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ABSTRACT

The superfamily of Transient Receptor Potential (TRP) channels is composed by a group of
calcium-permeable ionic channels with a generally shared topology. The thermoTRP channels
are a subgroup of 11 members, found in the TRPA, TRPV, TRPC, and TRPM subfamilies. Historically,
members of this subgroup have been classified as cold, warm or hot-specific temperature sensors.
Recently, new experimental results have shown that the role that has been given to the
thermoTRPs in thermosensation is not necessarily strict. In addition, it has been shown that
these channels activate over temperature ranges, which can have variations depending on the
species and the interaction with a specific biological context. Investigation of these interactions
could help to elucidate the mechanisms of activation by temperature, which remains uncertain.

Abbreviations: Cryo-EM: Cryogenic electron microscopy; DRG: Dorsal root ganglia; H: Human;
ROS: Reactive Oxygen Species; TG: Trigeminal ganglia; TRP: Transient Receptor Potential; TRPA:
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Introduction

Thermosensation is the ability of organisms to
detect and codify both environmental and internal
temperature, and it is indispensable for survival.
Thermosensation in different higher animal spe-
cies depends mostly on the activation of ion chan-
nels, some of which are members of the
superfamily of Transient Receptor Potential
(TRP) channels known as thermoTRPs. These
membrane proteins serve as molecular thermal
sensors and are also polymodal channels that are
activated by different physical and chemical sti-
muli. Most of them are cation permeable, non-
selective channels with varying preference for cal-
cium. All TRP channels have a shared general
topology, assembling as tetramers, with each sub-
unit consisting of six transmembrane segments,
where the channel pore is formed by the trans-
membrane segments five and six and the loop
between them [1-4]. The regions with the largest
structural  divergences are the intracellular
domains. While TRPV channels are almost struc-
turally identical [3,5-11] and share homology with
TRPA1 [12], the TRPM and TRPC channels have
amino and carboxy-termini with very different

topology [13-19] (Figure 1). The thermoTRP
channels are a subgroup of 11 members of the
TRPA, TRPV, TRPC, and TRPM subfamilies.
However, despite major recent progress in under-
standing their structural biology and the molecular
determinants of some of their functions, the mole-
cular mechanisms by which their temperature sen-
sing function is accomplished remain mostly
unknown [20].

ThermoTRP channels have been identified in
diverse animal species over the past several years,
underscoring the diversification of these channels
in the course of evolution [21]. However, their
physiological function has only been analyzed in
detail in a few model organisms such as mice and
the fruit fly Drosophila. Thus, functional aspects of
thermosensation in vivo have not been well under-
stood [21]. In mammals, the expression of these
channels occurs mainly in the membrane of sen-
sory neurons from the trigeminal ganglia (TG) and
dorsal root ganglia (DRG), but are also distributed
in various other tissues [22,23]. A complicating
factor is the fact that for almost all thermoTRPs,
it has been shown that the temperature that elicits
50% of the response is variable and can fall in
a range that varied from 10°C to 20°C. Further,
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Figure 1. Structures of some thermoTRPs determined by single-particle cryo-EM.

The details of a single subunit are shown, the different colors match specific domains. The amino acids shown as red spheres
represent the sites proposed as essential for the thermosensation. The asterisk in the structure of TRPV1 symbolizes some amino
acids related to thermosensation (D261, M258, S250) that are not resolved in the available structures. Structural files from the Protein
Data Bank and appropriate reference for each channel are as follows. TRPV1 (PDB 3J5P) [3]; TRPV2 (PDB 5AN8) [6]; TRPV3 (PDB
6MHO) [11]; TRPV4 (PDB 6BBJ) [7]; TRPA1 (PDB 3J9P) [12]; TRPM2 (PDB 6CO7) [17]; TRPM4 (PDB 6BCL) [18]; TRPM8 (PDB 6BPQ) [16];

TRPC5 structure (PDB 6AEl, is not available yet).

orthologous channels can also have variations in
the range of activation, which are dependent on
the species and cellular context [21,24,25].
Recently, two important papers have proposed
that only some thermoTRP channels are responsi-
ble for thermosensation in mammals; among the
channels that have been put forward are TRPV1,
TRPM3, and TRPALI for sensing mild and noxious
heat [26]. Another previous paper found that only
TRPMS, TRPA1, and TRPV1 channels are neces-
sary for all thermosensation (cold, warm and nox-
ious heat) also in mice [27]. In this review, we take
a look at the known function and assigned roles of
different thermoTRP channels in thermosensation,
in relationship with the newly reported findings.

