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Abstract 

Temperature detection is essential for the survival and perpetuation of any species. Thermoreceptors in the skin sense 
body temperature as well as the temperatures of ambient air and objects. Since Dr. David Julius and his colleagues 
discovered that TRPV1 is expressed in small-diameter primary sensory neurons, and activated by temperatures 
above 42 °C, 11 of thermo-sensitive TRP channels have been identified. TRPM3 expressed in sensory neurons acts 
as a sensor for noxious heat. TRPM4 and TRPM5 are Ca2⁺-activated monovalent cation channels, and their activity 
is drastically potentiated by temperature increase. This review aims to summarize the expression patterns, electro-
physiological properties, and physiological roles of TRPM3, TRPM4, and TRPM5 associated with thermosensation. 
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Introduction
Temperature detection is essential for the survival and 
perpetuation of any species. In homeotherms, main-
taining core body temperature within a narrow range 
across a wide range of ambient temperatures is a funda-
mental aspect of life. Thermoreceptors in the skin sense 
the temperature of the ambient air and objects touched. 
Thermal nociception is triggered both by extreme tem-
peratures and strong mechanical stimuli. One group 
of thermal nociceptors is excited by noxious heat (tem-
peratures above 45  °C), and the second group responds 
to noxious cold (temperatures that cool the skin below 
5  °C). Innocuous temperature changes can be detected 
in the skin and/or in primary sensory neurons. Primary 
sensory neurons detect and transmit temperature infor-
mation to the brain, with one type innervating the skin or 

viscera and another projecting to the dorsal horn of the 
spinal cord or the spinal trigeminal nucleus in the brain-
stem. Somatosensory temperature information is trans-
mitted to the thalamus via the anterolateral system. The 
axons that cross the midline of the medulla to form the 
medial lemniscus are called second-order neurons. As 
these axons ascend through the brainstem, they shift lat-
erally, joining the fibers of the spinothalamic tract in the 
midbrain. Third-order neurons innervate primary soma-
tosensory areas of the cerebral cortex. Temperature infor-
mation is also transmitted to the preoptic area (POA) of 
the hypothalamus, which is the center of unconscious 
autonomic control of body temperature [44]. Changes 
in the internal temperature of the brain are detected by 
specialized thermoreceptors located throughout the core 
of the body, including the viscera, brain, and spinal cord, 
with the most sensitive site being the POA. Local heating 
or cooling can induce feedback responses to maintain a 
narrow range of desired body temperatures.

In 1997, Julius et  al. identified a receptor expressed 
in small-diameter primary sensory neurons activated 
by capsaicin. They also discovered that this receptor 
is activated at temperatures above 42  °C [10]. To our 
knowledge, this is the first study identifying thermal 
receptors in primary sensory neurons. This receptor 

*Correspondence:
Kunitoshi Uchida
kuchida@u-shizuoka-ken.ac.jp
1 Laboratory of Functional Physiology, Department of Environmental 
and Life Sciences, School of Food and Nutritional Sciences, University 
of Shizuoka, Yada 52‑1, Suruga‑Ku, Shizuoka, Shizuoka 422‑8526, Japan
2 Graduate School of Integrated Pharmaceutical and Nutritional Sciences, 
University of Shizuoka, Shizuoka, Japan

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12576-024-00937-0&domain=pdf
http://orcid.org/0009-0007-7537-791X


Page 2 of 10Uchida ﻿The Journal of Physiological Sciences           (2024) 74:43 

was initially named vanilloid receptor 1 (VR-1). Given 
that VR-1 belongs to the transient receptor poten-
tial superfamily, it was renamed transient receptor 
potential vanilloid 1 (TRPV1). Since their discovery, 
researchers have identified more ion channels with 
high thermo-sensitivity, and many of these proteins 
belong to the TRP family. Evidence that ion channels 
act in temperature sensations is supported by their 
high temperature coefficients (Q10). This parameter 
describes the rate of change of a chemical or biologi-
cal reaction when temperature is increased by 10  °C. 
As this increase in temperature usually results in the 
reaction rate doubling, the Q10 value of the reaction 
is 2. Although the Q10 values of most ion channels are 
approximately 2 [87], thermo-sensitive ion channels 
exhibit much higher Q10 values.

