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Among various environmental factors, temperature is one of the critical factors for organisms since 
it can affect most, if not all, biological processes. Therefore, animals precisely sense ambient and 
body temperatures and physiologically and behaviorally respond to temperature changes. Taking 
such nature into consideration, alteration of thermal perception should have played a pivotal role in 
adaptation to diverse thermal niches. Temperature as well as other physical and chemical stimuli 
are perceived by the primary afferent neurons where transient receptor potential (TRP) channels are 
expressed, and these channels serve as multimodal receptors in the somatosensory system. To 
understand the roles of TRP channels in the evolution of sensory perception, comparative analyses 
have been performed using various animal species, and their functional diversity has been well 
documented over the past 2 decades. Furthermore, in recent years, species differences in the ther-
mal responses of TRP channels have been found among closely related species inhabiting different 
thermal niches, which have uncovered the contributions of TRP channels to environmental adapta-
tion in various vertebrate species. The purpose of this review is to summarize the studies that 
addressed the functional evolution of TRP channels associated with sensory diversification and 
environmental adaptation.

Key words: temperature and chemical receptor, thermosensitive TRP channel, behavioral response, 
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INTRODUCTION

Environmental adaptation is the process by which 
organisms alter their traits to better perform in new environ-
ments or in response to changes in their current habitats. 
Sensory systems convey information that is required for 
animals to respond to changes in environments, thereby 
playing a pivotal role in adaptive evolution. Various sensory 
systems, including vision, olfaction, taste, hearing, and 
somatosensation, have developed during animal evolution, 
and changes in these systems directly affect the way 
animals respond to environmental changes (Baldwin and 
Ko, 2020; Valencia-Montoya et al., 2024).

Among the variety of environmental factors, tempera-
ture critically affects most, if not all, biological processes, 
and thus each animal species evolved physiological and 
behavioral systems to better survive in their thermal habi-
tats. Indeed, the association between thermal tolerance of 
species and environmental temperature is well documented 
in a wide variety of animal species (Araujo et al., 2013; 
Sunday et al., 2019). In addition to changes in thermal toler-
ance, thermal perception, which is essential for monitoring 
ambient and body temperature, should also have changed 

during the adaptation processes.
Temperature as well as other physical and chemical 

stimuli are perceived by the primary afferent neurons, and 
transient receptor potential (TRP) channels, which are acti-
vated by temperature, chemical, and other physical stimuli, 
serve as multimodal receptors in the somatosensory system 
(Patapoutian et al., 2003; Julius, 2013). To understand the 
functional diversity of thermosensitive TRP channels, com-
parative analyses have been performed using various animal 
species, and their species differences have been well docu-
mented over the past 2 decades. Furthermore, associations 
between the functional variation of thermosensitive TRP 
channels and environmental adaptation have been recently 
elucidated in phylogenetically different groups of animal spe-
cies (Bagriantsev and Gracheva, 2015; Laursen et al., 2015; 
Saito and Tominaga, 2015, 2017). Moreover, the structural 
bases for functional changes in TRP channels have also 
been uncovered in some cases. The purpose of the present 
review is to summarize the studies that have illuminated the 
evolutionary aspects of TRP channels associated with sen-
sory diversification and environmental adaptation.

THE PHYSIOLOGICAL ROLES OF TRP CHANNELS IN 
SENSORY PERCEPTION

In many animal species, changes in ambient tempera-
ture are perceived by free nerve endings of sensory neurons 
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located beneath peripheral tissues such as skin. Tempera-
ture stimuli are converted to electrical signals, which are 
transduced to the central nervous system, where sensory 
signals are processed. The temperature-sensitive TRP 
channels expressed in peripheral sensory neurons serve as 
thermal receptors (Patapoutian et al., 2003; Julius, 2013). 
Most TRP channels are non-selective cation channels that 
modulate the permeation of sodium and calcium ions. The 
activation of TRP channels leads to the influx of cations, 
which causes membrane depolarization and leads to action 
potential generation in peripheral sensory neurons (Fig. 1A). 
TRP channels form a gene family that can be classified into 
multiple subfamilies based on sequence similarity and 
domain structure. In vertebrates, the TRP superfamily con-
tains seven subfamilies: TRP canonical (TRPC), TRP vanil-
loid (TRPV), TRP melastatin (TRPM), TRP ankyrin (TRPA), 
TRP polycystin (TRPP), TRP mucolipin (TRPML), and TRP 
NOMP (TRPN) (Pedersen et al., 2005). Of note, TRPN is 
well conserved in a wide variety of animal species except for 
amniotes (Schuler et al., 2015).

In mammals, the dorsal root ganglion (DRG) and trigem-
inal ganglion (TG) serve as peripheral sensory neurons, 
where various TRP channels are expressed (Patapoutian et 
al., 2003; Julius, 2013). Mice and humans possess 28 and 
27 ion channels, respectively, belonging to the TRP super-
family (with TRPC2 pseudogenized in humans), 11 of which 
are temperature-sensitive in both species (Fig. 1B) (García-
Ávila and Islas, 2019; Kashio and Tominaga, 2022). These 
channels are activated by a varying range of temperatures 
and roughly cover the entire thermal range perceived by 
mammals (Fig. 1C). TRP channels are multimodal receptors 
that are activated by physical stimuli other than temperature, 
as well as chemical compounds. In addition to the sensory 
neurons, thermosensitive TRP channels are expressed in 

various tissues and involved in diverse physiological func-
tions associated with temperature (Guler et al., 2002; 
Patapoutian et al., 2003; Moqrich et al., 2005; Talavera et al., 
2005; Dhaka et al., 2006; Bandell et al., 2007; Uchida and 
Tominaga, 2011; Uchida et al., 2011; Kashio et al., 2012; 
Nilius et al., 2012; Julius, 2013; Wang and Siemens, 2015; 
Laing and Dhaka, 2016; Sun et al., 2016; Bernal et al., 2021; 
Kashio and Tominaga, 2022).

