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Targeting Thermo-Transient Receptor Potential Channels for Pain
and ltch Relief
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ABSTRACT a OPEN ACCESS
Transient Receptor Potential (TRP) channels are multifunctional sensory proteins that are abundant in the skin and
involved in the sensory pathways of pain, itch, and inflammation. Identified temperature-sensitive representatives
of TRP or thermo-TRP channels belong to four subfamilies and include both heat- and cold-sensitive channels. Most
of these channels are molecular sensors of chemical and mechanical noxious stimuli that evoke pain and itch
sensations. They are crucial for physiological functions, and constantly monitor internal body temperature and
external thermal ambient hazards associated with heat and cold. In addition to temperature, thermo-TRPs exhibit
remarkable sensitivity to a wide range of pungent compounds commonly present in food. In particular, allicin,
capsaicin, chloroquine, cinnamon aldehyde, horseradish, menthol, mustard oil, piperine, wasabi, and others. All
these temperature-sensitive channels discovered to date belong to four channel subfamilies: ankyrin (TRPAT1),
canonical (TRPC5), melastatin (TRPM2-5, TRPM8), and vanilloid (TRPV1-4), each having distinct structural
architecture and membrane topology.

Whereas these channels are critical for temperature sensing, they also play important roles in pain perception
under normal conditions and aberrant responses in pathological pain states, thus making them a robust target for
the development of new analgesics. In addition to pain, various thermo- and other TRP channels are key transducers
of itch sensation, coupling with pruriceptors and converting external stimuli into sensory neuronal signals. Other
receptors, including G protein-coupled receptors and protease-activated receptors, have been identified as
critical in transducing noxious and itchy stimuli into action potentials that are conducted over primary afferent
fibers into the central nervous system. Two sensations, such as pain and itch, share many similarities, including
common sensory neurons, mediators, and receptors involved in peripheral and central neuronal sensitization and
synaptic transmission. However, there are distinct differences in the molecular mechanisms governing itch and pain
in skin pathologies. Ubiquitous expression of TRP channels underscores their relevance across virtually every facet
of human physiology and pathology. They remain viable and promising targets for the development of novel
therapeutics to treat acute and chronic pain/itch and various diseases.
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Introduction

The Transient Receptor Potential (TRP) channel superfamily is multimodal, nonselective for cations, and involved in a
diverse array of biological functions, making it an attractive therapy target. These channels belong to the class of
tetrameric ion channels, which include two transmembrane helices (S5 and S6) and a reentrant pore loop between them
that forms the pore domain. It also includes four transmembrane helices that form an S1-S4 voltage-sensing domain.
Identified temperature-sensitive representatives of TRP or thermo-TRP channels belong to four subfamilies and include
both heat- and cold-sensitive TRPAT1, heat-sensitive TRPM2-5, TRPV1-4, and warm/cold-sensitive TRPC5 and TRPM8
channels (Figure 1). Most of these thermo-TRP channels are molecular sensors of chemical and mechanical noxious stimuli
that evoke pain and itch sensations. In addition to the itch sensation, two other channels, TRPC3 and TRPC4, are involved.
In particular, TRPC3 is sensitive to the antimalarial drug chloroquine and to beta-alanine, and is associated with non-
histaminergic pruritus and contact dermatitis. TRPC4 is sensitive to sertraline (a selective serotonin reuptake inhibitor (SSRI)

as an antidepressant) and is involved in serotonin receptor HTR2B-associated itch!-7.
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Figure 1. Temperature thresholds for activation of thermo-TRP channels. Blue arrows indicate cold-cool sensations, while

red arrows indicate warm-hot sensations. Adapted from Nadezhdin, Sobolevsky,2.

Thermo-TRP channels are crucial for physiological functions, as they constantly monitor internal body temperature and
external thermal ambient hazards associated with heat and cold. However, in addition to temperature, they integrate
signals from mechanical and chemical stimuli. For example, thermo-TRPs exhibit remarkable sensitivity to a wide range
of pungent compounds commonly present in food. In particular, capsaicin, the spicy molecule of hot chili peppers, activates
TRPV1 channels, resulting in a sensation of heat and pain. Two compounds, allyl isothiocyanate (AITC) found in mustard
oil, and wasabi (Japanese horseradish), and cinnamon aldehyde (CA), activate TRPA1 channels, triggering a sharp and
tingling sensation. Carvacrol, found in oregano and thyme, stimulates TRPV3 channels, contributing to the perception of
warmth. Menthol, found in mint leaves, activates TRPM8 channels, producing a cooling, refreshing sensation. Finally, some
pungent compounds can excite or inhibit multiple TRP channels. For example, piperine, which is responsible for spiciness
of black pepper, or allicin from garlic or onion, can activate both TRPAT and TRPV1 channels, leading to a strong pungent

sensation and contributing to the perception of heat!.27,
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All thermo-TRPs discovered to date belong to four channel subfamilies: ankyrin (TRPAT1), canonical (TRPC5), melastatin
(TRPM2-5, TRPM8), and vanilloid (TRPV1-4), each having distinct structural architecture and membrane topology (Figure
2).

Figure 2. Cryogenic electron microscopy (Cryo-EM) structures of four human thermo-TRP channel proteins: (A-D) TRPV1,

TRPAT1, TRPM2, and TRPC5. Adapted from Nadezhdin, Sobolevsky,2.

Although the mechanism of temperature sensation among closely related proteins is expected to be similar, even highly
homologous proteins within the same subfamily can have drastically different temperature sensitivities. For example,

among melastatin subfamily members, TRPM2-5 are heat-sensitive, while the TRPM8 channel protein is cold-sensitive.

Whereas these channels are critical for temperature sensing, they also play important roles in pain perception under
normal conditions and aberrant responses in pathological pain states, thus making them a robust target for the
development of new analgesics. In addition to pain, different thermo- and other TRP channels are key transducers of itch
sensation, coupling with pruriceptors to convert external stimuli into sensory neuronal signals. Specifically, these channels
are TRPAT, TRPV1-4, TRPM8, and TRPC3/4, which contribute to the pathophysiology of acute and chronic itch

conditions3:8,

Other receptors, including G protein-coupled receptors (GPCRs) and protease-activated receptors (PARs), have been
identified as critical in transducing itchy stimuli intfo action potentials that are conducted over “pruiriceptive” primary
afferent fibers into the central nervous system (CNS). The opening of TRP channels allows calcium and sodium influx,
leading to neuronal membrane depolarization and the opening of voltage-gated sodium channels, thereby generating
action potentials that transmit pruriceptive signals from primary afferents into the spinal cord via ascending pathways to
the brain (Figure 3). The variety of TRP channels and GPCRs, nearly all of which are expressed in the membranes of

pruriceptive nerve endings in the skin and in skin keratinocytes?.
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Figure 3. Mrgpr, histamine, and serotonin receptors, and a variety of other TRP channels, are expressed in the membranes

of sensory nerve endings in the skin. Adapted from Mahmud et al.,°.

In mice, a population of sensory afferents that is likely involved in itch is the dorsal root ganglia (DRG) neurons, which co-
express GPCR type, Mas-related G protein receptor A3 (MrgprA3) and MrgprC11. Subsequently, it was found that
these two proteins are receptors for irritant pruritogens. Specifically, MrgprA3 is a receptor for chloroquine (CQ),
whereas MrgprC11 is activated by Bovine Adrenal Medulla 8-22 (BAM8-22) (15-amino-acid peptide) and SLIGRL. The
latter is a 6-amino acid synthetic peptide sequence (Ser-Leu-lle-Gly-Arg-Leu). The counterparts to these receptors are
thought to be members of the MrgprX family. In humans, these receptors are found in mast cells and sensory neurons and

respond to a broad array of pruritogens'0.11,

Ankyrin subfamily

The TRPA subfamily has only one member (TRPA1) due to numerous ankyrin repeats for the N-terminus. It is a calcium-
permeable nonselective cation channel that contributes to the transduction of noxious and itch signals (Figure 4). TRPAT1 is
considered a chemical nocisensor as it is sensitive to various irritant chemicals and endogenous products of tissue injury.
Among them are pungent compounds in spices, such as cinnamon, mustard oil, and wasabi, as well as chloroquine, acrolein,
formalin, cannabinoids, and various reactive chemicals, oxygen, nitrogen, and carbonyl species. This channel is activated

by mechanical stimuli and signals associated with tissue damage, pain, and itch3.

TRPA1 in pain

The TRPAT channel was proposed as a noxious cold receptor activated by temperatures lower than < 19°C in mice and
insects. Although TRPA1 channels from insects to birds (endotherms) show heat-dependent activation, indicating the
importance of TRPA1 in detecting ambient warm to hot temperatures, the range of 25-35°C in mammals, TRPA1
temperature sensitivity remains controversial. Human TRPA1 has bimodal thermosensitivity, and mouse TRPAT is involved
in noxious heat sensitivity, but additional systematic analyses are needed to determine the general mechanism of
mammalian TRPA1 thermosensitivity. Further, the diversity of functions underscores its expression in cell types such as
sensory vagal neurons, jugular veins, nodose ganglia, epithelial cells, and other cell types, making this channel relevant

to a wide range of diseases and an attractive therapeutic target3.12.13,
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Figure 4. A schematic of key features of TRPA1 channel. Mechanical interactions of ligands with ankyrin repeats lead to

conformational changes, conveyed through the S4-S5 linker structure, opening the channel. Reproduced from Clapham,28.

