck cancers,
melanoma, neuroblastoma, and T-cell and acute myelogenous leukemia.
However, in a small number of malignancies, activation of TRPM2 rather
than inhibition has been reported to reduce tumor cell survival.
Mechanisms through which TRPM2 mediates these effects are under
investigation and TRPM2 is considered as an exciting potential target in
therapy of many cancers as further evidence of its important function in
cell survival is forthcoming and controversies in its essential roles are
clarified (Miller, 2019).

4.3.3. TRPM3

Like most other member of the TRP superfamily, the Trpm3 gene
encodes proteins that form cation-permeable ion channels on the plasma
membrane. However, TRPM3 proteins have several unique features that
set them apart from the member of this diverse family. The Trpm3 gene
encodes for surprisingly large number of isoforms generated mainly by
alternative splicing. Only for two of the eight sides at which sequence
diversity is generated, the functional consequence has been elucidated, one
is leading to non-functional channels, and the other one is profoundly
affecting the ionic selectivity. Over the past years, important progress has
been made in discovering pharmacological tools to manipulate TRPM3
channel activity. These substances have facilitated the identification of
endogenously expressed functional TRPM3 in nociceptive neurons,
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pancreatic beta cells, and vascular smooth muscle cells, among others.
TRPM3 channels, which themselves are temperature sensitive, thus have
been implicated in sensing noxious heat, in modulating insulin release and
in secretion of inflammatory cytokines, however in many issues where
TRPM3 proteins are known to be expressed, no functional role has been
identified for these channels so far. Because of the availability of adequate
pharmacological and genetic tools, it is expressed that future investigation
on TRPM3 channels will unravel important new aspects and functions of
these channels (Oberwinkler, Philipp, 2014).

Recent data show that TRPM3 channels are expressed in adipocytes,
pancreatic beta-cells and in the Kidney, eye, and brain (in somatosensory
neurons) as well as in the pituitary gland. TRPM3 channel stimulation is
likely to play a particular, tissue-specific role in these tissues and cell types
and some new functional research studies have begun to unravel the
physiological roles of TRPM3 channels (Thiel et al., 2017).

Just recently it has been shown that TRPM3 expression in mesenteric
arteries is restricted to perivascular nerves. TRPM3-dependent
vasodilatation was partially inhibited by a cocktail of K* channel blockers,
and not mediated by g-adrenergic signaling. Contrary to what was found in
aorta, the neurosteroid pregnenolone sulfate (PS) dilates mesenteric
arteries, partly via an activation of TRPM3 that triggers the calcitonin
gene-related peptide (CGRP) release from perivascular nerve endings and
a subsequent activation of K* channels in vascular smooth muscle cells
(VSMC). The authors propose that TRPM3 is implicated in the regulation
of the tone of resistance arteries and that its activation by yet unidentified
endogenous damage-associated molecules lead to protective vasodilation
responses in mesenteric arteries (Alonso-Carbajo et al., 2019).

4.3.4. TRPM4

TRPMA4 is a calcium-activated, phosphatidylinositol-4,5-bisphosphate
(PtdIns(4,5)P2)-modulated, non-selective cation channel. In terms of
structure, TRPM4 consists of multiple transmembrane and cytosolic
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domains, which assemble into a three-tiered architecture. The N-terminal
nucleotide-binding domain and the C-terminal coiled-coil participate in the
tetrameric assembly of the channel; ATP binds at the nucleotide-binding
domain and inhibits channel activity. TRPM4 has an exceptionally wide
filter but is only permeable to monovalent cations such as sodium; filter
residue GIn973 is essential in defining monovalent selectivity. The S1-S4
domain and the post-S6 TRP domain form the central gating apparatus that
probably houses the Ca?- and Ptdins (4,5) P2-binding sites. These
structures provide an essential starting point for elucidating the complex
gating mechanisms of TRPM4 and reveal the molecular architecture of the
TRPM family (Guo et al., 2017).

The TRPM4 channel is activated by an increase of intracellular Ca?*
and is regulated by several factors including temperature and P;i (4,5)P.
TRPMA4 allows Na* entry into the cell upon activation, but is completely
impermeable to Ca?*. TRPM4 proteins are widely expressed in the body.
Currents with properties that are reminiscent of TRPM4 have been
described in a variety of tissues since the advent of the patch clamp
technology, but their physiological role is only beginning to be clarified
with the increasing characterization of knockout mouse models for
TRPMA4. Furthermore, mutations in the Trpm4 gene have been associated
with cardiac conduction disorders in human patients (Marthar, et al., 2014).

The TRPM4 channel has been extensively studied in cerebral diseases
such as stroke, head injury and multiple sclerosis. In the heart, gain-of-
function mutations of TRPM4 are a cause of familial cardiac block and are
involved in cardiac electrical activity, including diastolic depolarization
from the sinoatrial node cells in mouse, rat, and rabbit, as well as action
potential duration in mouse cardio-myocytes. In rat and mouse,
pharmacological inhibition of TRPM4 prevents cardiac ischemia-
reperfusion injuries and decreases the occurrence of arrhythmias. Several
studies have identified TRPM4 mutations in patients with inherited cardiac
diseases including conduction blocks and Brugada syndrome (Guinamard
etal., 2015).

Recently, evidence has emerged to support the role of TRPM4 in
certain types of cancer, such as prostate cancer and large B cell lymphoma.
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The expression of TRPM4 could mediate certain behaviors of cancer cells
such as migration and invasion. As a non-selective monovalent cation
channel, TRPM4 upregulation and activation enhance sodium entry, which
leads to depolarization of the membrane potential. The membrane potential
is critical in regulating calcium influx, and a disturbed calcium
homeostasis is always associated with cancer cell behaviors. Research on
TRPMA4 channels in cancer is at a very early stage; therefore, targeting the
TRPM4 channel can be a novel way of managing cancer metastasis via
disrupting calcium signaling pathways (Gao, Liao, 2019).

4.3.5. TRPMS

TRPM5 is a Ca?*-activated cation channel that mediates signaling in
taste and other chemosensory cells. Within taste cells, TRPMS5 is the final
element in a signaling cascade that starts with the activation of G protein-
couple receptors (GPCR) by bitter, sweet, or umami taste molecules and
that requires the enzyme PLCu2. The latter breaks down PIP, into DAG
and 1P, and the ensuing release of Ca?* from intracellular stores, activates
TRPMB5. Since its initial discovery in the taste system, TRPM5 has been
found to be distributed in space chemosensory cells located throughout the
digestive tract, in the respiratory system, and in the olfactory system. It is
also found in pancreatic islets, where it contributes to insulin secretion
(Liman, 2014).

TRPM5 is a chemo-sensor and its function in the gustatory and
olfactory systems is well described. Previously, acute TRPMS5 expression
was reported in epithelial cells of the tongue. Global TRPM5 knockout
(KO) mice present with impaired sweet taste response reduced body
weight, fat mass gain and improved insulin resistance. While some
metabolic aspects of this phenotype might indeed be due to non-functional
TRPMS5 channel in the tongue, caution is advised as these are global KO
animals. In these mice, the Trpm5 gene is disrupted in every cell and,
therefore, the functional protein is never expressed. This is potentially
problematic as compensatory mechanisms may develop due to the absence
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of the protein during development. In addition, the phenotype of these
mice may be the compound effect of the absence of the channel in a variety
of different cell populations in multiple tissues. To properly interpret a
complex physiological phenotype such as reduced body weight, a complete
mapping of TRPM5 expression throughout the body is needed (Wyatt et
al., 2017).

It has been demonstrated that TRPMS5 is expressed in the olfactory
tissue of mice using a transgenic TRPM5-green fluorescent protein (GFP)
line. Using the TRPM5-1C/eR26-tGFP strain, it was showed reporter gene
expression in olfactory sensory neurons (OSNs) of the main olfactory
epithelium (MOE), in microvilli and in the VNO (Pyrski et al., 2017). This
study also revealed that Trpm5-1, the splice variant expressed in the taste
buds, is acutely expressed in the adult MOE only in microvilli cells as
these cells were co-labelled with antisera against TRPM5 (Wyatt et al.,
2017).

The role of TRPM5 has been investigated with the use of Trpm5 KO
mouse models showing a lack of type Il taste perception and a reduced
glucose-induced insulin secretion. Expression levels of TRPM5 are
reduced in obese, leptin-signalling-deficient mice, and mutations in
TRPM5 have been associated with type Il diabetes and metabolic
syndrome (Vennekens et al., 2018). The TRPM5 channel is also likely to
be involved in lung metastasis, as was shown by the increase in
experimental lung metastasis when TRPM5 expression is enforced.
TRPM5 activity increased the rate of acidic pH-induced MMP-9
expression, and required protein for the metastasis process. The use of
triphenyl-phosphine oxide (TPPO), an inhibitor of TRPMS5, in treatment of
tumor-bearing mice, significantly reduced spontaneous lung metastasis
(Hantute-Ghesquier et al., 2018; Maeda et al., 2017).

4.3.6. TRPM6

TRPMG6 is a bifunctional protein comprising a TRP cation channel
segment covalently linked to and o-type serin/threonine protein kinase.
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TRPMBG is expressed in the intestinal and renal epithelial cells. Loss-of-
function mutations in the human TRPM6 gene give rise to hypo-
magnesemia with secondary hypocalcemia (HSH), suggesting that the
TRPMB6 channel kinase plays a central role in systemic Mg?* homeostasis.
In contrast, TRPMG6 null mice show a delay in prenatal development,
neural tube detect, and prenatal death (Chubanov, Guderman, 2014).
Unraveling the rare genetic diseases with manifestations of
dysmagnesemia has greatly increased our understanding of the complex
and intricate regulatory network in the kidney, specifically, functions of
tight junction proteins including claudin-14, -16, -19, and -10; apical ion
channels including: TRPM6, potassium channel (K,1.1), and the renal
outer medullary potassium channel (ROMK) (Li et al., 2017).

Magnesium is involved in many cell processes, including production
of cellular energy, maintenance of DNA building blocks (nucleotides),
protein production, and cell growth and death. Additionally, Mg?" is
needed for the production of a substance called parathyroid hormone that
regulates blood calcium levels. Magnesium and calcium are also required
for the normal functioning of nerve cells (motor neurons) that control
muscle movement.

The TRPM®6 channel is embedded in the membrane of epithelial cells
that line the large intestine, structures in the kidneys known as distal
convoluted tubules, the lungs, and the testes in males. When the body
needs additional Mg?*, the TRPM6 channel allows it to be absorbed in the
intestine and filtered from the fluids that pass through the kidneys by the
distal convoluted tubules. When the body has sufficient or too much Mg?",
the TRPM6 channel does not filter out the Mg?* from fluids but allows the
ion to be released from the kidney cells into the urine. The channel also
helps to regulate Ca?*, but to a lesser degree (Chubanov, Guderman, 2014).

4.3.7. TRPM7

TRPM7 has been found in every mammalian tissue investigated to
date. The two-in-one protein structure, the ubiquitous expression profile,
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and the proteins unique biophysical characteristics that enable divalent ion
transport involve TRPM7 in a plethora of (patho) physiological processes.
With its prominent role in cellular and systemic magnesium homeostasis,
TRPM7 emerges as a key player in embryonic development, global
ischemia, cardiovascular disease, and cancer (Fleig, Chubanov, 2014).

TRPM7 was initially proposed to regulate, and itself to be regulated
by, intracellular Mg?* levels, with Mg-ATP below 1mM strongly activating
the channel. The importance of TRPM7 in cellular Mg?* homeostasis has
been investigated in several cell types, including leukocytes, platelets,
vascular smooth muscle cells (VSMCs), cardiomyocytes, -cardiac
fibroblasts, osteoblasts, and tumor cells, in both physiological and
pathological conditions (Zhou et al., 2019). Experiments using TRPM7
over-expressing cells demonstrated important mechanisms underlying the
role of TRPM7 in Mg?* homeostasis, and this was confirmed in the
recently described crystal structure of mouse TRPM7, where partially
hydrated Mg?* ions occupy the center of the conduction pore (Duan et al.,
2018a).

TRPM7-regulated Mg?* has versatile biological functions, contributing
to all vital cellular processes, including stability of tertiary structures of
DNA and RNA, energy metabolism, enzyme activity, signaling, cell cycle
progression and cell differentiation (Al Alawi et al.,, 2018). The
significance of TRPM7 in development and cell viability was
demonstrated in mice with global deletion of TRPM7. TRPM7 knockout
mice are embryonic lethal and cardiac-targeted knockout of TRPM7 causes
impaired embryonic development of the heart. The regulatory role of
TRPMY in cell differentiation has been highlighted in various cell types. In
mesenchymal stromal cells, TRPM7 mediates shear stress and silencing
TRPM?7 accelerates osteogenic differentiation. TRPM7 was also shown to
mediate differentiation in hepatic cells, lung fibroblasts, dental pulp stem
cellsand T cells (Ogunrinde et al., 2017; Zou et al, 2019).

Recently, several groups have identified small organic compounds
acting as inhibitors or activators of the TRPM7 channel. In follow-up
studies, the identified TRPM7 modulators were successfully used to
uncover new cellular functions of TRPM?7 in situ including a crucial role of
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TRPM7 in Ca*" signaling and Ca?* dependent cellular processes. Hence,
TRPM7 has been defined as a promising drug target (see review,
Chubanov et al., 2017).

It has recently also reported that TRPM7 plays a significant role in
ischemic and hypoxic brain injury and neuronal cell death. TRPM7, as a
key non-glutamate mechanism of cerebral ischemia, also triggers an
intracellular ionic imbalance and neuronal cell death in ischemia and
hypoxia. This author has reported that TRPM7 is expressed in neurons of
the hippocampus and cortex and activation of TRPM7 induced ischemic
neuronal cell death; suppression of TRPM7 with virally mediated gene
silencing using a mall interfering RNA (siRNA) reduced ischemic
neuronal cell death and improved neurobehavioral outcomes in vivo. They
also demonstrated that inhibition of TRPM7 using pharmacological means
promoted neuronal outgrowth in vitro and provided neuroprotection
against brain injury to hypoxia in vivo (Sun, 2017).

4.3.8. TRPMS8

Transient receptor potential melastatin-8 (TRPM8) was originally
cloned from prostate cancer tissue (Tsavaler et al., 2001). Shortly
thereafter, the protein was identified as a cold- and menthol-activated ion
channel in peripheral sensory neurons, where it plays a critical role in cold
temperature detection. Functional and morphological studies have
documented that TRPMS8 is strongly expressed in a subpopulation of
primary sensory neurons within the dorsal root and trigeminal ganglia.
Thermo-sensitive nerve endings of these sensory neurons innervate the
skin and mucosa (e.g., cornea, oral cavity, nasal epithelium). TRPM8 is a
non-selective cation channel, with modest calcium permeability. Apart
from physical (e.g., cold temperature) and chemical stimuli (e.g., menthol),
TRPMB8 is also gated by voltage. Altered TRPM8 expression or function
has been linked to different disease states. Considering that TRPM8 shows
a relatively restricted expression in normal tissues, this anomalous
expression offers interesting possibilities as a diagnostic or prognostic
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marker and for therapeutic intervention in different types of cancer, in
diseases of the urogenital tract, in cold pain and migraine, and of in airway
and vascular pathologies (Almaraz et al., 2014).

Felix Viana team has recently found (Ordas et al., 2019) that TRPM8
is also expressed in the CNS. Although it is present at much lower levels
than in peripheral sensory neurons, they found cells expressing TRPM8 in
restricted areas of the brain, especially in the hypothalamus, septum,
thalamic reticular nucleus, certain cortices and other limbic structures, as
well as in some specific nuclei in the brainstem. Interestingly, positive
fibers were also found travelling through the major limbic tracts,
suggesting a role of TRPMS8-expressing central neurons in multiple
aspects of thermal regulation, including autonomic and behavioral
thermoregulation. Additional in situ hybridization experiments in rat brain
demonstrated a conserved pattern of expression of this ion channel
between rodent species. These authors confirmed the functional activity of
this channel in the mouse brain using electrophysiological patch-clamp
recordings of septal neurons, and concluded that these results open a new
window in TRPMS8 physiology, guiding further efforts to understand
potential roles of this molecular sensor within the brain (Ordéas et al.,
2019).

The TRP channels including TRPV1, TRPV4, TRPMS, and TRPAL,
have been hypothesized to contribute to migraine, specifically as an
activation mechanism of meningeal nociceptors. Reasons for the interest in
a TRP channel contribution to migraine are largely due to their expression
on meningeal nociceptors and their responsiveness to a variety of
endogenous and exogenous stimuli that may be of relevance to migraine
attacks. Furthermore, activation of TRP channels is well-known to promote
the release of CGRP from sensory nerve endings, and they have been used
extensively as probes for the function of CGRP in various processes. Given
the role of CGRP in migraine described above, and the as yet unclear
mechanism by which CGRP is released during migraine, TRP channels
remain a focus of interest for their potential contribution to attacks. The
TRPV1, TRPV4, TRPMBS, and TRPAL channels, based on their activation
by pathological stimuli related to attacks or their modulation by
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drugs/natural products known to be efficacious for migraine. The repeated
identification of TRPMS8 variants in genome-wide association studies
(GWAS) supports continued interest in this channel for the disorder, but it
remains unknown whether therapeutics should be agonists or antagonists.
Better understanding of the impact of the channel mutations on
expression/function will help determine this answer (Benemei, Dussor,
2019; Geppetti et al., 2015).

In addition, TRPM8 channel plays a critical role in many
pathophysiological processes. As stated above, TRPM8 was originally
cloned in the prostate gland tissue (Tsavaler et al., 2001) and this channel
has since then been identified as the cold/menthol receptor in the
peripheral nervous system (McKemy et al., 2002). While this discovery led
to hundreds of studies regarding the role of this channel in the peripheral
nervous system and the associated pain and thermo-sensation phenomena
(see review Sefiaris et al., 2018), the involvement of TRPM8 in cancer was
relative neglect. Despite this fact, there is growing evidence that TRPMS8
should be carefully studied within the frame of carcinogenesis, especially
in the prostate, where it is highly expressed and where many teams have
confirmed variations in its expression during cancer progression. Among
many other points that still need to be addressed the question of
endogenous modulators of TRPMS8 in the prostate and of their mechanisms
of action is a critical one. Evidence of regulation by physiological factors
such as prostate-specific antigen (PSA), androgens, and lipoprotein lipase
(LPL) has proved that TRPMS8 can exhibit an activity beyond that of cold
receptor, thus explaining how the channel can be activated in organs not
exposed to temperature variations (Noyer et al., 2018).

4.4, TRPML SuBFAMILY

The TRPML subfamily consists of three members: the founding
member TRPML1, TRPML2 and TRPML3. TRPML1 was identified as
the protein mutated in the lysosomal storage disease, mucolipidosis type
IV (MLIV). TRPML2 was found by database searches and TRPML3 was
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identified as the protein mutated in mice with the varitint-waddler
phenotype. The latter is characterized by auditory, vestibular, and
melanocytes phenotype, which is caused by the gain-of-function mutation
A419P in the predicted fifth transmembrane domain of TRPML3
(YYamaguchi, Muallem, 2010). The functions of TRPML proteins include
roles in vesicular trafficking and biogenesis, maintenance of neuronal
development, function, and viability, and regulation of intracellular and
organelle ionic homeostasis (Venkatachalam et al., 2015).

4.4.1. TRPML1

The first member of the mammalian mucolipin TRP channel subfamily
(TRPML1 or MCOLN1) is a cation-permeable channel that is
predominantly localized on the membranes of late endosomes and
lysosomes (LELs) in all mammalian cell types. In response to the
regulatory changes of LEL-specific phosphoinositides or other cellular
cues, TRPML1 may mediate the release of Ca?* and heavy metal Fe?*/ Zn?*
ions into the cytosol from the LEL Iumen, which in turn may regulate
membrane trafficking events (fission and fusion), signal transduction, and
ionic homeostasis in LELs. Human mutation in TRPML1 results in the
type IV mucolipidosis (ML-1V), a childhood neurodegenerative lysosomes
storage disease. At the cellular level, loss-of-function mutations of
mammalian TRPML1 or its C. elegans or D. melanogaster homolog gene
results in lysosomal trafficking defects and lysosome storage (Wang et al.,
2014; Waller-Evans, Lloyd-Evans, 2015).

Mutations in the gene encoding TRPML1 cause MLIV, a recessive
lysosomal storage disorder (LSD) characterized by neurodegeneration,
psychomotor retardation, ophthalmologic defects and achlorhydria. The
MLIV patient fibroblasts show enlargement and engulfment of the late
endo-lysosomal compartment, autophagy impairment, and accumulation of
lipids and glycosaminoglycans (see review Di Paola et al., 2018).

Complimentary Contributor Copy



46 Merab G. Tsagareli

4.4.2. TRPML2

The TRPML2 protein, encoded by the Mcoln2 gene, is one of the three
mucolipins (TRPML1-3), a subset of the TRP superfamily of ion channels.
Although there are no thorough studies on the cellular distribution of
TRPML2, its mRNA appears to be largely restricted to lymphocytes and
other immune cells. This contrasts with the ubiquitous expression of
TRPML1 and the limited but divers expression of TRPML3 clearly
suggests a specialized role for TRPML2 in immunity. Localization studies
indicate that TRPML2 is present in lysosomes (including the specialized
lysosome-related organelle that B-lymphocytes use for processing of the
antigen — bound B-cell receptor), late endosomes, recycling endosomes,
and, at a much lower level, the plasma membrane. Heterologously
expressed TRPML2, like TRPML1 and/or TRPML3, forms ion channels
that can be activated by a gain-of-function mutation (alanine to proline in
the fifth transmembrane domain, close to the pore) that favors the open
state, by a transient reduction of extracellular sodium followed by sodium
replenishment, by small chemicals related to sulfonamides, and by
PI(3,5P2, a rare phosphoinositide that naturally accumulates in the
membranes of endosomes and lysosomes and this could act as a
physiologically relevant agonist. TRPML2 channels are in virally
rectifying and permeable to Ca?*, Na*, and Fe?*. When heterologously co-
expressed, TRPML2 can form heteromultimers with TRPML1 and
TRPML3. In B-lymphocytes, TRPML2 and TRPML1 may play redundant
roles in the function of their specialized lysosome. Although the specific
subcellular function of TRPML2 is unknown, distribution and channel
properties suggest roles in calcium release from endolysosomes, perhaps to
regulate vesicle fusion and/or subsequent session or to release calcium
from intracellular acidic stories for signaling in the cytosol. Alternatively,
TRPML2 could function in the plasma membrane, and its abundance in
vesicles of the endocytic pathway could simply be due to regulation by
endocytosis and exocytosis. Evolutionary point of view, vertebrate
mucolipins arise in the period, in which adaptive immunity appeared.
Given the restricted expression of TRPML2 in immune cells, this
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evolutionary history suggests a functional role the adaptive immunity
characteristic of vertebrates (Garcia-Afioveros, Wiwatpanit, 2014).

