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Six highly temperature-sensitive ion channels of the transient

receptor potential (TRP) family have been implicated to mediate

temperature sensation. These channels, expressed in sensory

neurons innervating the skin or the skin itself, are active at

specific temperatures ranging from noxious cold to burning

heat. In addition to temperature sensation thermoTRPs are the

receptors of a growing number of environmental chemicals

(chemesthesis). Recent studies have provided some striking

new insights into the molecular mechanism of thermal and

chemical activation of these biological thermometers.
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Introduction
We have evolved an acute peripheral thermosensory capa-

bility to maintain thermal homeostasis and to avoid poten-

tially harmful stimuli. In vertebrates temperature sensation

is mediated by specialized sensory neurons. These

neurons, whose cell bodies are located in trigeminal and

dorsal root ganglia (DRG), project long neurites to the skin

where they detect thermal cues. Thermoceptive neurons

are functionally heterogeneous: different subpopulations

of neurons are tuned to detect different temperatures.

The molecular mechanism underlying temperature sen-

sation has been the subject of intense study. Recently,

several highly temperature-sensitive TRP channels (ther-

moTRPs) have been identified as candidate temperature

sensors [1,2]. Both cold-activated (TRPM8 and TRPA1)

and heat-activated (TRPV1–4) thermoTRPs with dispa-

rate activation thresholds have been characterized, fitting

the functional heterogeneity in DRG neurons (Table 1).

Surprisingly, TRPV3 and TRPV4 were shown to be most

prominently expressed in epithelial cells (keratinocytes)

rather than in DRG neurons [1,2]. In vivo studies of mice
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deficient in specific thermoTRPs have confirmed the

proposed role of several of these ion channels in thermo-

sensation, and have suggested a thermosensory role for

keratinocytes, in addition to sensory neurons [3–8,73,74].

In addition to temperature sensation, thermoTRPs med-

iate the pungent qualities of a number of natural sensory

chemicals we might encounter in our environment. For

example, capsaicin, the ‘hot’ ingredient in chili peppers,

causes a ‘burning’ sensation by activating TRPV1, a

thermoTRP that functions as a sensor for heat >42 8C
[9]. Other examples are shown in Table 1. Indeed, it is

now recognized that chemesthesis (defined as a chemical

sense distinct from taste or smell) is mainly caused by

thermoTRP activation.

This review focuses on recent insights into mechanisms

underlying thermoTRP activation by thermal and che-

mesthetic stimuli. For more detailed discussion on the

physiological role of thermoTRPs we refer to other recent

reviews [1,2].

Structural features of thermoTRPs
To date, 28 mammalian TRP channels are known [10,11].

Nine TRP channels have been shown to be activated or

strongly modulated by distinct temperatures and six of

these (TRPV1–4, TRPM8, and TRPA1) are thought to

have a role in temperature sensation and chemesthesis

(Figure 1, Table 1). TRP channels are a part of the larger

superfamily of voltage-gated like (VGL) ion channels and

are generally assumed to be similar in global structure [12].

Thus TRP channels presumably form tetramers, with each

subunit containing six transmembrane domains (S1–S6).

The N-terminus and C-terminus are located on the intra-

cellular side of the membrane, and the channel pore is

formed by helices S5 and S6 as well as the S5–S6 linker of

the four subunits. Similar to voltage-gated channels, many

TRP channels are voltage-sensitive, albeit only weakly,

and the voltage sensor region appears to involve the S4

transmembrane helix [13,14��]. TRP channels have

extended cytosolic N-terminus and C-terminus that con-

tain a variety of structural features including coiled-coil

domains, a TRP domain, and ankyrin repeat domains

(Figure 1). These domains, since not present in every

TRP channel, have been implicated in channel formation,

regulation by cellular factors, etc. [15��,16–22].

Mechanism of thermal activation
As might be expected, thermoTRPs are steeply tempera-

ture-dependent. A measure for the temperature depen-

dence of a biological process is its 10 8C temperature
www.sciencedirect.com
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Table 1

ThermoTRP Thermal

activation

Chemical agonist Sensory neuron/skin

expression

Temperature phenotype of null

mutant

TRPV1 >42 8C Capsaicin, acidic pH, camphor, ethanol,

resiniferatoxin, 2-APB, piperine, eugenol,

gingerol, VaTx1–3 (spider toxin)

Sensory neuron Impaired thermal avoidance and

hyperalgesia

TRPV2c >52 8C 2-APB, D9-tetrahydrocannabinol Sensory neuron Not reported

TRPV3 >33 8C Camphor, menthol, thymol, carvacrol,

eugenol, 2-APB

Keratinocytes/

sensory neuron?