Several natural compounds (TRPAT agonists), such as curcumin, resveratrol, and chalcones, have been shown to activate
and desensitize TRPAT, suggesting that the development of synthetic TRPA1 agonists could be an attractive path toward
safe and efficacious pain therapy. For example, several pharmaceutical companies are actively pursuing novel small-
molecule antagonists and optimizing existing scaffolds. They will eventually provide clinically meaningful pain and itch
relief. Preclinical research suggests that a centrally acting TRPAT antagonist is likely to provide superior efficacy over
the peripherally restricted mode of action. Development of centrally acting small-molecule TRPA1 antagonists has been

challenging, especially regarding drug-like properties and medicinal chemistry optimization'.

The TRPA1 channel plays an important role in histamine-independent itch, a process that underlies acute and many chronic
itch diseases. In particular, TRPA1 is thought to play a role in the common side effect of resistant itch associated with the
anti-malarial drug chloroquine. This is mediated in part by specific Mrgpr that can act on downstream TRPA1 channels to
contribute to itch sensation. CQ, BAM8-22, and hexapeptide SLIGRL are pruritogens that activate MrgprA3 and
MrgprC11, respectively, to induce itch. Interestingly, TRPAT knockout significantly reduced itching caused by CQ and
BAM8-22 in mice. MrgprX1 is a homologous channel in humans, which suggests it may have a role in nonhistaminergic

itch and may be a potential target for therapy89:15.16,

We have recently reported that intraplantar injections of CQ, BAM8-22, and SLIGRL elicited thermal hyperalgesia and
mechanical allodynia in adult male mice. Pretreatment with the TRPA1 antagonist (HCO30031) significantly reduced
thermal hyperalgesia and mechanical allodynia elicited by CQ, BAM8-22, and SLIGRL, indicating that hypersensitivity

effects developed by these non-histaminergic itch mediators require TRPA116.17,

TRPA1 in itch

There are many other pruritogenic pathways and mechanisms by which TRPA1 contributes to acute and chronic itch.
Increased interleukin-31 (IL-31) is found in many itchy conditions, including atopic dermatitis (AD) and cutaneous T-cell
lymphoma, and is thought to contribute to itch sensation through modulation of TRPA1. Thymic stromal lymphopoietin

(TSLP) is an important cytokine produced by epithelial cells and is also found to play a role in AD. TSLP expression is
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increased both in the skin of patients with AD and in mouse models of AD. TSLP can bind to its receptor directly on dorsal
root ganglia (DRG) neurons, and through downstream signaling via phospholipase C, can induce pruritus with the help of
TRPA1. This process is mediated by protease-activated receptor 2 (PAR2), which plays an important role in TSLP

production in keratinocytes8:18,

Knockout (KO) mice lacking TRPA1 exhibited significantly reduced acute scratching elicited by CQ and BAM8-22 peptide
and sphingosine 1-phosphate receptor 3 (S1PR3), as well as scratching in a model of chronic dry skin itch, indicating a
role for TRPA1 in acute non-histaminergic as well as chronic itch. It was recently reported that TRPAT1 inhibition reduced
scratching behavior and calcium influx into DRG neurons elicited by a histamine H4 but not H1 receptor agonist, whereas
TRPV1 inhibition reduced scratching and DRG neuronal calcium responses to both, suggesting that both TRPV1 and TRPA1

are involved in the transmission of histamine-induced itch?.19.20,

The TRPAT1 protein channel is critical for chronic non-histaminergic itch. For example, in AD, the occurrence of itch can
precede the development of skin lesions, and it is suggested to be neurogenic in origin. In AD, TSLP is released from
epithelial cells and is critical to the atopic march, triggering skin inflammation. In mice, a genetic overexpression of TSLP
in keratinocytes triggers itch and the development of AD-like skin. Injection of TSLP induced scratching behaviors, and KO
of TRPA1 attenuated TSLP-evoked scratching, suggesting that TRPA1 is involved in TSLP-mediated itch in AD. Topical
application of the vitamin D analog calcipotriol (MC-903) produces AD-like pathology, including increased itch and skin
hyperplasia, and increased TSLP expression. In TRPA1 KO mice treated with MC-903, there was a significantly reduced
lesion area and fewer scratching bouts when compared to treated wild-type mice. In the DNCB (2,4-dinitro-
chlorobenzene) model of AD, TRPA1 antagonism or KO resulted in a lower dermatitis score and fewer scratch boutsé9:.21-
24, These data provide strong preclinical evidence for the importance of TRPA1 in the regulation of chronic itch and skin

inflammation in AD.

Psoriasis is the second most common inflammatory skin disease, which evokes itch sensation in 60—-90% of patients.
Psoriasis is mediated through the release of IL-17 from T helper-17 (Th17) cells, which induces feed-forward inflammation.
In the mouse, a commonly used model for psoriasis is the topical application of imiquimod (IMQ), which induces many of
the hallmarks of psoriasis. Using the IMQ model in wildtype and TRPA1 KO mice, there was a significant reduction in the
immune cells, inflammatory cytokines, skin inflammation, and skin barrier defects in the TRPAT KO mice. In KO mice lacking
TRPA1, spontaneous scratching behavior was not significantly affected, while alloknesis (normal or nonpruritic stimuli
perceived as itchy) scores were partially reduced in male mice. Combined, these data imply that TRPA1 is necessary for

the inflammation and disruption to the skin barrier in psoriasis and the development of alloknesis?25-27,

TRPA1 antagonists and agonists for pain relief

Several pharmaceutical companies are currently actively pursuing novel small-molecule TRPA antagonists and optimizing
existing scaffolds. In particular, Hydra Bioscience was the first to disclose xanthine derivatives as TRPAT antagonists, HC-
030031. This was shown to be efficacious in vivo at 100 and 300 mg/kg. Another xanthine derivative, Chembridge-
5861528, was explored by Orion Pharma as a tool compound, and it was shown to be 10-fold more potent than HC-
030031. Since these early discoveries and successful hit-finding campaigns, xanthine analogs and molecules based on
similar scaffolds have received substantial attention. Glenmark Pharmaceuticals has extensively expanded and

characterized the CB-625 and GRC-17536 compounds, which have reached clinical studies!4:29.30,
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In addition to these chemical compounds with representatives that have been challenged in clinical trials, a vast number
of various chemical families have been reported as antagonists of TRPA1. Abbot disclosed a highly potent oxime
derivative, A-967079, which did not show efficacy after oral administration in neuropathic pain animal models. Amgen
disclosed a series of trichloro(sulfanyl)ethyl benzamides as potent TRPA1 antagonists, which were active only in humans
but not in rats. Merk disclosed a decaline derivative and AstraZeneca N-1-alkyl-2-oxo-2-aryl amides as TRPA1
antagonists. Additional distinct chemical series were disclosed by Amgen and Novartis Research Institute. Bayer published
the discovery of a fragment-like aryl-amine derivative (BAY-390) that is reported to penetrate the blood-brain barrier

(BBB) and possess suitable properties for an in vivo tool compound4:31.32,

Several natural compounds, such as chalcones, curcumin, and resveratrol, have been shown to activate and desensitize
TRPAT, suggesting that synthetic TRPA1 agonists could be an attractive path toward development of novel analgesics.
Moreover, identification of novel TRPA1 agonists from compound libraries is far more likely than that of antagonists.
However, no studies have been carried out so far to show that repeated dosing of synthetic TRPA1 agonists evokes only
desensitization of TRPA1 and alleviation of chronic pain, without having any worsening effect on pain and without inducing
neuropathy. Furthermore, a noncovalent TRPA1 agonist, GNE55, was recently shown to evoke biased agonism and
persistent pain. Also, recent studies showed that TRPA1 is expressed in oligodendrocytes, and this channel activation
contributes to multiple sclerosis-like symptoms, suppression of myelination, and induction of demyelination33-35. These
findings suggest that excessive TRPAT activation by exogenous synthetic TRPA agonists in the brain may drive white

matter injury.

On the other hand, most humans consume various spices almost daily, e.g., garlic, onion, mustard, cinnamon, and wasabi,
activating TRPAT channels without any noticeable, unwanted side effects. How is this possible? A likely explanation is the
pharmacokinetic profile of the compounds; i.e., how well compounds are absorbed, distributed, metabolized, and
excreted from the body. Most pungent spices evoke burning sensations only in the mouth, not elsewhere in the body,
suggesting they are rapidly metabolized by enzymes in the liver. It means that peripheral nerves are only briefly or
hardly at all exposed to concentrations that activate TRPAT. However, synthetic compounds activating TRPAT are

purposefully developed to possess high metabolic stability and hence long-lasting systemic effects in vivo'4.