Most transient receptor potential (TRP) channels are 
non-selective cation channels. In mammals, TRP chan-
nels are divided into six subfamilies: TRPC (canoni-
cal), TRPV (vanilloid), TRPM (melastatin), TRPML 
(mucolipin), TRPP (polycystin), and TRPA (ankyrin). 
To date, 11 TRP channels have been reported to exhibit 
thermo-sensitivity and are hence called thermo-sensi-
tive TRP channels. These channels belong to the TRPV, 
TRPM, TRPA, and TRPC subfamilies, and their acti-
vation temperature thresholds are within the range of 
physiological temperatures. TRPV1, TRPV2, and TRPM3 
are activated at elevated temperatures, whereas TRPM8 
and TRPC5 are activated at cool and cold temperatures. 
Although TRPA1 has also been reported to be activated 
by cold temperatures, its thermo-sensitivity remains 
controversial. TRPV3, TRPV4, TRPM2, TRPM4, and 
TRPM5 are all activated by warm temperatures [29, 56]. 
Thermo-sensitive TRP channels function as "multimodal 
receptors" that respond to various chemical and physical 
stimuli. For example, TRPV1, which is activated by nox-
ious heat, is also a receptor for several pungent agents, 
such as capsaicin, as well as low pH [73]. Activation of 
these channels could contribute to changes in intracellu-
lar Ca2+ concentrations and control membrane potentials 
in many cell types. Thermo-sensitive TRP channels are 
expressed in sensory neurons, and the skin can act as an 
ambient temperature sensor [72]. Additionally, thermo-
sensitive TRP channels are expressed in tissues that are 
not exposed to dynamic temperature changes, suggest-
ing that these channels can sense internal temperatures 
or exhibit physiological functions unrelated to tempera-
ture detection. This review provides an overview of the 
thermo-sensitivity and associated physiological functions 
of the TRPM3 channel, which acts as a heat sensor. Addi-
tionally, it outlines the thermo-sensitivity of TRPM4 and 
TRPM5 channels, which belong to the melastatin sub-
family TRPM3 (Fig. 1).

TRPM3
TRPM3, a molecular determinant that acts as a store-
operated calcium entry protein, is a member of the 
melastatin subfamily of TRP channels and comprises a 
nonselective cation channel, similar to other TRP chan-
nels. TRPM1, the protein most similar to this novel 
TRP gene, was used as a template to predict additional 
exons in TRPM3 from the same genomic sequence 
[36]. Ion selectivity, measured as permeability ratios, of 
mTRPM3 are 1.14 for PCa/PCs, 0.74 for PNa/PCs, and 
1.57 for PCa/PNa [19]. The prevalent expression pat-
tern of TRPM3 was detected in the kidney and at lower 
levels in the central and peripheral nervous systems and 
testis. Northern blot analysis of multiple mouse tissues 
revealed strong signals in the brain, whereas no signal 
was detected [19, 36]. RT-qPCR indicated the strongest 
expression of TRPM3 in the brain, pituitary gland, kid-
ney, dorsal root ganglia, and adipose tissue but low abun-
dance or absence of TRPM3 transcripts in other tissues 
[16, 28, 34]. In addition, other reports have demonstrated 
that TRPM3 is expressed in the ovaries, pancreas, retina, 
inner ear, and heart and is also expressed in cerebellar 
Purkinje neurons [89] and oligodendrocytes [52] within 
the brain.

The endogenous activators of TRPM3 are pregne-
nolone sulfate, a neuron steroid, and D-erythro-sphin-
gosine [23, 83, 85]. Steroids (dihydroepiandrosterone, 
progesterone, testosterone, and estradiol) are partial ago-
nists of TRPM3 [57]. Additionally, TRPM3 activity alters 
extracellular osmolarity [19]. Drugs with other targets, 
including nifedipine and clotrimazole, are known to also 
activate the TRPM3 channel [83, 85]. TRPM3 activation 
is inhibited endogenously by the G protein βγ subunits 
[5, 12, 60] and by diclofenac via pregnenolone sulfate and 
nifedipine [67]. CIM0216 is a synthetic ligand of TRPM3 
[21]. Volatile anesthetics (e.g., chloroform, halothane, 
isoflurane, and sevoflurane) inhibit TRPM3 via preg-
nenolone sulfate, CIM0216, and temperature elevation 

TRPM3 in Sensory neurons
Noxious heat sensation
Inflammatory pain (Heat hyperalgesia)
Neuropathic pain (Heat hyperalgesia)

TRPM4 and TRPM5 in Taste cells
Taste transduction (Sweet and Umami)

TRPM4 and TRPM5 in other tissues
Membrane potential modulation
(Ca2+ sensitivity can be maintained by body temperature)

Fig. 1  The physiological roles of TRPM3, 4 and 5 channels related 
to thermo-sensation
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[30]. Rosiglitazone and other peroxisome proliferator-
activated receptor-γ (PPARγ) agonists (troglitazone and 
pioglitazone) also inhibit TRPM3 activation by pregne-
nolone sulfate and nifedipine [42].