Recent developments in cryo-EM have facilitated the 
characterization of the tertiary structures of TRP channels. 
TRP channels are comprised of four subunits each of which 
possesses six transmembrane domains and relatively large 
intracellular N- and C-terminal regions (Pedersen et al., 
2005; Cao et al., 2013; Liao et al., 2013; García-Ávila and 
Islas, 2019). Each subunit possesses a selective filter in the 
loop region between the fifth and sixth transmembrane 
domains, and the ion permeation pathway is formed at the 
center of the four subunits. The composition of the domain 
structure characterizes each subfamily of TRP channels. 
Multiple ankyrin repeat domains are found in the channels 
belonging to the TRPV, TRPC, and TRPA subfamilies. 
Especially, a long stretch of 16 ankyrin repeat domains is 
present in the TRPA1 channel (Paulsen et al., 2015). The 
TRP box located near the sixth transmembrane domain 
exists in the channels belonging to the TRPC, TRPM, and 
TRPV subfamilies. These domain structures are related to 
the regulation of TRP channel activity. For example, intracel-
lular components such as ATP and calmodulin interact with 
ankyrin repeat domains and/or a part of the C-terminal 
region of TRP channels to regulate the channel activity 
(Julius, 2013; Laing and Dhaka, 2016). Phosphatidylinositol 
4,5-bisphosphate (PIP2) binds to the pocket formed by the 
transmembrane domains and regulates TRP channel activ-
ity (Rohacs, 2023). Recent studies have provided insight 

Fig. 1. Physiological roles of TRP channels in thermal perception. (A) Schematic structures of the thermosensory system. The activation of 
TRP channels leads to the cation flux that triggers the action potential generation in sensory neurons such as dorsal root ganglia (DRG). (B) 
Phylogeny of human TRP channels. Eleven thermosensitive TRP channels that have been identified in humans and rodents are shaded. Note 
that mouse TRPC2 was included in the phylogenetic tree because the orthologous gene in humans is pseudogenized. (C) Thermal ranges 
that activate each TRP channel in humans and rodents. Directions of temperature stimuli are indicated by arrows.
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into the molecular basis of temperature-dependent gating of 
TRP channels. Large conformational changes have been 
observed in several regions of TRP channels, including the 
linker regions of transmembrane domains, the ankyrin 
repeat domains, and intracellular N- and C-terminal regions 
in rat TRPV1, mouse TRPV3, and Drosophila TRPA1. It has 
been proposed that conformational changes in intracellular 
regions along with structural alterations in the TRP helix, 
pore-forming transmembrane domains, and pore-loop, lead 
to the opening of the channels (Kwon et al., 2021; Nadezhdin 
et al., 2021; Wang et al., 2023).

EVOLUTIONARY PROCESSES OF TRP  
CHANNEL GENES

The evolutionary origin of TRP channels can be traced 
back to the ancestors of eukaryotes. TRP channels have 
been categorized into multiple subfamilies according to their 
phylogenetic relationships, and approximately 12 subfami-
lies are currently recognized (Himmel and Cox, 2020). 
Although widely shared across various species, the gene 
repertoires of TRP channels vary extensively among differ-
ent groups of organisms. Among eukaryotes, animals pos-
sess the largest number of TRP subfamilies (TRPC, TRPV, 
TRPM, TRPA, TRPP, TRPML, TRPN, etc.).

The functional characterization and identification of 
thermosensitive channels have been mainly performed in 
model species such as rodents and fruit flies. As mentioned 
earlier, rodents and humans possess 11 thermosensitive 
TRP channels (TRPV1-TRPV4, TRPM2-TRPM5, TRPM8, 
TRPA1, and TRPC5) belonging to four different subfamilies 
(García-Ávila and Islas, 2019). In fruit flies (Drosophila 
melanogaster), channels belonging to different subfamilies 
are involved in thermal perception, including TRPC (TRP 
and TRPL), TRPA (TRPA1, painless, and pyrexia), and TRPP 
(biribido-1, -2, and -3) (Bellemer, 2015). Therefore, TRP 
genes involved in thermal perception are largely different 
between mammals and insects.

TRPA1 is the only orthologous gene that is likely to be 
shared between vertebrates and invertebrates (Nilius et al., 
2012). Phylogenetic analyses revealed that most thermo-
sensitive TRP channels found in mammals newly emerged 
no later than in the most recent common ancestor between 
ray-finned fishes and tetrapods, suggesting that a rear-
rangement of channels involved in thermal perception 
occurred during that evolutionary period (Saito and Shingai, 
2006; Saito et al., 2011). Variation in the gene repertoire can 
also be found among vertebrates. For instance, TRPV2, 
TRPV3, and TRPM8 genes have been lost from several spe-
cies of ray-finned fishes, while the genes for TRPV1, TRPM2, 
TRPM4, and TRPA1 have increased in some ray-finned 
fishes (Saito and Tominaga, 2015). Moreover, several ray-
finned fishes possess two copies of TRPV1 and TRPA1 
paralogs that potentially emerged through gene duplication 
events in the most recent common ancestors of ray-finned 
fishes. The difference in the TRP channel repertoires 
between ray-finned fishes and tetrapods might be related to 
adaptation to aquatic or terrestrial environments, respec-
tively. TRPV3, which is predominantly expressed in skin in 
rodents and humans, is reported to be pseudogenized in 
aquatic cetaceans, and the loss of this gene is assumed to 
be related to the land-to-sea transition (Wu et al., 2022). 