TRPA1 antagonists for itch relief

With regards to specific TRPA1 antagonists, there are a few currently under study that can be potential treatments for
itch. The TRPA1 antagonist, GRC 17536, has completed a phase |l clinical trial, and the initial results indicate it is a
promising treatment for diabetic neuropathy pain. This may also have a possible use for nonhistaminergic itch; however,
the antagonist did not advance into phase lll clinical trials due to its pharmacokinetic profile and limited bioavailability.
Other potential novel treatments that antagonize the TRPA1 receptor include HC-030031, a TRPA1 antagonist that we
widely used in our pain and itch experiments, and has been found to decrease itch in mouse models of AD, oxazolone
and urushiol exposed mice, and leukotriene B4 (LTB4)-induced itch. A-967079 is another TRPAT antagonist that has been
shown to suppress itch in contact dermatitis mouse models. Additional study is required on the safety and efficacy of

TRPA1 antagonists in treating chronic itch conditions818.24,36,37,
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Vanilloid subfamily

The TRPVs are crucial for physiological functions, as they continuously monitor internal body temperature and warn of
ambient hazards associated with heat and cold. This group contains seven members (TRPV1-7) and is named for the
sensitivity of the founding member, TRPV1, to the vanilloid capsaicin. These protein channels are polymodal, being
activated by capsaicin, pH, and osmolarity changes, mechanical stimuli, lipids, voltages, and high temperatures. TRPVs
can be further categorized by their thermal sensitivity: TRPV 1-4, which are gated by warmth and painful heat and are
termed thermo-TRPV channels, along with TRPM2-5, TRPM8, and TRPC534. The temperature-driven activation of TRPV1-
4 subfamily cation channels contributes to pruritus, flares, skin barrier dysfunction, atopic dermatitis development, and
asthma attacks. The blocking of TRPV channels may attenuate temperature-mediated itch, skin barrier dysfunction, and

the exacerbation of AD5:6:8.9,

TRPV1 in pain

Since the TRPV1 ion channel was cloned in David Julius' laboratory in 1997, there have been extensive efforts to reveal
structural and functional details of this protein, which culminated in the Nobel Prize (2021) in Physiology and Medicine
for him. Thus, it is today one of the best-characterized members of the TRP channel superfamily. Its expression was highly
enriched in dorsal root and trigeminal sensory ganglia, and in particular in small to medium diameter nociceptive neurons.
A homo-tetrameric ion channel, TRPV 1, exhibits remarkable sensitivity to capsaicin, the spicy molecule of hot chili peppers,

resulting in a sensation of heat and pain38:39,

The TRPV1 responds to temperatures above 43°C and activates at neutral pH (< 6) at room temperature, and with
channel conformation changes. The open channel typically allows influx of sodium and calcium ions into the cell, resulting
in neuronal depolarization. Consecutive action potential transmission causes release of neuropeptides from nociceptors,
such as calcitonin gene-related peptide (CGRP) or substance P (SP), ultimately sending harmful signals, such as pain,

itching, burning, and stinging sensations to the spinal cord and brain, as well as activating neurogenic inflammation4041,

The structure of TRPV1 ankyrin repeat domain was initially solved by X-ray crystallography. Later, cryo-EM was
exploited to visualize conformational transition in TRPV1 that uncovered a two-step mechanism of proton modulation,
substates reflecting phosphatidyl inositol lipid and vanilloid agonist binding stoichiometry and competition, and adaptive
behavior of the selectivity filter, which accommodates permeation of small and large organic cations (Figure 5). Knockout
(KO) Trpv 1 mice display a distinct thermoregulatory phenotype, and the development of inflammation-induced and injury-

induced hyperalgesia (increased pain sensitivity) is impaired?.
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Figure 5. Structure of TRPV1 channel with a six transmembrane-spanning protein, and the pore (P, yellow) that is formed

by the fifth and sixth transmembrane domains. Adapted from Leonelli et al.,42.

Drugs that target TRPV1 to modulate pain through an agonist strategy utilize overactivation that results in a desensitized
and inactivated channel receptor state. When a high dose of agonist agent (capsaicin or resiniferatoxin-RFT) binds
directly to the channel, a conformational change occurs that reduces calcium-dependent depolarization. A pain signal
transmitted to the spinal cord decreases, and hence, the release of inflammatory neuropeptides diminishes, resulting in
hypo-algesia propagation. Thus, applied agonists will cause reduced pain, itching, and burning sensations. For example,
high-dose 8% capsaicin patch (Qutenza, Averitas) has been developed more recently with the intention of obviating the
need for such frequent application in neuropathic pain. Thus, this approach improves patient adherence and outcomes.

This is postulated to contribute to the prolonged impact of topical capsaicin for weeks beyond patch application43.

In addition to its well-known role as a thermosensor in nociceptive neurons, TRPV1 has been found to have functions in
immune cells, where it regulates lipid synthesis and inflammatory response. The investigation of TRPV1’s involvement in
autoimmune diseases such as systemic lupus erythematosus, multiple sclerosis, and rheumatoid arthritis highlights its

potential as a therapeutic target44.

TRPV1 in itch

As mentioned above, twenty-five years after its cloning, the TRPV1 channel has become the first subfamily member linked
to capsaicin, thermal pain, and itch3%. Therefore, it is well known that TRPV 1is expressed in cutaneous and DRG sensory
neurons involved in pain, thermoregulation, and pruritus. It is also found in a variety of skin cells, where it plays a role in
itch transmission, skin barrier homeostasis, epidermal proliferation, and inflammation. The role of TRPV1 in itch seems to
have both direct and indirect components, and this channel plays a significant role in acute itch mediated by histamine.
The latter directly induces itch through TRPV-1-expressing C-fiber nociceptors via histamine GPCRs (H1R and H4R)
receptors, which activate the phospholipase C beta-3 pathway. Histamine-evoked scratching is attenuated in KO mice

lacking TRPV 184546,

We recently found that an intraplantar injection of histamine in mice resulted in significant ipsilateral thermal hyperalgesia

and mechanical allodynia that persisted for 1 h. Pretreatment with the TRPV1 antagonist AMG-517, but not the TRPA1
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antagonist HC-030031, significantly attenuated the magnitude and time course of thermal hyperalgesia and mechanical

allodynia elicited by histamine, indicating that TRPV 1mediates these effects!517,

The TRPV1 channel also plays an indirect role in non-histaminergic pruritus, which is the main pathway of chronic itch.
Proteases activate their respective protease-activated receptors (PARs), such as PAR2 and PAR4, which are involved in
chronic neurogenic inflammation. This inflammation sensitizes TRPV 1 channels and induces itch. For example, in cholestasis,

TRPV1 sensitization by pruritogens has been related to TRPV 11847,

In nerve cells, itch signaling mediated by interleukins has also been shown to require TRPV 1. These interleukins are known
to be associated with pruritic disorders such as AD and allergic contact dermatitis (ACD), thus highlighting the role of
TRPV1 channels in these conditions. The blocking of TRPV1 channels may attenuate temperature-mediated itch, skin barrier

dysfunction, and the exacerbation of AD48,

In a mouse chronic itch model, applying pruritogen squaric acid dibutyl ester (SADBE) for ACD, the ablation of TRPV1-
positive nerve fibers with the capsaicin analog, resiniferatoxin (RTX), or knockout of TRPV1 reduced scratching behaviors.
SADBE directly activated HEK cells expressing TRPV1 (or TRPAT1), inducing calcium transients. Interestingly, the antagonism
or KO of TRPV1 increased edema in the SADBE treatment4°. It means that TRPV1 promotes itch but negatively regulates

inflammation in the SADBE model.

The TRPV1 channel may also play a role in psoriatic itch. Imiquimod (IMQ), which has been previously used for murine
models of psoriasis, requires TRPV 1-expressing neurons to induce pruritus. Furthermore, TRPV1 gene overexpression was
found to be positively correlated with itch intensity in patients with AD and psoriasis. TRPV1 expression is also increased

in keratinocytes and sensory nerves of pruritic prurigo nodularis lesions818:50,

TRPV'1 antagonists and agonists for pain relief

Blockage of TRPV1 channel function can be affected by antagonists as well as by desensitization upon persistent
activation by agonists, suggesting that both approaches could have considerable therapeutic utility. Persistent agonism
results in a high inflow of calcium in cells, ultimately leading to desensitization or defunctionalization to a variety of
noxious stimuli at nerve terminals and consequent pain relief. However, its use is limited to local treatment due to systemic
toxicity. At the same time, antagonists have therapeutic advantages over agonists in that they lack the initial excitatory
effect preceding the desensitization. Unfortunately, clinical development of the first-generation antagonists has been
complicated by target-based side effects, such as hyperthermia and impaired heat sensation/perception, caused by
their polymodal antagonism, which blocks all modes of TRPV1 activation. In consequence, mode-selective antagonists,
which inhibit only the activators, related to pain perception but not to thermoregulation, represent one class of future
TRPV1 clinical candidates. A second class of attractive clinical candidates is non-pungent agonists with minimal initial

excitation31.

In our experiments in rats and mice, we extensively used a first-generation antagonist for TRPV1 (AMG-517) that blocks
all modes of activation in humans, rats, mice, and monkeys'517. In another study, a phase 1 single ascending dose (SAD)

of AMG-517 (2, 5, and 10 mg) for 7 days increased the temperature to almost 40°C. There was also substantial
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individual susceptibility to an unusually high magnitude of temperature in some healthy subjects. In consequence of this

hyperthermia, the clinical trials were terminated without full assessment of the compound’s analgesic potential in humans51.

The second TRPV1 antagonist that was to enter clinical trials is SB-705498, a polymodal drug developed by
GlaxoSmithKline. In Phase 1 clinical trials, it was administered with a single 400 mg oral dose. The treatment significantly
reduced the area of capsaicin/UVB-evoked flares compared to placebo, but not the intensity of either capsaicin/UVB-
evoked flare or capsaicin-evoked thermal hyperalgesia. In addition, SB-705498 elevated the heat threshold into the
noxious range, although the taste threshold was not changed as measured by administration of a series of diluted

capsaicin solutionss?,

Thus, clinical trials for most TRPV1 antagonists (so far, almost 20 have entered) have not advanced primarily because of
target-based adverse effects, such as hyperthermia and an elevated heat pain threshold. These side effects are
predicted results upon blocking all modes of TRPV1 activation by capsaicin, hydrogen ions, and heat. Some antagonists
exhibited species specificity in which functional profiles varied from species to species. This specificity makes it difficult to
translate results in rodents into humans. Similarly, there are also species differences in structure potency relations. All
these complexities make it difficult to solve the problem with antagonists. Recent breakthrough advances in cryo-EM have
elucidated the molecular basis of capsaicin, proton, and heat-dependent opening of TRPV1 channel and provide structural

information for the design of novel classes of antagonists without limiting side effectss!.