Thermotrp channels

The thermoTRP channels belong to different TRP
subfamilies: TRPC (TRPCS5) [28]; TRPV (TRPV1-
TRPV4) [29-32]; TRPM (TRPM2 - TRPM5 and
TRPMS) [26,33-37]; and TRPA (TRPAI1) [38].
They are collectively called thermoTRPs because

these membrane proteins are unique in respond-
ing by opening when the temperature is changed.
This is not just modulation of gating by tempera-
ture, as can be observed in all ion channels, but
actual transitioning between states induced by
temperature. Although the thermodynamics of
activation by temperature can be complicated,
a few generalizations can be made. The heat
involved in channel opening is reflected in the
steepness with which current increases and can
be quantified by an apparent enthalpy (AH) with
higher values of AH corresponding to increased
steepness. Hot activated channels have positive
values of AH while cold activated channels are
associated with negative AH. The heat of activa-
tion of thermoTRP channels can be very high. The
apparent enthalpy associated with opening can be
as large as 100 kcal/mol [39].

ThermoTRPs can be classified considering the
temperature that evokes 50% of the maximal cur-
rent. TRPV1 and TRPV2 are activated by high
temperatures, while other thermoTRPs (TRPV3,
TRPV4, TRPM2, TRPM4, and TRPMS5) are
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activated by warm temperatures [21,32]. It is
known that TRPMS8 is activated by cold.
However, it is also known that different
thermoTRP channels possess distinctive ranges of
activation temperatures, which may vary depend-
ing on the species [21] (Figure 2). TRPA1l was
earlier proposed to be a cold sensor, but it is
now understood that, in mammals, it activates by
increasing temperature from intermediate tem-
peratures (17 2 °C).

Thermotrp channels in humans

The distribution and function of thermoTRP chan-
nels in humans have not been well characterized.
However, it is known that these channels are pre-
sent in the brain, peripheral nervous system, pul-
monary system, cardiovascular system, renal
system, liver, digestive system, reproductive system,
and skin (see Rosasco and Gordon, 2017) [40] and
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have been proposed as therapeutic targets in differ-
ent diseases.

The channels TRPV1, TRPV2, TRPV4, TRPM3,
and TRPMS8 channels, have been implicated in the
perception of pain in humans, because these chan-
nels are expressed in sensory nerve endings [41].
There is also the possibility that thermoTRP chan-
nels are involved in diseases like respiratory disor-
ders (TRPV1, TRPV4, TRPAIl, and TRPMS),
because the human respiratory tract is innervated
by sensory fibers which are activated by irritant
stimuli [41]. Other thermoTRPs are also related to
diseases like diabetes, for example, TRPM2, TRPM3,
TRPM4/M5, and TRPAI, which are expressed in
beta-cells and are directly involved in insulin secre-
tion [42]. It has been hypothesized that some
thermoTRP channels (TRPV1, TRPV2, TRPV4,
TRPM2, TRPM4, TRPMS8 and TRPMS8) could be
involved in various kinds of cancers [43,44].
Recently TRPV2 and TPV4 were implicated in med-
iating human melanoma cell death [45], but the
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Figure 2. Range of temperature of activation of thermoTRP channels and its variation in different species.

The range of activation temperature for TRP channels in mammalians, amphibians, birds, fish, and reptiles is shown in °C. The most
complete picture of the functions of thermoTRPs is only available in mammals. In most other species knowledge is incomplete and
some thermoTRP channels show significant differences in their range of activation by temperature.



relation between cancer and TRP-channels is still
controversial. One thermoTRP channel in the
brain, TRPC5 which is highly expressed in hippo-
campus and amygdala, has been proposed as
a therapeutic target for anxiety [46].

All thermoTRPs channels in humans seem to be
related to some disorder or disease [41], which
increases the importance of research into the phy-
siology of these channels and their possible use as
pharmacologic targets.

Thermotrp channels variation in range of
temperature activation

An important note of caution should be discussed
first. The range of temperatures for activation of
thermoTRP channels is not measured in the same
way by all authors. Since thermoTRP channels are
polymodal, voltage is an important modulator of
the temperature response [47,48] and not all chan-
nel activation temperatures are measured at the
same voltage and sometimes the voltages used
are not reported. For example, some channels,
such as TRPM5 [34,48], can activate below 20°C
at very positive voltages but do not produce cur-
rents at the same temperature at intermediate or
physiological voltages. For this reason, the defini-
tion of cold, warm, and noxious heat sensors can
be complicated and not unique.