Variation in the gene repertoires has also been found in 
arthropod lineages. Arthropods generally possess multiple 
genes in the TRPA subfamily, though the types of TRPA 
genes vary among arthropod species. For instance, TRPA1, 
which functions as a heat receptor in Drosophila, is absent 
in several arthropod species including those in the order 
Hymenoptera, Daphnia pulex (water flea), and Tetranychus 
urticae (spider mite), suggesting that it has been indepen-
dently lost multiple times in arthropod lineages (Matsuura et 
al., 2009; Peng et al., 2015). These findings suggest that 
TRP channels evolved by a birth and death process, resem-
bling the genes encoding receptors for other sensory sys-
tems such as vision, taste, and olfaction (Baldwin and Ko, 
2020; Valencia-Montoya et al., 2024).

FUNCTIONAL DIVERSITY OF TRPA1 AND TRPV1 
 IN VERTEBRATES

The alteration in the TRP channel properties can directly 
affect sensory perceptions as they play a pivotal role in sig-
nal transductions. Therefore, functional characterization of 
TRP channels from various species provides informative 
clues for understanding the diversity in sensory perception. 
As mentioned above, TRPA1 is widely shared among vari-
ous animal species ranging from insects to mammals. In 
addition, it serves as a noxious sensor that is essential for 
survival in most animals. For these reasons, TRPA1 has 
been cloned and functionally characterized from a wide vari-
ety of animal species using in vitro expression systems 
(Laursen et al., 2015; Saito and Tominaga, 2017).

TRPA1 was first reported as a cold-sensitive channel 
found in rats (Story et al., 2003). However, contradictory 
results have been reported regarding the TRPA1 thermal 
sensitivity in rodents and humans. Several studies found 
that TRPA1 is insensitive to cold, whereas others found that 
it has bimodal activation by both cold and heat, leading to 
ongoing debates about its role in thermal perception 
(Bautista et al., 2006; Nilius et al., 2012; Talavera et al., 
2020). TRPA1 has also been shown to be activated by chem-
icals contained in spicy plants such as mustard oil and cin-
namaldehyde, as well as environmental irritants such as 
acrolein and hydrogen sulfide (Bandell et al., 2004; Jordt et 
al., 2004; Bautista et al., 2005, 2006; Macpherson et al., 
2005; McNamara et al., 2007). It is expressed in peripheral 
sensory neurons derived from DRG and TG that convey nox-
ious signals upon activation.

Functional characterizations of TRPA1 have been con-
ducted in various animal species, both invertebrates and 
vertebrates. TRPA1 channels in several vertebrates, such as 
reptiles, birds, and amphibians, have been reported to be 
activated by heat rather than cold stimulation (Fig. 2) (Saito 
et al., 2012, 2014). The thermal sensitivity of TRPA1 among 
teleost fish is relatively complicated. For instance, zebrafish 
possess two paralogous TRPA1 genes, TRPA1a and TRPA1b 
(Saito and Shingai, 2006). TRPA1a is predominantly acti-
vated by chemical stimulation, whereas TRPA1b is activated 
by thermal stimulation in a bimodal manner (both heat and 
cold) (Oda et al., 2016). Pufferfish also possess TRPA1 
exhibiting dual activation by both cold and heat stimuli, while 
medaka TRPA1 is solely activated by heat (Oda et al., 2017, 
2018). These findings show that TRPA1 thermal sensitivity 
varies among vertebrate species. In invertebrates such as 
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starfish and insects, TRPA1 is activated by warmth or heat 
as well as chemical compounds that also activate vertebrate 
TRPA1 (Viswanath et al., 2003; Sato et al., 2014; Saito et al., 
2017). The fact that TRPA1 is activated by thermal and 
chemical stimulation among various species indicates that it 
arose as a noxious receptor in the ancestor of animals 
approximately 700 million years ago (Fig. 2).

TRPV1 has also been characterized from various spe-
cies. Phylogenetic analyses revealed that TRPV1 emerged 
in vertebrate lineages (Saito and Shingai, 2006; Saito et al., 
2011). TRPV1 is found to be activated by heat in various ver-
tebrate species, including rodents, chickens, snakes, 
amphibians, and teleosts (Jordt and Julius, 2002; Gracheva 
et al., 2010; Gau et al., 2013; Yoshimura et al., 2022), with 
some exceptions mentioned in a later section. In rodents 
and humans, TRPV1 has been shown to be highly co-
expressed with TRPA1 in a subset of DRG and TG neurons 
(Story et al., 2003). The overlap in expression of the two 
channels is also found in several vertebrate species such as 
chickens, clawed frogs, and zebrafish (Prober et al., 2008; 
Saito et al., 2012). Therefore, the acquisition of TRPV1 in the 
ancestor of vertebrates resulted in the redundancy of heat 
receptors in primary sensory neurons (Saito and Tominaga, 
2015, 2017), which likely facilitated the functional plasticity of 
both TRPA1 and TRPV1 in vertebrate lineages (Fig. 2).