As stated above, TRPML1 is associated with the human lysosomal
storage disease, mucolipidosis (MLIV), but TRPML2 and TRPML3 have
not been linked with a human disease. Although TRPML1 is expressed in
many tissues, TRPML3 is expressed in a varied but limited set of tissues,
while TRPML2 has a more limited expression pattern where it is mostly
detected in lymphoid and myeloid tissues. TRPMLZ2 is essential in
endosome-lysosome interaction, the recycling of GPI-APs, and possibly
the trafficking of immune-associated proteins such as MHC-I, TLRs, and
Fc-eRI to name a few. In addition to its possible role in adaptive immunity
through proper B-cell differentiation and maturation, TRPML2 may also
be involved in type | hypersensitivity. While many aspects of the function
of TRPML2 remain to be revealed, future research will undoubtedly shed
light on its importance in cells and perhaps even unlock its potential to
complement for the functional loss of TRPMLL1 protein in MLIV disease
(Cuajungco et al., 2016).

4.4.3. TRPML3

TRPML3 belongs to the TRPML (MCOLN) subfamily of TRP
channels comprising three genes in mammals. The TRPML3 protein
features a six-transmembrane topology and functions as a Ca?* permeable
inward rectifying cation channel that is open at sub-physiological pH and
closes as the extra-cytosolic pH becomes more acidic. TRPML3 localizes
to the plasma membrane and to early- and late-endosomes as well as
lysosomes (Noben-Trauth, 2011).

Gain-of-function mutations in TRPML3 channel cause deafness and
circling behavior in mice. A special feature of TRPML3 is their
intracellular expression. These channels mostly reside in membranes of
organelles of the endosomal system such as early and late endosomes,
recycling endosomes, lysosomes, or lysosome-related organelles.
Although the physiological roles of TRPML subfamily channels within the
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endo-lysosomal system are far from being fully understood, it is speculated
that they are involved in the regulation of endo-lysosomal pH,
fusion/fission processes, trafficking, autophagy, and/or secretion (e.i.,
hormones) and exocytosis (Grimm et al., 2014).

Endolysosomal dysfunction can cause lysosomal storage disorders
such as mucolipidoses, sphingolipidoses, or neuronal ceroid lipofuscinoses,
which typically go along with fatal neurodegenerative processes.
Dysfunction of the endolysosomal system has also been implicated in the
development of many other diseases, ranging from metabolic diseases,
retinal and pigmentation disorders to infectious diseases and even cancer.
TRPML3 is shown to be functionally active in both early endosomes and
late endosomes/lysosomes in over-expressing cells as well as in
endogenously expressing CD11b+ lung-tissue macrophages (Chen et al.,
2017).

It has just recently been established that the endolysosomal, non-
selective cation channels, two-pore channels (TPCs) and mucolipins
(TRPMLs) as TPC/TRPML interaction partners (‘interactomes’) regulate
intracellular membrane dynamics and autophagy. While partially
compensatory for each other, isoform-specific intracellular distribution,
cell-type expression patterns, and regulatory mechanisms suggest different
channel isoforms confer distinct properties to the cell. In recently
published review article of Krogsaeter and colleagues (2019) TRPML3
interactoms are shown, and a meta-analysis of experimentally obtained
channel interactomes conducted by authors. Accordingly, interactomes are
compared and contrasted, and subsequently described in detail for TPC1,
TPC2, TRPML1, and TRPML3. The latter channel protein appears up-
regulated in squamous cell carcinoma and hepato-cellular carcinoma, and
down-regulated in erythro-leukemia and platelets of cancer patients. The
potential implications of TRPML3 in immunological and oncogenic
signaling pathways may be of particular relevance. The authors
underscore, thus, the potential held by TPC/TRPML as future therapeutic
targets to treat currently incurable diseases, while identifying approaches
necessary to elucidate the multifaceted roles of endo-lysosomal, non-
selective cation channels (Krogsaeter et al., 2019).
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4.5. TRPN SUBFAMILY

Mechano-sensory transduction for senses such as proprioception,
touch, balance, acceleration, hearing and pain relies on mechano-
transduction channels, which convert mechanical stimuli into electrical
signals in specialized sensory cells. How force gates mechano-transduction
channels is a central question in the field, for which there are two major
models. One is the membrane tension model: force applied to the
membrane generates a change in membrane tension that is sufficient to
gate the channel, as in the bacterial large conductance mechanosensitive
ion channel (MscL) and certain eukaryotic potassium channels. The other
is the tether model: force is transmitted via a tether to gate the channel (Jin
etal., 2017).

The ‘no mechanoreceptor potential C’ (NOMPC) or TRPN channel is
a diverse group of proteins thought to be involved in mechanoreception
and is important for mechanosensation-related behaviors such as
locomotion, touch and sound sensation across different species including
Caenorhabditis elegans, Drosophila and zebrafish. NOMPC is the
founding member of the TRPN subfamily, and is thought to be gated by
tethering of its ankyrin repeat domain to microtubules of the cytoskeleton.
TRPN fulfils all the criteria that apply to mechanotransduction channels
and has 29 ankyrin repeats, the largest number among TRP channels. A
key question is how the long ankyrin repeat domain is organized as a tether
that can trigger channel gating. A single-particle ECM structural analysis
suggests that the ankyrin repeat domain of TRPN channel resembles a
helical spring, suggesting its role of linking mechanical displacement of
the cytoskeleton to the opening of the channel pore. The TRPN
architecture underscores the basis of translating mechanical force into an
electrical signal within a cell (Jin et al., 2017).

Recent behavioral observation revealed that the locomotion of the
double-stranded RNA (dsRNA) injected nymphs of the insect Nilaparvata
lugens was defective with much less movement compared to the negative
control. Feeding and honeydew excretion of the dsRNA injected insects
also decreased significantly. They cloned the NompC gene of N. lugens
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and found that the full length NompC of N. lugens possessed similar
structure as Drosophila NompC, which belongs to TRPN subfamily. The
expression pattern analysis of different developmental stages and body
parts showed that the transcription of NompC of N. lugens was more
abundant in adult stage and in the abdomen. Injection of dsRNA of N.
lugens NompC in the third-instar nymphs successfully knocked down the
target gene with 75% suppression. At nine days after injection, the survival
rate of dsRNA injected nymphs was as low as 10%. These results
suggested that N. lugens NompC is a classical mechano-transduction
channel that plays important roles in proprioception and locomotion, and is
essential for the survival of this insect (Wang et al., 2019).

4.6. TRPP SUBFAMILY

It has been exciting times since the identification of polycystic kidney
disease 1 (PKD1) and PKD2 as the genes mutated in autosomal dominant
polycystic kidney disease (ADPKD). Biological roles of the encoded
proteins TRPP1 (Polycystin-1) and TRPP2 have been deduced from
phenotypes in ADPKD patients, but recent insights from vertebrate and
invertebrate  model organisms have significantly expanded our
understanding of the physiological functions of these proteins. The
identification of additional TRPP3 and TRPP5 channels and polycystin-1-
like proteins (PKD1L1, PKD1L2, PKD1L3, and PKDREJ) has added yet
another layer of complexity to these fascinating cellular signaling units.
TRPP proteins assemble with polycystin-1 family members to form
receptor—channel complexes. These protein modules have important
biological roles ranging from tubular morphogenesis to determination of
left-right asymmetry. The founding members of the polycystin family,
TRPP1 and TRPP2-1, are a prime example of how studding human disease
genes can provide insights into fundamental biological mechanisms using a
so-called ‘reverse translational” approach (Semmo et al., 2014).

Structural point of view, recently David Clapham group has reported
that a structure of the full-length human polycystin 2-11 protein conforms
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to the TRPP polycystin-2 structures and established the core structure and
point out differences in regions and residues that may account for
polycystin-2 and polycystin 2-11°s distinct permeation and gating (Hulse et
al., 2018). It should be noted here that members of the TRPP and TRPML
subfamilies share a large, globular-folded extracellular/luminal domain
named tetragonal opening for polycystins (TOP) domain in TRPP and
polycystin-mucolipin domain (PMD) in TRPML. The structures of TRPP2,
TRPML1 and TRPML3 revealed intriguing similarities with respect to
Ca?* binding and activation by negatively charged lipids. TRPML1 is
located within endosomal and lysosomal membranes and directly involved
in type IV mucolipidosis, while TRPP2 is located mainly in the
endoplasmic reticulum (ER) and depending on cell type in the primary
cilium and the plasma membrane. Despite these similarities, a striking
difference is observed. In particular, the coordination of the PMD and the
TOP domain within the tetrameric assembly is substantially altered. In
TRPP2, the unique p-hairpin with the three-leaf clover fold interacts with
S3a helix-extensions, likely transducing the conformational changes
directly into the membrane-integral part of the channel. The different
settings of open/closed states found in TRPML and TRPP2 structures
might provide some insight into the puzzling localization-depended
functional variations (Madej, Ziegler, 2018).

4.7. TRPV SUBFAMILY

Within the TRP superfamily of ion channels, the vanilloid (TRPV)
subfamily came into existence and immediately gained public notoriety in
1997, when its founding members, TRPV1 in mammals and OSM-9 in C.
elegans, were first reported (Caterina et al., 1997; Colbert et al., 1997).
TRPV1 was identified by an expression cloning strategy. TRPV2, TRPV3,
and TRPV4 were identified by a candidate gene approach, respectively.
The TRPV channels can be sub-grouped into four branches by sequence
comparison. One branch includes four members of mammalian TRPVs
(TRPV1, TRPV2, TRPV3, RPV4); in vitro whole-cell recording showed
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that they respond to temperatures higher than 42, 52, 31, and 27°C,
respectively, suggesting that they are involved in thermosensation, hence
the term ‘thermo-TRPs’ (Caterina, 2007; Moore, Liedtke, 2017). The
second mammalian branch includes the Ca?*-selective channels, TRPV5
and TRPVS, possibly subserving Ca?* uptake in the kidney and intestine.
One invertebrate branch includes C. elegans OSM-9 and Drosophila
Inactive (IAV) trpv gene; the other branch comprises OCR-1 to OCR-4 in
C. elegans and Drosophila trpv Nanchung (NAN) gene (Moore, Liedtke,
2017).

Structural point of view, the TRPV subfamily consists of six
homologous members with diverse functions. TRPV1-TRPV4 members
are nonselective cation channels proposed to play a role in nociception,
while TRPV5 and TRPV6 are involved in epithelial Ca?* homeostasis. The
cryo-EM map suggests that TRPV subfamily members have highly
homologous structural topologies. These results allowed postulating a
structural explanation for the functional diversity among TRPV channels
and their differential regulation by proteins and ligands (Huynh et al.,
2014).

4.7.1. TRPV1

TRPV1 is a well-characterized channel expressed by a subset of
peripheral sensory neurons involved in pain sensation and also at a number
of other neuronal and non-neuronal sites in the mammalian body.
Functionally, TRPV1 acts as a sensor for noxious heat (greater than 42°C).
It can also be activated by some endogenous lipid derived molecules,
acidic solution (pH < 6.5) and some pungent chemical and food ingredients
such as capsaicin, as well as by toxins such as resiniferatoxin (RTX) and
vanillotoxins (see for review, Jeon, Caterina, 2018). Structurally, TRPV1
subunits have six trans-membrane (TM) domains with intracellular N-
(containing 6 ankyrin-like repeats) and C-termini, and a pore region
between TM5 and TM6 containing sites that are important for channel
activation and ion selectivity. The N- and C-termini have residues and
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regions that are sites for phosphorylation/dephosphorylation and PI (4.5)
P2 binding, with regulation TRPV1 sensitivity and membrane insertion.
The channel has several interacting proteins, some of which (e.g.,
AKAP7a/150) are important for TRPV1 phosphorilation. Four TRPV1
subunits from a non-selective, outwardly rectifying ion channel permeable
to monovalent and divalent cations with a single-channel conductance of
50-100 pS. TRPV1 channel kinetics reveals multiple open and closed
states, and several models for channel activation by voltage ligand binding
and temperature have been proposal. Studies with TRPV1 agonists and
antagonists and Trpvl mice have suggested a role for TRPV1 in pain,
thermoregulation and osmoregulation, as well as in cough and overactive
bladder. TRPV1 antagonists have advanced to clinical trials where findings
of drug-induced hyperthermia and loss of heat sensitivity have raised
question about the viability of than therapeutic approach (Bevan et al.,
2014). However, few orally administered TRPV1 antagonists are still
being considered for clinical use.

Somewhat paradoxically, TRPV1 agonists also have analgesic
properties. Dilute (0.1%) capsaicin cream is available as an over-the-
counter pain reliever. A more concentrated (8%) capsaicin patch, marketed
as Qutenza, is approved for the treatment of postherpetic neuralgia in the
United States. Whereas moderate doses of capsaicin can lead to reversible
analgesia, intrathecal or intraganglionic injection of the ultrapotent TRPV1
activator RTX has been used to create permanent analgesia by destroying
the signaling potential of susceptible sensory neurons. Dramatic reductions
in pain behaviors after intrathecal treatment with RTX have been
demonstrated in multiple species, including dogs suffering from
debilitating pain due to osteosarcoma. Collectively, these data support the
exciting clinical trials under way exploring the benefits of RTX in patients
with intractable cancer pain (Moran, 2018).
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4.7.2. TRPV2

TRPV?2 is a calcium-permeable cation channel belonging to the TRPV
family. This channel is activated by heat more > 52°C, various ligands, and
mechanical stresses. In most of the cells, a large portion of TRPV?2 is
located in the endoplasmatic reticulum under unstimulated conditions.
Upon stimulation of the cells with PI-3-kinase-activating ligands, TRPV2
is translocated to the plasma membrane and functions as a cation channel.
Mechanical stress may also induce translocation of TRPV2 to the plasma
membrane. The expression of TRPV2 is high in same types of cells
including neurons, neuro-endocrine cells, immune cells involved in innate
immunity, and certain types of cancer cells. In turn TRPV2 may modulate
various cellular functions in these cells (Kojima, Nagasava, 2014). While
TRPV2 was initially characterized as a noxious heat sensor, later it was
found that TRPV2 can also act as a mechanosensor in embryonic neurons
or adult myenteric neurons. Combined, these results demonstrate that the
same channel can have many distinct functions depending on its location.
TRPV2 can also act as a lipid sensor; therefore further identification of
novel physiological roles for TRPV2 will be dependent on its pattern of
expression. Recently, some reports have indicated that TRPV?2 is involved
in the disease progression of bladder or prostate cancer. It was found that
there was a significant relationship between the over-expression of TRP
genes, including TRPV2, and the survival of patients with glioblastoma.
These results demonstrate that TRP channels contribute to the progression
and survival of glioblastoma patients (Shibasaki, 2016a).

It has just recently confirmed that TRPV2 is expressed in both neural
progenitor cells and glioblastoma stem/progenitor-like cells (GSCs). In
developing neurons, post-translational modifications of TRPV2 (e.g.,
phosphorylation by ERK2) are required to stimulate Ca?" signaling and
nerve growth factor (NGF)-mediated neurite outgrowth. TRPV2 over-
expression also promotes GSC differentiation and reduces glioma genesis
in vitro and in vivo. In glioblastoma, TRPV2 inhibits survival and
proliferation, and induces Fas/CD95-dependent apoptosis. Furthermore, by
proteomic analysis, the identification of a TRPV2 interactome-based
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signature and its relation to glioblastoma progression/recurrence, high or
low overall survival and drug resistance strongly suggest an important role
of the TRPV2 channel as a potential biomarker in glioblastoma prognosis
and therapy (Santoni, Amantini, 2019).

4.7.3. TRPV3

TRPV3 is the Ca?*-permeable nonselective cation channel widely
expressed in skin keratinocytes as well as oral and nasal epithelia. TRPV3
is activated by innocuous warm as well as noxious hot temperature.
Activation of TRPV3 in skin keratinocytes causes release of multiple
substances, which in turn regulate diverse functions including skin barrier
formation, hair growth, wound healing, temperature sensing, and itch and
pain perceptions. While several natural and synthetic ligands have been
described for TRPV3, only one of them, farnesyl pyrophosphate (FPP), is
naturally produced in animal cells. Together wide the use of genetic mouse
models, application of these compounds have revealed not only the
physiological functions but also regulatory mechanisms of TRPV3 channel
by extracellular Ca?*, Mg?* and protons as well as intracellular Ca?'-
calmodulin, ATP, PI-4,5- bisphospate, polyunsaturated fatty acids, and
Mg?*. Gain-of-functions genetic mutations of TRPV3 in rodents and
humans have been instrumental in unveiling the critical role of this channel
in skin health and disease. Although being less studied as compared as to
its closed relatives, TRPV1 and TRPV3 have turned out to be a very
important channel for skin health. A property balanced function of TRPV3
appears to be critical for skin barrier formation, hair growth, wound
healing, keratinocyte mutation, and cutaneous pain, itch, and temperature
sensation. Naturally, occurring genetic mutations with augmented TRPV3
function they lead to hair less, skin inflammation, severe itchiness and
dermatitis, suggesting a potential use of TRPV3 blockers in the treatment
of skin disease (Yang, Zhu, 2014).

The cryo-EM structures of the human TRPV3 channel in multiple
conformational states provide a glimpse of putative gating intermediates.
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The apo-structure of TRPV3, despite being closely related to other thermo-
TRPV channels, shows a number of unique features. Most notably, in
contrast to the selectivity filters (SFs) of TRPV1 and TRPV2, which are
occluded by side chains of hydrophobic residues, the SF of TRPV3 is lined
with backbone carbonyl groups and is wide enough to permeate partially
dehydrated cations. Interestingly, the SF remains mostly unchanged in all
the conformational states captured, which suggests that the SF in TRPV3
does not act as a gate, in contrast to TRPV1 and TRPV2 (Zubcevic et al.,
2018).

TRPV3 is activated by innocuous temperature, with the threshold for
channel opening at 31-39°C, and activity is retained over temperatures
extending into the noxious range. Chemical agonists include spice extracts
(such as camphor and carvacrol), synthetic agents (including 2-
aminoethoxy diphenylborate, 2-APB) and endogenous ligand FPP.
Repeated exposure to heat or chemical agonists leads to sensitization of the
receptor, through hysteresis of gating, while co-application of diverse
stimuli, such as heat and chemical is synergistic. To date information from
preclinical data utilizing structurally diverse TRPV3 antagonists do
provide some support that blockade of this channel may provide analgesia
in chronic pain states (Broad et al., 2016).

With respect to skin physiology and pathophysiology, probably
TRPV3 is the most important TRPV channel (Figure 11). Cutaneous
keratinocytes are one of the key cell types of the skin orchestrating a
plethora of functions. No wonder therefore that TRPV3 which is highly
expressed by these cells is suggested to be involved in numerous cutaneous
regulatory mechanisms and phenomena such as the formation and
maintenance of the physical-chemical skin barrier, hair growth, growth
and survival of inter-follicular skin cell populations, cutaneous
inflammation and pain, and pruriceptive itch as well (Nilius, Biro, 2014).

The introduced experimental data as well as the mutant human and
mouse phenotypes strongly suggest that TRPV3 antagonists might be
useful tools in the management of a wide array of skin diseases, e.g., some
dermatoses in which the beneficial effects of inhibiting TRPV3 activity
could be predicted (Nilius, Biro, 2014). For example, multiple ‘gain-of-
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function” mutations of TRPV3 were identified in Olmsted syndrome, the
first cutaneous TRP channelopathies. This rare geno-dermatosis is
characterized by the development of hyper-orthokeratosis and keratomas,
diffuse alopecia and extreme pruritus (Nilius ete al., 2014).

Botanical terpenoids, Irritative and thermal Receptor-coupled

Natural products challenges mechanisms

Activation/Sensitization of TRPV3
expressed by skin keratinocytes
Direct effects Indirect effects
via intracellular signaling in keratinooytes viarelease of intercellular messengers

¥ Inhibition of proliferation ¥ Induction of pain, itch, and
v" Induction of apoptosis thermal sensations (via

¥ Modulation of differentiation activation of sensory afferents)

¥" Inhibition of hair growth ¥ Induction of skin inflammation

v Regulation of formation and (via activation of skin cells of
maintenance of the cutaneous innate and adaptive immunity)
barrier

Figure 11. The central role of TRPV3 in the regulation of multiple cutaneous
functions. TRPV3, expressed by epidermal and hair follicle keratinocytes, can be
activated and/or sensitized by various exogenous agents (e.g., botanical terpenoids, a
hydroxyl acids), endogenous substances [e.g., 17(R)-resolvin D1, FPP], sensory heat
stimuli and intracellular signaling pathways. These stimuli induce a TRPV3- mediated
influx of Ca?* to the keratinocytes which, by initiating mostly unidentified downstream
mechanisms, results in dual effects, (i) as direct effects, and (ii) indirect effects
(reproduced from Nilius, Bird, 2014 with permission).

4.7.4. TRPV4

TRPV4 is a Ca?-permeable nonselective cation channel that is
activated by a disparate array of stimuli, ranging from hypotonicity to heat
and acid. This widely distributed TRPV4 channel participates in the
transduction of both physical (osmotic, mechanical, and heat) and chemical
(endogenous, plant-derived, and synthetic ligands) stimuli. Compared to
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the vast knowledge obtained about TRPV4 channel regulation, little is
known about the control of TRPV4 transcription. Progesterone receptor
mediates repression of TRPV4 transcription in epithelial and vascular
smooth muscle cells. Down-regulation of TRPV4 expression by micro-
RNA 203 in condylar cartilage of the temporo-mandibular joint and by
probiotic bacteria strains in the colon has also been reported. Inflammatory
signals such as interleukin 14 and interleukin 17 increase TRPV4 mRNA
levels in dorsal root ganglia (DRG) neurons, and nerve growth factor
(NGF) increases TRPV4 expression in the urothelium. Hypoxia/ischemia
increases TRPV4 expression and function in astrocytes and in pulmonary
arterial smooth muscle cells of mice exposed to chronic hypoxia-induced
pulmonary hypertension (see for review, Garcia-Elias et al., 2014; White et
al., 2016).