Impaired thermotaxis and thermal

avoidance

TRPV4 >25–34 8C 4aPDD, bisandrographolide Keratinocytes/

sensory neuron

Impaired thermotaxis, thermal

avoidance, and hyperalgesia

TRPM2a >35 8C H2O2, ADP-ribose, bNAD Not reported Not reported

TRPM4a Heatb Cytosolic Ca2+ Not reported Not reported

TRPM5a Heatb Cytosolic Ca2+ Not reported Not reported

TRPM8 <25 8C Menthol, icilin, l-carvone, eucalyptol,

isopulegol, geraniol, linalool

Sensory neuron Impaired cold sensation

TRPA1 <17 8C Cinnamaldehyde, mustard oil,

eugenol, icilin, allicin, acrolein, methyl

salicylate, gingerol, GsMTx-4 (spider

toxin), D9-tetrahydrocannabinol, etc.

Sensory neuron Impaired cold sensation [5]

No thermal deficits observed [35]

a Properties of temperature sensitive TRP channels TRPM2, TRPM4, and TRPM5 are temperature-sensitive; however, evidence for their expression

in DRG or skin is lacking [28,72]. The expression of TRPM5 in taste cells however suggests a potential explanation for the intriguing observation that

temperature can affect taste perception [72].
b Activity of TRPM4 and TRPM5 is increased by heating but thermal activation thresholds have not been determined.
c Properties for rodent TRPV2 are shown, which are different from human TRPV2 (see [78]).

Figure 1

Phylogenetic analysis of TRP channels. ThermoTRPs are indicated by blue (cold-activated) and red (heat-activated) circles. Human TRP amino

acid sequences were used for the analysis with the exception of TRPC2 for which the mouse channel was used. Topology models are

shown including several characteristic domains (predicted using http://www.ebi.ac.uk/InterProScan and/or indicated in [17,19,24,55]).

TRPM2, TRPM4, and TRPM5 are temperature-sensitive; however, evidence for their expression in DRG or skin is lacking [28,72].
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coefficient (Q10). This is defined as the relative increase

in the rate of a process over a 10 8C temperature (T)

interval: Q10 = rate(T + 10)/rate(T) [23]. While most

enzymatic processes and ion channels have a Q10 of 2–

4, thermoTRPs have Q10 values as high as 20, indicating

their unique suitability to act as thermosensors [24]. What

causes thermoTRPs to be so exquisitely temperature-

sensitive? Temperature activation of most thermoTRPs

is retained in cell-free membranes, arguing for a mem-

brane delimited mechanism independent of cytoplasmic

processes. In contrast, activation of TRPV4 by warm

temperatures is lost in cell-free membranes suggesting

that intracellular factors may play a role in some ther-

moTRPs [25].

A link with voltage sensing?

Further insight into the thermal sensitivity of thermoTRPs

came from studies showing that TRPV1 and TRPM8 are

voltage-sensitive [26]. Membrane depolarization can acti-

vate the channels and temperature changes alter this

voltage-dependent activation. Analysis of channel kinetics

led to a simple two-state model for channel activation in

which the transitions between the closed and open state are

voltage-sensitive and temperature-sensitive. According to

this model temperature and voltage sensitivity are closely

associated, with both stimuli acting on the same gating

step. In agreement with this, mutations affecting the

voltage sensitivity of TRPM8 also affect temperature

sensitivity [14��]. In addition, most thermoTRPs have

been observed to be voltage-sensitive [27]. However, an

exception to the rule seems to be TRPM2. This channel is

activated at warm temperatures (although it does not

appear to play a role in temperature sensation). Interest-

ingly, TRPM2 functions similarly at different voltages

suggesting that temperature activation can occur indepen-

dently of voltage activation [28].

An alternate model for thermal activation was put forward

in another study [29]. While confirming the voltage

sensitivity of TRPM8, the study suggests a multistate

kinetic model in which temperature and voltage can

activate thermoTRPs independently of each other, but

affect each other allosterically.