TRPV1 was originally identified as a receptor for capsa-
icin in rodents (Caterina et al., 1997), and the orthologous 
channels in several mammalian species, including humans, 
rodents, and dogs, are also reported to possess high sensitiv-

ity to capsaicin. In contrast, rab-
bits, tropical clawed frogs, chick-
ens, and zebrafish possess TRPV1 
with lower sensitivity to capsaicin 
(Jordt and Julius, 2002; Gavva et 
al., 2004; Phelps et al., 2005; 
Ohkita et al., 2012; Gau et al., 
2013). The structural basis of cap-
saicin binding to TRPV1 is well 
clarified and important amino acids 
have been identified (Cao et al., 
2013; Liao et al., 2013; Gao et al., 
2016). Among them, several amino 
acid residues that interact with 
capsaicin are involved in the spe-
cies differences in TRPV1 sensitiv-
ity to capsaicin. These amino acids 
are located in the third and fourth 
transmembrane domains in 
TRPV1 (positions 512, 550, and 
570 in rat TRPV1) (Jordt and Julius, 
2002; Gavva et al., 2004; Ohkita et 
al., 2012; Saito and Tominaga, 
2015; Chu et al., 2020).

Production of capsaicin in 
Capsicum species (chili peppers) 
helps to deter herbivorous mam-
mals such as rodents, and poten-
tially confers a selective advantage 
of protecting seeds. Meanwhile, 
the reduced sensitivity of bird 
TRPV1 to capsaicin may facilitate 

seed dispersal of capsicum species (Tewksbury and Nabhan, 
2001). Occasional reductions in the TRPV1 capsaicin sensi-
tivity in several vertebrate lineages seem to have occurred in 
a neutral manner. However, the altered TRPV1 sensitivity to 
capsaicin in tree shrews is likely to be one exception. Tree 
shrews (Tupaia belangeri chinensis) can consume chili pep-
pers as this species possesses TRPV1 with reduced sensitiv-
ity to capsaicin (Han et al., 2018). The distribution of T. 
belangeri chinensis, which inhabit South Asia, is largely over-
lapped with that of Piper boehmeriaefolium, a spicy plant that 
produces a capsaicin analog. It is hypothesized that the 
reduced TRPV1 sensitivity to capsaicin in T. belangeri 
chinensis confers a dietary advantage to these animals.

THE ROLE OF THERMOSENSITIVE TRP CHANNELS  
IN A UNIQUE PHYSIOLOGICAL SYSTEM

Some species acquired unique physiological traits that 
potentially help them to better adapt to thermal environments 
or confer a specific sensory perception. In some reptilian 
species, sex is determined by environmental temperature, 
although sex is genetically determined in most animals. In 
American alligators (Alligator mississippiensis), all offspring 
become male when eggs are incubated at 33°C, whereas 
only females are produced from eggs incubated at 30°C. 
TRPV4, which is activated by warmth, is expressed during a 
critical temperature-sensitive period that determines the sex-
ual fate in embryonic stages. Notably, treatment of eggs with 
chemical compounds that regulate TRPV4 activation alter 
gene expression patterns associated with male differentia-

Fig. 2. Evolutionary processes of TRPA1 and TRPV1 and their thermal sensitivity. Thermal 
sensitivities of TRPA1 and TRPV1 in representative animal species. Note that the thermal sensi-
tivity of TRPA1 in humans and rodents is under debate. Each evolutionary event is indicated 
along the phylogenetic tree. TRPA1 likely emerged during the early stages of animal evolution as 
a heat- and chemical-sensitive channel. The gene duplication producing TRPV1 and TRPV2 
occurred before the divergence of tetrapods; however, the precise timing has not been estimated. 
MYA: million years ago.
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tion, suggesting that TRPV4 is involved in temperature-
dependent sex determination in American alligators (Yatsu et 
al., 2015).

Evolutionary changes in TRP channels are involved in 
the independent acquisition of a unique sensory system for 
detecting infrared radiation in reptiles and mammals. Some 
snakes, including pit vipers, boas, and pythons, possess the 
ability to sense infrared radiation through the pit organ 
located in the head. The pit membrane, which is innervated 
by TG neurons, detects infrared radiation. Transcriptomic 
analysis between TG and DRG, which are involved in 
somatosensation in the head and trunk, respectively, 
revealed that TRPA1 is highly expressed in the TG in pit-
harboring species (Gracheva et al., 2010). In contrast, the 
expression level of TRPA1 is similar between TG and DRG in 
snake species without pit organs. Thermal activation thresh-
olds of TRPA1 tend to be lower in pit-harboring snakes com-
pared to snake species that do not possess a pit. Moreover, 
molecular evolutionary analysis of snake TRPA1 identified a 
signature of positive selection in the lineage of pit-harboring 
snakes (Geng et al., 2011; Yokoyama et al., 2011). All these 
findings suggest that changes in both the expression and 
thermal sensitivity of TRPA1 are associated with the acquisi-
tion of infrared detection in snakes.

Infrared-sensing organs have also been acquired in the 
mammalian lineage. Vampire bats, which are obligate blood 
feeders, also sense infrared radiation. They possess leaf 
pits that are innervated by heat-sensitive neurons respond-
ing to temperatures >  29°C, which enable them to find 
hotspots on endothermic prey. In vampire bats, TRPV1 is 
found to be involved in infrared detection in leaf pits. Two 
types of alternatively spliced (AS) variants of TRPV1 have 
been found in vampire bats. One AS variant (TRPV1-S) pos-
sesses a truncated C-terminal region compared to the 
canonical AS variant (TRPV1-L). The latter AS variant is acti-
vated at around 40°C, while the former AS variant is acti-
vated by temperatures around 30°C (Gracheva et al., 2011). 
Both AS variants are expressed in the TG and DRG of vam-
pire bats, while TRPV1-S is predominantly expressed in the 
TG. TRPV1-S is also found in the TG of fruit bats, which do 
not have pits, but its expression is considerably low. These 
observations suggest that TRPV1-S is involved in the acqui-
sition of infrared detection in vampire bats. It is intriguing that 
investigation of pit organs in divergent groups of vertebrates 
(pit snakes and vampire bats) revealed that TRP channels 
are involved in the acquisition of infrared sensation, but dif-
ferent channels underwent functional alterations with differ-
ent molecular mechanisms.

