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ABSTRACT
Thermal perception is an essential sensory system for survival since temperature fluctuations affect
various biologic processes. Therefore, evolutionary changes in thermosensory systems may have
played important roles in adaptation processes. Comparative analyses of sensory receptors among
different species can provide us with important clues to understand the molecular basis for
adaptation. Several ion channels belonging to the transient receptor potential (TRP) superfamily
serve as thermal sensors in a wide variety of animal species. These TRP proteins are multimodal
receptors that are activated by temperature as well as other sensory stimuli. Among them TRPV1
and TRPA1 are activated by noxious ranges of thermal stimuli and irritating chemicals, and are
mainly expressed in nociceptive sensory neurons. Comparative analyses of TRPV1 and TRPA1
among various vertebrate species revealed evolutionary changes that likely contributed to
diversification of sensory perception. Whereas heat-induced TRPV1 responses have been conserved
across many vertebrates, TRPA1 varied among species. Mutagenesis experiments using these two
channels from various species also helped characterize the molecular basis for their activation and
inhibition. Meanwhile, recent detailed comparative analyses using closely related species showed
shifts in TRPV1 and TRPA1 thermal sensitivity that allowed adaptation to different thermal
environments. Changes in TRPV1 heat responses appear to arise from just a few amino acid
differences among species. These observations suggest that evolutionary changes in peripheral
sensors are likely driving force for shifting thermal perception in adaptation processes.
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Introduction

Ambient temperature is a critical environmental factor
for most organisms because it affects various biologic
processes that are essential for maintaining homeosta-
sis. Thus, examination of how species have adapted to
a diverse range of thermal environments in the bio-
sphere during evolutionary processes is of significant
interest. Species inhabiting different thermal niches
have acquired physiologic and ecological traits that fit
with the environmental conditions of their habitats.
Thermosensory systems must also have changed during
adaptation processes in concert with other physiologic
systems, since the ability to sense the environment and
body temperatures are necessary to respond to fluctua-
tions in ambient temperature.

In most animal species, temperature stimuli are per-
ceived by peripheral sensory neurons. Thermal sensors

expressed by peripheral sensory neurons are key players
that transform temperature changes into electric signals.1

The first discovery of a thermal sensor in rats facilitated
investigations that focused on signal transduction path-
ways,2 and more in-depth characterization of these sen-
sors and pathways revealed themolecular mechanisms of
thermal perception in model animals such as rodents
and Drosophila.1,3-5 Identification of thermal sensors also
enabled the comparison of thermosensory systems
among different animal species at a molecular level
through characterization of their functional properties.
These comparative analyses of thermal sensors in diverse
animal species revealed the conservation and also the
diversification of the functional properties involved in
temperature and chemical sensitivity.6

In recent years, our understanding of thermal sen-
sors in various animal species has rapidly increased.
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Comparative analyses among different animal species
showed that functional changes in thermal sensors
contribute to the diversification in sensory perception
among species. However, the relationships between
evolutionary changes in thermal sensors and evolu-
tionary adaptation are poorly understood. Recent
comparative studies that examined closely related ani-
mal species adapted to different thermal environ-
ments, clarified how evolutionary changes in thermal
sensors contribute to niche selection.7,8 This review
focuses on the evolution of thermal sensors, especially
changes that may be involved in adaptation processes.
In addition, we will also discuss how diversity of func-
tional properties among species offers the opportunity
to identify the structural bases for activation/inhibi-
tion mechanisms of thermal sensors.

Thermosensitive transient receptor potential
channels as thermal sensors

Environmental temperatures are detected as changes
in skin temperature. Free nerve endings of primary
sensory neurons, that lie just beneath the outer surface

of the skin, mainly perceive temperature changes as
thermal stimuli.1 Several temperature-sensitive ion
channels belonging to the transient receptor potential
(TRP) superfamily called thermoTRP channels act as
thermal sensors.1,3,4 To date, ten thermoTRP channels
have been identified in mammals, and they belong to
three subfamilies: TRPV (TRPV1, TRPV2, TRPV3,
and TRPV4), TRPM (TRPM2, TRPM3, TRPM4,
TRPM5, and TRPM8), and TRPA (TRPA1). Many
TRP channels are non-selective cation channels that
have a tetrameric structure wherein each subunit is
composed of six transmembrane domains (Fig. 1). An
ion permeable pore is formed by the pore loop domain
between the fifth and sixth transmembrane
domains.9-11 The N- and C-termini are located intra-
cellularly, and their structural features vary among
channels belonging to different subfamilies. For exam-
ple, the N-terminal region of TRPV and TRPA sub-
family channels contain several ankyrin repeat
domains.9,11