TRPV4 is now recognized as being a polymodal ionotropic receptor
that is activated by a disparate array of stimuli, ranging from hypotonicity
to heat and acidic pH. Importantly, this ion channel is constitutively
expressed and capable of spontaneous activity in the absence of agonist
stimulation, which suggests that it serves important physiological
functions, as does its widespread dissemination throughout the body and its
capacity to interact with other proteins. It has emerged more recently that
TRPV4 fulfills a great number of important physiological roles and that
various disease states are attributable to the absence, or abnormal
functioning of this ion channel (White et al., 2016).

Recently TRPV4 has been identified as an ion channel that is
modulated by, and opened by intracellular signaling cascades from other
receptors and signaling pathways. Although TRPV4 knockout mice show
relatively mild phenotypes, some mutations in TRPV4 cause severe
developmental abnormalities, such as the skeletal dysplasia and
arthropathy. Regulated TRPV4 function is also essential for healthy
cardiovascular system function as a potent agonist compromises
endothelial cell function, leading to vascular collapse. A better
understanding of the signaling mechanisms that modulate TRPV4 function
is necessary to understand its physiological roles. Post-translational
modification of TRPV4 by kinases and other signaling molecules can
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modulate TRPV4 opening in response to stimuli such as mechanical and
hypo-osmolarity and there is an emerging area of research implicating
TRPV4 as a transducer of these signals as opposed to a direct sensor of the
stimuli. Due to its wide expression profile, TRPV4 is implicated in
multiple pathophysiological states. TRPV4 contributes to the sensation of
pain due to hypo-osmotic stimuli and inflammatory mechanical
hyperalgesia, where TRPV4 sensitization by intracellular signaling leads to
pain behaviors in mice. In the vasculature, TRPV4 is a regulator of vessel
tone and is implicated in hypertension and diabetes due to endothelial
dysfunction. TRPV4 is a key regulator of epithelial and endothelial barrier
function and signaling to and opening of TRPV4 can disrupt these critical
protective barriers. In respiratory function, TRPV4 is involved in cystic
fibrosis, cilary beat frequency, broncho-constriction, chronic obstructive
pulmonary disease, pulmonary hypertension, acute lung injury, acute
respiratory distress syndrome and cough (Darby et al., 2016).

In addition to the unique nociceptor or pluriceptor functions of
TRPV4, this channel is an important regulator in brain activity. Mutations
of TRPV4 relate to many severe diseases such as scapula-peroneal spinal
muscular atrophy, Charcot-Marie-Tooth disease type 2C, and skeletal
dysplasias. Especially, most TRPV4 mutations cause peripheral
neuropathy. These results strongly indicate that TRPV4 is also an
important molecular target for cure of neuropathy (Shibasaki, 2016b).
Recent results from animal studies suggest that TRPV4 antagonism has
therapeutic potential in edema, pain, gastrointestinal disorders, and lung
diseases. A lack of observed side-effects in vivo has prompted a first-in-
human trial for a TRPV4 antagonist in healthy participants and stable heart
failure patients (Grace et al., 2017).

Finally, a growing body of studies showed that TRPV4 acted as a
crucial regulator in the progression of fibrosis including myocardial
fibrosis, cystic fibrosis, pulmonary fibrosis, hepatic fibrosis and pancreatic
fibrosis, suggesting TRPV4 may be a potential therapeutic vehicle in
fibrotic diseases. In particular, increasing evidence shows that TRPV4
modulated fibroblasts proliferation and differentiation to myofibroblasts by
integrating mechanical and soluble signals that are derived from
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extracellular matrix (ECM) stiffness and transforming growth factor beta 1
(TGF-p1). The regulation of obesity by TRPV4 seems to be a novel
mechanism underlying TRPV4 contribute to fibrosis (Zhan, Li, 2018).

4.7.5. TRPVS

TRPVS5 is one of the two channels in the TRPV family that exhibit
high selectively to Ca?* ions. TRPV5 mediates Ca?* reflux in to cells as the
first step to transport Ca?* across epithelia. The specialized distribution in
the distal tubule of the kidney positions TRPV5 is a key player in Ca?
reabsorption. The responsiveness in expression and/or activity of TRPV5
to hormones such as 1,25-dihidroxyvitamin Ds, parathyroid hormone,
estrogen, and testosterone wakes TRPV5 suitable for its role in the fine-
tuning of Ca?" reabsorption. This role is further optimized by the
modulation of TRPVS5 trafficking and activity via its binding partners; co-
expressed proteins, tubular factors such as carbindin-Dagk, calmodulin,
transmembrane protein klotho, uromodulin, and plasmin; extracellular and
intracellular factors such as H*, Mg?*, Ca?", PI-4,5-bisphospate, and fluid
flow. This regulation allows TRPV5 to adjust its overall activity in
response to the body’s demand for Ca?*, and to prevent kidney stone
formation. A point mutation in mouse Trpv5 gene leads to hyper-calciuria
similar to Trpv5 knockout mice, suggesting a possible role of TRPV5 in
hypercalciuric disorders in humans. In addition, the single nucleotide
polymorphisms in Trpv5 gene, prevalently present in African descents,
may contribute to the efficient renal Ca?* reabsorption among African
descendants. TRPV5 represents a potential therapeutic target for disorders
with altered Ca?* homeostasis (Na, Peng, 2014).

It is known that two TRPV subfamily channels, TRPV5 and TRPV6,
have evolved into highly selective ion channels that partake in the process
of epithelial calcium transport, contributing significantly to the
maintenance of human calcium homeostasis. Transcellular calcium active
transport is a regulated process involving three steps; apical entry of
calcium into epithelial cells via TRPV5 or TRPV6, immediate binding of
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calcium by calbindin-Dgx and calbindin-Dagx which transport calcium to
the basolateral membrane, and extrusion through the plasma membrane
calcium ATPases (PMCAL and PMCA4) and sodium-calcium exchanger
isoform 1. TRPV5 and TRPV6 are co-expressed in intestinal and renal
epithelia and are able to form hetero-tetrameric channels. TRPVS is the
main isoform in renal epithelia, whereas TRPV6 is the main isoform in the
intestines. Of note, TRPV5 expression is restricted to kidney while TRPV6
is more ubiquitously expressed (van Goor et al., 2017).

It was discovered early on that TRPV5 and TRPV6 channels exhibit a
rundown of activity during prolonged electrophysiological recordings. To
date, however, most patch-clamp studies of TRPV5/6 have been performed
in heterologous expression systems. It should be kept in mind that in the
conventional whole-cell recording configuration used for TRPV5/6
recording the ER stores will also most likely be depleted due to low
calcium and the presence of chelators in the internal solution. A way
around this would be to use a perforated patch, which however will prevent
the depletion of cytoplasmic calcium and reduce current amplitudes by
inactivation (Kozak, Rychkov, 2018).

A major difference between the properties of TRPV5 and TRPV6 lies
in their tissue distribution: TRPV5 is predominantly expressed in the distal
convoluted tubules and connecting tubules of the kidney, with limited
expression in extra-renal tissues. In contrast, TRPV6 exhibits a broader
expression pattern, showing prominent expression in the intestine with
additional expression in the kidney, placenta, epididymis, exocrine tissues
(i.e., pancreas, prostate, salivary gland, sweat gland), and a few other
tissues. Thus, while TRPV5 plays a key role in determining the level of
urinary Ca?* excretion, the physiological roles of TRPV6 are not limited to
intestinal Ca?* absorption (Peng et al., 2018).

4.7.6. TRPV6

The TRPV6 channel was first isolated from rat small intestine
followed by the identification of the human and mouse orthologues.
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TRPVG6 displays several specific features which makes it unique among the
members of the mammalian TrpV gene subfamily: (1) TRPV6 (and its
closest relative, TRPV5) are the only highly Ca?*-selective channels of the
entire TRP superfamily; (2) Translation of Trpv6 initiates at a non-AUG
codon, at ACG, located upstream of the annotated AUG, which is not used
for initiation. The ACG codon is nevertheless decoded by methionine. Not
only is a very rare event in eukaryotic biology, the full-length TRPV6
protein existing in vivo comprises an amino terminus extended by 40
amino acid residues compared to the annotated truncated TRPV6 protein
which has been used in most studies on TRPV6 channel activity so far; (3)
Only in humans a coupled polymorphism of Trpv6 exists causing three
amino acid exchanges and resulting in an ancestral Trpv6 haplotype and a
so-called derived Trpv6 haplotype. The ancestral haplotype is found in all
species, while the derived Trpv6 haplotype has only been identified in
humans, and its frequency increases with the distance to the African
continent. Apparently the Trpv6 gene has been a strong target for selection
in humans, and its derived variant is one of the few examples showing
consistently differences to the orthologues genes of other primates; (4) The
Trpvé gene expression is significantly upregulated in several human
malignancies including the most common cancers, prostate and breast
cancer; (5) Male mice lacking functional TRPV6 channels are hypo-
/infertile making TRPV6 one of the very few channels essential for male
fertility (Fecher-Trost et al., 2014, 2017).

Concerning the TRPV6 in cancer research, significant advances have
been made during last two decades as to the discovery of TRPV6 channel
expression in various cancer tissues. Among them are the cancers of the
epithelial origin such as of prostate, breast, pancreas, ovaries,
endometrium, testicule, colon, and lung. Though its role in cancer cell
survival, proliferation, and apoptosis resistance was already established
both in vitro and in vivo, much less was done in the studying of the
downstream pathways where TRPV6 channel is involved which are
restricted so far to the Ca®* — calmodulin — calcineurin — NFaT (calcium-
dependent nuclear factors in activated T cells) pathways. Despite the
discovery of the crucial role of TRPV6 in cancer cell proliferation and
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survival in vitro, no reliable tool to target TRPV6 channel in vivo has been
reported so far to be used as effective therapy against above cancers.
TRPV6 does represent a prospective target in cancer treatment because of
its involvement in cancer cell proliferation, metastasis development and
apoptosis inhibition. A number of TRPV6 inhibitors are already known
and are mentioned in targeting calcium signaling in cancer. However, only
some of them are specific and discriminative for the TRPV6 channel (e.qg.,
ruthenium red, 2-aminoethoxydiphenyl borate (2-APB), econazole and
miconazole, soricidin and others) (Fecher-Trost et al., 2017; Haustrate et
al., 2019).
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Chapter 5

THERMO-TRP CHANNELS

The perception of temperature is a major component of sensory
experience of animal and human organisms. Mammals evolved possessing
protective mechanisms that facilitated survival in both cold and hot
temperatures. A sensitive response of the nervous system to changes in
temperature is of predominant importance for homeotherms to maintain a
stable body core temperature. The central and periphery thermo-regulatory
systems contain sensory receptors/signal transducers, integrators, and
effector organs designed to regulate body temperature within a narrow
range (Tipton et al., 2008; Taylor, 2014).

Several TRP channels exhibit highly temperature-dependent gating
properties, which leads to steep changes in depolarizing current upon either
cooling or heating. Based on this characteristic feature, these so-called
‘thermo-TRPs’ have been widely studied with the aim to elucidate their
potential key role as thermo-sensors in the somatosensory system and to
understand the basis of their high thermal sensitivity (Tominaga, 2009;
Tsagareli, 2013, 2015; Voets, 2014).
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5.1. TRPS IN CENTRAL THERMOSENSATION

The hypothalamic preoptic area (POA) is a region comprising the
medial and lateral parts of the preoptic nucleus, the anterior hypothalamus,
and nearby regions of the septum. It is recognized as a pivotal region in the
central regulation of body temperature. Classic experiments have
demonstrated that lesioning the POA abolished the ability of laboratory
animals to mount proper thermoregulatory responses to changes in ambient
temperature (see for review, Boulant, 2000). In addition, local heating or
cooling of the POA induced the same physiologic thermoregulatory
responses occurring when the temperature of the entire animal was
increased or decreased, respectively (Conti, 2018).

A central role in POA thermoregulation is played by neurons known as
warm-sensitive (WSN) that are identified by electrophysiology for their
ability to increase firing rate with temperature above a certain thermal
coefficient (Tabarean et al., 2005). It has recently provided the first
evidence that at least some hypothalamic preoptic WSN have a functional
marker that explains their ability to sense temperature by TRPM2 channel
(Bartfai, 2016; Song et al., 2016).

Although TRP intrinsic thermo-sensitivity makes these channels in
principle attractive as possible candidates for sensing temperature centrally
and several have been reported to be expressed throughout the CNS, to
date only TRPM2 has been demonstrated to have such a role. This was
achieved by using calcium imaging based system to identify temperature-
sensitive neurons within primary POA cultures in response to increased
temperature that was up to 45°C for the initial screening. Very stringent
criteria for the magnitude of response were adopted followed by educated
selection and pharmacology to determine whether any TRP channel could
participate in these responses in POA neurons. In addition to the channels
known to respond to cold, TRPV1-3 and TRPM3 were discarded after
their agonists failed to show any effect. By contrast, sensitization or
activation of TRPM2 induced warm-sensitive currents (Conti, 2018).

The physiologic significance of TRPMZ2 in sensing central temperature
became evident when comparing the fever response of mice lacking this
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receptor (Trpm27) with their wild-type counterpart (Trpm2**) and
following chemogenic regulation of Trpm2 neurons. TRPM2, a channel
that in vivo can respond to temperature ranges from 33 to 47°C depending
on the cellular context, was activated in the POA at temperatures of 38°C
or higher and is proposed to be instrumental in limiting excessively high
fever. These findings suggest that activation of wild-type Trpm2 neurons in
a nonfever setting can induce hypothermia by increasing vasodilatation and
inhibiting thermo-genesis in the brown adipose tissue. Of importance, the
Trpm2 neurons shown to have these properties were excitatory and acted,
at least in part, by activating corticotrophin-releasing hormone neurons in
the hypothalamic para-ventricular nucleus (Conti, 2018).

brain
temperature

~—~ TRPM2

warmth-sensitive neuron
SN)

inhibition of
- vascular constriction
- thermogenesis
(BAT, skeletal muscle)
warmth cool - behavioral thermoregulation
sensor sensor *

TRPM2 : reduction in

body temperature
skin/vesceral temperature

Figure 12. Schematic model for body temperature regulation involving TRPM2.
Thermoregulation is driven by a neural network integrating thermal information via
TRPM2 at skin/visceral warmth sensors and warmth-sensitive neurons (WSNSs) in the
preoptic area (POA). Warm temperatures detected by skin/visceral warmth sensors and
WSNs promote heat dissipation by vascular dilation, inhibit thermogenesis in brown
adipose tissue (BAT) and skeletal muscle and inhibit behavioral thermoregulation
(seeking warmer place) thereby regulating whole body temperature (reproduced from
Kashio, Tominaga, 2017, with permission).
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As observed in WSNs of POA, heat-evoked responses in peripheral
neurons were sensitized by H.O-treatment, confirming the characteristics
of TRPM2 as a thermo-sensor (Kashio et al., 2012). The temperature
sensitivity of sensory neurons in the skin is responsible for detecting
ambient temperature, mediating autonomic/behavioral thermoregulation
(Morrison, Nakamura, 2011; Nakamura, Morrison, 2011). A thermal
preference test showed that TRPM2 KO mice preferred warmer
temperature in the innocuous temperature range (23 ~ 38°C) as compared
with wild type (WT) mice, suggesting the roles of TRPM2 as a warmth
sensor in skin to mediate behavioral thermoregulation (Figure 12) (Kashio,
Tominaga, 2017; Sefaris et al., 2018).

5.2. TRPs IN PERIPHERAL THERMAL SENSITIVITY

Like other somatosensory modalities, innocuous peripheral warmth
perception is mediated by a specialized subpopulation of cutaneous
sensory neurons. Briefly, warmth-sensitive neurons exhibit low-level
action potential firing at ‘normal’ skin temperatures (~ 29-32°C), but
progressively increase their firing rates with increasing temperatures above
this level. This response pattern makes warmth fibers more sensitive to
elevated temperature than heat nociceptors, which mediate pain sensation,
and tend to fire only at temperatures > 42-45°C. In addition, unlike heat
nociceptors, which continue to encode temperatures well above 50°C,
warmth-sensitive neurons typically, exhibit a plateau or even a reduction in
firing rate at temperatures > 45°C. A third distinguishing characteristic of
warmth-sensitive neurons is that, unlike some ‘polymodal’ heat-sensitive
nociceptors, the former are invariably insensitive to mechanic stimulation
of the skin (Jeon, Caterina, 2018).

To date, eleven thermo-sensitive TRP channels have been identified in
mammals (Table 1).

These channels belong to the TRPV, TRPM, TRPA, and TRPC
subfamilies, and their temperature thresholds for activation are in the range
of physiological temperatures, which we can discriminate. TRPV1 and
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TRPV2 are activated by elevated temperatures, whereas TRPM8 and
TRPAL are activated by cool and cold temperatures. TRPV3, TRPV4,
TRPMZ2, TRPM4, and TRPM5 are activated by warm temperatures.
TRPM3 was shown to be a sensor for noxious heat and TRPC5 was
identified as a candidate cold sensor. Thermo-TRP channels expressed in
sensory neurons and skin can act as ambient temperature sensors. Thermo-
TRP channels usually function as ‘multimodal receptors’ that respond to
various chemical and physical stimuli. Activation of these channels could
contribute to changes in intracellular Ca?" concentrations and control of
membrane potentials in many cell types, except TRPM4 and TRPMS5,
which are not permeable of divalent cations. On the other hand, thermo-
TRP channels are also expressed in tissues that are not exposed to dynamic
temperature changes, suggesting that these channels have other
physiological roles that are unrelated to sensation of temperature changes.
Finally, recent studies have characterized the mechanism of thermo-
sensing and the physiological role of thermo-TRPs in energy metabolism
(Uchida et al., 2017).

Thermal sensing TRP channels can be divided into two subtypes, cold
and heat receptors, based on response patterns. Cold sensitive thermo-TRP
channels are characterized by an increase in the probability of opening
with decreasing temperatures, while the heat receptors exhibit increased
opening probability with increasing temperatures. On the other hand,
response patterns of thermo-TRPs to thermal stimulations can be classified
into four groups, i.e., cold, cool, warm, and heat, although no clear
boundaries between cold and cool and between warm and heat have been
defined experimentally (Liu et al., 2017).

As stated above, the TRP superfamily can be grouped into seven
subfamilies based on structure and amino acid sequences with all TRP
channels consisting of three structural domains, i.e., the N-terminal,
transmembrane region, and the C-terminal (Figure 13). The transmembrane
region contains six transmembrane segments (S1- S6) with varying
degrees of sequence homology, and cation permeability (Venkatachalam,
Montell, 2007). Both the N- and C- terminal domains are located
intracellularly. The most distinctive segments are located on N-terminals,
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while the most conserved regions are found in the S6 domain, which is
presumably the most important region for channel gating. Though many
studies emphasize the importance of the N- and C-terminal domains of
thermo-TRPs for the thermal senses, it is impossible to include these
domains in the phylogeny-dependent selective analyses since these
sequences are too diverse across subfamilies to fit the minimal demands of
all models (Liu et al., 2017).

Table 1. Properties of thermo-TRP channels

(reproduced from Uchida et al., 2017)

Temperature Tissue A
threshold distribution Other Stimuli
Heat TRPV1 >42°C Sensory neuron, Capsaicin, proton, capsiate,
brain, skin gingerol, shogaol, allicin,
shanshool, camphor,
resiniferatoxin, vanillotoxin, 2-
APB, propofol, anandamide,
arachidonic acid metabolic
products (by lipoxygenases),
monoacylglycerol, NO,
extyracellular cation

TRPV2 > 52°C Sensory neuron, Probenecid, 2-APB, cannabidiol,
brain, spinal cord, mechanical stimulation
lung, liver, spleen,
colon, heart,
immunocyte

Warm TRPV3 >32°C Skin, sensory Campbhor, carvacrol, menthol,
neuron, brain, eugenol, thymol, 2-APB
spinal cord,
stomach, colon

TRPV4 > 27-41°C Skin, sensory 4a-PDD, bisandrographolide, citric
neuron, brain, acid, arachidonic acid metabolic
kidney, lung, inner | products (by epoxygenases),
ear, bladder anandamide, hypoosmolality,

mechanical stimulation

TRPM2 | >36°C Brain, (cyclic) ADPribose, B-NAD, H,0,,
immunocyte, intracellular Ca?*
pancreas etc.

TRPM3 | Warm-heat Brain, sensory Ca?* store depletion, pregnenolone
neuron, pancreas, sulfate, nifedipine, clotrimezole
eye

TRPM4 Warm Heart, liver, Intracellular Ca?*
immunocyte,
pancreas etc.

TRPM5 Warm Taste cell, Intracellular Ca?*
pancreas
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Temperature Tissue A
threshold distribution Other Stimuli
Cold TRPMS8 <27°C Sensory neuron Menthol, icilin, eucalyptol
TRPM5 | Cold Brain, sensory Ggp1-coupled receptors,
neuron, liver, diacylglycerol, GD**
heart, kidney
TRPA1 <17°C Sensory neuron, Allyl isothiocyanate, carvacrol,
inner cell cinnamaldehyde, allicin, dially
trisulfide, miogadial, miogatrial,
capsiate, acrolein, icilin
tetrahydrocannabinol, menthol (10-
100 uM), formalin, H,0,,
alkalization, intracellular Ca?*,
NSAIDs, propofol/isoflurane/
desflurane/
etomidate/octanol/hexanol etc.
2-APB 2-aminorthoxydiphenyl borate, NO nitric oxide, 4a-PDD 4a-phorbol-

didecanoate, ADPriibose adenosine diphosphate ribose, S-NAD [B-nicotinamide
adenine dinucleotide, H,O, hydrogen peroxide, NSAIDs non-steroidal anti-
inflammatory drugs

B. Positive selected sites of heat sensitive TRPs

S2 S3 S4 S5 Sé
P-loop

A. Positive selected sites of all thermo-TRPs

S1 S2 S3 S4 S5 S6 $1
P-loop
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Figure 13. Positive selected sites of thermo and heat sensitive TRPs. Blue spheres
represent positively selected sites which were numbered on the amino acid sequence of
human TRPV1 (reproduced from Liu et al., 2017 with permission).

