
Cooling the Skin: Understanding a Specific Cutaneous 
Thermosensation
Bomi Park and Seong Jin Kim*

Department of Dermatology, Chonnam National University Medical School, Gwangju, Korea

A patient recently presented with long-standing severe itching originating from lichen sclerosus et atrophicus at the 
vulva area. We successively treated her using a topical formulation of TRPM8 agonist which produces a cooling 
sensation. The cooling sensation, an afferent sensory perception in various skin neuronal pathways, could be a useful 
mechanism to relieve an itchy sensation in various skin disorders. Mechanoreceptors are related to touch vibration 
and pressure sensations and have a special morphology where the nerve endings are optimized to receive sensory inputs. 
However, unmyelinated nerve fibers are believed to transfer nociception such as pain, itching, stinging and burning 
derived from chemical or thermal stimuli. Among them, the function of transient receptor potential (TRP) receptors 
is very unique because they transfer the signal not only in the neuronal perception pathway but also in the cellular 
signal pathway where it appears as an ion channel. This review explains the cooling sensation of skin which has not 
been evaluated thoroughly, and provides insights for further clinical applications.
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INTRODUCTION

The skin forms a protective layer around the body against 

physical, chemical and thermal environmental challenges. In 

addition to providing a physical barrier, the skin is consid-

ered a sensory organ that allows the body to perceive harm-

ful external stimuli and appropriate behavior or body move-

ment can be initiated thereafter.

The peripheral nervous system governs the broadly de-

fined sense of touch perception, communicating with the 

central nervous system regarding the external environment, 

allowing for conscious sensations of balance and coordina-

tion, pressure and vibration, pain and temperature [1,2]. 

Sensory nerves are innervated in the entire skin tissue as 

well as subcutaneous fat layer [1]. Most nerve fibers and 

endings are found in the mid-dermis and the papillary 

dermis. In the epidermis, sensory nerves are linked to kerati-

nocytes, melanocytes, Langerhans cells (LC) and Merkel 

cells. The epidermal nerves consist of free nerve endings or 

nerve organs. In the dermis, there are free sensory nerve 

endings such as Pinkus discs, Ruffini, Meissner, Krause and 

Vater-Pacini corpuscles [1-4].

Peripheral sensory nerves can be classified on the basis 

of the degree of myelination and the velocity at which ac-

tion potentials travel through afferent fibers with the fast 

conducting, myelinated (large) Aα fibers, Aβ fibers, Aδ 

fibers and the slow conducting, unmyelinated (small) C 

fibers. Among them, Aβ and Aδ fibers are mostly me-

chanical sensitive afferents (type I) localized on hairy and 

glabrous skin. A subpopulation of Aδ fibers on hairy skin 

are believed to be mechanically insensitive (type II). Aδ 
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fibers constitute approximately 80% of primary sensory 

nerves sprouting from the dorsal root ganglion (DRG), 

whereas C fibers constitute approximately 20% of the pri-

mary afferents [3-5]. C fibers are either polymodal noci-

ceptors which can respond to chemical or mechanical stimuli 

and temperature changes, or more specialized perception. 

Among human peripheral nerves, 45% of the cutaneous af-

ferent nerves belong to a subset of sensory nerves that are 

both mechano- and heat-responsive C fibers. The C fibers 

are the predominant nerve pathway for thermoperception of 

warmth. A certain subpopulation of Aδ fibers respond to 

gentle cooling, whereas selective C fibers become activated 

during noxious cold. When we lightly touch with our fin-

gertips, the Aδ fibers respond because they are associated 

with a variety of cells including keratinocytes, Merkel cells 

and hair follicles. In addition, the C fibers are known for 

nociceptor action terminated at the target tissue as a free 

nerve ending. Similarly, specific receptor distribution and 

biochemical diversity of different sensory nerve subtypes 

exists, which is important for various perceptions [6,7].