Each thermoTRP channel has a distinct range of
thermal sensitivity. In rodents, TRPV1, TRPV2, and
TRPM3 are activated by noxious heat, whereas

Figure 1. Positions of amino acids involved in the responses of TRPV1 or TRPA1 to chemical and thermal stimuli. (A) Structures of a tet-
rameric (inset) or a single subunit of rat TRPV1 are shown with critical amino acids involved in its responses to capsaicin (cyan) and heat
(magenta or green).9 Magenta and green arrows indicate amino acids that are involved in the responses of TRPV1 to heat in Xenopus
and squirrels/camels, respectively.7,8 (B) Structures of a tetrameric (inset) or a single subunit of human TRPA1 are shown with critical
amino acids involved in activation or inhibition by A-967079, HC-030031, and methyl anthranilate highlighted in cyan, magenta, and
green, respectively.11,52,63,69,70,72 Critical amino acids involved in TRPA1 sensitivity to MA were identified using chicken TRPA1.52 TM,
transmembrane domain; PH, pore helix; ARD, ankyrin repeat domain. TRP domain in TRPV1 and TRP-like domain in TRPA1 are enclosed
by a magenta line. All figures were prepared using UCSF chimera.84 PBD ID for rat TRPV1 and human TRPA1 are 3J5R and 3J9P,
respectively.
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TRPM8 is activated by innocuous cold.2,12-15 TRPA1
is reported to be activated by cold in rodents.16 Mean-
while, other thermoTRP channels (TRPV3, TRPV4,
TRPM2, TRPM4, and TRPM5) are activated by
warmth.1,3,4 Contradictory observations regarding
TRPA1 thermal sensitivity have been reported in
mammalian species. TRPA1 from mice was first
reported to be activated by cold stimulation when het-
erologously expressed in cultured cells.16 However,
later study contended that TRPA1 was not tempera-
ture sensitive channel.17 Contradictory results have
also been reported in behavioral assays using TRPA1
knockout mice.18-20 Thus, the thermal sensitivity of
TRPA1 from both humans and rodents remains a sub-
ject of debate.21,22

A peculiar feature of thermoTRP channels is that
they are also activated by non-thermal stimulation.
For example, TRPV4 is activated by hypotonic and
mechanical stimulation.23,24 On the other hand,
TRPV1 is activated by capsaicin, contained in chili
pepper, and also by extracellular acidic stimulation.2,25

TRPA1 is activated by various irritating chemical
compounds contained in plants, including allyl iso-
thiocyanate (AITC), cinnamaldehyde, and carvacrol,
which are agents present in wasabi, cinnamon, and
oregano, respectively.16,17,21,26 TRPA1 is also activated
by environmental irritants such as acrolein contained
in exhaust gas and cigarette smoke.20

The tissue distribution of thermoTRP channels
varies.1,3,4 TRPV1, TRPA1, and TRPM8 are mainly
expressed in dorsal root ganglia (DRG) and trigeminal
ganglia (TG) where they serve as thermal sensors in
primary sensory neurons. Both TRPA1 and TRPV1
are expressed in nociceptors in DRG and TG, and act
as sensors for noxious thermal and chemical percep-
tion.1,3,4 TRPV3 and TRPV4 are expressed in kerati-
nocytes, where responses to thermal stimulation are
reportedly transmitted to primary sensory neurons.1,27

ThermoTRP channels are also expressed in various
tissues and are reported to have diverse physiologic
roles, which have been extensively discussed in previ-
ous reviews.1,3,4,28-32

Since capsaicin is known to affect core body tempera-
tures in mammals, the involvement of capsaicin-sensi-
tive TRPV1 in thermoregulation was extensively
investigated after its discovery. Systemic application of
capsaicin is known to cause an acute decline in core
body temperature in several mammalian species by
increasing heat loss such as peripheral vasodilation.33

This thermoregulatory effect of capsaicin is clearly
diminished in TRPV1 knockout mice.34 In addition, sys-
temic application of TRPV1 antagonists causes hyper-
thermia in several mammalian species including rodents
and humans,35 but this effect is completely absent in
TRPV1 knockout mice.36 Although TRPV1 knockout
mice show normal core body temperature,34 they have
increased vasoconstriction and locomotion activity.37