Based on this classification, it is common to speak of four thermal
sensations (cold —10 to 15°C, cool 16-30°C, warm 31-42°C and hot 43—
60°C), whereby cold and hot are potentially noxious and/or painful (Figure
14).
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5.2.1. TREK Channels

The TWIK-related potassium channel (TREK) subfamily belongs to
the two-pore domain potassium channels family (K2P) and is comprised of
three members: TREK1, TREK2, and TRAAK (TWIK-related arachidonic
acid-activated potassium channel). These are background K* channels
characteristically modulated by several physical and chemical stimuli, such
as membrane stretch, pH, unsaturated fatty acids, general anesthetics, and
temperature. In general, TREK channels display very weak activity at
room temperature and normal pressure, even when over-expressed in
heterologous systems. However, their activity increases strongly when a
number of different stimuli are applied, including an increase in
temperature. From a physiological point of view, it is important to note that
at 37°C, all three members of the TREK subfamily respond to stimuli (pH,
membrane stretch, or arachidonic acid), much like they do at room
temperature. TREK channels may fulfill a dual role in the transmission of
thermal pain. Thus, their strong activation by noxious heat results in an
outward current that provokes membrane hyperpolarization and a reduction
of thermo-receptor firing, provoking heat-pain relief. Conversely,
inhibition of TREK channels by noxious cold should depolarize thermo-
receptors and increase their excitability, cooperating in the transduction of
noxious cold sensations (Lamas et al., 2019).

5.2.2. Heat-Sensitive TRP Channels

Four TRP subtypes are activated by an increase in temperature (Figure
14). Two of them respond to warm stimuli (TRPV4, warm > 27°C, and
TRPV3, warm > 34°C), and the other two to hot-painful stimuli (TRPV1,
hot > 43°C, and TRPV2, hot > 52°C).

TRPV1s are voltage- and temperature-dependent channels that display
outward rectification when expressed in human embryonic kidney (HEK)
cells and that are strongly enhanced by heating (to 48°C) and by capsaicin.
At room temperature, the current passing through these channels is
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negligible below 0 mV, but at 42°C the channel activates more or less
between — 100 and +50 mV. These cationic channels are ten times more
permeable to Ca?" than to Na* (PCa/PNa ~10) and are thought to be
sensors for noxious heat but not activated by innocuous heat. It is
interesting to note that inflammatory mediators like ATP and bradykinin
strongly reduce the threshold of TRPV1 activation (30°C) such that warm
temperatures become painful. TRPV1 is strongly expressed in small-
diameter sensory neurons of the DRG, trigeminal ganglion (TG), and
nodose ganglion (NG), but also in the hypothalamus, sites where they may
exert an important role in thermo-reception (Jeon, Caterina, 2018; Lamas
etal., 2019).

TRPV?2 is activated at extremely high temperatures (52°C), although it
is not affected by capsaicin and shows a PCa/PNa ~3. It is thought that the
temperatures that activate TRPV2 are more harmful than those that activate
TRPV1. These channels are strongly expressed by myelinated medium-
large diameter DRG neurons (Ao and Ap), as well as in the hypothalamus
and in the NG (Nedungadi et al., 2012).

TRPV3 channels are activated at warm, close to hot, temperatures
(around 34-39°C), generating currents with pronounced outward
rectification and a PCa/PNa ~ 12. They are capsaicin-insensitive channels
but stimulated by camphor, and they are thought to be involved in thermo-
sensation and thermal nociception. Indeed, it has been suggested that
TRPV3 channels contribute more to the speed with which mice select a
more comfortable temperature than to the choice of the value of the
temperature itself. Interestingly, it was proposed that TRPV3 channels
transmit thermal stimuli through skin keratinocytes, which in turn will
transmit this information to sensory endings. TRPV3 channels are
expressed in sensory DRG and NG neurons but also in the hypothalamus
and it co-localizes with TRPV1 in DRG neurons (Lamas et al., 2019).
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Activation by heating

TRPs

K2Ps

15°C

Figure 14. Distribution TRP and TWIK-related potassium (TREK) channels as a
function of their temperature threshold. Note that while TREK channels are activated
by increases in temperature (orange), TRP channels may also be activated by lowering
the temperature (blue) (reproduced from Lamas et al., 2019).

TRPV4 are cationic (PCa/PNa ~ 6) channels activated at even lower
warm temperatures (around 27°C), generating outwardly rectifying
currents and responding dynamically to temperature changes in the
physiological range. These channels were proposed to play a role in
thermosensation and thermo-regulation (Todaka et al., 2004). Similarly,
some behavioral studies reported a reduced response to temperature
changes in TRPV4 KO mice. TRPV4 channels are expressed in DRG, TG,
NG, and preoptic/anterior hypothalamic neurons (Lamas et al., 2019)
although in the hypothalamus they seem to be expressed in terminals rather
than in the soma, such that their role in body thermoregulation is unclear
(Wechselberger et al., 2006).

TRPM2 (> 35°C), TRPM3 (> 40°C), TRPM4 (> 15°C), and TRPM5
(> 15°C) are channels that can also be activated by warming (Figure 14),
yet they have received less attention, probably because it was initially
thought that they were not expressed by somatosensory neurons or
keratinocytes (Talavera et al., 2005). TRPM2 as a voltage-insensitive,
shows a PCa/PNa ~1, and activates at 35°C, (Tan, McNaughton, 2016).
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TRPM3 is expressed broadly, generating an outwardly rectifying current,
having a PCa/PNa between 0.1 and 10, and activating at > 40°C (Thiel et
al., 2017; Vriens et al., 2011). It is important to say that TRPM3 has been
described as part of a triad of TRPs, together with TRPV1 and TRPAL,
involved in the transduction of acute noxious heat in mice (Vandewauw et
al., 2018). The combined ablation of these channels (triple KO) was
necessary for the complete reduction of acute noxious sensing; single or
double KO combinations resulted in deficits in heat responsiveness, but
mice still conserved vigorous withdrawal responses to noxious heat
(Vandewauw et al., 2018).

The mechanism by which temperature modulates TRP channels is still
unclear, yet several hypotheses have been proposed: (1) changes in
temperature could produce a ligand that binds to a receptor and affects the
channel; (2) changes in temperature could produce a structural change in
the channel that provokes its opening; (3) temperature changes could affect
the structure of the membrane, causing changes in tension that would in
turn affect ion channels. Because capsaicin induces burning pain, it has
been hypothesized that both capsaicin and heat may use a common
mechanism to activate TRPV1 and produce pain. Both stimuli affect
excised patches, and in general, it is accepted that TRPV1 is directly
activated by noxious-heat, so that it can be considered a true heat sensor
(Lamas et al., 2019).

5.2.3. Cold-Sensitive TRP Channels

Two TRP channels are activated by decreases in temperature (Figure
14), TRPM8 (< 25°C) activates in the cool range while TRPAL (< 18°C)
senses cold-painful temperatures. Similarly, cool fibers (Ao and C) have
activation thresholds at about 30°C and cold fibers (C) have activation
thresholds < 20°C. Accordingly, two populations of TG neurons were
described in terms of their activation threshold when temperatures decrease
at 30 and 20°C for a low and high threshold, respectively. In general, cold
fibers fire continuously at normal skin temperatures and they increase their
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firing frequency when the skin is cooled down, or they shut down when the
skin is warmed. In addition, cold fibers can adapt to small decreases in
temperature (Lamas et al., 2019).

In a recent study, the cellular basis for noxious cold detection was
identified, implicating the TRP genes Pkd2, NompC, and Trpm in
regulating cold-evoked nociceptive behavioral responses. When challenged
with temperatures at and below 14°C, Drosophila larvae execute a full-
body contraction behavior along the head-to-tail axis. Optogenetic
activation and synaptic blockade analyses reveal class Il neurons of D.
melanogaster function as primary noxious cold nociceptors required for
cold-evoked contraction response. Moreover, in vivo Ca?* imaging
demonstrates class Il neurons are specifically activated by cold
stimulation (Himmel, Cox, 2017; Himmel et al., 2017; Turner et al., 2016).

TRPMB8 channels are voltage-dependent cationic channels that are
permeable to Na*, K*, Cs™, and Ca?* (PCa/PNa ~3). When expressed in
HEK cells and recorded in whole-cell configuration, they show a voltage-
dependent outwardly rectifying current that strongly increases upon
cooling from 30 to 15°C or through the application of menthol.
Importantly, both basal and cold-stimulated currents reverse around 0 mV
and were almost negligible below this potential. Cooling CHO cells
expressing TRPMS (in the range of 25 to 15°C) also induces an increase in
intracellular calcium. The effect of temperature is due to an increase in the
open probability and a shift in the conductance—voltage relationships along
the voltage axis. Similar results were obtained in inside-out macro-patch
recordings, although the stimulation occurred at lower temperatures,
suggesting that the integrity of the cell is important but not indispensable
(Voets et al., 2004). The role of this channel as a detector of painful cold
has been questioned in experiments on KO mice, but nevertheless, it is
accepted that it is an important cold sensor in vagal, TG, and especially
DRG afferents (Lolignier et al., 2016; Sefiaris et al., 2018). It was
predicted that cold transduction may require the activation and inhibition
of several different ion channels, such as TRP, TREK, and ENaC channels.
If this were the case, TRP channels would probably be more important in
the noxious-cold range, whereas TREK channels might participate more
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strongly in the cool range of temperatures. TRPMS is expressed in small-
diameter DRG and TG neurons, presumably thermo-receptors, yet it seems
not to co-localize with TRPV1 (Lamas et al., 2019).

TRPAL is activated by lower temperatures than TRPM8 (< 18°C), and
while it would be expected to be involved in cold nociception, this is not
that clear. TRPA1 generates an outward rectifying cationic current, both in
control conditions and when cold activated (about 10°C), with similar
permeability for Ca?* and Na* (PCa/PNa ~ 1). Cinnamaldehyde can
selectively activate currents through this channel in native DRG neurons,
as can bradykinin (when TRPAL co-expressed with bradykinin receptors),
strongly suggesting a role in sensing nociceptive stimuli. However, TRPAL
KO mice do not seem to have difficulties in sensing cold stimuli through
the skin, while the response of TRPM8 KO mice to cold is significantly
dampened. By contrast, about 50% of NG neurons in culture were
activated by cooling (< 24°C), mainly through TRPAL channel activation
(increase in [Ca];, depolarization, and action potential firing). Interestingly,
about 10% of the NG neurons responded to cold through a TRPA1- and
calcium independent pathway. TRPA1 often co-localizes with TRPV1, and
in fact, this could explain the paradoxical hot sensation experienced with
an extremely cold stimulus. Interestingly, most NG neurons sensitive to
cold are also sensitive to heat. TRPV1 is expressed in DRG and TG, while
TRPAL and TRPMS8 are not co-expressed in DRG neurons, but they are in
TG neurons. The data available, thus, suggest that TRPAL is the principal
ion channel involved in cold sensation in visceral NG neurons, while
TRPM8 would fulfill the same role in somatic neurons (Lamas et al.,
2019).

In the recent review Viana (2016) highlights the role of TRPAL as a
multipurpose sensor of harmful signals, including toxic bacterial products
and ultra violet light, and as a sensor of stress and tissue damage. Sensing
roles span beyond the peripheral nervous system to include major barrier
tissues: gut, skin and lung. Tissue injury, environmental irritants and
microbial pathogens are danger signals that can threaten the health of
organisms. These signals lead to the coordinated activation of the
nociceptive and the innate immune system to provide a homeostatic
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response trying to re-establish physiological conditions including tissue
repair. Activation of TRPAL participates in protective neuro-immune
interactions at multiple levels, sensing reactive oxygen species (ROS) and
bacterial products and triggering the release of neuropeptides (Viana,
2016).

The fact that TRPM8 can be activated by cooling in inside-out patches
suggests that the mechanism is membrane delimited, also arguing against
the participation of a second messenger pathway. Notwithstanding,
inhibition of phospholipase C strongly dampened the increase in calcium
provoked by cold stimuli in TRPM8-expressing CHO cells. Cooling
activates TRPM8-expressed channels by causing a shift in the voltage
dependence of activation to negative values, and the same mechanism is
responsible for the activation of TRPV1 by heat but not the activation of
TRPM2 (Lamas et al., 2019). It has been proposed that temperature
induces large rearrangements of the protein and thus, the existence of a
temperature-sensing domain or ‘temperature sensor’ in the structure of
TRPMB8 channels. Much like for TRPMS, inhibition of phospholipase C
strongly reduces the increase in calcium provoked by cold stimuli in
TRPAL-expressing CHO cells (Vandewauw et al., 2018).
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Chapter 6

TRP CHANNELS IN PHYSIOLOGICAL
NOCICEPTION AND PAIN

The nervous system detects and interprets a wide range of thermal and
mechanical stimuli, as well as environmental and endogenous chemical
irritants. When intense, these stimuli generate acute pain, and in the setting
of persistent injury, both peripheral and central nervous system
components of the pain transmission pathway exhibit tremendous
plasticity, enhancing pain signals and producing hyper-sensitivity. When
plasticity facilitates protective reflexes, it can be beneficial, but when the
changes persist, a chronic pain condition may result. Recent genetic,
electrophysiological and pharmacological studies are elucidated the
molecular mechanisms that underlie detection, coding, and modulation of
noxious stimuli that generate pain (Basbaum et al., 2009).

As we stated above the TRP channel superfamily is comprised of a
large group of cation-permeable channels, which display an extraordinary
diversity of roles in sensory signaling and are involved in plethora of
animal behaviors. These channels are activated through a wide variety of
mechanisms and participate in virtually every sensory modality. Although
the physiological functions of most TRP channels are not well known, their
wide distribution indicates that the biological roles and activation
mechanisms of these channels are very important for living bodies. For
instance, TRP channels are best recognized for their contributions to
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sensory transduction, response to temperature, nociceptive and itching
stimuli, touch, osmolarity, chemical substances such as pheromones or
odorants, and other stimuli from both within and outside the cell.

Analysis of TRP channel function and expression has validated the
existence of nociceptors as a specialized group of somatosensory neurons
devoted to the detection of noxious stimuli. These studies are also
providing insight into the coding logic of nociception and how
specification of nociceptor subtypes underlies behavioral discrimination of
noxious thermal, chemical, and mechanical stimuli (Julius, 2013). It is
interesting that several TRP channels exhibit sensitivity to substances
previously known to cause pain or pain-like sensations; these include
pungent natural compounds present in cinnamon oil, wintergreen oil, clove
oil, mustard oil, ginger oil, chili pepper, mint and which are menthol,
capsaicin, camphor, thymol, and others. This data clearly indicates that the
specific and selective inhibition of TRP channels can be used to relieve
pain and thus these channels represent promising targets for the
development of further generation of analgesic drugs (Benemei, Dussor,
2019; Dietrich, 2019; Geppetti et al., 2015; Hantute-Ghesquier et al., 2018;
Samanta et al., 2018; Vangeel, Voets, 2019).

Almost fifteen years ago in collaboration with Earl Carstens laboratory
from University of California at Davis, we started a study of agonists-
evoked activation of thermo-TRP channels using a battery of behavioral
tests. Firstly, we carried out experiments on thermal hyperalgesia and
mechanical allodynia induced by intradermal cinnamaldehyde and menthol
(Carstens et al., 2010; Klein et al., 2010; Tsagareli et al., 2010) and later
by allyl isothiocyanate (a main compound of mustard oil) in rats (Nozadze
et al., 2016a,b, 2019).

6.1. TRPA1 CHANNEL

A number of temperature-sensitive TRP ion channels have been
studied as nociceptors that respond to extreme temperatures and harmful
chemicals. Strong activation of these channels in the nervous system by

Complimentary Contributor Copy



TRP Channels in Physiological Nociception and Pain 81

their agonists (cinnamaldehyde, mustard oil, farnesyl thiosalicylic acid,
acrolein, 4-hydroxynonenal, formalin, and others) elicits pain. One
member of the TRP family, the ankyrin-repeat channel TRPAL is of
special interest for its functional diversity as a sensor of irritating and cell
damaging signals, and its important role in pain and itch and of many
different diseases (Nilius et al., 2012; Nozadze et al., 2019; Tsagareli et al.,
2019; Zheng, 2013).

6.1.1. Cinnamaldehyde-Induced Activation of TRPA1 Channel

Cinnamaldehyde (CA) is a pungent chemical from cinnamon that acts
as an agonist of the thermo-TRP ion channel TRPAL that was originally
reported to be activated by warm temperatures below 18°C (Story et al.,
2003). TRPAL is activated by several other irritant chemicals including
mustard oil (allyl isothiocyanate, AITC) (Bautista et al., 2006; Jordt et al.,
2004; McNamara et al., 2007) and is co-localized with TRPV1 in
polymodal nociceptors (Kobayashi et al., 2005; Story et al., 2003). Topical
application of CA or AITC elicits a burning sensation and heat
hyperalgesia in humans (Albin et al., 2008; Namer et al., 2005; Simons et
al., 2003) and enhances responses of rat spinal dorsal horn and trigeminal
subnucleus caudalis (Vc¢) neurons to noxious heat (Merrill et al., 2008;
Simons et al., 2004; Zanotto et al., 2008). The role of TRPALin cold pain
is more controversial, with discrepant reports that TRPA1 does (Karashima
et al., 2009; Story et al., 2003) or does not respond to intense cooling (Jordt
et al., 2004). Knockout mice lacking TRPA1 exhibit normal cold
sensitivity (Bautista et al., 2006), or partial (Kwan et al., 2006) or severe
(Karashima et al., 2009) deficits in cold pain sensitivity. In humans, topical
cutaneous application of CA induces cold hypo-algesia (Namer et al.,
2005) while epilingual CA induces brief cold hyper-algesia (Albin et al.,
2008). Neither agent affects rat spinal neuronal responses to cooling
(Merrill et al., 2008; Sawyer et al., 2009).

TRPAL1 was originally reported also to play a role in mechano-
transduction (Corey et al., 2004) and AITC induced mechanical allodynia
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in humans (Koltzenburg et al., 1992). Intraplantar injection of the TRPA1
agonist 4-hydroxynonenal reduced mechanical paw withdrawal thresholds
in mice (Trevisani et al., 2007) and blockade of TRPA1 by systemically or
locally administered antagonists reversed mechanical hyperalgesia in
inflammatory and nerve injury models in mice (Eid et al., 2008; Petrus et
al., 2007).
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Figure 15. CA-induced heat hyperalgesia and mechanical allodynia. (A): Normalized
mean thermal paw withdrawal latency vs. time following ipsilateral intraplantar
injection of vehicle (control) or CA at each indicated concentration. There was a
significant effect of CA concentration (repeated measures ANOVA, F3,28 = 3.1, p <
0.05) with the 20% CA group significantly different from vehicle and 5% CA groups
(LSD; p < 0.05 for both). BL.: pre-injection baseline. Error bars: SEM (n = 8). (B): As
in (A) for paw contralateral to CA injection. There was a significant effect of CA
concentration (F3,28 = 3.13, p < 0.05) with the 20% group significantly different from
vehicle and 5% groups (LSD; p < 0.05 for both). (C): As in (A) for von Frey
mechanically-evoked withdrawal of the injected paw. There was a significant effect of
CA concentration (F3,28 = 4.4, p < 0.05) with 5%, 10% and 20% CA all different from
vehicle but not from each other. (D): As in (C) for contralateral paw. There was no
significant effect of CA concentration (F3,28 = 0.14, p > 0.5), (Reproduced from
Tsagareli et al., 2010).

Complimentary Contributor Copy



TRP Channels in Physiological Nociception and Pain 83

Our obtained data showed that CA resulted in a significant, dose-
dependent reduction in ipsilateral thermal paw withdrawal latency. Figure
15(A) shows mean withdrawal latencies of the injected paw vs. time
relative to injection of vehicle or CA at each concentration tested. There
was a dose-dependent reduction in latency, with the 20% CA concentration
significantly different from vehicle and 5% CA treatments. The highest
dose resulted in a mean reduction to 61.7% of pre-injection baseline by 30
min with partial recovery at 120 min. For the contralateral paw (Figure
15B), there was an overall significant effect of treatment with the 20%
group being significantly different from saline and 5% CA treatments.
Mechanically evoked withdrawal thresholds are plotted vs. time for the
treated paw in Figure 15(C). At each CA concentration thresholds were
significantly different from vehicle, but not from each other, indicating that
a maximal reduction in withdrawal threshold (to 44.4% of baseline) was
achieved at the lowest (5%) concentration of CA. Mean withdrawal
thresholds for the contralateral paw were not significantly affected at any
CA concentration (Figure 15D).

In the 30°C vs. 15°C thermal preference test, rats treated with the
highest CA concentration exhibited a small but significant avoidance of the
colder plate, spending a significantly (p < 0.001, paired t-test) greater
percentage of time on the warmer 30°C plate (83.3 + 6.9% SEM). Almost
the same difference is for vehicle-treated rats compared to the 30°C (76.5 =
7.1%) plate vs. 15°C plate (Figure 16).

When tested on the —5°C cold plate test (3 min post-treatment), there
was no significant difference in latency between groups treated with the
highest concentration of CA compared to vehicle (26.0 £ 5.3 s vs. 24.9 +
2.24 s; p > 0.05, n = 8) (data not shown). In the 0°C cold plate test, CA
treatment resulted in a significant concentration- and time-dependent
decrease in latency indicative of cold hyperalgesia (Figure 17A). The mean
latency was significantly different between 5% CA and 10% or 20% CA
treatment groups at the initial (3-min) time point (p < 0.05, repeated
measures ANOVA). When tested on the +5°C cold plate, many animals
did not display nocifensive behavior up to the 150 s cutoff time consistent
with a previous report. CA treatment resulted in a significant reduction in
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latency (Figure 17B) with no significant effect of CA concentration over
time, indicating that a maximal effect was achieved at the lowest CA
concentration.
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Figure 16. Experimental and control groups of rats injected with CA show a significant
avoidance of the colder plate.