In 2011, it was reported that TRPM3 is expressed in a 
subset of primary sensory neurons and is a temperature 
sensor that is activated at approximately 37 °C [84]. The 
TRPM3α2 variant was used for functional analysis. In a 
heterologous expression system, the Q10 value of heat-
evoked current of TRPM3α2 was 7.2 and there was no 
activation threshold from 25 to 40  °C [84]. The weakly 
temperature-dependent activation of purified TRPM3α2 
protein was observed in artificial lipid bilayer mem-
branes, and the Q10 value of open probability (channel 
activity) was 5 [75]. In planar lipid bilayer experiments, 
the temperature dependence of TRPM8 was Q10 = 40, 
whereas that for TRPV1 was Q10 = 18 [66, 88]. In heter-
ologous expression experiments, the Q10 for both TRPV1 
and TRPM8 was more than 10 [8, 82], indicating that 
in some experimental settings, the differences between 
these TRP channels are not large. In the presence of 
phosphatidylinositol 4,5-bisphosphate (PIP2), TRPM3α2 
exhibited a Q10 of 5.3, which is relatively close to that 
observed in cells (Q10 = 7.2) [84]. In contrast, in Xenopus 
oocyte recordings, the Q10 of current for TRPM3α2 was 
55, and the activation temperature threshold was 40  °C 
[76]. As concluded previously, some molecules, includ-
ing PIP2, may be necessary for temperature-dependent 
TRPM3 activation [75], although some of these candidate 
molecules may also exist in Xenopus oocytes.

In heterologous expression systems, the single-channel 
conductance of TRPM3 is 50–133 pS. One report indi-
cated that the single-channel cord conductance was 133 
pS for 140 mM Cs+, 83 pS for 140 mM Na+, and 65 pS 
for 100 mM Ca2+ [19]. Another report demonstrated that 
the conductance of TRPM3 stimulated by pregnenolone 
sulfate was 87 pS [67]. Vriens et  al. provided evidence 
for a second permeation pathway in the TRP channel 
TRPM3, which can be gated by the combined applica-
tion of pregnenolone sulfate and exogenous chemicals, 
such as clotrimazole. That is, the conductance of TRPM3 
by pregnenolone sulfate is approximately 50 pS, and the 
unitary amplitude of TRPM3 by clotrimazole is 2 pA at 
-150 mV (~ 13 pS) [83]. In bilayer lipid membrane, when 
the concentrations of PIP2 and pregnenolone sulfate were 
increased up to 10 and 15 μM, we observed the TRPM3 
opening with small conductance (less than 10 pS) [75]. 
A conductance larger than 10 pS was defined as large 
conductance, and a conductance smaller than 10 pS 
was defined as small conductance. The inward currents 
from the large conductance region exhibited a mean 
slope conductance level of 15 pS. Outward currents from 
large conductance were observed, with a main slope 

conductance value of 23 pS. The low conductance exhib-
ited a linear I–V relationship, and the slope conductance 
was 5.9 pS. The Q10 of conductance with nifedipine was 
less than 2, indicating that the conductance of TRPM3α2 
is not significantly affected by temperature increases [75]. 
Temperature elevation profoundly affects the opening 
probability of the TRPM3 channel, thereby strongly influ-
encing its gating.

It is well known that PIP2 regulates the activity of many 
ion channels, including TRP channels. PIP2 was not nec-
essary for the activation of TRPM3α2 by nifedipine, but 
PIP2 was necessary for activation by pregnenolone sulfate 
[75]. Directly agonistic action of pregnenolone sulfate 
on TRPM3 gating was observed, although pregnenolone 
sulfate alone was insufficient and required a cofactor for 
its activity. Hence, pregnenolone sulfate-induced TRPM3 
opening occurred only in the presence of PIP2 or clotri-
mazole. TRPM3 regulation by phosphoinositides has 
similarly been observed in patch-clamp recordings [4, 
74], indicating a physiological role in channel activity. 
While temperature increases (≤ 42  °C) did not induce 
any noticeable channel activity of purified TRPM3α2 in 
bilayer lipid membrane, application of PIP2 is sufficient 
to activate TRPM3 by temperature increases [75]. Con-
versely, the addition of pregnenolone sulfate during the 
temperature test was ineffective to activity of purified 
TRPM3α2 protein in an artificial bilayer lipid membrane 
[75]. Additionally, temperature elevation did not affect 
TRPM3 activity induced by nifedipine in an artificial 
bilayer lipid membrane. In the heterologous expression 
of TRPM3 in HEK293 cells, temperature dependence was 
notably enhanced in the presence of pregnenolone sulfate 
[84], suggesting that the modulation of TRPM3 activa-
tion by molecules in living cells, including calmodulin, 
could enhance the temperature sensitivity of TRPM3 [25, 
59].