Together these observations support a role for TRPV1 in
regulating core body temperatures in mammals.
However, mammalian TRPV1 that is heterologously
expressed in mammalian cultured cells is activated by
noxious temperatures (> 43 �C) that are several degrees
higher than typical mammalian core body temperatures,
suggesting that the thermal sensitivity of this channel is
modulated by the presence of other activators such
extracellular protons.25 In addition, TRPV1 phosphory-
lation mediated by protein kinases alters its activity and
sensitivity.38 In contrast to TRPV1 antagonists, systemic
application of a TRPM8 antagonist resulted in a decline
of core body temperatures in mammals, indicating that
TRPM8 is also involved in thermoregulation.39 On the
other hand, TRPA1 is not involved in thermoregulation
in rodents.40 The physiologic roles of thermoTRP
channels in thermoregulation have been summarized in
several comprehensive reviews.33,41,42

Species diversity of TRPV1 and TRPA1 in
vertebrates

ThermoTRP channels are found in diverse animal
species, including vertebrates and invertebrates, in
which they serve as thermal sensors. Among the ther-
moTRP channels, TRPV1 and TRPA1 have been
extensively compared across several species since these
two channels are involved in nociception that is
required to avoid harmful stimulations and are crucial
for survival in most animal species.6,43,44 Thus, it is
interesting to examine whether or not the functional
properties of sensors involved in nociception are con-
served through evolutionary processes. In addition,
these two channels appear to have functional coordi-
nation since they are highly co-expressed in subsets of
DRG neurons in rodents.16 Thus, the genes encoding
TRPV1 and TRPA1 would be suitable for the investi-
gation of evolutionary relationships involved in simi-
lar physiologic roles such as nociception.

Comparison of TRPV1 channel properties revealed
that TRPV1 from mammals, birds (chickens),
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amphibians (tropical clawed frogs), and teleost fishes
(zebrafish) is activated by heat.2,45-47 Thus, heat-
evoked activity of TRPV1 is generally a conserved trait
across a wide variety of vertebrate species, although a
recent study showed that its heat activity is diminished
in ground squirrels and camels (see below).7 On the
other hand, TRPV1 capsaicin sensitivity varies among
vertebrate species.,6,8,46-48 TRPV1 from several mam-
malian species including humans, rodents, and dogs is
highly sensitive to capsaicin, whereas TRPV1 from
rabbits, chickens, tropical clawed frogs, and zebrafish
has considerably lower sensitivity to capsaicin.45-50

Comparison of TRPA1 channel properties among ver-
tebrate species showed significant variations in thermal
sensitivity (Fig. 2). As mentioned above, TRPA1 from
humans and rodents can be activated by cold.3,16,18,22 In
contrast, heterologously expressed TRPA1 from chick-
ens, reptiles (several snake species and green anole
lizards), and tropical clawed frogs is activated by heat
stimulation.51-53 TRPA1 from dipteran insects is also
reported to be activated by warmth and is known to be
involved in negative thermotaxis.54-57 Heterologously
expressed zebrafish TRPA1 was recently shown to be
activated by both heat and cold,58 but zebrafish with
TRPA1 knockout had no behavioral abnormalities in

response to either cold or heat stimulation,59 suggesting
that its physiologic roles in thermal sensitivity await
further analysis. Although the thermal sensitivity of
TRPA1 from distantly related animal species is likely to
differ, chemical sensitivity to electrophilic compounds
such as AITC and cinnamaldehyde is generally con-
served.6,51-53,58,59 Therefore, a physiologic role of TRPA1
in detecting irritating chemicals seems to be maintained
through animal evolutionary processes.

Phylogenetic analysis revealed that TRPA1 ortho-
logs are shared between vertebrates and invertebrates,
suggesting that TRPA1 emerged during the early
stages of animal evolution (Fig. 2).6,60,61 On the other
hand, TRPV1 appear to have emerged later in ances-
tral vertebrates by a gene duplication event.6,61,62 Fur-
thermore, TRPV1 and TRPA1 are known to be highly
co-expressed in DRG neurons in a wide range of ver-
tebrate species, including zebrafish, tropical clawed
frogs, chickens, and rodents.16,52,53,59 All of these
observations suggest that heat-activated TRPV1
emerged more recently and has become co-expressed
with pre-existing TRPA1 in the subset of nociceptive
neurons in ancestral vertebrates (Fig. 2).6,52,53 Acquisi-
tion of TRPV1 as a novel heat sensor in ancestral ver-
tebrates could have reduced functional constraints of
TRPA1 and led to changes in its thermal sensitivity in
several vertebrate lineages. Based on its ability to
detect irritating chemicals and its physiologically con-
served roles in each of the species examined, evolu-
tionary pressure to retain TRPA1 gene was likely
higher throughout vertebrate evolutionary processes.