The information detected from the peripheral sensory 

nerves is transmitted to the DRG and cranial nerve ganglia 

such as the trigeminal ganglion. DRG are a cluster of sen-

sory neuronal cell bodies located in the vertebral column 

lateral to the spinal cord. A functionally specialized zone 

exists at the DRG neurons that can be partitioned according 

to specific sensory modalities. Based on the stimulus de-

tected, DRG neurons are functionally classified as proprio-

ceptors, low-threshold mechanoreceptors, and cells that 

sense pain, itch and/or temperature. The DRG neuronal 

branch relays information through the dorsal horn of the 

spinal cord to the central nervous system to recognize the 

type of sensation [6-9].

THERMOSENSORY PERCEPTION

Thermosensation is a sensory modality of the skin. 

Thermal stimuli applied to the skin induce a variable degree 

of sensory perception. When decreasing the stimuli temper-

ature, the quality of sensation may change from cool to 

cold, from icy cold to pain. Similarly, increasing the stimuli 

temperature can cause a change in the sensations from 

warmth, to heat then to sharp or dull pain. The reported 

temperatures that cause these different sensations vary 

considerably. This variability can be explained by differ-

ences in the characteristics of the stimulus used, ex-

perimental conditions employed, and individual background 

differences (previous experiences of pain, ethnicity, sex, so-

cial status or religion).

Cutaneous thermosensation is mediated by a variety of pri-

mary afferent nerve fibers that transduce, encode and trans-

mit thermal information [7-11]. There are 2 populations of 

thermosensory fibers, one responding to warmth and the oth-

er to cold. Specific cutaneous cold and warm receptors have 

been defined as slowly conducting units that exhibit a 

steady-state discharge at constant skin temperature and a dy-

namic response to temperature changes [11]. Cold-specific 

and warm-specific receptors can be distinguished from noci-

ceptors that respond to noxious low and high temperatures 

(＜20
o
C and ＞45

o
C), and also from thermo-sensitive mecha-

noreceptors [11,12]. 

In general, the perception of non-painful, cool temper-

ature occurs when the skin is cooled as little as 1
o
C from 

normal body temperature. In a fiber recording study, tem-

peratures in the range of 30-15
o
C can activate both Aδ and 

C fibers. These cold-sensitive afferents fire continuously at 

normal body temperature, but under cold stimuli the rate 

of firing increases, while warm temperatures reduce (or an-

tagonize) this activity. However, the peak responsiveness 

can vary when the temperatures fall below either 25 or 

15
oC. Once the temperature approaches 15oC, the perception 

of cold as well as pain is evoked, described as burning, ach-

ing, and pricking sensations [13]. Further discussion regard-

ing each innocuous and noxious cold sensation is described 

below. This delicate thermosensing process is also related to 

specific receptor proteins that are located within the free 

nerve endings in the skin, known as transient receptor po-

tential (TRP) [14].

1. TRP

Advances in understanding the temperature sensation 

have emerged from the cloning and characterization of TRP 

ion channels whose activity depends on the temperature of 

their environment. Activation of TRP channels depolarize 

cells from the resting membrane potential and shortens ac-

tion potential duration. Most TRP channels are cation-non-
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Table 1. Transient receptor potential (TRP) channels involved in thermosensation

Name Other name Temperature sensitivity Non thermal agonists Blockers Tissue distribution

Trpv1
 
 
 
 
Trpv2
 
Trpv3
 
Trpv4
 
 
 
Trpm8
TRPA1 (Anktm1)

Vr1
 
 
 
 
Vr1
 
Vr3
 
OTRPC4
VR-OAC
Trp12
Vrl2
CMR1
 

≥42oC
 
 
 
 
≥52oC
 
＞33oC
 
∼27-42oC
 
 
 
≤25oC
≤17oC

Capsaicin, 
lipoxygenase, acidic 
PH, resiniferatoxin, 
NADA, anandamide 
and ethanol

Growth factors (mouse)
 