TRPM3 has many variants, more than 10 of which have 
been reported (Fig. 2). These variants can be divided into 
two main groups depending on the presence of dele-
tions in exons 1, 2, or 28, which contain the start or stop 
codon [17]. However, functional analyses of TRPM3 vari-
ants have been largely limited to these α variants. Only 
a few features of TRPM3 variants are reported, and 
some reports demonstrated the functional differences 
TRPM3α1, α2, and α7. With 12 amino acid residues 
inserted in the pore loop domain, TRPM3α1 showed low 
permeability for Ca2+ and other divalent cations com-
pared to TRPM3α2, which lacks these 12 amino acid 
residues. [51]. TRPM3α7 lacks the 10 amino acid resi-
dues known as the ICE region in exon 13 (TRPM3ΔICF), 
and this TRPM3ΔICF variant exhibits reduced inter-
action with other TRPM3 isoforms as well as reduced 
localization to cell membranes [17]. TRPM3ΔICF has 
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been reported to be a non-functional channel, and the 
expression level of TRPM3ΔICF differs among tissues. 
TRPM3α2-6 variants were activated by pregnenolone 
sulfate and by nifedipine, whereas the long pore loop 
variant TRPM3α1 was insensitive to either compound. In 
contrast, TRPM3α1 was robustly activated by clotrima-
zole, a compound that does not directly activate the short 
pore variants but potentiates their responses to pregne-
nolone sulfate. In contrast, TRPM3α1 is insensitive to 
both hypoosmotic and heat stimulation [20]. 

TRPM3 variant 6 is very different from other vari-
ants in that it lacks the 1169 bp sequence in exon 28 and 
splice 23  bp sequence in the rest of exon 28, known as 
the γ subtype [76]. TRPM3γ variants had low activation 
relative to the TRPM3α2 variant in response to pregne-
nolone sulfate and nifedipine in HEK293 and Xenopus 
oocytes. This low activation may be due to reduced pro-
tein expression (including membrane expression) and/
or impaired channel activity [76], because the potency of 
the TRPM3γ in response to pregnenolone sulfate treat-
ment was much lower than that of the TRPM3α2 vari-
ant. A study by Vriens et al. revealed that both HEK293 
cells expressing TRPM3α2 and dorsal root ganglion 
(DRG) neurons showed TRPM3-dependent activation in 
response to increased temperature [84]. Another study 
reported that TRPM3α2 protein reconstituted into lipid 
bilayers exhibits diminished temperature dependence 

[75]. As described above, in Xenopus oocyte recordings, 
the Q10 of the activating current for TRPM3α2 during 
heat stimulation was 30–55 and the activation tempera-
ture threshold was 40 °C [76]. Conversely, TRPM3γ vari-
ants had low activation relative to the TRPM3α variants 
in response to temperature elevation in Xenopus oocytes.

In addition, the mRNA expression level of TRPM3γ 
variants was significantly higher than TRPM3α vari-
ants, and lower than total expression of TRPM3 variants 
(α + β + γ) in mouse DRG, suggesting that the mRNA 
expression level of TRPM3α variants is lower than that 
of TRPM3β variants. TRPM3 is expressed in DRG and 
trigeminal (TG) neurons. DRG and TG neurons were 
classified by Vriens et al. using Ca2+imaging experiments. 
The population of pregnenolone sulfate-sensitive neu-
rons comprised approximately 58% of DRG neurons and 
57% of TG neurons. Pregnenolone sulfate-sensitive neu-
rons are mainly small-diameter neurons and are almost 
completely abolished in TRPM3 knockout neurons [65, 
84]. Wild-type mice show heat sensitivity, with 82% of 
DRG neurons and 79% of TG neurons responding to 
heat stimulation, which is slightly reduced in TRPM3 
knockout sensory neurons, with 59% of DRG neurons 
and 63% of TG neurons responding to heat [84]. Heat-
sensitive neurons were classified into three groups based 
on a pharmacological study using pregnenolone sulfate 
(a TRPM3 agonist) and capsaicin (a TRPV1 agonist). 