Use of capsaicin for analgesia has been characterized by increasing topical doses, most commonly for the treatment of
neuropathic pain, which is characterized by allodynia, hyperalgesia, hyperesthesia, and paresthesia. Brief capsaicin
exposure with naturally or topical cream applications results in TRPV1 receptor depolarization. The latter is experienced
and described as burning, itching, or stinging. Prolonged activation of TRPV1 receptors triggers calcium-mediated
desensitization, leading to an increased pain threshold and reduced pain perception. The high-concentration 8% capsaicin
dermal patch allows the most prolonged single-exposure application currently available commercially (Qutenza), and its
clinical efficacy is attributed to this time-dependent desensitization of TRPV1 receptors. High-dose capsaicin patch, thus,
offers a much-needed topical option for patients who are unable to take oral medications due to unwanted side effects

or are treatment refractory4352-54,

An injectable form of capsaicin is used to treat chronic pain arising from deep tissues by precise focal applications. Such
an approach with injectable capsaicin has been promised for nerve injury-associated pain conditions. For example, trials
of capsaicin injection into knee joints treating osteoarthritic pain have shown encouraging results. Similarly, capsaicin

administered intraoperatively has decreased postoperative pain without adverse effects on wound healing33:5¢,

The second TRPV1 channel agonist, resiniferatoxin (RTX), derived from the cactus-like plant species, Euphorbia, produces
effects of rapid desensitization due to a prolonged refractory state. RTX, as an ultrapotent TRPV1 agonist, has shown
the ability to block experimental inflammatory hyperalgesia and neurogenic inflammation in several animal models, and
suggests that rapid onset (a few days) and long-lasting (permanent) pain reduction is possible. At the same time, touch,
locomotion, and proprioception appear to be unaffected. Preclinical and early clinical results demonstrate that RTX
injected neuraxially has the potential to be an innovative and effective interventional strategy for cancer pain

managements’,
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TRPV1 antagonists and agonists for itch relief

Modulation of TRPV1 channels as a treatment for pruritic diseases has been extensively studied. Administration of a
topical TRPV1 antagonist markedly reduced scratching behavior, as well as erythema and edema, in AD mouse models
by day 12 of treatment, a finding previously supported by other murine studies. Topical TRPV1 antagonist Asivatrep
(PAC-14028) has been assessed in phase |l randomized controlled trials for the treatment of mild to moderate AD,
showing a significant reduction in pruritus-related VAS scores by week 8 3¢. A phase lll randomized controlled trial
recently evaluated the use of Asivatrep, a topical TRPV1 antagonist, for the treatment of AD. Patient-reported pruritus
assessments and pruritus VAS scores at week 8 were lower in patients treated with Asivatrep compared to the vehicle.
Hyperthermia was not reported with the use of this topical treatment, suggesting its favorable safety profile. SB-705498
is another potent and selective TRPV1 antagonist, but had little effect on histamine- or cowhage-evoked itch in

humans8:9.58-60,

As mentioned, capsaicin, one of the most well-studied TRPV1 activators, stimulates the release of substance P, a
neuropeptide that causes an intense burning and stinging sensation that is perceived as either painful or itchy. Clinical
studies of the potential beneficial effect of capsaicin cream in patients with psoriasis showed an improvement not only in
scaling and erythema but also in overall psoriasis compared to the vehicle control after 6 weeks of treatment. In the
other study, capsaicin-treated patients also demonstrated a significantly greater improvement in global assessment and
relief of pruritus, as well as a reduction in psoriasis severity scores, with beneficial effects. However, adverse effects such
as a burning sensation, stinging, itching, and skin redness were observed in these patients during the initial capsaicin
applications, although they decreased or disappeared with continued use. Concerning the mechanisms, capsaicin may
improve psoriatic lesions by desensitizing TRPV1-mediated signaling to dermal dendritic cells, thereby reducing the
recruitment and activation of proinflammatory mediators. Moreover, TRPV1 may be expressed and exert direct action
on immune cells and keratinocytes, where it modulates processes such as proliferation and differentiation due to capsaicin,
which induces calcium influx, inhibits keratinocyte proliferation, and promotes differentiation. These findings demonstrate

the beneficial effects of capsaicin and reinforce the neuroimmune contribution to psoriasiform inflammation®-64,

TRPV2 in pain and itch

The TRPV2 channel was cloned from rat brain, and does not respond to capsaicin, acids, or moderate heat, but is activated
by high temperature above 52-54°C. TRPV2 KO mice showed an increased amount of white adipose tissue, larger brown
adipocytes, and cold intolerance, as well as increased body weight and fat in response to high-fat-diet treatment. It was
therefore concluded that TRPV2 plays an active role in brown adipose tissue thermogenesis and represents a target for

human obesity therapy?2:65,
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Figure 6. 3D cryo-EM reconstruction of rabbit TRPV2, showing the four-fold-symmetric TRPV2 homotetramer. Each

promoter is colored differently. Adapted from Zubcevic et al.,”>.

Structures of truncated and full-length rabbit TRPV2 were solved by cryo-EM, and thereafter complemented with X-ray
structures determined in the presence of calcium ions and RTX. The latter structure revealed RTX binding to the vanilloid
site, similar to TRPV1. Subsequently, cryo-EM structures of rabbit, rat, and mouse orthologs in different membrane
preparations elucidated mechanisms of TRPV2 regulation by endogenous lipids and small-molecule ligands through
different sites in the TM domain region (Figure 6). Thus, channel structures of fully and partially open states demonstrated

an important role of the extracellular turret in TRPV2 gating®¢-¢8,

The TRPV2 channels are expressed on sensory neurons that are predominantly found in between the papillary dermis
and the epidermis around hair follicles, and blood vessels in the dermis; they are also found in non-neuronal type cells
of the skin, such as keratinocytes and macrophages. Increased temperature or physical stimuli can activate TRPV2,
resulting in degranulation of mast cells, which leads to an inflammatory cascade involving downstream activation of
protein kinase A signaling, one of the most important mechanisms for initiating sensitization of pain and itch receptors.
Mast cell degranulation, a process through which endogenous pruritogens such as histamine are released, secondary
resulted in TRPV2 channel activation, was found to be inhibited by the nonselective TRPV2 antagonist, SKF96365.
Therefore, TRPV2-mediated mast cell degranulation presents a possible target for itch, although further studies are

needed?d”.

TRPV 3 in pain and itch

The third vanilloid member was cloned from mouse skin keratinocytes and various human tissues and was immediately
confirmed to be sensitive to innocuous thermal stimulation in the warm range (34—38°C). TRPV3 is expressed in mammalian
skin, tongue, dorsal root ganglion (DRG), trigeminal ganglion (TG), spinal cord, and brain. This calcium-permeable protein

demonstrates increasing current responses to repeated applications of heat or agonists, termed sensitization269-71,
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Figure 7. Cryo-EM density map of human TRPV3 in the closed, apo state at 2.46-A resolution, viewed parallel to the

membrane. Lipid densities are colored brown. The semitransparent surface represents the lipid nanodisc density. Adapted

from Nadezhdin et al.,7¢.

From a structural point of view, firstly, the TRPV3 ankyrin repeat domain was determined by X-ray crystallography.
Subsequently, numerous TRPV3 structures solved in a diverse range of conformations provided valuable information for
understanding the molecular mechanisms underlying thermo-TRP temperature sensations2. Recently, it has been established
that cryo-EM structures illuminate the opening and inactivation of wild-type human TRPV3 in response to binding of two
types of agonists: either the natural cannabinoid tetrahydrocannabivarin (THCV) or the synthetic agonist 2-
aminoethoxydiphenylborane (2-APB). THCV binds to the vanilloid site, while 2-APB binds to the S1-S4 base site. Despite
binding to distally located sites, both agonists induce similar pore opening and cause dissociation of a lipid that occupies
the vanilloid site in their absence (Figure 7). These data uncover different but converging allosteric pathways through
which small-molecule agonists activate TRPV3 and provide a framework for drug design and understanding the role of

lipids in ion channel functioning”'.

The TRPV3 channel is involved in multiple physiological and pathological functions of the skin, such as AD and Olmsted
syndrome (OS). It is expressed in diverse human tissues, among them the skin, testes, DRG, spinal cord, and brain. Plant-
derived camphor activates TRPV3 and sensitizes channel responses to warmth. Warm stimulation of TRPV3 in
keratinocytes releases various inflammatory factors that activate pruriceptors in sensory neurons to transmit itch

signals”273,

The TRPV3 can also be activated by chemicals such as eugenol, thymol, and carvacrol, major components of oregano,
savory, clove, and thyme. In mice, TRPV3 was not detected in DRG neurons, but it was detected in keratinocytes and is
essential in causing allergic and pruritic dermatitis in rodents. In contrast, in primates, TRPV3 expression is also observed

in DRG, TG sensory neurons, hypothalamus, and several nonneuronal tissues”4.