Molecular determinants of temperature sensing

Irrespective of which gating step temperature affects, one

is left to wonder how temperature modulates gating on a

molecular level. For instance, are specific hydrogen bonds

or hydrophobic interactions in the protein disrupted or

generated? And what molecular mechanism determines

whether a TRP is cold or heat activated? Identification of

structural elements in the channel involved in temperature

sensing would be a first step toward such a molecular

description. A tyrosine residue in the S3 domain of TRPV4

was found to be required for activation by both heat and

4aPDD, a TRPV4 agonist [30]. Given that TRPV4 heat

sensitivity is absent in cell-free membranes it was
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suggested that heat may cause intracellular production

of a 4aPDD-like agonist. Recent studies on TRPM8

and TRPV1 chimeras led to a striking observation. Repla-

cing the C-terminus of TRPV1 with that of TRPM8 results

in a reversal of the temperature sensitivity, making the

channel cold-sensitive instead of heat-sensitive. Vice

versa, TRPM8 could be turned into a heat-sensitive chan-

nel by replacing its C-terminus with that of TRPV1 [31��].
Thus the C-terminus appears to play a role in temperature

sensation; however, whether this region is part of an actual

temperature sensor that can translate thermal energy into

conformational changes is unclear at this point.

TRPA1, the odd one in the pack

TRPA1 was originally identified as a cold-activated chan-

nel [32]. In heterologous expression, activation was

observed at temperatures below 17 8C, and TRPA1 was

suggested as a candidate receptor for noxious cold tem-

peratures. Cold activation of TRPA1 has been debated as

some groups are unable to observe cold responses in

TRPA1-expressing cells [1,2]. Recent evidence suggests

that calcium may play an important role in cold activation

of TRPA1. First, TRPA1 was shown to be activated by

intracellular calcium in the absence of cold or chemical

stimuli [33�,34]. This activation was shown to be mediated

by a putative calcium-binding domain (an EF-hand

domain in the N-terminus). Second, mutations in the

EF-hand domain resulted in the loss of both calcium

and cold activation [33�]. Mustard oil responses were also

affected in these mutants but it was concluded that the

effect on cold was more profound. Since the authors

observed a cold-evoked increase in intracellular calcium

in nontransfected HEK293 cells they propose that cold

triggers a release of calcium through an unknown mech-

anism, which in turn activates TRPA1 [33�]. Whether such

a mechanism could occur in DRG neurons was not inves-

tigated. In apparent contrast to an indirect mechanism, cold

activation of TRPA1 can be observed in cell free mem-

branes, under calcium chelating conditions [75�]. This

suggests thermal activation of TRPA1 is similar to the

majority of thermoTRPs in that it does not require cyto-

plasmic processes, although such processes can affect the

resulting response. Ultimately the physiological role of

TRPA1 as a cold sensor could come from in vivo studies.

However two independent studies on TRPA1-deficient

mice led to different conclusions on TRPA1’s role in cold

sensing [5,35]. Thus the role of TRPA1 in thermosensation

remains unclear and further studies will be needed.

Mechanism of chemical activation
Promiscuous thermoTRPs

ThermoTRP activation is thought to underlie the che-

mesthetic sensation of a large number of natural and

synthetic chemicals [3,9,32,35–51,78] (Table 1). The

chemical structures of compounds that can activate ther-

moTRPs vary widely (Figure 2). Although certain TRP

channels appear to be selective for specific compounds
www.sciencedirect.com
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Figure 2

Left panels: chemical structures of TRP agonists. Agonists that behave as traditional ligands (left), and also those that covalently modify amino acids

(right). Right panel: electrophilic Michael addition acceptors, such as alpha beta unsaturated aldehydes found in cinnamaldehyde, acrolein, and N-

methyl maleimide can form adducts with cysteine residues in proteins using the reaction scheme shown. Below, are the structures of the cysteine

adducts formed by the three electrophiles. Alkylating agents such as iodoacetamide may also form cysteine adducts in proteins, producing the

structure shown. Isothiocyanate compounds such as allyl isothiocyanate can form adducts with both cysteine and lysine residues in proteins.
there is also considerable crossreactivity. Menthol, for

instance, activates TRPM8, providing a molecular logic

for the cooling sensation this compound is known to elicit

[38,39]. More recently menthol was shown to also activate

TRPV3 and inhibit TRPA1, perhaps accounting for the

claims that menthol can act as an analgesic in pain rubs

[45]. Another example is camphor which activates

TRPV3 and TRPV1, but blocks TRPA1 [42]. This cross-

reactivity suggests conserved structural and functional

properties among different thermoTRP channels.