140 - B 140

>

0°C Cold Plate +5°C Cold Plate
120 120
g g
H 100 4 £ 100 [ — —n
2
L ST
o= 81 a £ 80
EQ EQ
38 60 328 w0
xe =
R = ®
27 a0+ 3 40 ~m=Vehicle
E s ~8=CA5%
20 4 20 e CA 10%
——CA20% —=CA20%
0 0
0 60 120 0 60 120
Time Post-CA (min) Time Post-CA (min)

Figure 17. Intraplantar CA decreases cold plate latency. Graphs plot normalized mean
latencies (error bars: SEM; n = 8) to lick hindpaw or jump after being placed on a 0°C
(A) or +5°C (B) cold plate surface over a 2 h period of time. (A): The mean latency
was significantly different between 5% CA vs. 10% or 20% CA treatment groups at the
first (3-min) time point (repeated measures ANOVA, p < 0.05). (B): There was a
significant reduction in latency for each CA treatment group with no significant effect
of CA concentration over time (reproduced from Tsagareli et al., 2010).

Complimentary Contributor Copy



TRP Channels in Physiological Nociception and Pain 85

The presented data provide a comprehensive view of effects of
intraplantar CA on thermal (hot and cold) and mechanical sensitivity. CA
induced a dose-dependent heat hyperalgesia lasting > 2 h at the highest
dose, mechanical allodynia, and cold hyperalgesia. CA enhancement of
heat sensitivity is consistent with previous studies. Topical application of
CA (795mM) to human forearm skin evoked burning pain and heat
hyperalgesia (Namer et al., 2005). Epilingual CA (16mM) produced brief
heat hyperalgesia (Albin et al., 2008). CA enhanced responses of spinal
(Merrill et al., 2008) and V¢ neurons to noxious heat (Zanotto et al., 2008).
These and the present findings are consistent with a role for TRPAL in heat
pain and heat hyperalgesia.

The dose-dependent increase in magnitude and duration of heat
hyperalgesia induced by CA was similar to that induced by intraplantar
capsaicin (1-30 ug dose range) in rats using the same method (Gilchrist et
al., 1996). Since TRPAL is co-expressed in sensory neurons that express
TRPV1 (Kobayashi et al., 2005; Story et al., 2003), heat hyperalgesia
induced by CA might involve its activation of intradermal nociceptor nerve
endings to engage an intracellular mechanism leading to enhanced heat
sensitivity of TRPV1. Alternatively, CA may cause intradermal release of
inflammatory mediators that lower the heat threshold of TRPV1 (Chuang
et al., 2001; Sugiura et al., 2002). CA at the highest concentration may
have also triggered central sensitization, leading to the observed reduction
in withdrawal latency for the contralateral paw (Figure 15B). Consistent
with this, topical application of AITC (TRPAL agonist) to the lateral
hindlimb significantly reduced the tail flick latency in rats in a manner
dependent on the integrity of the rostral ventro-medial medulla
(Heinricher, Fields, 2013; Ren, Dubner, 2009; Urban et al., 1999).

CA significantly lowered nocifensive response latencies in the 0°C and
+5°C cold plate tests, which we interpret as cold hyperalgesia (Figure 17).
The lack of effect of CA in the —5°C cold plate test may reflect a floor
effect, since the response latency at this temperature was maximal and thus
could not be reduced further by CA. CA also weakly but significantly
increased cold avoidance in the thermal preference test. The latter may
reflect cold allodynia, on the assumption that the 15°C surface is hormally
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innocuous but became painful following CA treatment. Cold avoidance
progressively increases as the temperature decreases from 25°C to 0°C,
and it is possible that following CA treatment the 15°C surface was
perceived to be colder and hence aversive but not necessarily painful.

In humans, CA on forearm skin induced cold hypo-algesia (Namer et
al., 2005), whereas epilingual CA or AITC briefly enhanced cold pain
(Albin et al., 2008). Lingual application of CA significantly enhanced
cold-evoked responses of superficial V¢ neurons in rats (Zanotto et al.,
2008) but did not affect responses of lumbar spinal wide dynamic range
(WDR)-type neurons to skin cooling (Merrill et al., 2008). These
discrepancies regarding the effects of CA on cold pain perception and
neuronal responses may partly involve the route of delivery and
accessibility of CA to intradermal nociceptors. In the present study,
intradermal injection of CA allowed for a direct access to nociceptive
nerve endings to result in significant cold hyperalgesia and enhancement of
cold avoidance.

The prolonged enhancement of mechano-sensitivity (i.e., allodynia)
following CA (Figure 15C) is consistent with previous studies showing a
prolonged decrease in mechanical withdrawal threshold in mice following
intraplantar injection of 4-Hydroxynonenal, a TRPAL agonist (Trevisani et
al., 2007), and with allodynia induced in human skin by topical application
of AITC (Koltzenburg et al., 1992). A role for TRPAL in mechanical
allodynia is further supported by reports that TRPAL antagonists
attenuated inflammation- or nerve injury-induced decreases in mechanical
paw withdrawal thresholds in mice (Eid et al., 2008; Petrus et al., 2007)
and decrease mechanically evoked responses in C fibers in mice (Kerstein
et al., 2009). However, these behavioral data are inconsistent with our
electrophysiological data showing that neither CA nor AITC had any
significant effect on mechanical sensitivity of spinal WDR neurons
(Merrill et al., 2008). Similarly, only 1 of 9 subjects experienced
mechanical allodynia following application of 10% CA to forearm skin
(Namer et al., 2005). The mismatch between our behavioral observation of
a CA-induced increase in mechano-sensitivity and lack of CA effect on
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neuronal mechano-sensitivity (Merrill et al., 2008) may involve the route
of administration as noted earlier.

In conclusion, these data are consistent with roles for TRPAL in
thermal (hot and cold) hyperalgesia and mechanical allodynia (Carstens et
al., 2010; Tsagareli et al., 2010).

6.1.2. Mustard Oil-Induced Activation of TRPA1 Channel

Allyl isothiocyanate (AITC) is the organo-sulfur compound that is
responsible for the pungent taste of mustard, horseradish, and wasabi. This
pungency and the lachrymatory effects of AITC are mediated through the
thermo-sensitive TRPA1 and TRPV1 ion channels. AITC from mustard
and allicin from garlic are the archetypal dietary TRPAL activators
(Laursen et al., 2015; Nilius, Appendino, 2013; Nilius et al., 2012).

In our experiments injections of AITC in rats’ hindpaw resulted in a
significant dose dependent reduction in the ipsilateral thermal paw
withdrawal latency. Figure 18A shows the mean withdrawal latencies of
the injected paw vs. time relative to injection of vehicle or AITC at each
concentration tested. There was a dose-dependent reduction in the latency,
with the 15% AITC concentration being significantly different from
vehicle and 5% AITC treatments. The highest dose resulted in a mean
reduction to 73.7% of the pre-injection baseline value by 30 min. For the
contralateral paw, there was an overall significant effect of treatment, with
the 15% group being significantly different from the vehicle group (Figure
18B).

Mechanically evoked withdrawal thresholds were plotted vs. time for
the treated paw in Figure 18C. At each AITC concentration, with partial
recovery at 120 min, the thresholds were significantly different from those
with vehicle, but not from each other. The mean withdrawal thresholds for
the contralateral paw were not affected significantly at any AITC
concentration (Figure 18D).

Two-temperature preference test showed that on 30°C vs. 15°C plates,
rats treated with higher (10% and 15%) concentrations of AITC exhibited a
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significant preference for the colder (15°C) plate (P < 0.05 and P < 0.01,
respectively) compared with vehicle-treated and 5% concentration-treated
rats (Figure 19) — that is, the animals significantly avoided the warmer
(30°C) plate.
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Figure 18. (A) Thermal paw withdrawal latency versus time following ipsilateral
intraplantar injection of vehicle (control) and AITC at each of the indicated
concentrations. There was a significant effect of all concentrations of AITC compared
with vehicle (P < 0.001). (B) As in (A) for the paw contralateral to AITC injection.
There were no significant effects of any AITC concentration compared with vehicle.
(C) As in (A) for Von Frey mechanically evoked withdrawal of the injected paw.
There were significant effects of all AITC concentrations relative to vehicle (P <
0.001). (D) As in (C) for the contralateral paw, without a significant effect of any
AITC concentration. N = 6/group. AITC, allyl isothiocyanate; BL, pre-injection
baseline (adapted from Nozadze et al., 2016b).
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Figure 19. Biphasic effects of AITC on thermal preference. The figure shows the % of
time for which rats stood on 30 vs.15°C plates; n = 6/group. At high (10 and 15%)
AITC concentrations, the rats spent significantly more time on the 15°C plate (light
gray bars) compared with the 30°C plate (dark gray bars; P < 0.05 and < 0.01,
respectively), indicating cold hypo-sensitivity. At the lower (5% and vehicle)
concentration, rats spent significantly more time on the 30°C plate (P < 0.001),
indicating cold hyper-sensitivity. "P < 0.05; P < 0.01; ™P < 0.001 (adapted from
Nozadze et al., 2016b).

Bilateral intraplantar injection of AITC induced a significant reduction
in cold plate latency compared with the vehicle control, which we interpret
as a cold hyperalgesia. However, there were no antinociceptive effects on
latency at the +5, 0 and —5°C temperatures. In the —5°C cold plate test,
AITC treatment resulted in a highly significant difference between the
vehicle-treated (mineral oil) and AITC-treated groups (P < 0.001) (Figure
20). Note that a vehicle solution shows some protective effects against cold
temperatures, especially against —5°C in the mineral oil control group,
compared with AITC injections (Figure 20C).

The presented data provide a detailed view of the effects of intraplantar
injections of AITC on thermal and mechanical sensitivities. These
influences induced heat hyperalgesia and mechanical allodynia lasting
more than 2 h. The AITC-induced enhancement of heat sensitivity is
consistent with the findings of our previous studies with CA injections in
rats (Carstens et al., 2010; Tsagareli et al., 2010; Tsagareli, 2011) and on
applications of this agent in human participants. In particular, AITC, and
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Figure 20. Intraplantar AITC injections produce dose-dependent cold hyperalgesia at
temperatures of (a) +5°C, (b) 0°C and (c) —5°C, respectively. The figure shows a
change in cold plate latency (% of pre-AITC baseline) vs. time after topical AITC
application at the concentrations indicated; n = 12/group. Note that the effect of AITC
is maximal at the first time point (5 min), as AITC diffuses readily through the skin
(adapted from Nozadze et al., 2016b).

CA enhanced lingual heat pain elicited by a 49°C stimulus. At the same
time AITC and CA weakly enhanced lingual cold pain (9.5°C), whereas
capsaicin had no effect (Albin et al., 2008). Other investigators found that
topical application of AITC produces neurogenic inflammation and,
concurrently, heat and mechanical hyperalgesia, presumably through a
centrally mediated sensitization process, and that these effects are TRPA1-
mediated (Bandell et al., 2004; Macpherson et al., 2005; Bautista et al.,
2006; Kwan et al., 2006; Belmonte, Viana, 2008; Braz, Basbaum, 2010).
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Dose-dependent increases in the magnitude and duration of heat
hyperalgesia induced by AITC and CA were similar to those induced by
intraplantar capsaicin. As TRPAL1 is co-expressed in sensory neurons
expressing TRPV1 (Kobayashi et al., 2005), heat hyperalgesia induced by
AITC and CA might involve activation of these receptors (sensory
intradermal terminals of nociceptor nerve endings) through an intracellular
mechanism, leading to enhanced heat sensitivity of TRPV1.

The finding of long-lasting enhancement of mechano-sensitivity (i.e.,
allodynia) following CA and AITC applications (Figures 15C and 18C) is
consistent with previous studies that showed a prolonged decrease in the
threshold for mechanical withdrawal in mice following intraplantar
injection of a TRPAL agonist, bradykinin (Chuang et al., 2001; Sugiura et
al., 2002), and with studies showing the induction of allodynia in human
skin by topical application of AITC (Albin et al., 2008). The role of
TRPAL in mechanical allodynia is further supported by reports that a
TRPAL antagonist, 4-hydroxynonenal, attenuated inflammation-induced or
nerve injury induced decreases in mechanical paw withdrawal thresholds
and decreased mechanically evoked responses in C-fibers in mice
(Trevisani et al., 2007). In addition, AITC and CA were shown to induce
mechanical allodynia in humans (Koltzenburg et al., 1992). However,
TRPAL, as a ligand-gated ion channel in sensory neurons, was initially
reported to be activated by cold temperatures, below 18°C (Namer et al.,
2005; Albin et al., 2008; Caterina, 2007), although this opinion has been
disputed (Jordt et al., 2004; Belmonte, Viana, 2008). TRPALl-knockout
mice exhibited either normal cold sensitivity (Belmonte, Viana, 2008) or
mild (Albin et al., 2008) or severe deficits (Namer et al., 2005) in cold
sensitivity in human participants.

It has been recently shown that TRPAL channels in the skin contribute
to sustained and noxious mechanical stimulus evoked postoperative
pain, whereas spinal TRPAL channels contribute predominantly to
innocuous mechanical stimulus-evoked postoperative pain (Pertovaara,
Koivisto, 2011; Wei et al., 2012). Furthermore, spinal TRPAL receptors
are responsible for central pain hypersensitivity under various
pathophysiological conditions, such as inflammatory and neuropathic pain
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(Eid et al., 2008; Kerstein et al., 2009; Wei et al., 2011). However, our
previous behavioral data support the role of TRPAL receptors in cold
detection, as intraplantar injection of CA in rats resulted in enhanced
avoidance of a cold surface (temperature preference test) and significantly
lowered the withdrawal threshold at 0°C and +5°C (cold plate test), which
are phenomena indicative of cold hyperalgesia (Carstens et al., 2010;
Tsagareli et al., 2010; Tsagareli, 2011). Here, in the cold plate test, we
revealed cold hyperalgesia in the AITC-treated group and did not observe
any antinociceptive effects. These results are consistent with the possibility
that TRPAL agonists can enhance cold-evoked gating of TRPA1 channels
to increase their cold sensitivity (Story et al., 2003; Karashima et al.,
2009).

In conclusions, TRPAL, being a warm sensor, when it is stimulated by
various agonists (e.g., AITC, CA, etc.), the resultant sensation is burning
pain rather than cold. However, the role of TRPAL in cold reception and
cold pain sensitivity remains controversial. Our recent data support the role
of TRPAL in cold detection, as the TRPA1 agonist CA enhanced cold
sensitivity in two behavioral assays. TRPAL is undoubtedly involved in
pain, and TRPAL agonists enhance sensitivity to heat pain, possibly by
indirectly modulating TRPV1 co-expressed with TRPAL in nociceptors
(Nozadze et al., 2016a, b; Nozadze et al., 2019).

6.2. TRPV1 CHANNEL

TRPV1 is activated by pungent Capsicum spices that produce as active
components capsaicinoids. Capsaicinoids are the amides of a phenolic
amine (vanillamine) with medium-sized, mostly branched, fatty acids.
Over 12 major capsaicinoids have been characterized from chili pepper, the
most abundant one being capsaicin (Nilius, Appendino, 2011).

Exposure to the skin capsaicin evokes a painful burning sensation
through the vanilloid TRPV1 receptor, which is also activated by noxious
thermal stimuli above 43°C or by an acidic environment of pH 5.4
(Caterina, 2007; Tominaga, 2009). In addition to its sensitivity to various
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pain inducing stimuli such as capsaicin, heat, and protons, the TRPV1 ion
channel has many features that a receptor related to nociception is
supposed to have, such as its preferential distribution in the CNS within
small-sized to medium-sized spinal dorsal root and trigeminal ganglia
neurons, which are believed to serve as nociceptive nerve cells (Carstens et
al., 2010). Although TRPV1 was shown to be activated by noxious heat,
studies in TRPV1-knockout mice have revealed intact or partly reduced
heat sensitivity (Caterina et al., 2000; Davis et al., 2000; Zimmermann et
al., 2005). This suggests that TRPV1 cannot alone be responsible for heat
nociception in the 42 — 52°C temperature range, and this also applies to all
other heat-activated ion channels as far as knockout mice phenotypes are
concerned (Hoffmann et al., 2013).

In this study, we examined by behavioral tests whether capsaicin affect
sensitivity to thermal and mechanical stimuli in male rats. We further
hypothesized that intraplantar injection of various doses of capsaicin would
induce hyper- or hypo-sensitivities to 30 and 15°C temperatures (thermal
preference test) and to +5, 0, and —5°C temperatures (cold plate test).

The hindpaw-injected capsaicin yielded a decrease in the withdrawal
latency (Figure 21A). The 0.1, 0.2, 0.3, and 0.4% capsaicin-treated groups
were all significantly different from the vehicle-treated group (P < 0.001),
but not from each other. There were some mirror-image effects on the
contralateral hindpaw, which were not significantly different among all
concentrations, but were significantly different compared with the vehicle
group (P < 0.01) (Figure 21B).

The von Frey mechanical pressure test showed that for the ipsilateral
(treated) hindpaw, the 0.1 — 0.4% capsaicin groups were significantly
different from the vehicle group (indicating allodynia, Figure 21C), but not
from each other. For the contralateral hindpaw, there were some mirror-
image effects, especially for the 0.4% capsaicin concentration (P < 0.01)
(Figure 21D).

The two-temperature preference test revealed that on 30 vs. 15°C
plates, rats treated with a relatively high (0.3%) concentration exhibited
significant preference for the colder (15°C) plate compared with vehicle-
treated rats (P < 0.001) — that is, the animals significantly avoided the
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warmer (30°C) plate (Figure 22). Another group of rats treated with the
highest (0.4%) concentration demonstrated an opposite effect, similar to
the effect on the control group — that is, a significant preference for the
warmer (30°C) plate (P < 0.001). Two groups of rats treated with lower
(0.1 and 0.2%) concentrations of capsaicin exhibited no significant
preference for the warmer or colder plate, although the lowest (0.1%)
concentration produced a strong preference for the colder (15°C) plate,
compared with vehicle treated rats, and this difference across treatments
(vehicle vs. 0.1% group to 15°C plate) was significant (P < 0.05) (Figure
22).
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Figure 21. (A) Thermal paw withdrawal latency vs. time after ipsilateral intraplantar
injection of vehicle (control) and capsaicin at each concentration indicated. There was
a significant effect of all concentrations of capsaicin relative to vehicle (P < 0.001). (B)
as in (A) for the paw contralateral to AITC injection. (C) as in (A) for Von Frey
mechanically evoked withdrawal of the injected paw. There was a significant effect of
all capsaicin concentrations relative to vehicle (P < 0.001). (D) as in (C) for the
contralateral paw. Note there are some mirror effects for paw withdrawal latency (B)
and for mechanical threshold latency (D) (P < 0.01). N = 6/group. BL, pre-injection
baseline (adapted from Nozadze et al., 2016b).
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We found almost similar results for capsaicin injections (Figure 23)
and AITC injections (Figure 20) with the cold plate test, except at —=5°C, at
which the difference between the vehicle-treated (tween + saline) and
capsaicin-treated groups was less significant (Figure 23C) than with AITC
injections (Figure 20C).
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Figure 22. Biphasic effects of capsaicin on thermal preference. The figure shows the %
of time for which rats stood on the 30°C vs. 15°C plate; n =12/group. At a higher
(0.3%) capsaicin concentration, rats spent significantly more time on the 15°C plate
(light gray bars) compared with the 30°C plate (dark gray bars; P < 0.001), indicating
cold hypo-sensitivity. However, at the highest (0.4%) capsaicin concentration, rats
spent significantly more time on the 30°C plate (dark gray bars) compared with the
15°C plate (light gray bars; P < 0.01), indicating cold hypersensitivity. At the lower
(0.1%, and 0.2%) concentrations, there were no significant differences between the
warm (30°C, dark gray bars) and cold (15°C, light gray bars) plates. *P < 0.05; ™P <
0.01; ™P < 0.001 (adapted from Nozadze et al., 2016b).

The obtained data showed that intraplantar capsaicin dose-depending
increased the magnitude and duration of heat hyperalgesia. Capsaicin at
higher concentrations may also trigger central sensitization, leading to the
observed reduction in the withdrawal latency for the contralateral paw
(Figure 21B and D). With regard to capsaicin-induced effects in human
experiments, application of capsaicin on the tongue significantly enhanced
heat pain but not cold pain (Albin et al., 2008). This finding is consistent
with prior psychophysical studies showing that intradermal capsaicin
enhanced the heat pain intensity within a small region around the injection
site for up to 2 h (LaMotte et al., 1991, 1992; Torebjork et al., 1992). The
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TRPV1 channels that are sensitive to capsaicin respond to temperatures
above the pain threshold (Caterina, 2007). The results presented might thus
be explained by a capsaicin-induced enhancement of thermal gating of
TRPV1 expressed in polymodal nociceptors mediating thermal pain
sensation (Carstens et al., 2007; Albin et al., 2008). However, we do not
exclude the possibility that, in the two-temperature preference tests, the
rats prefer the cool side because they are seeking alleviation of the
‘burning’ pain (De Felice et al., 2013; Navratilova et al., 2012, 2013) that
can be specified on the modulation of TRPV1 channel sensitivity.
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Figure 23. Intraplantar capsaicin injections produce dose-dependent cold hyperalgesia
at temperatures of (A) +5°C, (B) 0°C, and (C) —5°C, respectively. The figure shows
the change in cold plate latency (% of pre-capsaicin baseline) vs. time after topical
capsaicin application at the concentrations indicated; n = 12/group. Note the capsaicin
effect appears to grow over time, consistent with it diffusing more slowly through the
skin (adapted from Nozadze et al., 2016b).
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Hoffmann et al. (2013) have recently shown that TRPAL and TRPV1
channels contribute to thermal nociception, and that both TRPA1l and
TRPV1 null mice presented behavioral deficits in heat sensitivity.
Furthermore, TRPV1-knockout mice showed both reduced behavioral heat
sensitivity and heat-induced CGRP release. They confirmed that TRPV1 is
not the sole noxious heat sensor and that other contributors must be
expressed in the TRPV1 lineage (Mishra et al., 2011; Hoffmann et al.,
2013). These authors hypothesized a possible synergistic or conditional
relationship between TRPA1l and TRPV1 receptors involved in the
response of cutaneous nociceptors to noxious heat, and direct as well as
indirect interactions between the two receptor channels can be considered
(Hoffmann et al., 2013).