A recent study provided a clear link between TRPV3 and AD, showing that interleukin-31 (IL-31) induces B-type natriuretic
peptide (BNP) synthesis and release from sensory neurons. BNP subsequently binds to the natriuretic peptide receptor
(NPR1) on keratinocytes to upregulate TRPV3 transcripts. It could increase surface expression of TRPV3, resulting in
heightened TRPV3 activity and increased serpin E1 release. In turn, serpin E1 activates sensory fibers in the skin and

promotes itch transduction””.
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An increasing number of studies have shown that keratinocyte-expressed TRPV3 is involved in chronic pruritus and itch
transmission. In particular, Han et al. reported that citrusinine-ll, a plant-derived natural acridone alkaloid from A.
monophyla, is a potent and selective antagonist of TRPV3 that has a strong antipruritic effect in both in vivo and in vitro

experiments. These data indicate the potential of citrusinine-ll-targeted therapy for itch7879,

In another study, authors found that keratinocytes isolated from patients with atopic dermatitis exhibited enhanced heat
sensitivity and hyperactivity of TRPV3. TRPV3 was upregulated in the skin of calcipotriol (MC203)-induced chronic atopic
dermatitis mouse model. Heat stimulation to MC903-treated mice increased scratching behavior and produced higher
levels of thymic stromal lymphopoietin (TLSP), nerve growth factor (NGF), prostaglandin E2 (PGE2), and IL-33 from the

epidermis, which were attenuated by the pharmacologic inhibition of TRPV 389,

Inhibition of TRPV3 has been shown to attenuate atopic itch, and patients with AD who experienced pruritus were found
to have higher levels of TRPV3 mRNA expression'8. The mechanism of itch involving TRPV3 may be associated with PAR2
receptors, and it has been shown that keratinocytes lacking TRPV3 impair PAR2 function, resulting in decreased neuronal

activation and scratching behavior in response to PAR2 agonists8’.

The TRPV3 channels may also play a role in psoriatic itch. While one study found increased TRPV3 expression in both
lesional AD and lesional psoriasis skin compared to healthy controls, another study examining the itch transcriptome of

eczema and psoriasis found increased TRPV3 gene expression in pruritic psoriatic skin only30.77,

Naturally occurring plant compounds such as coumarin, osthole, verbascoside, and citrusinine-ll have been selectively
inhibited TRPV3 and significantly attenuated pruritus. TRPV3 antagonist dyclonine improves skin inflammation and
abrasions, pain, and pruritus, and is FDA-approved as a topical anesthetic. Trpvicin, a selective TRPV3 antagonist, has
been shown to reduce scratching behavior in mice models of acute and chronic pruritus. Finally, a recent novel topical
small molecular inhibitor of TRPV3 channel (KMOOT1) is currently undergoing phase |l trials for lichen simplex chronicus,

which is highly associated with keratinocyte itch activation82-87,

TRPV4 in pain and itch

Firstly, TRPV4 was cloned about 25 years ago from chicken, rat, mouse, and human related to osmo- and mechano-
sensations. Later, it was shown that this channel is activated by heat, with the temperature threshold of ~24°C. Experiments
in rats treated with selective TRPV4 agonists and antagonists demonstrated their involvement in recruitment of behavioral

and autonomic warmth-defense responses to regulate core body temperature?.

The disorder region of the TRPV4 N-terminus and its ankyrin repeat domain portion were extensively studied in isolation
using mutagenesis and different methods, such as X-ray crystallography, mass spectrometry, fluorescence spectroscopy,
and others (Figure 8). Subsequently, high-resolution cryo-EM structures were solved for human TRPV4 in complex with
GTPase RhoA, as well as human and mouse TRPV4 in the apo state and in complex with agonists, competitive antagonists,

and nonselective ion channel blocker ruthenium red”!.
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Figure 8. Structure of human TRPV4 in complex with agonist 4a-PDD (orange), left panel, and antagonist HC-067047

(dark blue), right panel, and with subunits colored green, yellow, pink, and blue. Adapted from Nadezhdin et al.,8.

The TRPV4 was discovered as a multimodal ion channel activated by diverse physical stimuli, including warm temperature,
hypotonic cell swelling, membrane stretch, and low pH. TRPV4 is also sensitive to various chemical stimuli, including
synthetic agonists like GSK1016790A and phorbol esters. Several endogenous lipid molecules, such as arachidonic acid
(AA) and its metabolites, as well as endocannabinoids, activate or regulate the TRPV4 channel. Certain synthesized
chemical antagonists, HC-067047 and GSK2798745, inhibit TRPV4 activity. One of the major regulatory pathways of
this channel is via protein phosphorylation catalyzed by various protein kinases (e.g., PKC, PKA) and other (e.g., SGK1,

and Src) kinases88.

The physiological roles of TRPV4 are tissue-specific, and the mechanisms behind this specificity remain unclarified. It is
noteworthy that mutations in the TRPV4 channel have been associated with a broad spectrum of congenital diseases, and
most of these mutations result in gain-of-function. Mutations have been identified in human patients showing a variety of
phenotypes and symptoms, mostly related to skeletal and neuromuscular disorders. Since TRPV4 is so widely expressed
throughout the body, it comes as no surprise that the literature is growing in evidence linking this protein to malfunction in

systems other than neuro-muscular8?.

An unexpected role for TRPV4 in itch came with the discovery that scratching behavior elicited by histamine and serotonin
was reduced in KO mice lacking TRPV4, and that serotonin-evoked scratching, and the activation of DRG neurons were

reduced by a TRPV4 antagonist in wild-type mice?0-93,

Scratching elicited by the intradermal injection of endothelin-1 was also attenuated in TRPV4 KO mice. Scratching elicited
by cinnamaldehyde (CA) was also reduced in TRPV4 KO mice. Signs of chronic itch in dry skin and contact dermatitis
models were also reduced in KO mice lacking TRPV490.93-95, Recent studies suggest that chemicals from traditional Chinese
medicines such as vitexin (apigenin-8-C-glucoside) or cimifugin (from the herb Saposhnikovia divaricata) may target TRPV4

to relieve acute and chronic itch?6.97,

Taken together, given that TRPV4 is expressed widely throughout the body and functions in a variety of biological
processes, selective inhibitory antagonists of itch-related TRPV4 channels could be a potential treatment for pruritic

disorders8?®.
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Melastatin subfamily

The TRPM channels are a genetically and functionally diverse subfamily comprising eight members (TRPM1-8). Few
characteristics are commonplace between them, but some share significant functional similarities. For example, TRPM2,
TRPM6, and TRPM7 are unique and contain enzymatically active protein domains in their C-termini. TRPM1 (the first
identified) is considered a marker for metastasized melanoma in this type of cancer. TRPM3 is proposed to be
thermosensitive to temperature in the warm range. TRPM4 and TRPM5 are the only members of the TRP channel
superfamily selective for monovalent ions do not permeable to calcium. TRPM8 was first identified in transformed prostate
cells as an androgen-responsive channel, but it also serves as a sensor for cold in the peripheral nervous system?3.99.100,

Accumulating evidence has recently established TRPM channels as crucial regulators of energy metabolism as well107,

According to their domain homolog sequences, these channels are grouped into four blocks: TRPM1/3, TRPM4/5,
TRPMé6/7, and TRPM1/8. Although they are non-selectively permeable to cations, there is evidence that TRPM4/5
subtypes are only permeable to potassium or sodium ions, while TRPM6 /7 subtypes are permeable to magnesium. They
are mainly activated by temperature, depolarization, intracellular Ca?2*, reactive oxygen species, ADP ribose, and

compounds such as menthol (TRPM8)4.

Concerning the TRPM1 channel, it is a non-selective cation channel best known for its role in the visual system. It is the final
endpoint of the retinal metabotropic glutamate receptor 6 (mGIluRé) signal transduction cascade and is essential for
processing light stimuli in the brain. In particular, TRPM1 is located on the surface of retinal ON-bipolar cells. It is
responsible for translating the hyperpolarization of photoreceptor cells (rods and cones) into the depolarization needed

to send visual signals to the brain’02, TRPM2 and TRPM3 have a role in pain, but no known role in itch sensation.

TRPM2

The TRPM2 was first cloned from human fetal brain, and later demonstrated that it can be activated by exposure to high
temperature (> 35°C), apparently through direct heat-evoked channel gating. The structures of TRPM2 were solved by
cryo-EM for a zebrafish (Danio rerio) ortholog, both in the closed apo state and in the open state activated by the agonist
ADP ribose and calcium cations (Figure 9). Subsequent studies of sea anemone (Nematostella vectensis), zebrafish, and
human TRPM2 unveiled additional conformations and binding sites, thereby providing insights into pharmacology and

structural differences between the TRPM2 orthologs'04.

Figure 9. Domain of cryo-EM structure of human TRPM2 and
location of the two nucleotide binding sites MHR1/2 (left,
blue) and NUDT9H (right, yellow). Adapted from Fliegert et

al.,'03,
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It has recently been proposed that the warmth sensitivity of TRPM2 is uniquely dependent on calcium ion permeability,
and it is regulated by using a positive feedback mechanism. The altered sensation of innocuous heat in KO mice supports
the hypothesis that TRPM2 expressed in somatosensory neurons mediates an innocuous “warm” signal. In addition, the
hypothalamic (preoptic nucleus) neuronal TRPM2 channels have been shown to function as temperature sensors, which limit

fever responses and detect increased temperatures to prevent overheating2.

Further, aberrant expression of TRPM2 is associated with various pathological conditions. Overexpression of TRPM2
promotes cell survival in multiple malignancies, including neuroblastoma, lung, prostate, stomach, and pancreatic cancers.
TRPM2 also mediates different neurological disorders, such as Alzheimer's disease, Parkinson's disease, and epilepsy,

and contributes to ischemia/reperfusion injury195.

TRPM3

The TRPM3 channel was first cloned and functionally characterized more than twenty years ago. It is modulated by many
endogenous factors, such as phosphatidyl-inositol-4,5-bisphosphate (PIP2), steroids, and G proteins. This channel is
activated by heat in the range of 31-45°C and plays a critical role in nociception. Trom3 KO mice exhibit reduced

noxious heat sensitivity at cellular and behavioral levels2.