TRP channels are also related to seasonal polyphenism 
in insects. Silk moths, Bombyx mori, lay dormant eggs to 
survive the winter season. They also lay non-diapausing 
eggs, and the production of egg type is determined by the 
temperature that the mother is exposed to during the embry-
onic stages. In Kosetsu type silk moths, embryos exposed to 
25°C lay dormant eggs when they become adults, whereas 
embryos exposed to 15°C lay non-diapause eggs in the 
adult stage. TRPA1 is expressed in the embryonic stage and 
involved in the above phenomenon. It is activated at tem-
peratures around 25°C, which then induces a dormancy-
inducing peptide hormone (Sato et al., 2014). Knock-out of 
TRPA1 in B. mori resulted in the loss of egg type regulation 

by environmental temperature (Yokoyama et al., 2021).
Silk moths were domesticated from Bombyx mandarina 

5000–10,000 years ago. Bombyx mandarina moths also lay 
dormant and non-diapausing eggs, but photoperiod, and not 
environmental temperature, regulates egg-laying pheno-
type. TRPA1 is also expressed in B. mandarina embryos 
and activated by temperature around 25°C, resembling B. 
mori. Therefore, during domestication, TRPA1 was recruited 
as a key molecule to regulate the egg-laying phenotype by 
environmental temperature (Yokoyama et al., 2021).

EVOLUTIONARY TUNING OF TRP CHANNELS IN 
THERMAL ADAPTATION

Each species evolved the thermal reaction norms to bet-
ter fit with environmental changes in habitats or to migrate to 
a novel habitat with different conditions. It is well documented 
that thermal tolerance, which is defined by the lower and 
upper thermal limits of species, is correlated with the lowest 
and highest environmental temperatures of habitats (Sunday 
et al., 2011, 2012; Araujo et al., 2013). Combined with the shift 
in thermal tolerance, thermal perception, which is essential 
for exerting proper physiological and behavioral responses, 
must have evolved during adaptation processes. In this 
respect, investigations on TRP channels in environmental 
adaptation are of particular interest from the perspective of 
evolutionary biology. Comparative analyses among closely 
related species that possess similar physiological and eco-
logical traits but occupy different thermal niches have been 
performed to investigate the involvement of TRP channels in 
environmental adaptation in the past several years. These 
studies focus on different groups of animals including 
amphibians, reptiles, birds, and mammals.

EVOLUTIONARY CHANGES OF TRP CHANNELS 
AMONG SPECIES INHABITING DIFFERENT  

THERMAL NICHES IN AMPHIBIANS  
AND REPTILES

Amphibians generally spawn eggs in water, although 
spawning seasons and water environments used for breed-
ing vary among species. Due to the variation in such eco-
logical traits, embryos and larvae develop under different 
thermal conditions, even among species with similar distribu-
tions. To understand the mechanisms of thermal adaptation, 
comparative analysis among anuran amphibian species 
endemic to Japan has been performed. Rana japonica, 
Glandirana rugosa, Rhacophorus schlegelii, and Buergeria 
buergeri are four anuran frog species widely distributed 
across Japan, while Buergeria japonica is distributed in the 
Nansei Islands.

Buergeria japonica lays eggs in various environments; 
thus, tadpoles of this species can be found in diverse aquatic 
habitats. Buergeria japonica tadpoles are known to possess 
extreme heat resistance and inhabit even natural geother-
mal hot springs where water temperatures reach up to 44°C 
(Chen et al., 2001; Wu and Kam, 2005; Komaki et al., 2016). 
More generally, the tadpoles can be found in shallow open 
puddles. In such habitats, water temperatures can reach as 
high as 40°C on sunny days (Saito et al., 2022). Therefore, 
B. japonica tadpoles are frequently exposed to heat in natu-
ral habitats. Buergeria buergeri is a congeneric species to 
B. japonica and inhabits mountain streams. However, B. 
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buergeri tadpoles experience warmth since they are distrib-
uted in stream edges where water temperature increases in 
the daytime during summer. In contrast, Ra. japonica tad-
poles grow in relatively cool waters because eggs are laid in 
late winter. Tadpoles of this species metamorphose and 
move to terrestrial environments before summer. Due to the 
variation in ecological traits, tadpoles of these anuran spe-
cies likely adapt to different thermal niches.

The association between thermal tolerance and behav-
ioral responses has been examined among the five anuran 
species mentioned above. The critical thermal maximum 
(CTmax), defined as the temperature at which loss of righting 
reflex upon heating occurs, was determined as an indicator 
of thermal tolerance. The CTmax values ranged from 38°C to 
43°C among the five species in the order Ra. japonica < Rh. 
schlegelii < B. buergeri < G. rugosa < B. japonica (Fig. 3). 
Thermal choice assay of tadpoles revealed that avoidance 
temperatures of tadpoles were arranged in the same order 
as the CTmax, suggesting that avoidance behaviors and 
heat tolerance cooperatively evolved during adaptation to dif-
ferent thermal niches (Fig. 3). It is worth noting that the spe-
cies difference in avoidance temperatures was 2.6 times 
larger than that seen for CTmax (Fig. 4A). Thus, avoidance 
behavior tends to flexibly shift to fit with the thermal niches 
(Saito et al., 2022).