Using species-specific differences to identify the
molecular basis for TRPV1 and TRPA1 activation/
inhibition

Comparative studies of thermoTRP channels among
different vertebrate species revealed evolutionary
diversification of channel properties. These species-
specific differences in thermoTRP channels can
provide clues for identifying the structural basis for
activation or inhibitory mechanisms.22,63,64 Compara-
tive analyses and mutagenesis experiments examining
TRPV1 among different vertebrate species revealed
that two amino acids located in the third and fourth
transmembrane domains play a key role in determin-
ing sensitivity to capsaicin (Fig. 1A).46-48 For example,
serine and threonine residues at positions 512 (S512)
and 550 (T550) in rat TRPV1 are substituted with
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Figure 2. Evolutionary scheme for TRPA1 and TRPV1 in verte-
brates. TRPA1 was likely acquired as a sensor for heat and nox-
ious chemicals in ancestral animal species. Subsequently, TRPV1
emerged by gene duplication in ancestral vertebrates and was
likely co-expressed with TRPA1 in sensory neurons. TRPV1
retained heat sensitivity, whereas thermal sensitivity of TRPA1
may have changed during vertebrate evolution. MYA: million
years ago.
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tyrosine (Y523) and alanine (A561) in the correspond-
ing positions of tropical clawed frog TRPV1, which
shows reduced sensitivity to capsaicin.6,47 Recently, a
detailed 3D structure of rat TRPV1 in complex with
capsaicin (and related vanilloid compounds) showed
that critical amino acids identified in previous studies
were located within the capsaicin binding pocket
(Fig. 1A).9,65,66 Moreover, S512 and T550 form a
hydrogen bond with moieties within and near the
vanilloid ring, respectively.66 Thus, these two residues
play a critical role in the binding of vanilloid com-
pounds to TRPV1.65,66 In tropical clawed frog TRPV1,
interactions between the side chains of two critical
amino acids (Y523 and A561) and vanilloid com-
pounds likely interfere because of difference in side
chain sizes (tyrosine and alanine possess a larger and
smaller side chains compared with those of serine and
threonine, respectively). Interestingly, African clawed
frog TRPV1 has a cysteine residue (C521) at the corre-
sponding position of 512 in rat TRPV1 (S512) and
side changes of these two amino acids have relatively
similar sizes. Accordingly, African clawed frog TRPV1
has higher sensitivity to capsaicin than the tropical
clawed frog TRPV1, and mutating C521 to tyrosine
(C521Y) leads to a marked reduction in TRPV1
sensitivity to capsaicin.8 It has been proposed that
phosphatidylinositides bind to rat TRPV1 in the
closed state at the same binding site as that for vanil-
loid compounds, and replacement of phosphatidylino-
sitides with vanilloid compounds leads to TRPV1
activation.66

Similar to TRPV1, sensitivity of TRPA1 to several
non-electrophilic chemicals differs among species,
although sensitivities of TRPA1s to electrophilic
chemicals are well conserved. Methyl anthranilate
(MA) is known as a repellent for birds and TRPA1
from chickens is activated by MA.52,67 TRPA1 from
humans and mice is also activated by MA, whereas
TRPA1 from green anole lizards and tropical clawed
frogs showed reduced responses to it. A comparison
of amino acid sequences among TRPA1s from these
five species highlighted several candidate amino acids
sites that could be involved in species-specific differ-
ences. The potential amino acid sites were further
screened by assessing chicken TRPA1 point mutants,
which showed that the three critical amino acids
involved in TRPA1 activity to MA lie close to the
linker between the ankyrin repeat domains and trans-
membrane domains (Fig. 1B).52