In mammals such as rodents, TRPV1/V2,
TRPM3 and TRPM2 channels are activated by
hot temperatures (upwards of 38°C), while
TRPM4/TRPM5 [34], TRPV3 [31,49], and
TRPV4 channels are considered activated by
warm temperatures, activating by [48] tempera-
tures higher than 15°C, 22°C and 23°C, respec-
tively, and TRPC5, TRPMS8, and TRPA1l have
been classified as cold receptors. However, these
ranges of temperature activation are not the same
in all species. For example, when the TRPA1 chan-
nel was characterized for the first time, it was
reported as a cold receptor, being activated at
temperatures below 17°C [38]. Since then,
TRPA1 has been considered as a cold sensing
channel, but this is controversial because the tem-
perature sensitivity of TRPA1 is an example of
how a function like temperature sensitivity has
changed along the phylogenetic scale [21]. This
channel is expressed in animals like caterpillars
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[50], mosquito, fruit fly, snake [51], chicken [25],
frog and lizard [52], where it is clearly activated by
heat, while in zebrafish, human, and rhesus mon-
key, it is apparently insensitive to tempera-
ture [53].

Recently, TRPA1 has been postulated, using
calcium imaging of neurons from double and tri-
ple knockout mice, to have an important role in
noxious heat sensing in mice [26]. In behavioral
experiments, TRPA1 and TRPV1 contribute essen-
tially to noxious heat sensitivity in mice, but there
is no additive effect of deleting both genes [54]. In
addition, human TRPA1l channels seem to be
a bidirectional thermosensor when reconstituted
in an artificial membrane [55]. These authors pos-
tulate that TRPA1 is intrinsically thermo-sensitive
and this characteristic has been conserved in evo-
lution, such that we can see TRPA1 being activated
by hot temperatures in different species. It has
been proposed too that its intrinsic capacity for
sensing cold and hot temperature is regulated by
specific cellular proprieties of the organism that is
expressing the channel. TRPA1 is strongly modu-
lated by the redox state and by diverse ligands
[55]. In addition, these authors have reported
that different TRPA1 channel conformations are
involved in its cold and heat sensitivity [55]. Also,
single-point mutations in the ankyrin domain can
change its threshold for temperature activation
[56]. For these reasons, we can suppose that mini-
mal posttranslational modifications and/or the cel-
lular environment, could be major determinants
for the observed temperature response of TRPA1
in different organisms, while previously several
papers have only reported cold sensitivity
[38,53,57].

The fact that in TRPV1 knockout mice only
a small effect on noxious heat responses is
observed [26,27,58,59], indicates the presence of
compensatory mechanisms. This coincides with
the observation that in TRPV1 knockout mice,
there is an increased locomotor activity [60,61],
producing no changes in body temperature in
response to increased or decreased ambient
temperature.

Other channels in the TRPV family are acti-
vated by temperature. For example, TRPV2 is
expressed in numerous organ system and is acti-
vated by noxious heat >52°C [30] and its structure
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was determined by cryo-EM in 2016 [5]. It has
been shown that TRPV2 channel has two distinct
roles, depending on developmental stage; during
embryonic development, it regulates axon out-
growth as a mechanosensor and in adults, it parti-
cipates in thermosensation [62]. However, it was
found that mice deficient in TRPV?2 failed to dis-
play an altered heat-sensing phenotype [63],
maybe because compensatory mechanisms, i.e.
other heat sensitive ion channels.

TRPV3 has been well -characterized as
a calcium-permeable, temperature sensitive chan-
nel, responding in the temperature range from 22°
C to 40°C in mammalian cells transfected with
hTRPV3 [31,64]. Its presence has been reported
in other species like fish, mouse (where apparently
it does not have an important contribution to
thermosensation [49]) and frogs; in this last one,
it was initially characterized as a cold sensor with
a temperature threshold 16°C [24]. Recently, other
researchers showed that when frog TRPV3 chan-
nel is expressed in mammalian HEK293 cells, sig-
nificant activity is observed at temperatures >54°C.
They argue that the previous study failed to detect
heat sensitivity in Xenopus oocytes injected with
frog TRPV3 because the temperatures tested were
lower than 40°C in their study [65]. The apparent
sensitivity to cold temperatures in this channel
remains controversial. Also, the mechanism of
heat activation in TRPV2 and TRPV3 seems to
be different to TRPV1, showing a response to
temperature in the warm range that needs to be
sensitized by a high-temperature stimulus, and
thus making their response dependent on the sti-
mulus history [65,66].