The structure of mouse TRPM3 has been solved recently in the apo form, in complex with (PIP2) lipid bound to the interface
between the S1-S4 bundle and pre-S1 helix, and in complex with G-protein (Figure 10). TRPM3 is inhibited by GPCRs
through direct interaction with G protein (GB1y2) released upon their activation. This GPCR-TRPM3 signaling pathway

contributes to the analgesic effect of morphine!0¢,

Figure 10. Cryo-EM structural model of mouse TRPM3 in the absence of PIP2 and in the presence of pregnenolone sulfate

(PregS). Adapted from Zhao, MacKinnon, 06,

The TRPM3 channel has a structure typical of all TRP channels with six transmembrane domains and a pore domain that
is located between the fifth and sixth transmembrane domains. PIP2 interacts with the N-terminal calmodulin binding sites.
Many TRPM3 isoforms are generated via alternative splicing, showing striking differences in their Ca2* permeabilities
due to changes in the primary sequence of the pore region of the channel. In addition, an alternative permeation pathway
distinct from the central pore has been proposed that can specifically be activated by co-treatment of TRPM3 channels

with pregnenolone sulfate (PregS) and clotrimazole or by stimulation with the synthetic TRPM3 ligand CIM0216 (Figure
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11). Stimulation of TRPM3 channels induces an influx of Ca2* ions into cells, leading to a rise in cytoplasmic Ca2* and thus

results in a signaling cascade of intracellular reactions'97,
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Figure 11. Modular structure, membrane topology, and expression of TRPM with six transmembrane domains and a
pore-forming domain between transmembrane regions 5 and 6. Both the N- and C-termini are located in the cytosol.

Adapted from Thiel et al.,197.

TRPM4/5

The TRPM4 and TRPM5 are calcium-activated, sodium-permeable ion channels that act as critical downstream signal
amplifiers in both sensory neurons and skin cells (like keratinocytes) to depolarize cell membranes and trigger pain and
itch sensations. They were cloned almost 25 years ago from human kidney and different fetal and adult mouse tissues.
Later, TRPM5 was also cloned from mouse taste receptor cells, where it was co-expressed with other molecules involved
in taste signaling. These closely related TRPM4 /5 channels were found to be highly temperature-sensitive and activated
by warmth in temperature range of 15-35°C. It was also shown that an increase in temperature markedly enhances the
gustatory nerve responses to sweet compounds in wild-type but not in Trom5 KO mice, implicating it in thermal sensitivity
of sweet taste. Loss of either TRPM4 and TRPM5 channels significantly impairs taste, and loss of both channels completely

abolishes the ability to detect bitter, sweet, or umami stimuli2108,109,

Unlike classic heat receptors (such as TRPV1), TRPM4 and TRPMS5 are not primary sensors of extreme temperatures.
Instead, they are activated by signals from other pain receptors, such as GPCRs. Once activated, they release sodium
ions into the cell, creating a sustained depolarization that mediates pain signals to the brain. This means that in inflamed
or damaged tissue, they make nerve fibers hypersensitive to heat (hyperalgesia) and touch (allodynia). While TRPM3
plays a significant role in temperature-related physiological processes, such as thermal nociception, TRPM4 and TRPM5
can modulate signaling in response to temperature changes, as well as the sensitivity of TRPM4 and TRPMS5 to activating

stimuli, including itch stimuli’1°,

When itch-inducing molecules (pruritogens) bind to GPCRs on nerve endings or skin cells, they trigger a cascade that
releases intracellular calcium. Calcium directly activates TRPM4 and TRPMS5, leading to sodium influx. This depolarizes
the membrane and generates electrical signals (action potentials) that travel to the brain and are perceived as itch. Both
TRPM4 and TRPM5 channels are highly thermosensitive, with their activity drastically boosted by rising temperatures.
Because itch and pain sensations are closely intertwined with temperature perception, TRPM4 /5 help mediate itch flare-

ups commonly triggered by skin warming'!.
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In chronic conditions like AD (eczema) or psoriasis, the altered skin barrier and inflammation over-sensitize these
pathways. Because TRPM4 and TRPM5 help regulate these hyperexcitable pruriceptive circuits and drive inflammation
that leads to the ‘itch-scratch cycle’, they are considered promising targets for pharmacological intervention. Therefore,
new findings on TRPV4/5 in itch may provide a better understanding of this debilitating disease and a rationale for

developing new anti-pruritic treatments’12,

TRPM8

Initially, TRPM8 was shown to be overexpressed in distinct types of cancer cells, and was first cloned from human prostate
carcinoma without characterization of ion channel function. It was later cloned from rat trigeminal sensory neurons and a
mouse subpopulation of thermosensitive /nociceptive neurons distinct from well-characterized heat- and pain-sensing
neurons. Nowadays, it is well known that TRPM8 represents an ion channel that is activated by thermal stimuli in the cold
range of 8-28°C, as well as by cooling compounds menthol and icilin. Increased TRPM8 activity in DRG and spinal cord
raises calcium influx and activates a mitogen-activated protein kinase (MAPK) pathway, which boosts neuronal excitability
and central sensitization, allowing TRPM8 to influence spinal and supraspinal pain circuits. This amplifies nociceptive

signaling, neuronal sensitization, and cold hypersensitivity, which are transmitted to the CNS by A6 and C fibers2113,114,

A wide range of evidence has shown that the menthol-sensitive TRPM8 cation channel is involved in cold pain sensation
and cooling-mediated analgesia and serves as a sensor of environmental cold. Interesting experiments with individual
TRPM8 and TRPA1 KO and double KO mice revealed that while both channels are implicated in cold sensation, TRPMS,

but not TRPAT, is required for neural and behavioral responses to acute noxious cold!15-118,

In collaboration with my US colleagues, we found that menthol dose-dependently increased the latency for noxious heat-
evoked withdrawal of the treated hindpaw with a weak mirror-image effect, indicating antinociception. Menthol at the
highest concentration (40%) reduced mechanical withdrawal thresholds, with no effect at lower concentrations. At the
same time, menthol had a biphasic effect on the cold avoidance reflex. At high concentrations (10% and 40%), menthol
reduced avoidance of colder temperatures (15°C and 20°C) compared to 30°C, while at lower concentrations (0.01—
1%), menthol enhanced cold avoidance. In the —5°C cold plate test, 40% menthol significantly increased nocifensive
response latency (cold hypoalgesia) while lower concentrations were not different from vehicle controls. These results are
generally consistent with neurophysiological and human psychophysical data and support TRPM8 as a potential

peripheral target of pain modulation!!9.

The first structures of TRPM8 were determined for avian (collared flycatcher, Ficedula albicollis) ortholog in the apo state,
as well as in complex with cooling compounds such as icilin and menthol analog (WS-12) and PIP2 lipid. These structures
were immediately followed by structures from another avian (great tit, Parus major) ortholog that elucidated the

mechanisms behind TRPM inhibition by antagonists AMTB and TC-I 2014, and desensitization by calcium!20-122,
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Figure 12. A cryo-EM electrostatic potential composite of the human TRPM8 channel map colored according to the

channel subunits (olive, red, orange, and yellow). Adapted from Palchevskyi et al.,!23.

Determined by cryo-EM, its three-layered architecture consists of a large cytosolic ring, a transmembrane channel layer,

and a voltage-sensor-like domain. Recently, a cryo-EM structure of the human TRPM8 protein was solved (Figure 12)123,

The TRPM8 channel protein consists of a N-terminal region of almost 700 amino acids, which endows four melastatin
homology regions (MHRs). MHRs are required for channel assembly and ion trafficking. The channels also exhibit a
transmembrane domain (TMD) of six helices, with an additional intracellular (TRP) helix. The C-terminal coiled-coil domain
links the C-terminal domain (CTD) to the TRP helix. As indicated in Figure 13, the TRPM8 channel’s pore opening leads to

an increase in cytosolic calcium levels.

Transmembrane Domain

i

A

Figure 13. TRPM8 schematic structure. The cytosolic N-terminal region is connected to four MHRs (yellow). The MHRs are
connected to six helices within the plasma membrane, which constitute TMD (green). At last, the intracellular TRP helix

(purple) is connected via a coiled-coil domain to the C-terminal domain (CTD). Adapted from Licitra et al., 24,

Traditionally, for centuries, skin cooling has been used to relieve itch; however, it was only recently shown that skin cooling
and menthol can alleviate both histaminergic and nonhistaminergic itch-related behaviors in mice in a TRPM8-dependent
manner. Cold fibers are thought to activate inhibitory spinal interneurons that suppress spinal itch transmission. Indeed,
mice lacking a particular class of itch-inhibitory dynorphinergic dorsal horn interneuron (B5-1) exhibited a reduction in the

antipruritic effect of menthol125.126,

Medical Research Archives | https://doi.org/10.18103/mra.2026.0429 22



https://doi.org/10.18103/mra.2026.0429

THE EUROPEAN SOCIETY OF MEDICINE

In a double-blind, randomized study, a topical cooling lotion composed of two TRPM8 agonists was evaluated for
treatment of chronic pruritus in patients with dry skin. Most patients using the lotion reported greater improvement in
pruritus than those using the vehicle. Recent clinical studies suggest that the cooling agent Cryosim-1 gel, a topical synthetic
TRPM8 agonist, significantly decreases pruritus scores two hours after application in patients with atopic dermatitis and
urticaria. Similar effects were gained with Cryosim-1 gel for scalp itching compared to vehicle. In these studies,
interestingly, TRPM8 expression was found to be increased in patients with pruritic psoriatic skin and correlated to itch

intensity in both plaque and scalp psoriasis850.127-129,

Canonical subfamily

The TRPCs are termed “canonical” channels, as the founding member of this subfamily, TRPC1, was the first mammalian
TRP channel identified. They are expressed in numerous tissues, such as the heart, kidney, pancreatic B cells, vascular
smooth muscle, and nervous (hippocampal cells). The TRPC subfamily consists of seven members in mammals (TRPC1-7)
and contains four ankyrin repeats in the N-terminal domain, and six transmembrane segments (S1-S6). In the C-terminal
domain, they have a TRP domain and a calmodulin-binding domain. They are expressed as tetrameric homomers or
heteromers. Like Drosophila TRPs, TRPCs are activated by GPCRs through PLC or Receptor Tyrosine Kinases (RTKs) and
by depletion of intracellular Ca2* stores. PLC stimulates the hydrolysis of PIP2, resulting in the production of inositol