Recently, the molecular mechanisms underlying TRPV1 and TRPA1
interactions in nociceptive neurons have been elucidated. Particularly,
Spahn et al. (2014) found a sensitization of TRPV1 after TRPAL
stimulation with mustard oil in a calcium and cAMP/PKA-dependent
manner. TRPA1 stimulation enhanced TRPV1 phosphorylation through the
putative PKA phosphorylation site, serine 116. They also detected a
calcium-sensitive increase in TRPV1 activity after TRPAL activation in the
DRG neurons. Overall, this study showed sensitization of TRPV1 through
activation of TRPAL, which involves adenylyl cyclase, increased cAMP,
subsequent translocation and activation of protein kinase A (PKA), and
phosphorylation of TRPV1 at PKA phosphorylation residues (Spahn et al.,
2014). In other experiments, Fischer et al. (2014) found evidence of a
TRPV1-TRPAL interaction that is predominantly calcium dependent, and
it has been suggested that the two proteins might form a heteromeric
channel. Thus, these data provide some molecular evidence that supports
our behavioral results.

In summary, TRPVL, being a heat sensor, responds to its agonist
capsaicin, which elicits corresponding heating sensations and hence lowers
the threshold and enhances heat-evoked gating of TRPV1 (Nozadze et al.,
20164, b; Tsagareli, 2013, 2015).
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6.3. TRPM8 CHANNEL

The cold- and menthol-sensitive TRPM8 receptor is a non-selective
cation channel, with a certain preference for Ca?* permeation. It shows
multimodal gating which is activated by cold (< 28°C), membrane
depolarization, different cooling compounds such as menthol and icilin,
among others, and changes in extracellular osmolality. While
phosphoinositides PIP2 is a key regulator of channel gating, testosterone,
artemin, and Pirt (phosphoinositides interacting regulator of TRP) protein
have been proposed as endogenous ligands of TRPM8. These channels are
highly expressed in peripheral sensory neurons (A¢ and C fiber afferents),
and also on deep visceral afferents in prostate, broncho-pulmonary tissue,
bladder, and the urogenital tract (Gonzalez-Mufiiz et al., 2019).

Menthol, a natural product of the peppermint plant Mentha x piperita
(Lamiaceae), is a monoterpene which is widely used as a natural product in
cosmetics, a flavoring agent, and as an intermediate in the production of
other compounds. Various extracts from peppermint contain menthol as a
major active constituent and have been used for centuries as traditional
medicines for a number of ailments including infections, insomnia, and
irritable bowel syndrome as well as an insect repellent (Farco, Grundmann,
2013; Journigan, Zaveri, 2013). Moreover, clinical studies have reported
that topical menthol appears safe and effective in treating a variety of
painful conditions, including musculoskeletal pain, sports injuries,
neuropathic pain and migraine (Pergolizzi et al., 2018). In addition,
menthol is also commonly used in food additives and has broad industrial
use in oral hygiene and other applications.

Menthol applied to the skin elicits cooling and tingling sensations, and
has some anesthetic and k-opioid-mediated antinociceptive properties in
the mouse hot-plate test (Galeoti et al., 2001, 2002). Menthol has long been
known to induce or enhance cooling via an interaction with peripheral cold
receptors (Hensel, Zotterman, 1951) that express the TRPMS8 channel
(McKemy et al., 2002; Nealen et al., 2003; Peier et al., 2002). TRPMS is
activated by temperatures below 28°C as well as by menthol and other
cooling agents, and knockout mice lacking TRPM8 exhibit decreased

Complimentary Contributor Copy



TRP Channels in Physiological Nociception and Pain 99

sensitivity to cold surfaces that are normally avoided (Bautista et al., 2007;
Colburn et al., 2007; Dhaka et al., 2007). Menthol enhances cooling-
evoked gating of TRPMS8 transfected in cell lines (Malkia et al., 2007;
Rohacs et al., 2005; Voets et al., 2004) and naturally expressed in the DRG
and TG cells (Madrid et al., 2006; Reid et al., 2002). Higher concentrations
of menthol enhance cold pain in human skin (Hatem et al., 2006; Wasner
et al., 2008) and oral mucosa, and enhance cold avoidance in rats assessed
using an operant facial thermal stimulation paradigm (Rossi et al., 2006).
Sensory neurons expressing TRPMS8 project to superficial laminae of the
spinal cord dorsal horn (Dhaka et al., 2008; Wrigley et al., 2009) which
contain cold-sensitive neurons that project in the spino-thalamic tract
(Craig, Dostrovsky, 2001). Responses of nociceptive neurons in superficial
laminae of trigeminal subnucleus caudalis (Vc) to lingual cooling are
enhanced by menthol (Zanotto et al., 2007).

The apparently opposing effects of menthol on the perception of heat
and cold pain prompted the present study. We wished to systematically
investigate and compare the modulatory effects of topical menthol on
thermal (hot and cold) and mechanical pressure sensitivity in rats using an
array of behavioral tests (Klein et al., 2010).

6.3.1. Thermal Paw Withdrawal (Hargreaves) Test

The hindpaw receiving topical menthol exhibited a concentration-
dependent increase in withdrawal latency (Figure 24A). The 40%, 10% and
1% menthol treatment groups were significantly different from vehicles,
and the 40% group was significantly different from all other concentrations
(Figure 24A, *p < 0.01, repeated measures ANOVA). The 10% menthol
group was not significantly different from 1% menthol (p = 0.07), and the
0.1% and 0.01% groups did not differ significantly from vehicle. There
was an apparent mirror-image effect, in that for the contralateral hindpaw,
where the 40% menthol group was significantly different from all other
concentrations (*p < 0.01) which were not significantly different from
vehicle (Figure 24B). Figure 24C and D show data for the vehicle controls.
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For the treated hindpaw, there was a significant difference between vehicle
groups (*p < 0.01), with 50% ethanol treatment resulting in a significant
reduction in thresholds (Figure 24C; *p < 0.01). For the contralateral
hindpaw, there was no significant difference between ethanol
concentrations, both of which were ineffective (Figure 24D).
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Figure 24. Concentration-dependent antinociceptive effects of menthol on thermal hindpaw
withdrawal latency. (A) Thermal paw withdrawal latency (Hargreaves) test: ipsilateral
hindpaw. The hindpaw receiving topical menthol exhibited a concentration dependent
increase in withdrawal latency (analgesia). Groups of animals tested at concentrations of
40%, 10% and 1% menthol were significantly different from vehicles. 40% menthol was
different from all other concentrations (*p < 0.01, repeated measures ANOVA), while 10%
menthol was not different from 1% menthol (p = 0.07). Data for 0.01% menthol are similar
to 0.1% menthol group and omitted for clarity. Error bars: SEM; n = 8/group. The stimulus
was cutoff at 20 s if there was no withdrawal. (B) Contralateral hindpaw. There was a weak
mirror-image effect. The 40% menthol group was significantly different from all other
concentrations (*p < 0.01), which were not different from vehicle (0.01% menthol omitted).
(C) Vehicle controls: ipsilateral hindpaw. There was a significant difference between
groups (*p < 0.01). (D) Vehicle controls: contralateral hindpaw. There was no significant
difference between ethanol concentrations, both of which were ineffective (reproduced from
Klein et al., 2010).
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6.3.2. Mechanical Paw Withdrawal (von Frey) Test

For the ipsilateral (treated) hindpaw, the 0.1 — 10% menthol groups
were not significantly different from vehicle (Figure 25A). Only the 40%
menthol group was significantly different from all other groups (*p < 0.05,
repeated-measures ANOVA) indicating allodynia. For the contralateral
hindpaw, none of the menthol concentration groups were significantly
different from the vehicles (Figure 26B). Figure 25C and D shows data
with vehicle controls. There was no significant difference between vehicle
groups for the ipsilateral or contralateral hindpaws.
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Figure 25. Mechanical paw withdrawal latencies and the lack of concentration-dependent
effect of menthol. (A) Von Frey paw withdrawal threshold: ipsilateral hindpaw. The 0.1 —
10% menthol groups were not significantly different from vehicle (10% ethanol). Only the
40% menthol group was significantly different from all other groups (*p < 0.05, repeated-
measures ANOVA) indicating allodynia. Data for 0.01% menthol are similar to 0.1%
menthol treated groups and omitted for clarity, n = 8/ group. (B) Contralateral hindpaw.
None of the menthol concentration groups were significantly different from the vehicles
(0.01% menthol omitted). (C) Vehicle controls: ipsilateral hindpaw. There was no
significant difference between 10% + 1% Tween-80 and 50% ethanol + 5% Tween-80
vehicle groups. (D) Vehicle controls: contralateral hindpaw. No significant difference
between ethanol concentrations (reproduced from Klein et al., 2010).
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6.3.3. Two-Temperature Preference Test

Naive animals significantly avoided temperatures below 30°C and
above 35°C (Figure 26A). Untreated (naive) rats exhibited no preference
for either surface when they were both set at 30°C, indicating an absence
of positional preference (Figure 26A). Naive rats did not show a preference
for 35°C vs. 30°C, indicating that their preferred temperature lies within
this range or possibly 1 — 2°C higher or lower since we only tested
temperature differentials of 5°C. When one of the plates was set to a
temperature of 25°C and lower, or 40°C and higher, there was a
temperature-dependent decrease in the percent time spent on the colder or
hotter plate which was significantly different compared to time spent on
the 30°C plate (Figure 26A). These temperature preference results are
similar to previous data showing that mice on a thermal gradient spent the
majority of time in the 30 — 36°C range (Mogrich et al., 2005). Figure 26B
plots the mean number of times rats crossed between the two plates. The
maximum number of crossings was observed when both plates were set at
30°C and decreased when the non-neutral plate was set at higher or lower
temperatures (Figure 26B). The greatest decline in number of crossings, as
well as time spent on the non-neutral plate, was observed for the largest
temperature differences, i.e., 0°C and 50°C vs. 30°C (Figure 26A and B).

Menthol had a biphasic effect on temperature preference. For formal
testing, one plate was set at 30°C and the other at 15°C or 20°C in a
counterbalanced design. These temperature differentials were chosen
because the degree of avoidance of both temperatures (20-30%; see Figure
26A) was intermediate compared to warmer or colder temperatures, thus
allowing for menthol induced shifts in either direction (i.e., avoiding floor
or ceiling effects). In the 15°C vs. 30°C preference test (Figure 27A),
treatment with high menthol concentrations (10% and 40%; vertically-
striped and open bars) resulted in rats spending a significantly (p < 0.05)
lower proportion of time on the 30°C plate compared to vehicle controls
(diagonally-hatched and dark gray bars), indicating cold hyposensitivity.
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At lower concentrations (0.01-1%; horizontally-striped, light gray and
stippled bars in Figure 27A), rats spent significantly more time on the 30°C
plate (p < 0.05) indicating cold hypersensitivity. At the lowest menthol
concentration (0.01%) there was a significant decline in the number of
plate crossings (9.7 £ 1.3) when compared to naive or vehicle treated
animals (16.7 + 2.3 and 15.4 + 1.8, respectively, p < 0.05 for both). There
were no significant differences among control groups, with the 10%
ethanol, 50% ethanol, and untreated naive groups exhibiting preferences
for the 30°C plate of 79.9 = 6.6%, 77 + 7.0%, and 80.3 £ 6.0%,
respectively (Figure 27A).
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Figure 26. Two-temperature preference test. Rats were placed on one of two adjacent
thermoelectric plates whose temperatures could be set independently (range — 5°C to >
50°C). One plate was set at 30°C and the other at a warmer or colder temperature in
5°C increments in a counterbalanced design. The rat was free to move from one
surface to the other. (A) The graph plots the mean percentage of time naive rats spent
on the warmer or colder plate relative to the thermo-neutral (30°C) plate over a 20 min
period. Rats significantly avoided temperatures < 30°C and > 35°C. *p < 0.05, paired
t-test. (B) as in (A) for mean number of crossings between the thermo-neutral (30°C)
and warmer/ cooler plate over a 20 min period. Error bars: SEM. Naive animals, *p <
0.05, unpaired t-test; n = 16/group for 5 — 45°C; n = 8/group for 0°C and 50°C)
(reproduced from Klein et al., 2010).
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Figure 27. Biphasic effects of menthol on thermal preference. (A) Graph plots % time
rat stood on 30°C vs. 15°C plate. Horizontal dashed line indicates that naive and
vehicle treated rats avoided the colder plate ~ 80% of the time as a reference. At high
(40%, 10%; open and vertically-striped bars) menthol concentrations rats spent
significantly less time on the 30°C plate compared to vehicle controls (diagonally-
hatched and dark gray bars) (p < 0.05), indicating cold hyposensitivity. At lower
concentrations (0.01 — 1%; horizontally-striped, light gray and stippled bars), rats spent
significantly more time on the 30°C plate (p < 0.05) indicating cold hypersensitivity.
* Significantly different vs. vehicle (p < 0.05, n = 16/group). (B) as in (A) for 20°C vs.
30°C preference test. Note significant cold hyposensitivity with 40% menthol and
significant hypersensitivity at the lowest menthol concentration of 0.01%.
* Significantly different vs. vehicle (p < 0.05, n = 16/group) (reproduced from Klein et
al., 2010).

In the 20°C vs. 30°C preference test (Figure 27B), a similar biphasic
effect was noted, with the highest menthol concentration (40%) resulting in
significantly less time, and the lowest concentration (0.01%) resulting in
significantly more time, spent on the 30°C plate. At the lowest
concentration (0.01%) of menthol, there was also a significant decline in
the number of plate crossings (8.25 £ 0.8) when compared to naive or
vehicle treated animals (16.7 £ 2.3 and 15.4 + 1.8, respectively, p < 0.05).
At the highest menthol concentration tested (40%) there was a significant
increase in the number of plate crossings compared to naive or vehicle
treated animals (18.4 + 1.8 vs. 12.2 + 1.3 and 11.6 + 1.5, respectively, p <
0.05). There were no significant differences among control groups, with
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the 10% ethanol, 50% ethanol, and untreated naive groups exhibiting
preferences for the 30°C plate of 78.1 + 8.4%, 76.1 = 7.9%, and 71.0 +
9.0%, respectively (Figure 27B).

6.3.4. Cold Plate Test

The mean baseline latencies on the —5.0°C and 0°C cold plates were
26.4 £ 0.4 s and 105.9 + 2.3 s, respectively. All animals displayed a
nocifensive response within the 150 s cutoff time on the —5°C cold plate
and 75% did on the 0°C cold plate. In the —5°C cold plate test (Figure
28A), the 40% menthol group was significantly different from all other
concentrations (*p < 0.001, repeated-measures ANOVA) which did not
differ from each other or vehicle. This suggests that the high menthol
concentration induced cold hypo-algesia. Figure 28B shows the vehicle
groups, with a significant difference between 10% and 50% ethanol
treatments (*p < 0.001, ANOVA). The ~20% reduction in cold plate
latency seen at 3 min post-10% ethanol was comparable to the latency
reductions in the 0.1-10% menthol groups at the same 3-min time point
(Figure 28A). In the 0°C cold plate test, there was no significant difference
among menthol concentration groups (Figure 28C) and no significant
difference between vehicle (ethanol) concentrations (Figure 28D).

The main obtained findings may be summarized as follows. Menthol
increased paw withdrawal latencies to noxious heat in a concentration-
dependent manner, indicating an antinociceptive effect. The highest
menthol concentration also significantly increased cold plate latencies,
consistent with antinociception. However, lower menthol concentrations
did not significantly affect nocifensive latencies in the cold plate test,
indicating that menthol more effectively suppresses heat compared to cold
pain. These effects are unlikely to be explained by a local anesthetic effect,
since the highest menthol concentration increased mechano-sensitivity
(allodynia). Menthol had a biphasic effect on innocuous cold sensitivity,
with high menthol concentrations reducing and low menthol concentrations

Complimentary Contributor Copy



106 Merab G. Tsagareli

enhancing avoidance of cooler surfaces. These findings are discussed in
relation to possible underlying neural mechanisms.
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Figure 28. Antinociceptive effects of 40% menthol in —5°C cold plate test. (A) Cold
plate —5°C: menthol. Graph plots change in cold plate latency (% of pre-menthol
baseline) vs. time after topical menthol application at indicated concentrations. Mean
baseline latency was 26.4 s; animals were removed at 150 s (cutoff) if they did not
respond. Rats were tested 3 min after menthol or vehicle, and again at 15-min intervals
out to 60 min and once more at 120 min. The 40% menthol group was significantly
different from all other concentrations (* p < 0.001, repeated-measures ANOVA)
which did not differ from each other or vehicle. This indicates a cold antinociceptive
effect of 40% menthol. Error bars: SEM, n = 8/group. (B) Cold plate — 5°C: vehicle.
There was a significant difference between 10% and 50% ethanol (* p < 0.001,
ANOVA). The ~ 20% reduction in cold plate latency seen at 3 min post-10% ethanol
was comparable to the latency reductions in the 0.1 — 10% menthol groups at the same
3-min time point (A). (C) Cold plate 0°C: menthol. Mean baseline latency was 105.9 s.
There was no significant difference among menthol concentration groups. (D) Cold
plate 0°C: vehicle. There was no significant difference between ethanol concentrations
(reproduced from Klein et al., 2010).

Complimentary Contributor Copy



TRP Channels in Physiological Nociception and Pain 107

6.3.5. Antinociception

Topical balms and other over-the-counter products for pain relief often
contain menthol concentrations of 5-16% or even higher. The present data
indicate that topical application of menthol in this concentration range is
antinociceptive for heat pain, and also for cold pain at the highest menthol
concentration. These findings are consistent with previous studies showing
menthol suppression of heat pain (Albin et al., 2008; Green, 1992, 2005)
and capsaicin irritancy (Green, McAuliffe, 2000). The mechanism of
menthol’s antinociceptive effect is not certain although many menthol-
sensitive DRG (Reid et al., 2002) and Vc neurons (Zanotto et al., 2007)
respond to capsaicin and other noxious stimuli and innocuous cooling can
elicit nociceptive sensations (Green, Pope, 2003). Topical paw application
of menthol has also been reported to reverse behavioral reflex sensitization
to noxious heat and mechanical stimulation in the rat chronic constriction
injury model of neuropathic pain (Proudfoot et al., 2006). These data
suggest that menthol-sensitive primary afferent fibers can inhibit
nociceptive pathways. A peripheral mechanism could involve menthol
inhibition of nociceptors, possibly by blocking TRPAL1 expressed in
nociceptive nerve endings (Karashima et al., 2007; Macpherson et al.,
2006). Another mechanism is menthol activation of cold receptors that
centrally inhibit spinal nociceptive neurons. A third possibility is that
menthol engages supra-segmental or supra-spinal circuits to result in
descending inhibition of spinal nociceptive neurons.

Topical application of menthol elicits oral irritation (CIiff, Green,
1994, 1996; Dessirier et al., 2001) and cutaneous cold pain (Green, Shoen,
2007; Wasner et al.,, 2004) and directly excites many cold-sensitive
nociceptive V¢ neurons (Zanotto et al., 2007, 2008). Unilateral menthol
induced a weaker mirror-image antinociceptive effect in the contralateral
hindpaw (Figure 24B), suggesting the involvement of hetero-segmentally-
organized antinociceptive circuits that exerted a depressant effect on
nociceptive neurons bilaterally. This would be akin to counter-irritation,
which was demonstrated in a human psychophysical study in which
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chemically-evoked irritation on one arm was suppressed by a stronger
irritant stimulus delivered to the opposite side (Green, 1991).

There was a small but significant reduction in paw withdrawal latency
following the 50% ethanol vehicle (Figure 24C) that might be attributed to
ethanol sensitization of TRPV1 expressed in nociceptors responsive to
noxious heating (Vetter et al., 2008). This effect might have slightly
reduced the analgesic effect of high menthol concentrations (10% and
40%) that were dissolved in 50% ethanol.

6.3.6. Cold Sensitivity

The present data revealed a biphasic effect of menthol on innocuous
cold sensitivity, with high menthol concentrations reducing and low
menthol concentrations enhancing the avoidance of cold temperatures. We
tested preference for a thermo-neutral (30°C) surface vs. 15°C and 20°C
surfaces, since the latter cold temperatures are avoided about 70-80% of
the time by naive rats (Figure 26A). Rats receiving high (10% and 40%)
menthol concentrations avoided the 15°C and 20°C surfaces to a
significantly lesser degree, indicating indifference to the colder surface that
might reflect cold hypo-algesia. They also exhibited a high number of plate
crossings, comparable to naive animals tested with both plates set at 30°C.
We reasoned that when animals initially stood on the colder plate and
perceived it to be aversive they tended to subsequently avoid it thus
resulting in fewer plate crossings. However, while there was a systematic
decline in time spent on surfaces having progressively colder or hotter
temperatures (Figure 26A), the relationship of plate crossings to
temperature difference was more variable (Figure 26B) suggesting that
plate crossings are a less sensitive measure of cold or heat aversion. The
indifference to cold temperatures might be attributed to a peripheral
desensitization of TRPM8 and/or TRPAL by high menthol concentrations
(Abe et al., 2006) or a central inhibitory effect, as described above.

In contrast, low concentrations of menthol (0.01-1%) significantly
increased avoidance of the 15°C and 20°C surfaces and reduced the
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number of plate crossings (Fugure 27A, B). These results might reflect
cold allodynia, or they may indicate an increase in sensitivity to innocuous
cold that is aversive to the animal but not actually painful. It is interesting
that the decrease in cold sensitivity observed in TRPM8 knockout mice
appears to disappear below 10°C (Bautista et al., 2007), a temperature that
is often reported to be painful. This would be consistent with a role for
TRPMB8 in innocuous cold sensation but not pain. In any event, the
increase in cold or cold pain sensitivity may involve menthol enhancement
of thermal gating of TRPMS8 expressed in cold receptors and/or
nociceptors.

In the cold plate test, the effect of low menthol concentrations on
nocifensive latency did not differ from vehicle (Figure 28A, C), which we
interpret as an absence of cold hyperalgesia. Previous human studies have
generally reported cold hyperalgesia and/or a decrease in cold pain
threshold following topical menthol application (Green, 1992; Hatem et al.,
2006; Namer et al., 2005; Wasner et al., 2004). However, thresholds for
cold pain are more variable compared to heat pain (Neddermeyer et al.,
2008), so that overall subjective ratings of cold pain might include a
component of innocuous cold that is also enhanced by menthol.