A similar strategy led to the identification of critical
amino acids in TRPA1 inhibition. Several TRPA1
antagonists have been developed for use as potential
analgesics. As these antagonists were developed
against mammalian TRPA1, their antagonistic effects
differ for TRPA1s from non-mammalian species. For
example, a potent mammalian TRPA1 antagonist
A-967079 does not inhibit TRPA1 from non-mamma-
lian species, such as chickens and tropical clawed
frogs.68-70 Detailed comparative analyses revealed that
several amino acid residues located within the fifth
transmembrane domain of mammalian TRPA1 are
important for the inhibitory effect of A-967079.63,69,70

A subsequent 3D structure of human TRPA1 in com-
plex with A-967079 showed that amino acid residues
reported to be involved in TRPA1 inhibitions are
located near the binding sites of A-967079 (Fig. 1B).11

Two amino acid residues (S873 and T874) located in
the fifth transmembrane domain lie at the bottom of
the A-967079 binding pocket.11 Non-mammalian ver-
tebrate TRPA1s are not inhibited by A-967079, which
is consistent with different amino acids in the corre-
sponding region that may be responsible for the lack
of inhibitory effect.6,69,70 A-967079 also interacts with
F909, which is conserved among vertebrate TRPA1 in
pore-helix 1 and proposed to act as a molecular wedge
to inhibit opening of the lower gate of the channel.11

Interestingly, A-967079 acts as an agonist to
TRPA1 from chickens and tropical clawed frogs,
and detailed comparative analyses showed that a
single amino acid mutation (L881I) in human
TRPA1 resulted in activation by A-967079 rather
than inhibition.69 L881 is in the fifth transmem-
brane domain and lies close to A-967079 and F909
in the 3D structure model of human TRPA1
(Fig. 1B).11 Notably, leucine and isoleucine are
structurally similar, suggesting that slight confor-
mational changes in chemical binding pockets can
drastically change channel properties.

Species differences are also seen for the another
TRPA1 antagonist HC-030031, which has a different
structure from A-967079 and was first developed as a
mammalian TRPA1 antagonist.71 HC-030031 was
subsequently shown to inhibit chicken and green
anole TRPA1 activity, but it had no inhibitory effect
on TRPA1 from tropical clawed frogs and zebra-
fish.52,53,70 Examination of TRPA1 chimeric channels
between humans and tropical clawed frogs and subse-
quent point mutant analysis revealed that a single
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amino acid residue (N855) located in the linker
between the fourth and fifth transmembrane domains
plays a critical role in the inhibitory effect of HC-
030031 on human TRPA1 (Fig. 1B).72 Furthermore, a
molecular dynamics simulation showed that N855
could interact with HC-030031. In the 3D structure of
human TRPA1, N855 is located close to the TRP-like
domain that is situated below the transmembrane
domains, and can interact with the intracellular N-
and C-terminal regions (Fig. 1B).11 A detailed chime-
ric and mutagenesis analysis between TRPA1 from
human and tropical clawed frogs indicated that the C-
terminal region that include a TRP-like domain is also
involved in HC-030031-mediated inhibition of
TRPA1.72

On the other hand, green anole TRPA1 requires
the presence of extracellular calcium ions for its
heat-evoked activation.73 Furthermore, comparative
and mutagenesis analyses using TRPA1s from
green anoles, rat snakes, and chickens showed that
three negatively charged amino acids near the
outer pore vestibule are involved in heat-evoked
activation of TRPA1.74 Presumably, calcium ions
would neutralize these negatively charged amino
acids to allow heat-induced opening of the channel
pore. Thus, species diversity of thermoTRP chan-
nels provides informative clues for identifying crit-
ical amino acids involved in the activation and
inhibitory action of these channels. Moreover,
structural information for thermoTRP channels
helps clarify the molecular mechanism for regulat-
ing channel activity, and provides mechanistic
insights into evolutionary changes of channel
function

Evolutionary changes in thermal sensors among
species adapted to different environmental
niches

One intriguing topic in thermal biology is molecular
basis for adaptation. Given that two different species
adapted to different thermal niches in the course of
evolution, temperature sensitivity would be expected
to diverge between the two species. To elucidate the
evolutionary changes in thermal perception, compara-
tive analyses among closely related species inhabiting
different niches are needed. For this purpose, thermal
responses were compared between two closely related
clawed frog species, the tropical clawed frog, Xenopus
tropicalis and the African clawed frog, Xenopus laevis
(Fig. 3).8 The distributions of these two species are dif-
ferent in Africa. X. tropicalis inhabits a hotter environ-
ment and thus has a higher optimal temperature range
than X. laevis (Fig. 3A).75 A comparison of nocifensive
responses (jumping) to heat stimulation revealed, as
expected, that X. laevis has higher sensitivity to heat
than X. tropicalis (Fig. 3B). In addition, the thermal
sensitivity of dissociated DRG neurons also differed
between the two Xenopus species, suggesting that heat
sensitivity differs both at behavioral and neural levels.