triphosphate (PIP3) and diacylglycerol (DAG) 34130,

TRPC3 and TRPC4

There is almost no data on the involvement of TRPC3 and TRPC4 in pain sensation, although results have confirmed their
implication in itching. As we mentioned, TRPC3 is strongly expressed in DRG cells, and mice lacking TRPC3 exhibited
significantly reduced spontaneous scratching behavior elicited by intradermal injections of endothelin-1, the PAR-2 agonist
SLIGRL, and the TRPC3 agonist GSK1702934A, supporting a role for TRPC3 in non-histaminergic itch. TRPC3 may also
play a role in different forms of itch, including chloroquine-induced itch, beta-alanine itch, and itch associated with contact

dermatitis!31.132,

The TRPC4 channel is present in keratinocytes and plays an important role in keratinocyte differentiation. Subcutaneous
injection of antidepressant sertraline, a common selective serotonin reuptake inhibitor (SSRI) at a dose of 1 mmol, elicited
a strong itch response in mouse pruritic models. In particular, TRPC4 plays an important role in sertraline-induced itch, as
evidenced by reduced itch in genetically targeting TRPC4. The serotonin receptor 5HTR-2B is also associated with this
pathway, as illustrated in reductions in sertraline-induced itch compared to control mice. There are a few small-molecule

TRPC4 antagonists available for study, including ML204, M084, and HC-070133,134,

TRPC5

The TRPC5 channel was cloned from the mouse and rabbit brains, and its human ortholog was cloned one year later,
more than 25 years ago. It was found that TRPC5 is highly cold-sensitive in the temperature range of 37-25°C and was
proposed to represent a molecular sensor for the detection of low temperature in the peripheral nervous system (PNS).
However, it is predominantly expressed in the brain’s hypothalamic warm-sensitive neurons for detecting and regulating

internal body temperature in mice2135,
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Figure 14. Composite map of the complex TRPC5 channel with four bound G proteins (Gai3). TRPC5 is colored in sky

blue and dark blue by two subunits in the opposite tetrameric assembly. Gai3 is colored yellow. The density for the

nanodisc is shown in gray. Adapted from Won et al.,’36,

The first structure of TRPC5 was solved for the mouse ortholog and subsequently for human TRPCS5 in complex with
inhibitors, xanthine Pico 45, clemizole and HC-070, as well as the activator riluzole. Most recently, a structure of human
TRPCS5 in complex with the G protein (Gai3) revealed a putative mechanism of channel regulation by intracellular protein
factors and PIP2 lipids'3¢. From a functional point of view, TRPC5 channels are sensitive to cold pain in the tooth pulp.
They are considered a potential target for pharmacotherapy in some neurological diseases, such as stroke, epilepsy, and

Alzheimer's disease!37,138,

GPCRs in pain sensation

Discovery by R. Lefkowitz and K. Kobilka (awarded the 2012 Nobel Prize in chemistry), G protein-coupled receptors
(GPCRs) represent the largest family of membrane proteins within the human genome, comprising approximately 800
members. Based on sequence homology and evolutionary conservation, GPCRs are classified into different categories,
including class A (rhodopsin-like), class B1 (secretin), class B2 (adhesion), class C (glutamate), class D1 (ste2-like fungal
pheromone), class F (frizzled-like), and class T (taste 2). These GPCRs share a common structural framework characterized
by seven-transmembrane domains linked by three intracellular and three extracellular loops. Functioning as sensors for
a wide range of stimuli, ranging from photons and ions to neurotransmitters, small molecules, hormones, and proteins,
GPCRs are crucial to numerous physiological and pathophysiological processes. GPCR signaling is primarily transmitted

by transducer proteins, including G proteins, G protein-coupled receptor kinases (GRKs), and arrestins’39.
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Figure 15. Schematic representation of GPCR signal transduction. Receptors regulate multiple intracellular signaling
cascades, including G protein-dependent and G protein-independent signaling. Abbreviation: CREB, cAMP-response
element binding protein; NFAT, nuclear factor of activated T cells; RF, serum response factor; Adapted from Wang et

al.,’39,

Specific or ligand bias is generally determined using both G protein-dependent and independent assays. G protein-
dependent assays include GTP binding assay, cAMP assay, inositol-phosphate (IP) accumulation assay, calcium assay,
reporter gene assay, and proximity-based G protein dissociation assays (Figure 15). G protein-independent assays

mainly comprise imaging-based B-arrestin recruitment and proximity-based B-arrestin recruitment assays'39.

Natural opioids, extracted directly from the poppy plant (e.g., codeine, morphine, and opium), semi-synthetics (e.g.,
heroin, hydrocodone, and oxycodone), and synthetics (e.g., fentanyl and methadone) act on their respective opioid
receptors, which are now known to belong to the Class A G-protein coupled receptors (GPCRs). Today, four different
opioid receptor subtypes, sharing more than 60% sequence homology, have been characterized, termed the u, 8, and k
opioid receptors (corresponding to MOR, DOR, and KOR, respectively) and the nociceptin/orphanin FQ (N/OFQ) peptide
(NOP) receptor!40.141,

Different GPCRs are involved in mechanisms of chronic pain states, such as complex regional pain syndrome (CRPS), which
is considered a chronic primary pain condition that can arise after limb trauma, such as surgery, post-ischemia, and
fractures. These receptors are widely distributed in the CNS and PNS and mediate an array of physiological effects
ranging from spinal/supraspinal analgesia to psychogenic euphoria/dysphoria. Therefore, they represent important
therapeutic targets in the management of acute and chronic pain as well as in mood-related conditions such as depression
and anxiety. The other primary targets studied in chronic post-ischemic pain (CPIP) states include TRP and N-methyl-D-

aspartate (NMDA) ion channels, as well as cannabinoid, bradykinin, adenosine, adrenergic, and endothelin GPCRs'41.142,

The opioid receptors mediate their effects through the heterotrimeric Gi/o protein, which, upon activation of the receptor,

dissociates into the subunits Gai/o and GBy. These subunits then interact with various intracellular effector systems. The
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evidence of these many interacting effector mechanisms results in a decrease in neurotransmitter release,
hyperpolarization, and a general inhibition of neuronal activity, ultimately leading to analgesia. Opioid receptors,
particularly the MOR and DOR, can also mediate excitatory activity on the CNS, leading to rewarding effects or
euphoria. Rapid desensitization ensues receptor activation as a result of phosphorylation of specific intracellular threonine
and serine residues of opioid receptors by kinases such as G-protein-coupled kinases (GRKs). These phosphorylated
residues then recruit B-arrestins (1 and 2), thereby arresting G-protein-mediated signaling, inducing receptor
internalization and desensitization. For example, B-arrestin can directly activate other cellular kinase pathways, for

example, tyrosine kinase, protein kinase A and C (PKA and PKC), MAPKs, resulting in non-G-protein mediated cellular

effects!40,

Functional selectivity or biased signaling mechanism has emerged as an important approach in drug development
targeting GPCRs. Drugs that provoke biased signaling are expected to offer an opportunity for enhanced therapeutic
effectiveness with minimized side effects. Opioid analgesics, whilst exerting potent pain-relieving effects, have become
a social problem owing to their serious side effects (e.g., addiction, tolerance, withdrawal, abuse, and intoxication), as
well as common reactions including drowsiness, constipation, nausea, and dry mouth. For the development of safer pain
medications, there has been extensive exploration of agonists with a distinct balance of G-protein and B-arrestin
signaling. Several approaches based on protein-protein interactions have been developed to precisely evaluate

individual signal pathways, paving the way for the comprehensive analysis of biased signals'43.

GPCRs in itch sensation

Pruriceptors, sensing diverse itchy stimuli, can also express special protein molecules, including GPCRs, which are
predominantly expressed in the peripheral sensory nerve endings of DRG neurons. In the laboratory of Dong, a GPRC
protein was cloned that shares sequence homology with the proto-oncogene Mas1, and was later named MrgprA1 (Mas] -
related G protein-coupled receptor). This is a key receptor involved in the regulation of itch sensation (specifically,
nonhistaminergic itch), pain transmission, and inflammatory reactions. Cell bodies of sensory neurons encoding itch
(pruriceptors) and pain (nociceptors) reside in DRG and TG. Most Mrgprs are associated with nociception and itch
transmission, through their binding to various itch-inducing or pain-associated substances such as chloroquine, B—alanine,

BAM8-22, or substance P (SP)9.144,145,

Figure 16 illustrates Mrgpr-expressing peripheral sensory neuronal terminals involved in pruriception and nociception,
which are divided into three distinct classes: non-peptidergic NP1, NP2, and NP1/2 afferents. Small-diameter afferent
neurons that express Mrgprs innervate the skin and can be divided into three distinct classes. MrgprD is mainly expressed
by nociceptors belonging to non-peptidergic three distinct classes. Nonpeptidergic family 1 (NP1) subpopulation (red) is
activated by B—alanine and 5-oxo-ETE, causing non-histaminergic itch, mechanical, and visceral hypersensitivity. MrgprA3
and MrgprC11 are Mrgprs expressed by pruriceptors belonging to the non-peptidergic family 2 (NP2, blue) and are
activated by CQ, BAM8-22, and [Tyr]6-2-MSH (6-12), respectively. MrgprAT-positive sensory neurons (both NP1 and

NP2 populations) (green) are activated by bilirubin and are strongly linked to pruritus®.
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Figure 16. Three types of small-diameter afferent neurons expressing Mrgprs innervate the skin (explanations in the

text). Adapted from Tsagareli et al.,%.