The same high concentration of menthol (40%) that induced cold
hyperalgesia in human studies reduced cold sensitivity in the rat thermal
preference and —5°C cold plate tests (Figure 28A, C). The observed cold
hyposensitivity is noteworthy given that vehicle (50% ethanol) had the
opposite effect of reducing nocifensive response latency initially (Figure
28B). The latter effect might be explained by an initial and brief
evaporative cooling effect of ethanol that summed with physical skin
cooling during initial hindpaw contact with the cold plate.

The opposing effects of 40% menthol in human (cold hyperalgesia) vs.
rat (cold hyposensitivity) might be explained by allometric scaling and/or
differences in dermal diffusion. We presently applied menthol to both
ventral hindpaws, which constitutes a substantially larger percentage of the
overall body surface area of a rat, as compared to the restricted region of
volar forearm skin treated with menthol in the human studies (Hatem et al.,
2006; Namer et al., 2005; Wasner et al., 2004). Moreover, dermal
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absorption of chemicals, which is a function of the total area of application
and concentration (Magnusson et al., 2001) is greater in the rat vs. human
(Walters, Roberts, 1993). For example, permeation of L-menthol through
the stratum corneum was four times higher in the hairless rat compared to
human skin (Sugibayashi et al., 1995). We speculate that the relative area
of chemical stimulation and species differences in skin permeation explain
why several-fold lower concentrations of menthol induced cold
hypersensitivity in rats compared to the human studies.

6.3.7. Mechanosensitivity

Menthol had very little effect on mechanical paw withdrawal
thresholds, consistent with a general lack of effect of menthol on mechano-
sensitivity in human skin (Hatem et al., 2006; Namer et al., 2005). This
differs from previous reports of a significant, dose-dependent allodynia
following intraplantar injection of the TRPV1 agonist capsaicin (Gilchrist
et al., 1996) or the TRPAL agonist cinnamaldehyde (Tsagareli et al., 2010)
in rats. We presently observed a mild allodynia the highest menthol
concentration tested, which mitigates against a local anesthetic action of
menthol.

6.3.8. Thermo-TRPs and TRPMS in Cold Transduction

The mechanism of cold transduction has been elusive, and despite the
discovery of thermo-TRPs it remains a complex issue (Jordt et al., 2003;
Reid, 2005; Reid, Flonta, 2001). The behavioral effects of topical menthol
application seen in this study are consistent with effects on TRPM8. An
important role for TRPM8 becomes apparent when this channel is missing.
TRPMB8 null mice exhibit a deficit in cold avoidance and lower incidence
of cold-sensitive afferent fibers (Bautista et al., 2007; Colburn et al., 2007;
Dhaka et al., 2007). However, the authors cannot rule out the possibility
that menthol may interact with other channels expressed in sensory
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neu+rons (Galeotti et al., 2002; Macpherson et al., 2006; Munns et al.,
2007). Recent observations suggest that cold sensation likely involves
multiple channels, including potassium channels (Kang et al., 2005; Noel
et al., 2009; Reid, Flonta, 2001), in transducing and modulating the
transmission of temperature information (Belmonte et al., 2009; Viana et
al., 2002).

Overall, presented results are generally consistent with
neurophysiological and human psycho-physiological data and support
TRPMB8 as a potential peripheral target of pain modulation (Carstens et al.,
2010; Klein et al., 2010; Tsagareli, 2013, 2015).
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Chapter 7

TRP CHANNELS AS THERAPEUTIC
AND ANALGESIC TARGETS

Progress in cell biology, genetics, molecular, and systems
pharmacology is the driving force behind a current paradigm shift in drug
research. This paradigm shift shapes new avenues for advanced treatments
that are commonly referred to as ‘systems therapeutics’. The latter differ in
many ways from current drugs because they target biological networks
rather than single transduction pathways, and affect disease processes
rather than basic physiological mechanisms (Danhof et al., 2018).

Failures in the current paradigm for drug development have resulted in
soaring research and development costs and reduced numbers of new drug
approvals. Over 90% of new drug programs fail, the majority terminated at
the level of Phase 2/3 clinical trials, largely because of efficacy failures or
unexplained toxicity (Marshall et al., 2018).

Nowadays, current pain therapeutics mainly includes non-steroidal
anti-inflammatory drugs (NSAIDs) and opioids, but they exhibit
limitations in efficacy, unwanted side effects and the problem of drug
abuse. To overcome these issues, the discovery of different molecular
players within pain pathways could lead to new opportunities for
therapeutic intervention. Among other strategies, peptides could be
powerful pharmaceutical agents for effective opioid-free medications for
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pain treatment. One of reliable approaches is to use representatives of non-
opioid analgesic peptides acting directly or indirectly on different ion
channels and receptors distributed in nociceptive pathways. They include
peptides targeting Ca?*, Na* and K* voltage-gated ion channels, the
neuronal nicotinic receptors (NAChR), TRP channels, and different non-
opioid GPCRs, like the calcitonin gen-related peptide (CGRP),
cannabinoids, bradykinin and neurotensin receptors, among others.
Peptides engineered from protein-protein interactions among pain-related
receptors and regulatory proteins also led to new therapeutic approaches
for pain management. Following some successful examples, already in the
clinics or under clinical trials, the improved understanding of pain
mechanisms, and the advances in peptide permeation and/or delivery,
could afford new analgesic peptides in the near future (Perez de Vega et
al., 2008).

Data from animal models, human genetics and of some clinical trials
will serve as the final arbiters of utility of TRP channel modulators as
therapeutics in channel dysfunction (known as TRP channelopathies)
(Dietrich, 2019b; Julius, 2013; Nilius, Owsianik G, 2010; Raouf et al.,
2010). Current evidence indicates that channelopathies contribute to the
development and/or progression of the symptoms of many diseases.
Among them are inherited pain syndrome and neuropathic pain, itch,
multiple kidney disease, skeletal disorders, overactive bladder, asthma and
respiratory system, and of anxiety disorders. Therefore, TRP ion channels
could be therapeutic targets that are amenable to blockade by small
molecules (Dietrich, 2019a; Moran, 2018; Tsagareli, 2013).

Several hereditary diseases caused by defects in genes encoding TRP
channels have been described (see Nilius, Szallasi, 2014; Moran, 2018).
Given the pivotal role that TRP channels are thought to play in nociceptive
transduction (Julius, 2013; Moran et al., 2011), it is somewhat unexpected
that so far, only an obscure human painful condition, Familial Episodic
Pain Syndrome, has been linked to a TRP channelopathy, namely, a gain-
of-function mutation in TRPAL1l channels. That said, multiple
polymorphisms in TRP channels have been linked to pain susceptibility
(Moran, Szallasi, 2018).
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The discovery of novel analgesic drug targets is an active research
topic owing to insufficient treatment options for persisting pain.
Modulators of thermo-TRP channels, in particular TRPV1, TRPV2,
TRPMS8 and TRPAL, have reached clinical development. This requires
access for TRP channels and the effects of specific modulators in humans.
This is currently possible via (1) the study of TRP channel function in
human-derived cell lines, (2) immune-histochemical visualization of TRP
channel expression in human tissues, (3) human experimental pain models
employing sensitization by means of topical application of TRP channel
activators including capsaicin (TRPV1), menthol (TRPMS8), mustard oil
and cinnamaldehyde (TRPA1), and (4) the study of phenotypic
consequences of human TRP gene variants (Weyer-Menkhoff, Létsch,
2018).

Despite the striking progress in our understanding of TRP channel
functions for therapies (see Moran, 2018), some inherent problems persist.
Activation or inhibition of a TRP channel may be beneficial in one organ
and, at the same time, may induce unacceptable adverse effects in another.
Indeed, the clinical development of first-generation TRPV1 antagonists
was halted because they caused hyperthermia and put patients at risk for
scalding injuries by elevating the heat pain threshold. Hopefully, drug
discovery companies will be able to create a new generation of targeted
therapies (Kaneko, Szallasi, 2014).

The roles of TRP channels in mediating pathological pain make them
potential targets for analgesics. TRP channels are located in nociceptors
where pain is generated, and thus the simplest access for analgesics would
involve blocking the channels directly. Two main approaches have been
proposed to inhibit TRP channels: blocking the channel activity using
antagonists and, paradoxically, stimulating the channels by agonists to
desensitize them. Drug development studies have focused on TRPV1,
TRPV3, TRPMS8, and TRPAL, which have been clearly demonstrated to be
involved in pathological pain. Currently, at least seven antagonists of
TRPV1, two of TRPAL, and one of TRPV3 are being clinically tested by
pharmaceutical industries. However, several TRP channels perform dual
functions: they act as sensors/detectors of nociceptive signals under normal
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conditions, which help prevent tissue damage, and they also act as
contributors to inflammatory or neuropathic pain under pathological
conditions, and this can pose a risk of noxious perception being blunted
when the channels’ activity is blocked. In accord, in healthy human
volunteers, increase in heat pain threshold was observed after the
administration of TRPV1 antagonists, including SB-705498, MK-2295,
ABT-102, and AZD1386. Hyperthermia is another adverse effect of
TRPV1 antagonists; almost all TRPV1 antagonists undergoing clinical
development, such as AMG517 (Amgen), ABT-102 (Abbott), and
AZD1386 (AstraZeneca), caused hyperthermia in human volunteers that in
certain cases lasted for 1 — 4 days, with core body temperatures rising up to
40°C (Dai, 2016; Kaneko, Szallasi, 2014; Moran, Szallasi, 2018; Moran,
2018).

In contrast to the challenges associated with developing antagonists, in
the case of agonists that have been applied to locally desensitize TRP
channels and have been used clinically, severe adverse effects have not
been reported, although the agonists might produce initial irritation or even
degeneration of sensory nerves. This notion of a paradoxical use of
agonists might be derived from the experience gained with certain herbal
remedies used in traditional medicine. For example, preparations or
prescriptions containing agonists of TRP channels, such as menthol
(TRPMS8), cinnamaldehyde (TRPAL), or shogaol (TRPV1), have long been
used topically or orally to relieve neuralgia, arthralgia, menstrual pain, and
headache in traditional Chinese medicine. Moreover, capsaicin-containing
creams, occlusive patches, and liquid formulations have been developed
and used for treating chronic painful conditions such as diabetic
neuropathy, postherpetic neuralgia, and other painful disorders (Dai, 2016;
Moran, Szallasi, 2017; Moran, 2018).

In summary, TRP channels are involved in diverse physiological
processes. The number of TRP channel mutations that lead to disease
underscores their importance in human biology. Both agonists and
antagonists of TRP channels are currently under development as potential
therapeutics. Owing to the relatively low sequence homology among
family members and the dramatic differences in three-dimensional
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structure, truly selective modulators are attainable. Because of these
disparate structures and the disparate roles these channels fulfill, each
family member will need to be evaluated individually — extrapolation from
one channel to another will be difficult (Moran, 2018).

The subgroup of thermo-TRPs, have been well established as key
players in pain and analgesia. Results of preclinical research involving
several different thermo-TRPs, but with a preference for TRPV1, followed
by TRPM8 and TRPAL, are increasingly being translated into the
development of novel analgesics. Current clinical trials test thermo-TRP
agonists as well as thermo-TRP antagonists that target several different
TRPs involved in different pain syndromes including neuropathic pain,
rheumatic disease, and painful lesions of the spinal cord, inflammatory
bowel diseases, fibromyalgia and diabetic neuropathy. In the translational
phase of drug development, the access to TRP channels in humans
becomes increasingly important. Reported species differences in TRP
channel function emphasize the need to study TRPs in the human setting.
The function of human TRP channels can be studied in vitro using human
cell lines and the transfection of human TRPs or in vivo by means of
applying TRP-specific activators in human experimental pain models. The
expression of human TRP channels is directly accessible via mRNA
guantification or histochemical visualization. Furthermore, human TRP
channels are accessible via genetics studies associating functional
genotypes with pain-related phenotypes (Weyer-Menkhoff, Lotsch, 2018).
The present chapter review concludes that the necessary means for human
TRP research have been developed to translate TRP-related analgesic drug
investigations into human-centered clinical pharmacological trials.

Thus, there is strong experimental and clinical evidence to substantiate
TRP channels as appealing drug targets and a number of molecules
targeting TRP channels have already advanced to clinical assays. To
overcome these challenges, further investigations must be conducted using
newly devised approaches, such as the discovery of second-generation
antagonists or selective delivery of drugs through topical application or
local injection instead of systemic administration. In principle, analgesics
that act at nociceptor-specific targets have the advantage of biological
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specificity and — for some applications — selective delivery via topical
application, local injection, or inhalation.
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Chapter 8

TRP CHANNELS AND NSAIDs

During inflammation, several TRP channels are directly or indirectly
activated by inflammatory signaling molecules and micro-environmental
changes including heat, oxidative conditions or low pH. In either case,
specific TRP isoforms participate in chains of pro- or anti-inflammatory
signaling cascades often including activation of transcription factors,
protein kinases and phospholipases, which result in signal integration or
amplification. In a few cases, their potentials as therapeutic targets for
inflammatory conditions like asthma, cystitis, dermatitis, pruritus among
other conditions are investigated pre-clinically or clinically. Significant
efforts are still devoted to the understanding of the detailed physiological
roles played by TRP channels during inflammation (Benemei et al., 2015;
De Logu et al., 2016; Dietrich, 2019b; Parenti et al., 2016; Radresa et al.,
2013).

Opiates are fantastically effective pain suppressors, but they are
plagued by serious side effects (for instance, tolerance, addiction,
constipation, and respiratory depression) owing to actions at receptors
outside of the pain pathway. Similarly, NSAIDs are effective at treating
inflammatory pain, but their use is limited by gastrointestinal, renal, and
cardiovascular risk owing to inhibition of cyclooxygenase enzymes
throughout the body (Julius, 2013). The TRP channels discussed here may
satisfy these criteria because, although they have been described in tissues
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and cell types outside of the somatosensory system, their expression
(whether measured histologically or functionally) is substantially higher in
nociceptors.

In particular, based on clinical and preclinical evidence, TRP channels
have emerged as potential drug targets for the treatment of osteoarthritis,
rheumatoid arthritis, and gout. Conservative management of these diseases
are focused primarily on pain alleviation via NSAIDs (Tsagareli, Tsiklauri,
2012), corticosteroid injections, physical therapy, and the use of assistive
devices. These interventions typically result in moderate improvements in
pain and function over the short term, but none of these treatments is
ultimately able to halt disease progression. Additionally, long-term use of
NSAIDs is associated with the development of gastrointestinal
complications and increased risk of cardiovascular events, which is
especially concerning given that patients with osteoarthritis are often older
and have multiple comorbidities (Galindo et al., 2018).

Pharmacological findings indicate that TRPAL1 contributes to
inflammatory and neuropathic pain models, including those evoked by
formalin, spinal nerve ligation and chemotherapeutics. Therapeutic effects
of NSAIDs are mainly attributed to inhibition of prostanoid synthesis by a
non-selective, reversible inhibition of both cyclo-oxygenase 1 (COX1) and
COX2 (Benemei et al., 2015; Nassini et al., 2014, 2015). NSAID-mediated
inhibition of COX results in inhibition of prostaglandins (PGs) synthesis.
PGs in turn cause sensitization and enhance pain signals in spinal neuronal
circuits. PGs are bioactive compounds of prostanoids, which include
prostacyclin and thromboxane. Prostanoids originate from arachidonic
acid, which is released intra-cellularly from plasma membrane
phospholipids upon tissue damage and inflammation. Constitutively
expressed COX-1 and inducible COX-2 convert arachidonic acid to the
precursors PGG; and PGH,, from which all prostanoids are generated by
tissue-specific synthases (Zeilhofer, Brune, 2013).

A number of arachidonic acid derivatives, including several
electrophilic PGs, have been shown to activate TRPA1 channels and
covalent modification is thought to be the main mechanism underlying the
direct activation of TRPAL channels by these arachidonic acid derivatives,
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because the non-electrophilic precursors of these prostaglandins failed to
show the same effect (Hu et al., 2010; Mabher et al., 2008; Materazzi et al.,
2008; Taylor-Clark et al., 2008). However, it is not known whether the
overall structure of prostanoids also contribute to channel regulation. It
was recently shown that pyrazolone derivatives, such as antipyrine,
dipyrone and propyphenazone, selectively inhibited calcium currents in
TRPAL-expressing cells and acute behavior responses in mice evoked by
channel agonist, AITC (Nassini et al., 2015). In other experiments
hesperidin (“vitamin P”) demonstrated antinociceptive activity and
synergistic response when combined with Kketorolac, possibly by
involvement of the TRPV1 receptor ion channel, suggesting their clinical
potential in pain therapy (Martinez et al., 2011).

Here we report that some commonly used NSAIDs, such as diclofenac,
ketorolac, and lornoxicam (xefocam) probably inactivate or desensitize
TRPAL1 channel, to enable treatment with CA and AITC, and TRPV1
channel to enable treatment with capsaicin (Nozadze et al., 2018; Tsagareli
etal., 2018).

8.1. ANALGESIC AND ANTIHYPERALGESIC EFFECTS
OF NSAIDS PRETREATMENT

When pretreated with vehicle, intraplantar injection of CA (Figure
29A, C), AITC (Figure 30A, C) or capsaicin (Figure 31A, C) resulted in
thermal and mechanical hyperalgesia that persisted beyond 2 h (the dashed
lines). These hyperalgesic effects are very similar to those reported
previously (Nozadze et al., 2016b; Tsagareli et al., 2010). Pretreatment
with diclofenac, ketorolac and xefocam resulted in a strong analgesic effect
prior to TRP agonist injections (Figures 29A, C; 30A, C; 31A, C, filled
squares). Following the injection of CA, AITC and capsaicin, thermal
withdrawal latencies and mechanical thresholds dropped, but there was a
pronounced shortening of the duration of thermal and mechanical
hyperalgesia (Figures 29A, C; 30A, C; 31A, C). There were significant
differences between the experimental compared to control groups in the
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increase of the thermal paw latency and mechanical withdrawal thresholds
for each NSAID: diclofenac, t = 14.165, P < 0.001, ketorolac, t = 22.198, P
< 0.001, and xefocam, t = 34.144, P < 0.001, respectively.

Twenty min following intraplantar NSAIDs, microinjection of CA
caused a significant decrease of thermal paw withdrawal latencies
compared to the pre-injection level at time 0 for the groups of diclofenac, t
= 9.229, p < 0.001, ketorolac, t = 10.741, p < 0.001, and xefocam, t =
11.884, p < 0.001, at 5 min of post-CA microinjections, respectively
(Figure 29A). Similar results were observed for AITC and capsaicin.
Particularly, microinjections of AITC induced a significant decrease of
thermal paw withdrawal latencies compared to the pre-injection level at
time O for the groups of diclofenac, t = 4,952, p < 0.01, ketorolac, t = 13,
853, p < 0.001, and xefocam, t = 4,775, p < 0.01, at 5 min of post-AITC
microinjections, respectively (Figure 30A). In the same manner,
microinjection of TRPV1 agonist capsaicin resulted in a significant
decrease of thermal paw withdrawal latencies compared to the pre-
injection level at time O for the groups of diclofenac, t = 17,339, p < 0.001,
ketorolac, t = 9, 666, p < 0.001, and xefocam, t = 16,053, p < 0.001, at 5
min of post-capsaicin microinjections, respectively (Figure 31A). The
reduction in thermal paw withdrawal latency following each TRP agonist
injection was approximately equivalent to the reduction observed in the
groups receiving saline followed by TRP agonists (dashed lines in Figures
29A, 30A, 31A). After approximately 30-40 min, hyperalgesic effects
observed in the groups receiving NSAIDs followed by CA, AITC and
capsaicin returned to baseline levels (Figures 29A, 30A, 31A). These
findings indicate that pretreatment with NSAIDs did not reduce the
magnitude of hyperalgesia, but significantly shortened the time-course of
hyperalgesia induced by CA, AITC and capsaicin.

Similar effects were observed for the plantar mechanical pressure test.
Intraplantar injection of CA, AITC and capsaicin resulted in a reduction in
mechanical paw withdrawal thresholds (Figures 29C, 30C, 31C, dashed
lines). Injection of NSAIDs followed by saline resulted in an increase in
threshold (Figures 29C, 30C, 31C, filled squares). After pretreatment with
each NSAID, injection of CA, AITC and capsaicin still lowered
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withdrawal thresholds significantly (diclofenac: t = 12,02, p < 0.001;
ketorolac: t = 9,749, p < 0.001; and xefocam: t = 11,136, p < 0.001,
Figures 29C, 30C, 31C). The reduction in mechanical paw withdrawal
threshold following each TRP agonist injection was equivalent between
saline and NSAIDs pretreatment groups. However, the duration of the
hyperalgesic effect was shorter in the NSAIDs pretreatment groups.
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Figure 29. (A) Dynamics of the thermal paw withdrawal latency after NSAIDs pre-
treatment following ipsilateral intraplantar injection of CA and vehicle. There are
significant effects in CA groups vs. vehicle control and contralateral (non-injected)
paw (B) for the first 30 min (P < 0.001). (C, D) The same as in A and B for von Frey
mechanically evoked withdrawal threshold of the injected and non-injected paws. Note
pretreatment with saline following intraplantar injection of CA resulted in thermal and
mechanical hyperalgesia that persisted beyond 2 h (the brown dashed line). The thin
black arrow indicates the time of injection of NSAIDs and the bold arrow indicates the
time of injection of CA. BL — pre-injection baseline (reproduced from Tsagareli et al.,
2018).
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Figure 30. (A) Dynamics of the thermal paw withdrawal latency after NSAIDs pre-
treatment following ipsilateral intraplantar injection of AITC and vehicle. There are
significant effects in AITC groups vs. vehicle control and contralateral (non-injected)
paw (B) for the first 30 min (P < 0.001). (C, D) The same as in A and B for von Frey
mechanically evoked withdrawal threshold of the injected and non-injected paws. Note
pretreatment with saline following intraplantar injection of AITC resulted in thermal
and mechanical hyperalgesia that persisted beyond 2 h (the brown dashed line). The
thin black arrow indicates the time of injection of NSAIDs and the bold arrow
indicates the time of injection of AITC. BL—pre-injection baseline (reproduced from
Tsagareli et al., 2018).