Finally, TRP channel properties were characterized to 
examine the link between thermal receptors and behavioral 
responses. TRPA1, a heat-sensitive channel, was cloned 

from Ra. japonica, B. buergeri, and B. japonica, which 
possess low, middle, and high avoidance temperatures, 
respectively. Two types of AS variants of TRPA1 are 
expressed in these frog species. One is the canonical AS 
variant and the other possesses a single valine insertion 
between the sixth and seventh ankyrin repeat domains, 
which was not reported previously (Saito et al., 2022). The 
novel and canonical AS variants of TRPA1 are termed 
TRPA1(V+) and TRPA1(V−), respectively. In Ra. japonica, 
both TRPA1 AS variants were potently activated by heat 
stimulation. Meanwhile, TRPA1 of B. buergeri exhibited dif-
ferent thermal responses. Faint heat-evoked responses 
can be seen for TRPA1(V−), and only TRPA1(V+) is acti-
vated by heat. The reduction in TRPA1 thermal response 
was prominent in B. japonica, as both AS variants almost 
completely lack heat sensitivity. In contrast, both TRPA1 
AS variants are dose-dependently activated by cinnamal-
dehyde, a well-known TRPA1 agonist in all three species. 
Normalization of the heat-evoked current amplitude of 
TRPA1 by the cinnamaldehyde-evoked current amplitude 
revealed that TRPA1 heat-evoked activity declines in the 
order Ra. japonica, B. buergeri, and B. japonica for both 
AS variants (Fig. 4B) (Saito et al., 2022). Thus, TRPA1 
activity to heat is maintained at a higher level in the species 
susceptible to heat exposure, while it is nearly abolished in 
the species that acquired extreme heat resistance. In addi-
tion to variation in TRPA1 heat activity, the thermal sensitiv-
ity of TRPA1 differs between Ra. japonica and B. buergeri. In 

Ra. japonica, the average ther-
mal activation thresholds of 
TRPA1(V+) and TRPA1(V−) are 
approximately 37°C and 26°C, 
respectively, while that of B. 
buergeri TRPA1(V+) is approxi-
mately 39°C (Fig. 3). Thus, 
Ra. japonica harbors TRPA1 
AS variants with both high and 
low thermal sensitivity, whereas 
B. buergeri only harbors a 
TRPA1 AS variant with low ther-
mal sensitivity. Note that the 
thermal activation threshold of 
B. buergeri TRPA1(V−) and 
both AS variants of B. japonica 
cannot be estimated due to the 
near absence of the heat-
evoked responses. These 
results suggest that the activity 
and sensitivity of TRPA1 to heat 
shifted to fit with the thermal 
niches of each anuran species.

To investigate whether the 
functional alterations occurred 
in other thermal sensors, the 
properties of TRPV1 channels 
were also compared between 
B. japonica and B. buergeri. 
TRPV1 from both species did 
not respond to heat stimulation 
alone, although combined stim-
ulation with heat and acid 

Fig. 3. The relationships between thermal responses of tadpoles and TRPA1 among five frog spe-
cies. Heat tolerance (CTmax) and avoidance temperature of tadpoles as well as TRPA1 properties 
of five frog species are summarized. The CTmax and avoidance temperature are indicated by open 
squares and filled triangles, respectively. Tadpoles were acclimated to different temperatures prior 
to the behavioral experiment. Acclimation temperatures of tadpoles are shown in parentheses (in 
°C). The thermal activation thresholds of TRPA1 AS variants are indicated by arrows. The thickness 
of the arrows represents the activity level of TRPA1 in response to heat, and gray dashed arrows 
indicate near loss of activity.
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evoked apparent responses. No detectable species differ-
ences were observed for TRPV1 between B. japonica and 
B. buergeri; therefore, TRPV1 may not be related to thermal 
niche selection in these two species (Saito et al., 2022).

Variation in the TRPA1 thermal responses was also 
found to be related to the habitat thermal conditions in 
another group of anuran amphibians that inhabit Africa. 
Xenopus tropicalis and Xenopus muelleri are distributed in 
lowland areas in West Africa with relatively warm conditions. 
In contrast, Xenopus laevis and Xenopus borealis are found 
in relatively cool areas in Africa. A behavioral assay of adult 
frogs exposed to heat stimulation showed that X. laevis 
started exhibiting nocifensive responses (jumping behav-
iors) at lower temperatures compared to X. tropicalis (Saito 
et al., 2016). In addition, dissociated DRG neurons of X. 
laevis are also activated by lower temperatures compared to 
those of X. tropicalis. Thermal responses of TRPA1 were 
compared among the four Xenopus species, and TRPA1 
heat-evoked activity of X. laevis and X. borealis was higher 
than that of X. tropicalis and X. muelleri (Saito et al., 2019). 
Therefore, the association between heat-evoked activity of 
TRPA1 and habitat thermal conditions has been identified in 
two distantly related groups of anuran amphibians.

The channel properties of TRPV1 have also been com-
pared among four Xenopus species, revealing species dif-
ferences in response to heat. The heat responses of X. 
tropicalis TRPV1 gradually increased with repeated heat 
stimulation, whereas TRPV1 from the other three species 
showed maximum responses from the first heat stimulation 
(Saito et al., 2019). This pattern of species difference in 
TRPV1 heat response was partly associated with the ther-
mal conditions of their habitats. In contrast, the thermal 

activation thresholds of both TRPA1 and TRPV1 did not 
show a clear association with thermal niches (Saito et al., 
2019).

Functional alteration of TRPA1 has also been reported 
among closely related lizard species. In Caribbean islands, 
three sympatric lizard species (Anolis allogus, Anolis 
homolechis, and Anolis sagrei) occupy microhabitats with 
varying thermal conditions. Body temperatures maintained 
by the three species differ according to the natural habitats. 
Behavioral responses to heating revealed that the avoid-
ance temperatures of A. homolechis and A. sagrei are 
higher than that of A. allogus (Akashi et al., 2018). Further-
more, comparative analysis of TRPA1 showed that the 
TRPA1 thermal activation thresholds of A. homolechis and 
A. sagrei are significantly higher than that of A. allogus. 
Therefore, TRPA1 is also likely to be related to thermal adap-
tation in lizard species.