Nowadays, more than 50 members of the Mrgpr gene family have been identified in humans and rodents. Human
receptors include six subfamilies, MRGPRX1-4 and MrgprD to G, whereas rodent receptors include eight subfamilies,
Mrgpr A to H. Human MrgprX1 mediates the itch response to the pruritogens CQ and BAM8-22 that stimulate the murine
MrgprA3 and MrgprC11, respectively. Human MRGPRX2 is expressed exclusively by mast cells that are prominent in
parts of the body, such as the skin, which mediate allergic reactions. Mast cell activation and subsequent degranulation
produce a significant inflammatory cascade, including the release of histamine and the blockade of mast cells, and
present a promising therapeutic target. Subcutaneous injections of MRGPRX2 agonists produce symptoms typical of mast
cell activation, like weal, flare, and itch sensations, and all of these reactions are abolished by pretreatment with
antihistamines. Furthermore, MRGPRX2 was elevated in the skin of AD and psoriasis patients, and in patients with chronic

urticaria. The injection of the MRGPRX2 agonist worsened skin reactivity in patients with chronic urticarial46.147,

The MRGPRX4 receptor is expressed in human sensory neurons and is closely related to murine MrgprA1. Calcium imaging
recording experiments have shown that bile acids, which accumulate in cholestasis, activate both channels in a dose-

dependent manner and produce itch behavior in humanized X4-expressing mice 148.149,

Overall, Mrgprs use a variety of endogenous ligands through diverse signaling pathways to encode and modulate various
biological processes, including itch sensation, and Mrgpr polymorphisms may have a profound impact on the treatment
of human skin diseases. Targeting Mrgprs appears to be a promising approach toward the development of novel

antipruritic drugs.

Some similarities and differences between itch and pain

ltch and pain perception result from activation and sensitization of DRG neurons, and both sensations start with the distal
processes in nerve fiber terminals by activation of distinct receptor protein channels. Two types of primary sensory
neuronal receptors respond to pain- and itch-evoking stimuli: nociceptors and pruriceptors. Sensory signals are conducted
to the spinal cord by two types of nociceptive nerve fibers: medium-sized, lightly myelinated A8 and small-diameter,

unmyelinated C fibers.
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It is believed that painful and itchy stimuli selectively activate different nociceptors and pruriceptors to transmit pain
and/or itch signals. However, all nociceptors express the TRPV1 ion channel, which can be activated by capsaicin and
noxious heat, causing both pain and itch, which provides evidence that pruriceptors represent a subpopulation of
nociceptors. Although it is known that the classical nociceptors can transmit both itch and pain signals, it is not understood
exactly under which circumstances one is preferred over the other. Some evidence has suggested the existence of itch-
specific neurons that express Mrgprs, at least in mice. Alternatively, the differentiations between itch and pain may be

based on spinal processing!50-153,

There is a complex relationship between itch and pain, especially in atopic dermatitis (AD). ltch was once considered a
submodality of pain because two sensations share many similarities, including common sensory neurons, mediators, and
receptors involved in peripheral and central neuronal sensitization and synaptic transmission in the CNS?11.31, However,

there are distinct differences in the molecular mechanisms governing itch and pain in AD150.152

There are similar mechanisms of neuronal sensitization in itch and pain. Chronic exposure to inflammatory mediators or
trauma (such as by scratching) in AD can cause skin sensory nerve endings to become sensitized over time, whereby
primary sensory neuron afferents and central synapses amplify information and become hyper-responsive. Patients with
AD have amplified responses to pain-evoking as well as itch-evoking mechanical stimuli, both intra- and extra-

lesionally154-156,

In the skin intercellular spaces, these sensory nerves come into close contact with resident (e.g., keratinocytes, dendritic
cells) and infiltrating cells (e.g., lymphocytes, eosinophils) and interact with them via a wide number of mediators and
receptors. These interactions generate action potentials that transmit signals from the periphery to DRG and TG, where
they are then conveyed to the spinal cord and, ultimately, the brain for final interpretation. Pain and itch share many
overlapping mediators (serotonin, endothelin, sphingosine) that act either directly on free nerve endings or keratinocytes

or indirectly via potentiation of other mediators!52156,

ltch and pain also share several overlapping receptors, PARs, Mrgprs, and Toll-like receptors (TLRs). Protease-activated
receptors (PARs) are a unique type of GPCR that are activated by proteolytic cleavage of their extracellular N terminus.
Various endogenous and exogenous proteases, including tryptase, cathepsin S, and kallikreins, induce nonhistaminergic
itch through PAR2 and PAR4 activation on sensory neurons. PAR2 activation, including by cathepsin S, has been implicated

in both AD pruritus and inflammatory pain and hyperalgesial50.157-159,

The generation and transmission of neurosensory signals depend on ion channel activation to generate slow, local, and
then fast action potentials. Both itch- and pain-sensory neurons employ many of the same ion channels to transmit their
signals, including the voltage-gated sodium channels and TRP channels. The latter superfamily we discussed in detail

above.

The mechanosensitive PIEZO1 and PIEZO2 ion channels discovered by Ardem Patapoutian (2021 Nobel Prize shared
with D. Julius) are abundantly expressed in mouse sensory neurons, including in cutaneous mechano-receptors, known as

Merkel cell-neurite complexes. PIEZO1 and PIEZO2 were first recognized to play a critical role in mechano-transduction,
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and recent evidence has demonstrated that PIEZO1 plays a role in chronic itch but not pain in mice, while PIEZO2 may

contribute to both alloknesis and pain pathogenesis!¢0-162,

At the same time, there are several distinct differences between itch and pain signaling, including the neuro-immunological
distinctions (different interleukins) and neurotransmitters. Calcitonin gene-related peptide (CGRP) is a pleiotropic signaling
molecule with several key regulatory functions on immune and inflammatory processes within the skin. CGRP is a known

neuromodulator in somatic, visceral, neuropathic, and inflammatory pain pathways63.164,

Thus, mechanisms underlying neuronal sensitization to itch and pain share many similarities, including common mediators
with their cognate receptors as well as ion channels, generating action potentials. These distinct yet reciprocal processes
can occur at any level of sensory perception, including peripheral sensory neurons, spinal cord neuronal circuits,

descending inhibitory pathways, and brain structures?s0,

In pioneering works, LaMotte with his group has shown effects of intradermal injection of capsaicin, histamine, or single
denatured cowhage spicules. While capsaicin induced pain sensation (hyperalgesia and allodynia), histamine and
cowhage spicules acutely induced a dominant sensation of itch accompanied by subdominant nociceptive pain sensations
of punctate hyperalgesia'®5-1¢7, In particular, a single spicule applied to the forearm of human subjects often elicited one
or more cutaneous areas of dysesthesia, within which light stroking evoked an itch (alloknesis) or a punctate indentation
elicited a greater-than-normal itch (hyperknesis) or punctate pain (hyperalgesia) in a distance of 4-5 cm (Figure 17). The
borders of each area, mapped with the appropriate stimuli, are shown for a subject who exhibited all types of
dysesthesias in response to a single spicule’¢8, These findings indicate that itch and pain coexist and that histamine and

cowhage can acutely elicit hyperalgesia in addition to itchy dysesthesias'”.
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Figure 17. Areas of cutaneous dysesthesia evoked by intradermal insertion of capsaicin, histamine, and a single cowhage
spicule. Borders show alloknesis (itch elicited by light touching or striking, blue lines), hyperknesis (enhanced itch sensation
elicited by strong mechanical stimulation, dark blue dashlines), and hyperalgesia (red lines) and allodynia (yellow

dashedline). Adapted from LaMotte et al.,57.168,
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Chemicals, thus, that are used experimentally to evoke itch elicit activity in diverse subpopulations of cutaneous
pruriceptive neurons, all of which also respond to painful stimuli. However, itch is distinct from pain: it evokes different
behaviors, such as scratching, and originates from the skin or certain mucosae but not from muscle, joints, or viscera. Pruritic
chemicals elicit action potentials in subsets of cutaneous peripheral nociceptors that also respond with differing sensitivities
to one or more types of painful stimuli. Other nociceptors are 'non-pruriceptive' and do not respond to pruritic chemicals
but respond to painful capsaicin, heat, or mechanical noxious stimuli. Selective activation of MrgprA3-expressing neurons
induces itch- and not pain-like behavior, supporting the idea that specific neurons mediate itch. Probably, pruritic stimuli
should activate fewer nociceptive neurons and elicit lower discharge rates than moderately painful or noxious stimuli,

thereby providing one means by which the brain could differentiate pruritic from noxious information?s1,

Conclusions

Ubiquitous expression of TRP channels underscores their relevance across virtually every facet of human physiology and
pathology. They remain viable targets for the development of novel therapeutics to treat acute and chronic pain, itch,
inflammation, and various diseases. For example, TRP channel antagonists are obvious tools to dampen channel function
when the underlying disease involves hyperactivity. Indeed, many such molecules are either in development or have been
employed in various phases of clinical trials. These studies are also merged with known binding and channel regulation
of several natural products that are ligands for these channels. While antagonists are the obvious route to treatment,
developing novel channel agonists is a viable approach for some conditions. In particular, the TRPM8 and TRPV1 channel
agonists, menthol and capsaicin, respectively, have been used to treat holistically in a plethora of conditions, including

pain, pruritus, headache, and others. Thus, the role of TRP channels in the specific disease is critical for therapies.
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