Another TRPV channel, TRPV4 is activated by
warm stimuli >25°C to >34°C [32,67], although
not much is known about this channel's tem-
perature sensitivity. However, this may soon
change, as the recent structures of TRPV4 and
TRPV2 and TRPV3 [5-7,11] solved by cyo-EM,
might give new impetus to this area of research.
Up until now, it is not known if TRPV3 and 4
have a physiological function as thermosensors
in sensory neurons, but it is known that TRPV4
is expressed in the nerve fibers of human dental
pulp [68], where it might contribute to tempera-
ture sensitivity. Recently, TRPV4 was shown to
be the temperature receptor in human sperm and

it is involved in regulating sperm thermotaxis
[69]. On the other hand, the expression of
TRPV3 and 4 in keratinocytes [22] rises the
exciting possibility that skin epithelial cells can
mediate the perception of warm temperatures
directly and also mediate cold sensing via an
isoform of TRPMS8 [70].

Other channels like TRPM4 and TRPMS5 are
two temperature-sensitive channels that are acti-
vated by heating in the mild temperature range
between 15°C and 35°C [34].

TRPM2 channels mediate responses to heat
stress at temperatures above 38°C [36,37]. In addi-
tion, it is known that there is significant co-
expression of TRPM2 with TRPV1 and TRPM3
in mouse DRG neurons [71], indicating that
these channels lower the heat threshold of neurons
and may act as a break to prevent overheating and
tissue damage [36]. In mice, the genetic deletion of
TRPM2 has an impact of thermal preference, sug-
gesting this channel is important for thermoregu-
lation in this rodent [71].

A first physiological function of TRPM3 was
described in the pancreas, where the channel is
expressed in insulin-secreting -cells and was sug-
gested to modulate insulin release under specific
conditions [72]. It was established as a heat-
sensitive ion channel with a temperature threshold
>40°C, in sensory neurons where it is coexpressed
with TRPV1 [35,73].

The TRPMS8 channel was cloned in 2001 and
characterized as a cold- and menthol-sensitive
receptor from DRG and trigeminal neurons in
mice and retains these characteristics when
expressed in CHO and HEK 293 cells [33,74],
but it was not until 2007 that the channel was
shown to be necessary for cold temperature sen-
sing [75]. The TRPMS8 channel has been identified
in different species such as rat, mouse, chicken,
frog, and all orthologues of TRPMS8 channels are
cold sensitive [46]. It has been shown that chicken
TRPMS has smaller cold responses compared to
mouse TRPMS, suggesting that the cold sensing in
chicken is not mainly given by TRPMS8 channel,
while in frog, TRPMS8 responds to colder tempera-
tures [46]. These differences are being used to try
to resolve questions such as what are the molecular
determinants that explain the gaiting by tempera-
ture in this channel [76]. These studies could be



compared and complemented by the new informa-
tion provided by the recent TRPMS8 channel struc-
ture obtained for Cryo-EM [16].

Among the TRPC channels, TRPC5 has been
shown to be highly sensitive to mild cooling in the
range from 37°C to 25°C in DRG neurons in mice,
also it is known that it is present in human tissues
[28]. The structure of TRPC5 was obtained by
cryo-EM at 2.9 A resolution, however the PDB is
not available yet [19]. A hypothesis regarding why
TRPC5 does not seem to be an important ion
channel for thermosensation is that deleting
TRPC5, in the mouse, results in compensatory
replacement by functionally overlapping cold
transducers. For example, TRPMS8 channels seem
to increase their functional availability. This may
explain the presence of cold sensing in TRPC5
knockout mice [28].

As can be seen, although thermoTRPs seem to
have relatively well-defined ranges of temperature
response, there can be considerable overlap.
Moreover, there is no consensus on the heat or
cold activation of some thermoTRPs, such as
TRPV3 and TRPAI, as originally postulated and
it might turn out that the heat sensitivity of all or
many thermoTRPs could be dynamically
regulated.

Thermotrp channels and sensitization in
chronic pain

Because thermoTRP channels show a response to
heat of varying degrees, several of them are impli-
cated in sensitization processes in pain-related dis-
orders. TRPV channels are generally activated by
temperatures above 40°C at positive voltages, but
upon modulation by phosphorylation or binding
of ligands such as PIP2 [77], proalgesic lipids [78]
or modulation by cysteine-oxidizing reagents and
ROS [79,80] the midpoint of temperature activa-
tion can be shifted to lower temperatures by as
much as 20°C, producing activation of the chan-
nels and pain pathways at normal body tempera-
tures, a pathological condition known as thermal
hyperalgesia [30]. TRPV2 and TRPV3 channels are
sensitized in a use-dependent manner [66] in such
a way that the current carried by these channels
increases with repetitive heat stimulation. This
sensitization can  contribute to  thermal
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hyperalgesia after sufficient stimulation and in
the presence of proinflammatory mediators. In
a similar manner, sensitization of TRPV4 channels
by the anandamide-arachidonic acid pathway can
contribute to hyperalgesia and has been implicated
in pain produced by chemotherapy drugs such as
taxol [81].