Hypotonic, 

4-αphorbol
Menthol, icilin, 

eucalyptol
 
 
Icilin
 

Ruthenium red, 
capsazepine

 
 
 
Ruthenium red
 
Ruthenium red
 
Ruthenium red, 

gadolinium
 
 
 
Ruthenium red

PNS, brain, spinal cord, skin, 
tongue, bladder

 
 
 
PNS, brain, spinal cord, 

widely expressed
Skin, PNS (human)
 
Kidney, PNS, skin, inner ear, 

brain, liver, trachea, heart, 
skin, hypothalamus, fat, 
endothelium

PNS*, prostate (human)
PNS

PNS*: peripheral nervous system.

Fig. 1. Schematic image of the six transmembrane spans (TM 1-6)
of a transient receptor potential (TRP) protein. The pore loop (P) 
is located between TM5 and 6, and the intracellular amino (N) 
and carboxy (C) termini are also seen.

selective and permeable to the signal transduction element 

Ca
2+. Each of these receptors operates over a specific tem-

perature range, thereby providing a potential molecular ba-

sis for thermosensation. These specialized thermal receptors 

are embedded in the terminals of afferent fibers which end 

as free nerve endings in the skin [14,15].

TRP cation channels are unique cellular sensors charac-

terized by a promiscuous activation mechanism. TRPs are 

classified according to their primary amino acid sequence 

rather than selectivity or ligand affinity, because their prop-

erties are heterogenous and their regulation is complex. TRP 

channels are membrane proteins with 6 putative trans-

membrane (TM) spans and a cation-permeable pore region 

formed by a short hydrophobic stretch between TM5 and 

TM6 (Fig. 1). TRP proteins are essentially cation-permeable 

ion channels sensitive to a remarkable range of stimuli [15].

In humans, 28 different TRP channels have been identi-

fied and are grouped into 6 families. Of these, members of 

3 families, i.e. the vanilloid TRP channels (TRPV), the mel-

astatin or long TRP channels (TRPM), and the ankyrin 

transmembrane protein channels (TRPA) are of particular 

interest as thermoreceptors. Representative mammalian TRP 

channels are gated by heat and capsaicin (＞43
oC; TRPV1), 

noxious heat (＞52
oC; TRPV2), and cooling (＜22oC; 

TRPM8) [15] (Table 1).

TRPV1, vanilloid receptor 1, is the most well-known and 

characterized TRP channel which is activated by noxious 

stimuli such as capsaicin and excessive heat and pH below 

5. TRPV1 is predominantly expressed in sensory neurons 

and believed to play a crucial role in temperature sensing 

and nociception [16]. Therefore, they were used as a molec-

ular target for pain treatment and pruritus over the last sev-

eral decades.

While TRPV1 and TRPV2 are established as neuronal 

thermosensors for heat sensation, other TRPV subfamily 

members, TRPV3 and TRPV4 are also involved in the sen-

sation of warmth. In regards to cool and cold sensation, 

TRPA1 and transient receptor potential melastatin 8 

(TRPM8) perform a critical role. TRPA1 is activated to me-

diate noxious cold sensation while TRPM8 mediates cool 

and fresh mint-like sensation. Recently, the cooling sensa-

tion generated especially by TRPM8 and/or cold and men-
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thol receptor 1 (CMR1) has attracted attention for its po-

tential usefulness.

2. Innocuous cold sensation and TRPM8

At steady state temperatures, cold fibers have a character-

istic stimulus response function which is bell-shaped, with 

a maximal steady activity between 20 and 30
oC and less ac-

tivity at either lower or higher temperatures. The reported 

temperature range of cold fiber actions varies. At constant 

temperatures above 40
oC or below 17oC, cold fibers main-

tain a very low frequency discharge or become silent. 

However, some cold fibers can also be activated by high 

temperatures in the noxious range, and this may be the basis 

for the paradoxical cold sensation. Cold afferents respond 

vigorously when the skin is actively cooled down. However, 

these dynamic responses are rather transient [18-20].