Then, functional properties of TRPA1 and TRPV1
were compared. X. laevis carries two TRPA1 gene cop-
ies (TRPA1a and TRPA1b) since they are allotetra-
ploid species,76 whereas X. tropicalis has only one
copy of the TRPA1 gene. Expression of X. laevis
TRPA1b is confined to the brain, whereas X. laevis
TRPA1a is widely expressed in peripheral neurons,
spinal cord, and brain,8 suggesting that TRPA1a
potentially plays a major role in thermal perception.

Figure 3. (A) Species differences in heat responses between X. laevis and X. tropicalis. Optimal temperatures are indicated beside the
images of the two Xenopus species. (B) Species differences in heat responses between the two species of clawed frogs are summarized.
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The amplitudes of heat-evoked currents of X. laevis
TRPA1a are much larger than those of X. tropicalis
TRPA1 when both were heterologously expressed.
Moreover, thermal activation thresholds for X. laevis
TRPA1a were lower than those of X. tropicalis
TRPA1. These observations indicate that the activities
and sensitivities of TRPA1 to heat stimulation are sig-
nificantly higher in X. laevis compared with X. tropica-
lis, which is consistent with the finding that X. laevis is
behaviorally much more sensitive to heat than X. tro-
picalis (Fig. 3B).

Whereas the thermal activation thresholds for
TRPV1 are similar between the two Xenopus species, a
species difference in TRPV1 was observed upon appli-
cation of repeated heat stimulation. As with TRPA1,
X. laevis also carries two TRPV1 genes (TRPV1a and
TRPV1b). Both copies of X. laevis TRPV1 are widely
expressed in neural tissues; however, current ampli-
tudes elicited by X. laevis TRPV1b are much smaller
than those seen for X. laevis TRPV1a. Meanwhile, X.
tropicalis TRPV1 channel activity gradually increased
with repeated heat stimulation, whereas that of X. lae-
vis TRPV1a peaked during the first heat stimulation
and became desensitized to repeated heat stimulations
when it was heterologously expressed (Fig. 3B). Ther-
mal activation thresholds of TRPV1 for the two spe-
cies were nearly the same. Therefore, X. laevis
TRPV1a is activated much faster than X. tropicalis
TRPV1 upon exposure to temperatures that exceed
their activation thresholds. All of these observations
are consistent with the greater heat sensitivity of X.
laevis compared with X. tropicalis. The species differ-
ences of Xenopus TRPV1 heat responses can be partly
explained by the three amino acid substitutions that
occur in ankyrin repeat domains 1–3 (Fig. 1A).8 In
rats, several molecules such as ATP and calmodulins
are known to bind to the ankyrin repeat domains and
modulate TRPV1 activity.77-79 Single critical amino
acid located within ankyrin repeat domain 3 overlaps
with the calmodulin binding region in rat TRPV1.
Future biochemical analyses will be needed to clarify
the molecular mechanisms responsible for the species
differences of Xenopus TRPV1.

As discussed above, species differences in both
TRPV1 and TRPA1 can be linked to differences in
neural and behavioral responses between Xenopus
species adapted to different thermal niches. However,
the degree of these differences was relatively small in
the context of the optimal temperature ranges for the

two species (Fig. 3A). This small difference might be
due to the experimental conditions used since rapid
heat stimulation was adopted throughout the studies.
Thus, comparison of behavioral traits using other
experimental conditions and approaches (e.g., thermal
preference test) should reveal different aspects of spe-
cies differences.

Striking differences in TRPV1 heat responses were
also found among mammalian species that are
adapted to extremely hot environments and acquired
heat tolerances such as the thirteen-lined ground
squirrel, Ictidomys tridecemlineatus and the Bactrian
camels, Camelus ferus.7 I. tridecemlineatus showed
reduced heat avoidance relative to mice and dissoci-
ated DRG neurons from these squirrels also showed
reduced heat sensitivity. Characterization of TRPV1
from I. tridecemlineatus revealed that its heat-evoked
activity was severely suppressed, although its
responses to capsaicin and acid stimulation were
maintained, suggesting that TRPV1 in this species
specifically lost heat sensitivity. C. ferus TRPV1 also
showed a specific loss of heat sensitivity, suggesting
that convergent evolution could have occurred in dif-
ferent mammalian lineages.7 Detailed mutagenesis
analysis revealed that mutation of two amino acid resi-
dues located within the ankyrin repeat domains
resulted in the gain of heat-evoked activity in TRPV1
from I. tridecemlineatus and C. ferus (Fig. 1A),
although these amino acid changes likely did not
occur in the lineages leading to each species.