In contrast to anuran amphibians, TRPV1 is likely to be 
related with thermal physiology in urodele amphibians gen-
erally adapted to cool environments. TRPV1 of several 
salamander species is activated by lower temperatures 
(28–34°C), although orthologous channels of mammals 
and clawed frogs (Xenopus) are activated by temperatures 
over 40°C (Hori and Saitoh, 2020; Hori et al., 2023). In axo-
lotls, the thermal activation thresholds of TRPA1 and 
TRPV1 are 40°C and 31°C, respectively (Oda et al., 2019; 
Hori and Saitoh, 2020; Hori et al., 2023). Axolotls are highly 
susceptible to heat; thus, TRPV1, instead of TRPA1, might 
serve as a noxious heat sensor in this species.

Comparative analyses of TRP channels also revealed 
the structural basis of functional alterations. Regarding 
salamander TRPV1, two single amino acids located in the 

Fig. 4. Correlation between thermal response of tadpoles and TRPA1 among five anuran species. (A) Correlation between avoidance tem-
perature and heat tolerance (CTmax) among tadpoles of five anuran species. Rj: Rana japonica, Rs: Rhacophorus schlegelii, Bb: Buergeria 
buergeri, Gr: Glandirana rugosa, Bj: Buergeria japonica. (B) Relationship between the heat-evoked activity of TRPA1 and avoidance tem-
peratures of tadpoles among three anuran species. The heat-evoked activity was calculated by normalizing the current amplitude induced by 
heat stimulation (Iheat) to that evoked by a saturating concentration (1 mM) of cinnamaldehyde (ICA) in each TRPA1-expressing Xenopus 
oocyte. The heat-evoked activity of TRPA1 declines with avoidance temperatures of species.
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first ankyrin repeat domain have been identified as respon-
sible sites for the species differences in heat sensitivity 
(Fig. 5A) (Hori et al., 2023). Detailed analysis showed that 
the thermal stability of ankyrin repeat domains is correlated 
with the thermal sensitivity of TRPV1 channels. The amino 
acids responsible for the species difference in TRPV1 
between X. laevis and X. tropicalis were also identified 
through chimeric and mutagenesis experiments. Three 
amino acid substitutions located in the second and third 
ankyrin repeat domains of TRPV1 are partially responsible 
for the functional difference observed between these two 
species (Fig. 5A) (Saito et al., 2016). As mentioned above, 
among Japanese frog species (Ra. japonica, B. buergeri, 
and B. japonica), the two TRPA1 AS variants, which differ 
in a single amino acid insertion between the sixth and sev-
enth ankyrin repeat domains, exhibited altered activity and 
sensitivity to heat (Saito et al., 2022). Structural studies of 
TRP channels have revealed that intracellular cytosolic 
regions, including ankyrin repeat domains, undergo large 
conformational changes during heat stimulation (Kwon et 
al., 2021; Nadezhdin et al., 2021; Wang et al., 2023). Addi-
tionally, intracellular molecules, such as ATP and calmodu-
lin, interact within these domains to regulate TRP channel 

activity (Lishko et al., 2007; Phelps et al., 2010; Lau et al., 
2012). All these observations suggest that ankyrin repeat 
domains likely play an important role in the functional alter-
ations of TRP channels, which contribute to the adaptive 
evolution of thermal perception.

THERMAL ADAPTATION OF TRP CHANNELS  
IN MAMMALS AND BIRDS

Functional alterations of TRP channels have also been 
reported in mammals. Investigation of thirteen-lined ground 
squirrels and camels revealed that these species have 
TRPV1 channels with nearly no heat sensitivity, although 
sensitivity to capsaicin and acid is maintained in both spe-
cies (Laursen et al., 2016). The considerable reduction in 
TRPV1 thermal sensitivity is thought to be related to the 
extreme heat resistance of these two species. To identify the 
amino acid residues that are responsible for the reduction of 
TRPV1 heat responses, mutagenesis analysis of TRPV1 
between thirteen-lined ground squirrels and rats has been 
performed. As a result, two amino acid substitutions located 
in the ankyrin repeat domains of TRPV1 were found to be 
involved in the species differences (Fig. 5A).

A species difference in the cold-activated TRPM8 
channel has also been observed among mammalian and 
avian species that occupy habitats with varying thermal 
conditions. Comparison of TRPM8 among seven mamma-
lian species and one avian species showed that its cold-
evoked activity decreases with a decline in the thermal 
range of the species’ habitats (Yang et al., 2020). Among 
the species compared, African elephants, which inhabit 
relatively warm habitats, possess TRPM8 with the highest 
cold-evoked activity, whereas emperor penguins, which 
inhabit Antarctica, possess TRPM8 with the lowest activity. 
A single amino acid substitution located in the pore domain 
is responsible for the species differences in TRPM8 
between African elephants and emperor penguins (Fig. 5B) 
(Yang et al., 2020). Furthermore, an increase in the pore 
domain hydrophobicity enhances the cold-evoked activity 
of TRPM8. TRPM8 of all species examined retained 
responses to menthol, and thus, it is likely that functional 
alterations specifically occurred in thermal gating of the 
channel. Notably, the introduction of emperor penguin 
TRPM8 into knockout mice, in which TRPM8 had been dis-
rupted, failed to restore the behavioral responses to cold 
(Yang et al., 2020).