C fibers responding to innocuous cold temperatures have 

been found in human skin [20,21]. In addition, high-thresh-

old cold receptors (HCRs) have previously been identified. 

These afferents are believed to be sensitive to cold temper-

atures below 27
o
C, but do not respond to mechanical or heat 

stimuli and have conduction velocities in the low range of 

Aδ and C fibers [17]. Rapid cooling of the skin is also 

able to activate unmyelinated, low threshold mechanor-

eceptors (CLTMs). These C fibers are non-responsive to in-

tense heat stimuli and respond vigorously to gentle touch 

[21]. This response to cooling is only transient, and rela-

tively rapid decreasing temperatures are required for long 

effective activation. Several studies suggest cold sensitivity 

can also be found in large myelinated afferents which re-

spond vigorously to mechanical stimuli [20-22].

TRP channels sense the innocuous cold through the 

TRPM8 ion channel [23], which is specifically expressed in 

the DRG and trigeminal ganglion neurons with small nerve 

fibers, probably C fibers. Based on mice studies, the role 

of TRPM8 in thermosensation is well-established [22]. 

TRPM8 is activated by temperatures below 26
o
C, and is ex-

pressed in approximately 15% of small DRG neurons [23]. 

TRPM8 is activated by agents known to produce the sensa-

tion of cold in humans; the well-known agonists are men-

thol, eucalyptol and icilin. TRPM8 channels also have a re-

lationship with somatosensation and nociception. As injury 

impacts thermosensation, sensory reaction showed a height-

ened sensitivity to temperatures in the innocuous range 

(allodynia) and in the already painful range (hyperalgesia) 

[24,25]. Colburn et al. assessed the involvement of TRPM8 

in injury-evoked hypersensitivity to cold, and suggested that 

TRPM8 cooling sensation may modulate the majority of al-

lodynia and hyperalgesia [26]. In addition, numerous studies 

have demonstrated TRPM8 expressing afferents are related 

to analgesic effects. The analgesic role mediated by TRPM8 

was confirmed with TRPM8-null mice [27]. TRPM8 is also 

expressed in the prostate, lung and bladder tissues [25].

3. Noxious temperatures

Cold temperatures can produce the pain sensation with tem-

peratures between 10 and 15
oC in glabrous skin and approx-

imately 18
oC in hairy skin [28]. Noxious cold stimuli cause 

distinct sensations such as pricking, burning, aching and even 

heat [29], suggesting different fiber populations exist and are 

activated in the cold sensation. Mechanosensitive Aδ affer-

ent fibers (A-MSA), including those sensitive to heat stimuli, 

can be also activated by noxious cold [30]. Instead of signaling 

the intensity of a cold stimulus, A-MSA fibers might encode 

the pricking sensation associated with noxious cold stimuli; 

cold-induced pricking sensation is largely reduced when Aδ 

fibers are blocked [31].

In addition to Aδ fibers, a subset of C fiber nociceptors 

can be excited by noxious cold and may therefore contribute 

to the sensation of cold pain [32]. Similar to Aδ fibers, 

most of the cold-sensitive C fibers are believed to be poly-

modal in nature. Although C fibers are also responsive to 

mechanical and heat stimuli, their threshold temperatures 

for activation vary over a wide range [33,34]. During the 

block of an Aδ fiber, when C afferents are still active, the 

perception of noxious cold stimulus is experienced as burn-

ing or heat. This suggests that input from the Aδ fibers 

that signal the ‘cool’ sensation either blocks or modifies the 

C fiber input into the central nervous system. Therefore, the 

sensory experience induced by noxious cold stimuli depends 

on the integration of neuronal activity from both small 

myelinated and unmyelinated afferents.