As species shift among thermal niches, various
kinds of genes that are expressed in tissues, including
those from peripheral to the central nervous systems,
are potentially involved in evolutionary changes in
thermal perception. Nevertheless, peripheral sensors
such as thermoTRP channels underwent tuning of
functional properties to fit with environmental niches
during the adaptation process.7,8 For Xenopus species,
relatively small functional shifts in thermal sensors
occurred. Such small and gradual changes in sensory
receptors may be frequent events in the evolutionary
adaptation to different thermal niches. On the other
hand, for I. tridecemlineatus and C. ferus, heat sensi-
tivity of TRPV1 was specifically lost even though it is
involved in noxious heat perception and is generally
thought to be required to escape harmful stimuli. This
loss may imply that to adapt to extreme environments,
even noxious signal transduction pathways can degen-
erate if the overall effect is beneficial. Functional
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changes in thermoTRP channels can likely be achieved
through a small number of amino acid substitutions
(Fig. 1).7,8 In this way, thermoTRP channels can retain
functional flexibility during evolutionary processes
and might serve as one example of how thermoTRP
channels could participate in evolutionary tuning of
thermal sensing adaptations.

Future Perspectives

Almost two decades have passed since the discovery of
the first thermoTRP channels.2 Since then, numerous
studies have been conducted to examine the physiologic
role of these channels in model animals such asDrosoph-
ila and rodents. In contrast, investigations that explored
the relationships between thermoTRP channels from dif-
ferent species and evolutionary adaptation have just
begun to accumulate. Recent comparative studies in
clawed frogs and mammals revealed clear species differ-
ences that likely contribute to adaptations to thermal
niches.7,8 In these studies, however, experimental evi-
dence showing the in vivo roles of thermoTRP channels
is lacking, and what extent thermoTRP channels affect
sensory perception and behavioral responses remain
unclear. TRPV1 knockout mice have deficits in percep-
tion in a noxious temperature range (> 50 �C),34 even
though TRPV1 is activated above 43 �C in heterologous
expression systems.25 This finding implies that TRPV1
plays only partial roles in nociceptive heat responses in
mice. Therefore, assessment of the in vivo roles of ther-
moTRP channels among species will be important to
investigate in the future studies. In this respect, recently
developed genome editing technologies can provide
opportunities to examine the physiologic roles of ther-
moTRP channels in species for which generation of
genetically modified animals was previously difficult.80,81

Another intriguing area of investigation is the
molecular basis for evolutionary changes in ther-
moTRP channels. Comparative analyses of ther-
moTRP channels in clawed frogs and mammals
identified critical amino acid changes in the ankyrin
repeat domains that altered thermal responses of
TRPV1 (Fig. 1A).7,8 These observations suggest that
ankyrin repeat domains could be target regions for
functional tuning in an evolutionary context. How-
ever, whether the currently identified amino acids
actually play critical roles in evolutionary processes is
unclear, since both studies only compared TRPV1
from extant species for chimeric and mutagenesis

analyses. The same amino acid mutations are known
to have the possibility to induce inconsistent func-
tional changes in different protein backgrounds due to
epistatic interactions among amino acids.82,83 Thus, in
some case, mutagenesis analyses using only extant
species can lead to inaccurate conclusions. Evolution-
ary trajectories of protein sequences can be recapitu-
lated by inferring ancestral states, and the effects of
amino acid changes can also be examined by introduc-
ing mutations in ancestral protein backgrounds to
identify critical changes that may have caused func-
tional shifts in an evolutionary context.82,83 The future
challenge will be to identify critical amino acid
changes that caused the functional shifts in ther-
moTRP channels in an evolutionary context, and
introducing these mutations in species under investi-
gation using genome editing technologies to assess
their effects on neural and behavioral responses.
Moreover, additional evidence from various groups of
animal species will be required for a better under-
standing of the general molecular mechanisms that
are associated with adaptive evolutionary changes in
thermal perception.
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