Structural determinants of chemical sensing

What is known about the structural elements involved in

thermoTRP activation by chemicals? Recent studies have

provided evidence for an important role of the region

spanning transmembrane segments S2–S4 in the acti-

vation of different thermoTRPs by structurally diverse

hydrophobic compounds. First identified as (part of) the

capsaicin binding site in TRPV1, recent evidence impli-

cates this region in binding of menthol and icilin in

TRPM8 [14��,15��,52,53]. The S2–S4 region includes

the proposed voltage sensor [14��]. Thus it appears that

direct modulation of the voltage sensor is a plausible

mechanism for a number of agonists. However, there is

evidence that the mechanism of activation by these

agonists may be more complicated. Notably, mutations

in the C-terminal TRP domain of TRPM8 were found to

dramatically reduce the efficacy of menthol (rather than
www.sciencedirect.com
the affinity) while the mutant channels appeared normal

with respect to cold and voltage sensitivity as well as with

their sensitivity to the signaling lipid phosphatidylinositol

4,5-bisphosphate (PI(4,5)P2, see below) [15��]. This

suggests that this domain influences events downstream

of initial menthol binding, and that activation by menthol

involves mechanisms distinct and separable from acti-

vation by cold, voltage, or PI(4,5)P2. A model was pro-

posed in which the TRP domain acts as a gating domain

that couples menthol binding to the conformational

changes required for channel opening [15��]. Although

the S2–S4 region may include part of the binding pocket

for a number of agonists, other thermoTRP agonists such

as low pH for TRPV1, or cinnamaldehyde and mustard oil

for TRPA1 (see below) are thought to act via different

mechanisms [54��,55��,56].

Activation by stable modification

While many sensory compounds are ligands that bind to

their receptors transiently, other, more reactive com-

pounds can activate thermoTRPs by covalent modifi-

cation of the channel itself [54��,55��]. This novel

mechanism of activation is an unexpected property of

TRP channels that may be important for sensing noxious,

cell-damaging agents.

Pungent natural compounds such as those found in mus-

tard and cinnamon (allyl isothiocyanate and cinnamalde-
Current Opinion in Neurobiology 2007, 17:490–497
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hyde) and environmental irritants (acrolein and pentenal)

have been shown to activate TRPA1 channels in vitro
[35,37,41]. One commonality among these pungent com-

pounds and irritants is that they are electrophiles, capable

of covalently binding to cysteine residues; and in case of

isothiocyanates, also to lysine residues (Figure 2).

Furthermore, cysteine-reactive compounds such as iodoa-

cetamide (IA) and N-methyl maleimide (NMM), pre-

viously unrecognized as TRPA1 agonists, were shown

to activate the channel [54��,55��]. These reactive com-

pounds bind nonspecifically to many proteins within the

cell, likely at every solvent-accessible free sulfhydryl. In

addition, they were found to bind to several cysteine

residues within TRPA1 [55��]. Reactive compounds acti-

vate the channel from the cytoplasmic side of the mem-

brane and cysteine residues within the N-terminus have

been identified which, when mutated individually, dis-

rupt activation by electrophiles. Two groups have each

identified a set of three cysteine residues in human or

mouse TRPA1 which are required for normal channel

function, although only one residue is in common among

the two studies [54��,55��]. This discrepancy may be due

to interspecies differences in channel activity, confor-

mation, or gating. Future studies are required to elucidate

the mechanism by which covalent modification of TRPA1

can translate into gating of the channel.

Sensing reactive compounds is important for an organism

to avoid potentially harmful environments. TRPA1 is

uniquely tuned to respond to such compounds, regardless

of structure in order to signal pain. An intriguing problem

is posed by this unique mode of activation of TRPA1: are

such modifications reversible within a cell? In heterolo-

gously expressed TRPA1, some agonists remain bound to

the channel for over an hour; however we all know that

the pain produced by reactive compounds like cinnamon

and mustard does not persist interminably (at least at low

doses!) [55��]. Perhaps there are mechanisms within

trigeminal and dorsal root neurons to remove the covalent

modification or to quickly recycle modified channels. The

channel itself may desensitize through calcium-depend-

ent or voltage-dependent mechanisms, preventing pain

signaling despite continued agonist binding. These are

important questions which will need to be addressed in

future studies to understand the mechanisms of pain

sensation.