In noxious cold, around 17
oC or below, TRPA1 (ankyrin 

transmemebrane protein 1; Anktm) is activated and known 

to be insensitive to menthol and capsaicin but activated by 

icilin. TRPA1 is specifically expressed in a subset of sensory 
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neurons that express the nociceptive markers CGRP and 

substance P, and may operate as peripheral mechanosensors 

[23,25]. TRPA1 are receptors for isothiocyanates, the pun-

gent ingredients in wasabi and yellow mustard, cinnamon, 

mustard oil and inflammatory peptides and bradykinin.

The expression pattern in nociceptors suggests that 

TRPA1 is involved in nociceptive signaling as well as medi-

ating the distinct pungent sensations. Moreover, TRPA1 has 

been postulated to play an important role in inflammatory 

hypersensitivity through receptor-operated mechanism by 

pro-algesic or pro-inflammatory mediators [28]. However, 

recently, whether TRPA1 is involved in cold sensation needs 

to be reconciled because data are conflicting regarding 

TRPA1 functioning as a cold sensor in vivo [29-34]. 

Additional studies and experimental methods are necessary 

to verify the function of this receptor.

CLINICAL POTENTIAL OF COOLING 
SENSATION

A cool and gentle breeze is known to make humans feel 

better and relieve discomfort and pain. The chemical sen-

sory/cooling agents that can mimic these sensations without 

a change in tissue temperatures are promising as a new 

treatment for various disorders. Menthol, a cyclic terpene 

alcohol found in the leaves of the genus Mentha is repre-

sentative of these agents and has been used in a variety of 

products, such as toothpaste, candy and even tobacco. When 

applied at low concentrations to the skin or mouth, menthol 

elicits a pleasant cool sensation. The cooling sensation of 

menthol arises from a molecular site of the cold receptor, 

TRPM8, as mentioned above [35,36]. However, menthol can 

evoke pain (or irritation) through activation and sensitiza-

tion of C fibers with activation thresholds within the nox-

ious range of temperatures. Therefore, in the case of men-

thol, both pain (or discomfort) and cold sensation appear 

closely linked [16,28]. Notably, low concentrations of 

TRPM8 agonists such as menthol or icilin were found to 

be anti-hyperalgesic in certain conditions [37,38]. In addi-

tion, cold patches have traditionally been used to induce an-

algesia or pain relief caused by traumatic injuries. Most re-

cently, TRPM8 antagonists were shown to be effective in 

reversing established pain in neuropathic and visceral pain 

models [39].

Pruritus is a condition where the cooling sensation can ac-

tively intervene. Previously, Carstens et al. suggested that 

lowering the skin temperature reduces pruritus via a central 

inhibitory pathway [40]. Yosipovitch also suggested menthol 

can be used as a counterirritant for pruritus [41]. In addition 

to menthol, other cooling agents such as icilin, which is con-

sidered more efficacious and potent than menthol, activates 

the TRPM8 channel [37]. We previously showed the effect 

of topical application of icilin in the management of parox-

ysmal itching sensation over the vulvae area [42]. A TRPM8 

agonist also showed efficacy in the histamine-induced itching 

model in vivo [43].

However, limitations may exist with regard to the dura-

tion of action because cold receptors must adapt with a pro-

longed change of membrane potential dependent upon cal-

cium current [13] or because TRPM8 requires the presence 

of phosphatidylinositol 4,5 bisphosphate (PIP2) for stable 

activity [44]. Therefore, prolonged TRPM8 activation de-

pletes calcium and PIP2 as well as a certain level of cellular 

adaptation. Recently, several researchers have suggested 

TRPM8 can be a target for treating prostate cancer because 

an androgen-dependent Ca
2+
 channel is necessary for pros-

tate cancer to survive and grow [45].

As summarized above, cold sensation of peripheral affer-

ent sensory is not well understood but is relevant for further 

exploration. The cellular and molecular mechanisms in-

volved in the TRP family, especially TRPM8, and TRPA1 

are not well recognized, thus further investigation on the 

interactive neuronal system of cooling and nociception can 

extend our knowledge for clinical use in various fields.
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