Fig. 2  The topology of TRPM3 variants. The upper line indicates the membrane topology model of TRPM3, and black bars for each variant 
indicate coding regions. ICF indispensable for channel function region, TM transmembrane domain, B TRP box, CC coiled-coil domain. This figure 
is a modification of Fig. 1 from the paper written by Uchida et al. [76]
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Among heat-positive wild-type sensory neurons, 43% 
were TRPM3- and TRPV1-expressing neurons and 33% 
were only TRPM3-expressing neurons [84]. Tan et  al. 
showed a similar characterization of DRG neurons. The 
population of neurons sensitive to both capsaicin and 
heat was 28%; sensitivity to both pregnenolone sulfate 
and heat was 31%; and sensitivity to capsaicin, pregne-
nolone sulfate, and heat was 13% [71]. In particular, the 
number of heat-sensitive neurons responding to pregne-
nolone sulfate but not to capsaicin was strongly reduced 
in TRPM3 knockout mice [84].

A 2011 study by Vriens et  al. demonstrated that 
TRPM3 knockout mice exhibited impaired avoidance 
behavior in response to noxious heat. They found that 
temperature-dependent avoidance behavior at or above 
4 5ºC in tail immersion test, and 52  ºC in hot plate test 
[84]. In particular, the temperature threshold in vivo was 
slightly higher than that observed in Xenopus oocyte 
recordings. Additionally, a temperature threshold has not 
been observed in DRG neurons or heterologous expres-
sion systems in mammalian cells. A similar difference 
between the in vitro and in vivo temperature thresholds 
was also reported for TRPV1 KO mice. The tempera-
ture thresholds of TRPV1 are > 42 ºC in vitro and ≥ 50 ºC 
in vivo (≥ 50 ºC from the tail immersion test and ≥ 52.5 ºC 
from the hot plate test) [9]. Although the mechanisms of 
temperature-dependent activation of TRPM3 await fur-
ther characterization, this channel family could act as 
sensors of temperatures above 40  ºC. Pharmacological 
inhibition of TRPM3 by the TRPM3 inhibitors hespere-
tin, isosakuranetin, and primidone has been shown to 
induce prolonged latency in hot plate and tail immersion 
tests in mice [32, 64].

In TRPV1 knockout mice, mechanical hypersensi-
tivity was intact, and thermal hypersensitivity caused 
by mustard oil and Complete Freund’s adjuvant (CFA) 
was reduced [9]. Similar phenotypes were observed in 
TRPM3 knockout mice. The avoidance of mechani-
cal acute pain by tail clips has been observed in TRPM3 
knockout mice [84]. TRPM3 knockout mice avoided 
the cold plate but not the hot plate [84]. TRPM3 was 
also found to play a role in spontaneous pain and ther-
mal hyperalgesia during neuropathic and inflammatory 
pain in a carrageenan and chronic constriction injury in 
the sciatic nerve (CCI) model. These data revealed that 
TRPM3 functions in the spinal cord, central processes, 
and cell bodies of DRG neurons in modulating heat sensi-
tivity [65]. TRPM3 knockout mice exhibited heat hyper-
algesia but not mechanical allodynia or cold hyperalgesia 
in a CCI model. The heat hypersensitivity of inflamma-
tion was attenuated by treatment with the TRPM3 inhib-
itors isosakuranetin and primidone [32, 65].

Another work demonstrates that peripheral opioids 
can inhibit TRPM3 activity in sensory neurons via a Gβγ-
mediated mechanism [12]. In neurons of the murine 
dorsal root ganglia, pro-nociceptive TRPM3 chan-
nels present in the peripheral parts of nociceptors are 
strongly inhibited by opioid receptor activation. Inhi-
bition of TRPM3 channels occurs via a short signaling 
cascade involving Gβγ proteins, which form a complex 
with TRPM3 [12]. Gs-coupled Prostaglandin EP2 recep-
tor activation inhibits TRPM3-mediated responses in 
sensory neurons [1]. The bradykinin BK2 receptor, a Gq-
coupled receptor, inhibits TRPM3-mediated responses in 
sensory neurons [1]. Treatment with prostaglandin E2 or 
bradykinin improved CFA-induced heat hyperalgesia in 
the hotplate test (50 °C). The structure of mouse TRPM3 
expressed in human cells with and without Gβγ analyzed 
by electron cryo-microscopy (Cryo-EM) demonstrated 
that Gβγ protein directly interact with TRPM3 structures 
[91]. The chemotherapeutic drug oxaliplatin is known to 
cause cold hypersensitivity. One study demonstrated that 
oxaliplatin sensitizes TRPA1 to reactive oxygen species 
by inhibiting prolyl hydroxylases (PHDs). Inhibition of 
PHD-mediated proline hydroxylation of TRPA1 sensi-
tizes TRPA1 with cold sensitivity [43]. TRPM3 is involved 
in oxaliplatin-induced neuropathy. Oxaliplatin enhances 
TRPM3 activity and is essential for the development of 
oxaliplatin-induced cold and mechanical hypersensitivity 
[2].