Some mammalian species reduce body temperature 
and hibernate to survive the winter. To investigate the link 
between thermal perception and hibernation in mammals, 
the functional characterization of TRPM8 has been per-
formed in thirteen-lined ground squirrels and Syrian ham-
sters. As a result, cold-evoked activity of TRPM8 in these 
two species was found to be considerably lower than that of 
orthologous channels in non-hibernating rodents 
(Matos-Cruz et al., 2017). Six amino acids located in the loop 
and transmembrane domains were found to be involved in 
the difference in TRPM8 cold responses between rats and 
thirteen-lined ground squirrels (Fig. 5B). Whether the 
reduced activity of TRPM8 is indeed related to hibernation 
awaits further comparative studies between hibernating and 
non-hibernating species.

Fig. 5. Locations of amino acids involved in species differences in 
TRPV1 and TRPM8 thermal responses. (A) The locations of amino 
acids associated with the species difference in TRPV1 between 
rats and thirteen-lined ground squirrels, X. laevis and X. tropicalis, 
or axolotl and other salamanders are indicated by triangles, circles, 
or squares, respectively. (B) The locations of amino acids respon-
sible for TRPM8 species differences between rats and thirteen-
lined ground squirrels or emperor penguins and African elephants 
are indicated by circles and an open square, respectively.
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FUNCTIONAL DIVERSITY OF THERMOSENSITIVE  
TRP CHANNELS IN FISH

Functional properties of TRP channels in fish have also 
been investigated in several studies. As mentioned earlier, 
the channel properties of TRPA1 have been characterized in 
teleosts such as zebrafish, pufferfish, and medaka (Oda et 
al., 2016, 2017, 2018). Recently, TRP channels have been 
investigated in fish inhabiting cool environments. TRPV1 of 
masu salmon is activated by temperatures above 28°C, 
which is close to the upper thermal limits of this species 
(Yoshimura et al., 2022). TRPV1 and TRPA1 have been 
characterized from Antarctic notothenioid fish living in 
extreme cold habitats. Thermal activation thresholds of 
these channels are considerably higher than the tempera-
tures that these fish experience in the wild (York, 2023). 
However, detailed functional assays revealed that the ther-
mal sensitivity of TRPA1, but not of TRPV1, increased with 
changes in cellular conditions such as oxidation and choles-
terol reduction (York, 2023). These results suggest that 
intracellular conditions can influence TRP channel activity 
and, in some cases, contribute to the species variation in 
TRP channels.

CONCLUDING REMARKS AND FUTURE PERSPECTIVE

The role of TRP channels in environmental adaptation 
has been investigated by many studies, and the association 
of their functional divergence with thermal niches has been 
elucidated in recent years. These studies revealed that 
changes in the thermal activity of TRP channels occurred in 
both heat- and cold-activated channels among closely 
related amphibian, avian, or mammalian species adapted to 
different thermal niches (Saito et al., 2019; Yang et al., 2020; 
Saito et al., 2022), suggesting that shifts in the activity of ther-
mal sensors is a widely shared mechanism in environmental 
adaptation. Similarly, thermal sensitivity of TRPA1, which can 
be measured by their thermal activation thresholds, has been 
also reported to be associated with the thermal niches of 
species (Akashi et al., 2018; Akashi, 2021). However, thermal 
sensitivity of TRP channels is not always related with the 
thermal conditions in a habitat (Saito et al., 2019).

Interestingly, altered TRP channel properties are largely 
confined to thermal responses, since chemical sensitivities 
of TRP channels are relatively conserved. For example, both 
TRPV1 and TRPM8 in thirteen-lined ground squirrels retain 
sensitivity to chemicals such as capsaicin for TRPV1 and 
menthol for TRPM8, but both channels have nearly abol-
ished thermal sensitivity (Laursen et al., 2016; Matos-Cruz 
et al., 2017). Similarly, in frog species including B. japonica 
and X. tropicalis, TRPA1 maintains sensitivity to cinnamal-
dehyde, although it exhibits considerable reductions to heat 
stimulation (Saito et al., 2016, 2019, 2022). These observa-
tions suggest that selective pressures have specifically 
acted on the temperature-related functions of TRP channels 
in response to thermal environments during evolutionary 
processes.

Although there are recent advances in our understand-
ing of TRP channels in environmental adaptation, it is still 
unclear whether the observed species differences in TRP 
channels revealed by in vitro functional assays are actually 
associated with sensory perception at the individual level 

(Gracheva et al., 2010, 2011; Laursen et al., 2016; Saito et 
al., 2016, 2019, 2022; Matos-Cruz et al., 2017; Akashi et al., 
2018). Recent developments in genome editing technolo-
gies will facilitate future investigations using genetically 
modified animals to address the physiological significance 
of evolutionary changes in TRP channels.

The structural basis of functional differences in TRP 
channels has been reported in several studies. In most 
cases, key amino acids responsible for functional alteration 
of TRP channels have been identified by comparing chan-
nels of extant species. However, comparative analyses 
using extant species do not always highlight the amino acid 
changes responsible for functional shifts of proteins within 
an evolutionary context (Laursen et al., 2016; Saito et al., 
2019). Ancestral reconstruction of proteins of interest is an 
effective approach for elucidating the structural basis of 
functional evolution (Yokoyama, 2013). Investigation of 
ancestral TRP channels also supplies clues for estimating 
thermal niches occupied by ancestral species given that 
their functional properties are tuned with the environmental 
conditions of habitats in extant species. Further comparative 
analyses among species inhabiting diverse thermal niches, 
using a variety of species, are required to deepen our under-
standing of environmental adaptation in thermal perception.
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