Electrophiles found in reactive oxygen and nitrogen

species (ROS and RNS) are also able to bind directly

to cysteine residues in proteins. Hydrogen peroxide,

SNAP (nitric oxide donor), and pyridyldisulfides

(cysteine-reactive reagents) were shown to activate

TRPC5 channels in vitro [57]. Other TRP channels have

also been shown to be activated by changes in the redox

environment of the cell [58,59]. This indicates that TRP

channels are sensors for both internal and external

stimuli.
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Desensitization and sensitization
Swimmers may appreciate that the initial freezing sen-

sation upon entering cold water passes after a couple of

minutes. Indeed desensitization is an integral part of

thermosensation warranting a discussion. Although the

mechanisms underlying thermal desensitization may be

complex, modulation of thermoTRPs may explain at least

part of the in vivo phenomenon. Activation of most

thermoTRPs gradually decreases over time even though

the stimulus (either thermal or chemical) is maintained.

TRPM8 and TRPV1 are most thoroughly studied with

respect to their desensitization properties. In both cases

desensitization to chemical stimulation (capsaicin or

menthol) is found to depend on extracellular calcium,

while desensitization to temperature activation is inde-

pendent of extracellular calcium suggesting different

mechanisms [9,39]. Desensitization of TRPM8 to

menthol stimulation is proposed to involve the signaling

lipid PI(4,5)P2, which is thought to bind to the channel at

the TRP domain [20��,60�]. TRPM8 activity requires the

presence of PI(4,5)P2 and desensitization was proposed to

result from calcium influx during TRPM8 activity, lead-

ing to the activation of a calcium-sensitive PLC and

subsequent depletion of PI(4,5)P2 [20��]. It should be

noted that an alternative model for TRPM8 desensitiza-

tion involving a calcium-sensitive PKC mediated process

has been proposed [61]. Desensitization of TRPV1 to

capsaicin has been found to depend on a number of

intracellular components including PKA, ATP and cal-

modulin [62,63,76]. Recent evidence is consistent with a

role for PI(4,5)P2 depletion in desensitization of TRPV1,

similar to what has been proposed for TRPM8 [64�,65�].
These findings are in apparent contradiction with studies

claiming that PI(4,5)P2 depletion results in sensitization

rather than desensitization of TRPV1 [66,67]. However

PI(4,5)P2 may have a dual role in TRPV1 regulation [77].

Further research will be required to elucidate the role of

PI(4,5)P2 on TRPV1 modulation.

In contrast to desensitization under normal conditions,

injury or inflammation often causes a state of sensitization

called thermal hyperalgesia (hypersensitivity to noxious

heat) or allodynia (nociceptive response to innocuous

heat). Sensitization of TRPV1 signaling by inflammatory

mediators (for instance bradykinin, ATP, NGF) is

thought to underlie this phenomenon. Indeed, mice

deficient in TRPV1 do not develop thermal hyperalgesia

[4,7]. Several mechanisms have been proposed to con-

tribute to TRPV1 sensitization by various inflammatory

mediators. These include a direct phosphorylation of

TRPV1 by PKC and PKA; an increase in plasma mem-

brane targeting of TRPV1; and the release from

PI(4,5)P2-mediated inhibition. For further details on

the mechanisms of TRPV1 sensitization, see [68,69].

Many questions on thermoTRP (de)sensitization remain.

For instance, very little is known on the mechanisms
www.sciencedirect.com
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underlying thermal desensitization; the difference in

desensitization rates for different TRPV1 agonists; or

the unusual sensitization observed for TRPV3 upon

repeated chemical and thermal activation [42,70,71].

Future research is expected to provide further insight

into thermoTRP sensitization and desensitization.

Conclusion
The strong temperature sensitivity of thermoTRPs as

well as their modulation by structurally diverse com-

pounds makes these ion channels fascinating targets for

mechanistic studies. Important progress has been made

with regard to understanding thermal activation, and

future studies will undoubtedly be focused on gaining

structural insight in thermal activation. As for chemical

activation, it appears a number of structurally diverse

hydrophobic compounds such as capsaicin and menthol

may act through a conserved mechanism, by binding close

to the voltage-sensing domain. In addition, covalent

modification has now been implicated in the activation

of TRP channels. This unique mode of activation raises

many questions that are expected to be addressed in the

near future. Given that some thermoTRPs are sensors for

painful stimuli, advances in understanding their acti-

vation mechanisms are expected to lead to novel strat-

egies for pain management.
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