Sensitization to cold stimuli or cold allodynia
occurs as a result of chronic nerve injury. This
form of sometimes-intractable chronic pain has
been reported to be mediated by increased expres-
sion and sensitized responses to cold by the
TRPMS8 channel [82]. Overall, thermoTRP chan-
nels are some of the principal mediators of in
several chronic pain conditions and are continu-
ally sought after as possible therapeutic targets.

Role of thermotrps in cold, warm, and
noxious heat sensing

A recent study has postulated that TRPV1 chan-
nels, which were initially proposed as noxious
temperature sensors, are important for warm tem-
perature sensitivity, more than noxious heat sti-
mulus sensing in vivo [27]. This finding was
reported in trigeminal ganglion neurons, where
TRPV1 is present, but is not highly expressed.
Other groups have reported that the expression
profile of TRP channels is different in the trigem-
inal or dorsal root ganglion. They noted that
TRPV1 expression was significantly greater in
DRG segments compared to TG or other regions
of the spinal cord [23,83]. This lower expression
makes it possible that the contribution of TRPV1
to the thermosensitive response in TG neurons
could be lower than in cells where its expression
is more significant, i.e. the DRG neuron. These
differences, speak to a possible cellular specificity
of the contribution of TRP channels to the
responses to even the same stimulus.

The study of Yarmolinsky [27] suggests that
TRPV1 channels are subjected to modulation of
the range of temperatures where they respond,
perhaps through posttranslational modification or
other modulatory mechanisms, making TRPV1
responsive even in the range of temperatures con-
sidered mild (below 43°C). Another possible
mechanism of TRPV1 modulation was recently
suggested. Sanchez-Moreno and coworkers have
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shown that the range of temperatures for the
TRPV1 response is dynamic, shifting to lower
temperatures in a use-dependent manner [84].
The range of temperature activation of TRPV1
seems to be modulated by the local structure of
the ankyrin repeat domains, raising the possibility
that subtle rearrangements in this region, in
response to modulatory stimuli, can alter the tem-
perature range of activation of this channel [85].

More recently, and in contrast with the
Yarmolinsky et al. study, the Voets group [26]
reported that only three thermo TRP channels,
TRPV1, TRPM3, and TRPA1 are needed for nox-
ious temperature sensitivity in DRG neurons of
mice. These authors report that the response to
mild stimuli is mostly intact and depends on
a small subset of neurons and might originate
from thermal responses in keratinocytes, presum-
ably mediated by other thermoTRP channels or
even other heat-sensitive membrane proteins.
These two papers present evidence for two differ-
ent interpretations of the heat response in sensory
neurons. On the one hand, the data of Vandewauw
et al. seem to support the strict separation of
temperature sensitivity among different TRP chan-
nels and thus, an exclusive line communication of
temperature  information. The work by
Yarmolinsky and collaborators would suggest that
TRPV1 is capable of supporting both noxious and
mild temperature sensation. It seems that the mild
and  high-temperature-sensitive =~ TRPV1  is
expressed in different subsets of neurons. In this
case, the type of sensory nerve cell and not
a particular compliment of ion channels would
determine the communication line of sensory
information.

Conclusions

The role of thermoTRP channels in temperature
sensing is well established; however, a number of
controversies still stand. In particular, the jury
seems to still be out regarding the heat or cold
sensitivity of TRPA1 channels. It seems that the
heat response of TRPA1 is strongly dependent on
the redox environment of the cell or the presence
of modulatory intracellular cysteine-reactive spe-
cies. Both the Yarmolinsky and Vandewauw

studies coincide in that TRPAL1 is not a cold sensor
in mice and instead participates in heat sensing.

What are all the other thermoTRP channels
doing if they do not participate in peripheral ther-
mosensation in mice, as these studies seem to
suggest? One possibility is that they play a role in
thermosensation in other organs or that their sen-
sitivity to temperature is residual. TRPV2 has
a very high-temperature activation threshold and
residual vanilloid sensitivity [86,87], which makes
it improbable that it participates in mild or even
noxious thermosensation. TRPV3 also has a high
activation threshold and its more likely involved in
pruritus in the skin.

It is also possible that these channels have roles in
thermosensitivity in animals other than mammals,
and this function is still to be revealed. It seems
likely that the evolution of thermoTRP channels
among a wide variety of animal species has pro-
duced a lot of variability in the processes involved
as molecular determinants in thermosensation. An
important lesson from the recent studies seems to be
that we cannot generalize the functions of
thermoTRP channels among different organisms.
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