There was a weaker mirror image hyperalgesic effect on the
contralateral paw following CA, AITC and capsaicin injections preceded
by saline in both the thermal and mechanical paw withdrawal tests (Figures
29B, D, 30B, D, 31B, D). In particular, the difference between the
averaged NSAIDs-CA groups and the saline-CA group is significant at min
5 in both the thermal (t = 5.146, p < 0.01) and mechanical test (t = 6.324, p
< 0.001) (Figure 29B, D). For the AITC trials, the difference is significant
for Hargreaves test (t =4.336, p < 0.05), but not for von Frey test (t =
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3.341, P > 0.05), respectively (Figure 30B, D). For the capsaicin session,
the maximal difference between the NSAIDs-capsaicin groups occurred at
min 30 in the thermal withdrawal test (t = 5.221, p < 0.01) and at min 15 in
the mechanical withdrawal test (t = 4.224, p < 0.05), respectively (Figure
31B, D).

8.1.1. Lack of Antihyperalgesic Effect Following Post-Treatment
with NSAIDs

In the fourth and fifth set of experiments, we tested if post-treatment
with NSAIDs, diclofenac, ketorolac and xefocam, attenuated hyperalgesia
produced by CA or AITC. Each of the 7 groups of rats received
intraplantar injection of saline in one hindpaw to establish baseline
responses. Three days later, rats were injected with CA or AITC in the
same hindpaw, followed 20 min later by injection of one of the NSAIDs or
saline at the same site. Control animals received an intraplantar injection of
saline followed 20 min later by injection of one of the NSAIDs at the same
site. Post-treatment with NSAIDs did not attenuate thermal or mechanical
hyperalgesia induced by either CA (Figure 32A, C) or AITC (Figure 33A,
C). Thermal and mechanical hyperalgesia continued out to 2 h post-
NSAID injection without returning to the baseline level (Figures 32A, C,
33A, C). Each of three control groups treated with intraplantar saline
followed by NSAIDs showed significant analgesia compare to groups
receiving CA or AITC (Figures 32A, C, 33A, C) (p <0.001). Here we also
found small mirror-image hyperalgesic effects for the saline-CA and
saline-AITC groups that are significantly different from the NSAIDs
groups at min 5 for the thermal (CA: t=3.72, P <0.05; AITC: t = 3.685, p
< 0.05) and mechanical test (CA: t = 3.69, p < 0.05; AITC: t =4.165, p <
0.05) (Figures 32B, D, 33B, D).
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Figure 31. (A) Dynamics of the thermal paw withdrawal latency after NSAIDs pre-
treatment following ipsilateral intraplantar injection of capsaicin and vehicle. There are
significant effects in capsaicin groups vs. vehicle control and contralateral (non-
injected) paw (B) for the first 40 min (P < 0.001). (C, D) The same as in A and B for
von Frey mechanically evoked withdrawal threshold of the injected and non-injected
paws. Note pretreatment with saline following intraplantar injection of capsaicin
resulted in thermal and mechanical hyperalgesia that persisted beyond 2 h (the brown
dashed line). The thin black arrow indicates the time of injection of NSAIDs and a
bold arrow indicates the time of injection of capsaicin. BL — pre-injection baseline
(reproduced from Tsagareli et al., 2018).

It is well know that the therapeutic effects of NSAIDs are based on
their inhibitory actions on cyclooxygenase enzymes (COX1 and COX2)
and subsequent interference with metabolites of the arachidonic acid
pathway. Previous reports have also described NSAIDs as blockers of TRP
channels (Close et al., 2011). The latter are considered as targets for
analgesic drug discovery. We found that NSAIDs pretreatment attenuates
the duration (but not magnitude) of thermal and mechanical hyperalgesia
induced by the TRPAL channel agonists, CA and AITC and the TRPV1
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channel agonist capsaicin, with a more rapid return to baseline in
approximately 30 min.

Our data confirm previous reports. In particular, patch-clamp
electrophysiology experiments showed that high doses of etodolac, an
NSAID COX-2 inhibitor, could desensitize TRPAL1 channels in
heterologously expressing HEK293 cells and in the DRG neurons.
Moreover, application of etodolac at clinically relevant drug plasma levels
did not induce significant TRPAL currents, but reduced the subsequent
AITC-induced currents to 25% in HEK293 cells expressing TRPAL (Wang
et al., 2013). Earlier reports by Inoue et al. (2012) showed that
pretreatment with etodolac inhibited Ca?* influx induced by AITC in HEK-
293 cells expressing mouse TRPAL and in mouse DRG neurons. They also
found that etodolac attenuates mechanical allodynia in a mouse model of
neuropathic pain (Inoue et al., 2009; Ito et al., 2012).

In other experiments, it has recently shown that pyrazolone and
pyrazolone derivatives (PDs, dipyrone, propyphenazone and antipyrine)
selectively inhibited calcium responses and currents in TRPAL- expressing
cells and acute nocifensive responses in mice evoked by reactive channel
agonists (AITC, acrolein and H20,). The two most largely used PDs,
dipyrone and propyphenazone, attenuated TRPALl-mediated nociception
and mechanical allodynia in models of inflammatory and neuropathic pain
(formalin, carrageenan, partial sciatic nerve ligation) (Nassini et al., 2015).
As the authors concluded, the PDs blockade of the nociceptive/
hyperalgesic effect produced by TRPAL activation suggests that a similar
pathway is attenuated by PDs in humans and that TRPA1 antagonists could
be novel analgesics, devoid of the adverse hematological effects of PDs
(Nassini et al., 2015).

However, post-treatment with NSAIDs, did not attenuate hyperalgesia
produced by TRPAlagonists, CA and AITC; reduced thermal latencies and
mechanical threshold had still not returned to baseline levels by 2 h. Thus,
pre-treatment but not post-treatment with NSAIDs reduces the duration of
thermal and mechanical hyperalgesia induced by TRP channel agonists.
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Figure 32. (A) Dynamics of the thermal paw withdrawal latency after NSAIDs or
saline post-treatment. Preliminary experimental groups of rats ipsilaterally injected
with CA. Saline control groups show strong analgesia compare to experimental groups
(P < 0.001) for ipsilateral paw, but not for contralateral paw (B). (C, D) The same as in
A and B for von Frey mechanically evoked withdrawal threshold of the injected and
non-injected paws. The black arrow indicates the time of injection of NSAIDs. BL —
pre-injection baseline. Note post-treatment with NSAIDs did not attenuate thermal or
mechanical hyperalgesia induced by CA (reproduced from Tsagareli et al., 2018).

We speculate that NSAIDs may act at TRPV1 channels to shorten the
time course of hyperalgesia induced by capsaicin that was presently
observed. This is supported by previous studies reporting that NSAIDs
inhibit TRPV1. Acetylsalicylic acid (ASA) inhibited capsaicin-induced
currents in isolated DRG neurons (Kress et al., 1996), and inhibited the
activation of small DRG neurons by noxious heat (Greffrath et al., 2002).
A recent study reported that while ASA did not directly inhibit capsaicin-
evoked calcium responses in TRPV1-expressing HEK293cells, it enhanced
tachyphylaxis to repetitive capsaicin stimuli independent of COX
inhibition (Maurer et al., 2014). The authors speculate that ASA may
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directly stabilize the desensitized state of TRPV1, or indirectly inhibit
intracellular protein kinase signaling pathways (Maurer et al., 2014). Also,
it was recently reported that NSAID-serotonin conjugates, such as
ibuprofen-5-HT and flurbiprofen-5-HT, inhibit fatty acid amide hydrolase
(2 membrane-associated intracellular enzyme that degrades endo-
cannabinoids), TRPV1, and COX2, while fenoprofen-5-HT and naproxen-
5-HT showed activity as dual inhibitors of TRPV1 and COX2 (Rose et al.,
2014).

These and the present data are consistent with a novel mechanism
involving the anti-inflammatory and analgesic effects of NSAIDs that lead
to a reduction in pain-like behavior following TRPAL activation by CA or
AITC, potentially through the inactivation of desensitization of the TRPAL
channel or through the reduction of prostaglandins, and could be used
therapeutically for pain treatment (Nozadze et al., 2016a, 2016c, 2018;
Tsagareli et al., 2018).

In collaboration with Italian colleagues from the laboratory of
Pierangelo Geppetti, Florence University, we have just recently explored
whether one of the widely used NSAIDs ibuprofen’s reactive compound,
ibuprofen-acyl glucuronide (IAG), contributes to the ibuprofen analgesic
and anti- inflammatory actions by targeting TRPAL, using in vitro tools
(TRPAZ1-expressing human and rodent cells) and in vivo mouse models of
inflammatory pain (De Logu et al., 2019).

Ibuprofen, the first approved member of propionic acid derivatives, is
a classical NSAID widely used for its analgesic and anti-inflammatory
properties that is indicated to relieve inflammation and several types of
pain, including headache, muscular pain, toothache, backache, and
dysmenorrhea. Therapeutic effects of ibuprofen are attributed to inhibition
of prostanoids synthesis by a non-selective, reversible inhibition of both
COX1 and COX2. Shortly, we have found that IAG, but not ibuprofen,
attenuates excitatory and pro-inflammatory responses in TRPAL-
expressing cells in vitro and proalgesic responses in vivo elicited by
reactive agonists of the channel. IAG also selectively attenuated the
TRPAL-dependent component of the proalgesic responses evoked in vivo
by formalin- or carrageenan-induced inflammation, thus underlying the
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hypothesis that TRPAL targeting by IAG contributes to both analgesic and
anti-inflammatory effects of ibuprofen.
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Figure 33. (A) Dynamics of the thermal paw withdrawal latency after NSAIDs or
saline post-treatment. Preliminary experimental groups of rats ipsilaterally injected
with AITC. Saline control groups show strong analgesia compare to experimental
groups (P < 0.001) for ipsilateral paw, but not for contralateral paw (B). (C, D) The
same as in A and B for von Frey mechanically evoked withdrawal threshold of the
injected and non-injected paws. The black arrow indicates the time of injection of
NSAIDs. BL — pre-injection baseline. Note post-treatment with NSAIDs did not
attenuate thermal or mechanical hyperalgesia induced by AITC (reproduced from
Tsagareli et al., 2018).

In particular, we found that IAG antagonizes the human recombinant
TRPA1-HEK?293 cells (Figure 34). Vehicle for IAG did not affect per se
any calcium response in hTRPA1-HEK?293 cells evoked by AITC (Figure
34B, left plot) however, IAG inhibited calcium response evoked by AITC
(Figures 34B, right plot, 341). Calcium responses to menthol (100 uM)
were unaffected by IAG in 3C/K-Q hTRPA1-HEK?293 cells (Figure 34E).
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Figure 34. Ibuprofen-acyl-p-D-glucuronide (IAG) antagonizes the human recombinant
TRPAL. (A) Chemical structure of ibuprofen (Ibu) and IAG. (B) Typical traces of the
effect of IAG (100 uM) or its vehicle (Veh TAG) on calcium responses evoked by
AITC (5 uM) in hTRPA1-HEK?293. (E) Effect of IAG (100 uM) on the 3C/K-Q
hTRPAL1-HEK293 cells evoked by menthol (100 uM). (F) Effect of IAG (100 uM) and
capsazepine (CPZ, 10 uM) on the calcium responses evoked by capsaicin (CPS, 0.1
uM) in hTRPV1-HEK293 cells. (G) Effect of IAG (100 uM), CPZ (10 uM) and HC-
030031 (30 uM) on the calcium response evoked by CPS (0.1 uM) and AITC (10 uM)
in hTRPA1/V1-HEK293 cells. (H) Effect of IAG (100 uM) and HC-067047 (HC-06,
10 uM) on the calcium response evoked by GSK1016790 A (GSK, 0.1 uM) in
hTRPV4-HEK293 cells. (I) Effect of IAG (100 uM), Ibu (100 uM) and indomethacin
acyl-B-D-glucuronide (IndoAG, 100 pM) on the calcium response evoked by AITC (5
uM) in hTRPA1-HEK?293 cells. Values are mean + s.e.m of n > 50 cells from at least 3
different experiments for each condition. Veh indicates vehicle of AITC, ACR, H,0,,
icilin, ZnCl, and hPAR2-AP, dash (-) indicates vehicles of IAG, HC-03, ibu, CPZ, and
HC-06. *P < 0.05 vs. Veh; 8P < 0.05 vs. AITC, ACR, H;0, icilin, ZnCl,, CPS or
GSK. One-way ANOVA and post-hoc Bonferroni’s test (adapted from De Logu
etal., 2019).
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Like the selective TRPAL antagonist, HC-030031, IAG inhibited in a
concentration-dependent manner calcium response evoked by AITC [IC50,
30 (CI, 22-40) uM and 3 (CI, 1.4-6) uM, respectively] (data not shown).
IAG reduced calcium responses evoked by additional reactive TRPAL
agonists, such as acrolein or hydrogen peroxide (H20-), but did not affect
the responses by non-reactive agonists, icilin and zinc chlorides (ZnCly),
which do not act by binding key cysteine residues of TRPAL. HC-030031
abolished the calcium responses evoked by both reactive and non-reactive
agonists. IAG did not attenuate the rapid calcium responses evoked by
acute exposure to the activating peptide (AP) of the human PAR2 (hPAR?2)
(hPAR2-AP) (data not shown). This finding supports the selectivity of
IAG. The ability of AIG to inhibit TRPAL by binding key cysteine and
lysine residues was further proved by the study of the mutated human
TRPAL (3C/K-Q hTRPAL), which lacks the cysteine and lysine residues,
required for channel activation by reactive agonists, and which responds to
menthol (Hinman et al., 2006; Macpherson et al., 2007; Trevisani et al.,
2007).

Further selectivity of IAG for TRPA1 was robustly confirmed by a
series of observations. In hTRPV1-HEK293, calcium responses to the
TRPV1 agonist, capsaicin, were ablated by the TRPV1 selective
antagonist, capsazepine, but were unaffected by IAG (Figure 34F). In
hTRPAL/TRPV1-HEK293 co-expressing cells, responses to capsaicin
were attenuated by capsazepine, but not by IAG, whereas responses to
AITC were ablated by IAG and HC-03003, but not by capsazepine (Figure
34G). Moreover, in hTRPV4-HEK?293 cells, calcium responses to the
selective TRPV4 agonist, GSK1016790 A, were ablated by a TRPV4
antagonist, HC-067047, but were unaffected by IAG (Figure 34H).
Ibuprofen did not evoke per se any calcium responses and did not affect
the calcium responses evoked by AITC, acrolein or H.O, in hTRPA1
HEK293 cells (Figure 34D, ). The glucuronidated metabolite of 1AG,
indomethacin neither evoked calcium response nor reduced the calcium
response evoked by AITC in hTRPA1-HEK?293 cells (Figure 341).
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Figure 35. IAG inhibits nociceptive responses evoked by reactive TRPAL agonists in
mice. (A) Dose-dependent inhibitory effect of intraplantar (i.pl.) administration of IAG
(20 wl/paw, 0.3-300 nmol) and HC-030031 (HC-03, 0.3 300 nmol) on the acute
nociceptive response evoked by i.pl. AITC (20 nmol) in C57BL/6 J mice. (B) Effect of
IAG (300 nmol), capsazepine (CPZ, 300 nmol) and HC-067047 (HC-06, 300 nmol) on
the acute nociceptive response evoked by i.pl. CPS (1 nmol) and NaCl 0.27% in
C57BL/6 J mice. (C) Dose-response inhibitory effect of intraperitoneal (i.p.)
administration of IAG, Ibu and HC-03 (all, 1 — 100 mg/kg) on the acute nociceptive
response evoked by i.pl. AITC (20 nmol) in C57BL/6 J mice. (D) Effect of i.p. IAG
(100 mg/kg) CPZ (4 mg/kg) and HC-06 (10 mg/kg) on the acute nociceptive response
evoked by i.pl. CPS (1 nmol) and NaCl 0.27% in C57BL/6 J mice. Values are mean +
s.e.m of n = 6 mice for each experimental condition. Veh indicates vehicle of CPS,
NaCl 0.27%, ACR, ZnCl; and AITC, dash (-) indicates vehicles of IAG, HC- 03, ibu,
CPZ and HC-06. *P < 0.05 vs. Veh; 8P < 0.05 vs. CPS or NaCl 0.27%, ACR and
ZnCl,, #P < 0.05 vs. HC-03 and IAG. One way ANOVA and post-hoc Bonferroni’s
test (adapted from De Logu et al., 2019).
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In vivo behavior experiments showed that the intraplantar (i.pl.) (20
ul/paw) administration of IAG or HC-030031 dose-dependently reduced
[ID50 of 4 (CI, 2-9) nmol, and ID50, 8 (CI, 3-23) nmol, respectively] the
acute nociceptive response evoked by the injection of AITC (i.pl.).
Maximum inhibition on the nociceptive responses evoked by AITC (i.pl.)
was 72% + 2% for IAG and, 89% + 1.7% for HC-030031 (n = 6, p < 0.05)
(Figure 35A). Acute nociceptive responses induced by intraplantar
capsaicin and hypotonic solution (TRPV1 and TRPV4-mediated responses,
respectively) were attenuated by injection of the respective channel
antagonists, capsazepine and HC-067047, but were unaffected by 1AG (all
i.pl.) (Figure 35B).

The systemic (intraperitoneal, i.p.) administration of HC-030031, IAG
and ibuprofen dose-dependently [ID50s 7 (CI, 4-14) mg/kg, 10 (CI, 4-20)
mg/kg and ID50s 27 (CI, 8-90) mg/kg, respectively] reduced the
nociceptive responses to AITC (i.pl.) (Figure 35C). Maximum inhibition
by ibuprofen (42% + 3%) was lower than those produced by IAG (76% +
4%) and HC-030031 (83 + 4%) (all 100 mg/kg, n = 6 each, P < 0.05
ibuprofen vs. both IAG and HC-030031) (Figure 35C).

Finally, systemic (i.p.) IAG did not affect the nociceptive responses
evoked by either capsaicin or a hypotonic solution, which, however, were
attenuated by the TRPV1 and TRPV4 antagonists, capsazepine and
HC067047, respectively (Figure 35D).

As stated above, the COXs inhibitor ibuprofen is widely used as a first
line treatment for the relief of pain and inflammation. Glucuronide
metabolites, including those generated from ibuprofen, are generally
considered inactive and rapidly excreted compounds. However, acyl
glucuronides, undergoing hydrolysis, acyl migration and molecular
rearrangement, exhibit chemical reactivity that allows them to covalently
bind various macromolecules, among them TRPAL channels. A major
finding of this study is that IAG, but not its parent compound, ibuprofen,
antagonizes the pro-algesic TRPAL. This conclusion derives, primarily,
from the in vitro pharmacological profile of IAG, which, unlike ibuprofen,
selectively inhibits the recombinant and native human TRPA1 and the
native rodent channel in nociceptors. Failure of the acyl derivative of
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indomethacin to affect channel activity underlines the unique ability of
IAG to target TRPAL.

Additional in vivo data strengthen the conclusion obtained from our in
vitro findings. Local injection of IAG in the mouse hind paw prevented
acute nociception elicited by local administration of the reactive TRPAL
agonists, AITC and acrolein, but was ineffective against TRPV1 or TRPV4
agonists, indicating selectivity. Notably, local injection of ibuprofen in the
mouse hind paw did not affect AITC or acrolein-evoked nociception. It is
possible that following i.pl. ibuprofen no IAG is generated locally and the
action of TRPA1 agonists remains unopposed. However, about 10 — 15%
of systemic ibuprofen is converted into IAG. Thus, liver metabolism of a
high dose of ibuprofen may produce IAG levels such as to guarantee a
local concentration sufficient for inhibiting TRPAL. This hypothesis is
supported by the observation that a high dose of systemic ibuprofen
produced a partial attenuation of the nociception evoked by AITC.

In summary, presented findings add new insights into the
antinociceptive/anti-hyperalgesic and anti-inflammatory activity of
ibuprofen which, in addition to COX inhibition, attenuates TRPA1 activity
via IAG generation. This novel mechanism of ibuprofen/IAG indirectly
underlines the TRPAL contribution to acute nociception and delayed
allodynia in various models of inflammatory pain. Further studies are
needed to establish whether TRPAL antagonism by IAG contributes to the
therapeutic effect of ibuprofen in pain and inflammation in humans, and
whether IAG may have an efficacy and safety profile different from its
parent drug (De Logu et al., 2019).
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Chapter 9

CONCLUDING REMARKS
AND PERSPECTIVES

The discovery of the trp gene superfamily almost twenty five years ago
and which encodes the TRP cation channels has opened a highly exciting
field to understand physiological and pathophysiological basic mechanisms
of cell functions, which were until this time inaccessible. TRP channels
comprise one of the most rapid growing research topics in related to ion
channels including channelopathies and translational medicine (Nilius,
Flockerzi, 2014).

Recent advancement in the field of cryo-EM has enabled near atomic
resolution structures of some of the TRP channels, giving a glimpse into
their molecular architecture. The structural information will help in
establishing some of the functional characteristics of these channels and
will also be beneficial for drug development. Resolving more structures
will be important for the better understanding this super-family of ion
channels in physiological processes (Samanta et al., 2018).

Eleven mutant TRP channels cause a spectrum of 16 human diseases,
additionally emphasizing their essential role in vivo. Moreover, TRP
channels are important pharmacological targets for specific novel
therapeutic treatment options for patients. Along these lines, specific TRP
modulators have been identified in recent years and are now tested in vitro
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and in vivo against symptoms caused by dysfunctional TRP proteins or
pathophysiological processes such as pain, chronic inflammation, fibrosis,
and edema, which occur if normal physiological responses are out of
control (Dietrich, 2019b; Moran, 2018). Understanding of the mechanistic
background of these channel malfunctions not only is essential for a
treatment of these diseases but may also help to understand the functioning
of these exciting proteins and their involvement in different signaling
cascades.

The enthusiasm that TRP channels may solve many of health problems
should be qualified by a more rigorous investigation of TRP channel
functions in more refined and suitable models. At the same time,
obviously, we have to admit that in many diseases the role of TRPs might
be somewhat over-interpreted/overstressed. Better pathophysiological
models which consider the difficulties to handle TRP must be developed.
We are still in the very beginning of understanding disease-causing
dysfunctions of TRP channels (Nilius, Flockerzi, 2014).

Because of all the contradictions and gaps in our understanding of the
TRP, we have to admit that the exciting field of investigation is open, but
the current state of research on the TRP channel is still at the beginning.
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