A recent study has identified mutations in TRPM3 
channels in pediatric patients with developmental and 
epileptic encephalopathies [92]. In this study, seven 
patients were heterozygous for the recurrent de novo 
TRPM3 mutation V837M (V990M), which is located 
in the S4-S5 linker. Another patient showed heterozy-
gous expression of a specific TRPM3 mutation, P937Q 
(P1090Q), located in the outer pore region of the channel. 
Other reports have demonstrated that cells expressing 
the V990M or P1090Q mutants have higher basal calcium 
levels than those transfected with wild-type TRPM3 [80, 
93]. Additionally, V990M and P1090Q mutants have high 
temperature sensitivity, that is increase in temperature 
from 23 to 36 °C exhibited larger increase in intracellular 
Ca2+ concentration in V990M or P1092Q expressing cells 
compared to that in wild-type TRPM3-expressing cells 
[93]. Recently, it has been suggested that the temperature 
of the epileptogenic region of the brain increases during 
epileptic seizures [61], and a link between febrile seizures 
caused by fever in early childhood and epilepsy has been 
suggested [31]. These findings indicate a relationship 
between brain temperature and epilepsy. There may be a 
relationship between the enhanced temperature sensitiv-
ity of TRPM3 and epileptic seizures.



Page 6 of 10Uchida ﻿The Journal of Physiological Sciences           (2024) 74:43 

TRPM4
TRPM4 is a Ca2+-activated channel that is selective for 
monovalent cations and impermeable to divalent cations 
such as Ca2+ or Mg2+ [35, 47]. The single-channel con-
ductance of TRPM4 is approximately 25 pS [35, 46]. The 
EC50 value for activation by Ca2+ varies in the whole-cell 
measurements between 500  nM and 20  μM. Calcium 
sensitivity of TRPM4 was reduced in excised inside-out 
patches, and dose-dependent activation was observed up 
to 300 μM Ca2+ [35, 46, 49].

Various factors modulate the sensitivity of TRPM4. 
PIP2 counteracts desensitization to intracellular Ca2+ 
in inside-out patches and rundown of TRPM4 currents 
in whole-cell patch-clamp experiments. Additionally, 
PIP2 increases the channel’s intracellular Ca2+ sensitivity 
100-fold [45]. Hydrogen peroxide (H2O2) was found to 
eliminate in a dose-dependent manner TRPM4 desensi-
tization. Site-directed mutagenesis experiments revealed 
that the Cys1093 residue is crucial for H2O2-mediated 
loss of desensitization [63]. Binding of calmodulin to 
the C-terminus of TRPM4 regulates the Ca2+ sensitiv-
ity of TRPM4 [49]. The Ca2+ sensitivity of TRPM4 is 
also regulated by PKC-dependent phosphorylation [49, 
62]. 3,5-bis(trifluoromethyl)pyrazole (BTP2) was shown 
to enhance TRPM4 currents after pretreating TRPM4-
expressing cells for several minutes [68]. TRPM4 activity 
is enhanced by the intracellular application of decavana-
date, an inorganic compound with six negative charges 
[48]. Recently, aluminum potassium sulfate as a TRPM4 
activator which does not require co-application with 
Ca2+ [54].

ATP inhibits TRPM4 channel activity [50]. Spermine, 
flufenamic acid, and the bitter compounds quinine and 
quinidine also inhibit TRPM4 [50, 70]. 9-phenanthrol 
has been identified as a selective TRPM4 blocker and 
9-phenanthrol blocks TRPM4 with an IC50 of 20 μM in 
transfected HEK cells [18]. Glibenclamide and clotrima-
zole are reported to act as a TRPM4 blocker [13, 81].

In the presence of intracellular Ca2+, activities of 
TRPM4 are dramatically enhanced by temperature eleva-
tion from 15 to 35 °C. The current amplitude at + 25 mV 
showed a Q10 of 8.5, between 15 and 25  °C [69]. How-
ever, the temperature dependence of TRPM4 has not 
been thoroughly analyzed through electrophysiological 
methods.

Since the structure of TRPV1 at 3.4  Å resolution was 
determined using Cryo-EM in 2013 [37], the structures 
of many TRP channels have been elucidated. Regarding 
TRPM4, several groups have reported on TRPM4 with/
without Ca2+ and TRPM4 in a lipid nanodisc [3, 86]. In 
2024, Hu et al. revealed important insights into tempera-
ture-dependent structural dynamics, ligand recognition, 
and gating mechanisms based on a structural analysis of 

the temperature-sensitive TRPM4 channel at physiologi-
cal temperatures using Cryo-EM [26]. The key findings 
include the identification of a warm conformation that 
is distinct from the cold conformation observed at non-
physiological temperatures. Identification of TRPM4’s 
open state structure at physiological temperatures high-
lights the significance of the cold-to-warm transition in 
channel activation. Warm temperatures with Ca2+ were 
insufficient to open the TRPM4 channel, suggesting that 
some molecules are necessary for the close-to-open tran-
sition. Ligands, such as decavanadate (a positive modu-
lator) and ATP (an inhibitor), have been shown to bind 
to different locations on TRPM4 at physiological tem-
peratures compared to lower temperatures. This led to 
the successful observation of TRPM4 in the open state 
at warm temperatures. These results provide a potential 
molecular framework for understanding how thermo-
sensitive TRPM channels perceive temperature changes.

TRPM4 is ubiquitously expressed in many tissues and 
has physiological functions related to circulation, immu-
nity, cancer, and hormone secretion [14]. In excitatory 
cells, TRPM4 is involved in the modulation of membrane 
excitability and action potential. Specifically, it has been 
reported that knockout or pharmacological inhibition of 
TRPM4 shortens the firing frequency of action potentials 
in isolated atrial cardiomyocytes. And, pacemaker activ-
ity in the sinoatrial node results from the slow diastolic 
depolarization  slope driven by the hyperpolarization-
activated nucleotide-sensitive (HCN) channel current, 
Na+/Ca2+ exchange, and a Ca2+-activated nonselec-
tive cation current, which can be attributable in part to 
TRPM4 [22, 33]. TRPM4 senses increases in intracellular 
Ca2+ concentration, but its Ca2+ sensitivity can be main-
tained by a body temperature of 37  °C and by endog-
enous modulators such as PIP2. Moreover, TRPM4 is 
involved in chemosensory reception such as taste sensa-
tion, including sweet, umami, and bitter sensations [15]. 
Since sweet and umami taste sensations are enhanced 
at higher temperatures, the temperature sensitivity of 
TRPM4 could contribute to the increased perception of 
sweetness and umami at higher temperatures, similar to 
TRPM5.

TRPM5
TRPM5 is a Ca2+-activated monovalent cation-permea-
ble channel [24, 79]. Single TRPM5 channels expressed in 
heterologous cells show a conductance of approximately 
16–25 pS [24, 39, 58]. The EC50 value for activation by 
Ca2+ varies in the whole-cell measurements from below 
300 nM to 30 μM [24, 77].

Steviol glycosides potentiate TRPM5 activation 
through intracellular Ca2+ [1, 2]. PIP2 is also a cofac-
tor of TRPM5 [39]. The Ca2+ sensitivity of TRPM5 is 
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also regulated by PKC-dependent phosphorylation [62]. 
Calmodulin and calcium-binding protein S1 (S100A1) 
bind to the N-terminus of TRPM5 [7]. TRPM5 is sensi-
tive to extracellular pH level below 7.0 and is completely 
blocked by pH 5.9 [40]. Extracellular zinc ion irreversibly 
inhibit TRPM5 activation [78]. One molecule that blocks 
TRPM5 is the bitter chemical quinine, which is a general 
inhibitor of ion channels [70]. Triphenylphosphine oxide 
was identified as a TRPM5 blocker [55].

Similar to TRPM4, the activity of TRPM5 was dramati-
cally enhanced by increasing the temperature from 15 to 
35 °C in the presence of intracellular Ca2+. The Q10 value 
of the TRPM5 current with intracellular Ca2+ was 10 
[69].

The expression of TRPM5 channels is restricted to 
taste cells, the pancreas, brainstem, olfactory epithelium, 
and olfactory nerves, where they are involved in control-
ling membrane potentials [38]. Some reports have indi-
cated that TRPM5 has physiological functions associated 
with insulin secretion [11] and signaling of tastes [69]. 
In pancreatic β-cells, it is reported that TRPM5 modu-
lates glucose-induced Ca2+ oscillation. Like TRPM4, 
while TRPM5 might sense increases in intracellular 
Ca2+ concentration and modulate membrane poten-
tial, Ca2+ sensitivity of TRPM5 can be maintained by a 
body temperature of 37  °C [11]. Within taste cells (type 
II taste cells), TRPM5 is the final element in a signaling 
cascade that starts with the activation of G protein-cou-
pled receptors by bitter, sweet, or umami taste molecules, 
which requires phospholipase C (PLC). PLC hydrolyzes 
PIP2 into diacylglycerol (DAG), inositol 1,4,5-triphos-
phate (IP3), and IP3 causing an increase in the intracel-
lular calcium concentration through the release of Ca2+ 
from intracellular stores, followed by the activation of 
TRPM5. Membrane depolarization caused by TRPM5 
activation results in ATP release [27]. TRPM5 is required 
for normal taste, as TRPM5 knockout mice are dramati-
cally less sensitive to bitter, sweet, and umami tastes, 
although they retain their ability to detect sour and salty 
tastes [90]. Banik et  al. demonstrated that both TRPM4 
and TRPM5 are required for normal signaling in taste 
receptor cells by analyzing TRPM4 and TRPM5 double-
knockout mice [15]. The temperature sensitivity of both 
TRPM4 and TRPM5 may contribute to temperature-
dependent taste reception. At least, Talavera et al. dem-
onstrated that increasing temperature between 15 and 
35 °C markedly enhanced the gustatory nerve response to 
sweet compounds in wild-type mice but not in TRPM5 
knockout mice [69]. Moreover, TRPM5 could also be an 
element in the transduction of fat and high-salt tastes 
[41, 53].

TRPM5 is also expressed in motor neurons. Bistable 
motor neurons can maintain two distinct stable electrical 

states (activity states) depending on the stimuli or con-
ditions. Bistable motoneurons of the spinal cord exhibit 
a warmth-activated plateau potential driven by Na + and 
triggered by brief excitation. TRPM5 is the main molecu-
lar player in the bistability of mouse motoneurons. In the 
motoneurons, TRPM5 is activated by Ca2+ released via 
the ryanodine receptor. Silencing TRPM5 in motoneu-
rons leads to hind limb paresis and causes difficulties in 
executing high-demand locomotor tasks [6].

Perspectives
As described in this review, TRPM3 plays a significant 
role in temperature-related physiological processes, such 
as heat nociception. In contrast, although TRPM4 and 
TRPM5 exhibit temperature sensitivity, their specific 
physiological roles in response to temperature remain 
largely unclear. At least, these channels expressed in tis-
sues not exposed to dynamic temperature changes can 
show high sensitivity to Ca2+ at core body temperature. 
Temperature changes could modulate signal transduc-
tion through TRPM4 and TRPM5, as well as the sensitiv-
ity to activating stimuli for TRPM4 and TRPM5. Further 
analysis of these channels is expected to reveal temper-
ature-related biological phenomena and deepen our 
understanding of the importance of temperature sensa-
tion and the associated physiological functions.

Acknowledgements
Not applicable.

Author contributions
K.U. wrote, read, and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The author declares no competing interests associated with this manuscript.

Received: 29 June 2024   Accepted: 1 September 2024

References
	1.	 Alkhatib O, da Costa R, Gentry C, Quallo T, Bevan S, Andersson DA (2019) 

Promiscuous G-Protein-coupled receptor inhibition of transient receptor 
potential melastatin 3 ion channels by Gbetagamma subunits. J Neurosci 
39(40):7840–7852



Page 8 of 10Uchida ﻿The Journal of Physiological Sciences           (2024) 74:43 

	2.	 Aloi VD, Pinto S, Van Bree R, Luyten K, Voets T, Vriens J (2023) TRPM3 as a 
novel target to alleviate acute oxaliplatin-induced peripheral neuropathic 
pain. Pain 164(9):2060–2069

	3.	 Autzen HE, Myasnikov AG, Campbell MG, Asarnow D, Julius D, Cheng Y 
(2018) Structure of the human TRPM4 ion channel in a lipid nanodisc. 
Science 359(6372):228–232

	4.	 Badheka D, Borbiro I, Rohacs T (2015) Transient receptor potential 
melastatin 3 is a phosphoinositide-dependent ion channel. J Gen Physiol 
146(1):65–77

	5.	 Badheka D, Yudin Y, Borbiro I, Hartle CM, Yazici A, Mirshahi T, Rohacs T 
(2017) Inhibition of transient receptor potential melastatin 3 ion channels 
by G-protein betagamma subunits. Elife 15(6):e26147

	6.	 Bos R, Drouillas B, Bouhadfane M, Pecchi E, Trouplin V, Korogod SM, Bro-
card F (2021) Trpm5 channels encode bistability of spinal motoneurons 
and ensure motor control of hindlimbs in mice. Nat Commun 12(1):6815

	7.	 Bousova K, Zouharova M, Herman P, Vymetal J, Vetyskova V, Jiraskova 
K, Vondrasek J (2022) TRPM5 channel binds calcium-binding proteins 
calmodulin and S100A1. Biochemistry 61(6):413–423

	8.	 Brauchi S, Orio P, Latorre R (2004) Clues to understanding cold sensation: 
thermodynamics and electrophysiological analysis of the cold receptor 
TRPM8. Proc Natl Acad Sci U S A 101(43):15494–15499

	9.	 Caterina MJ, Leffler A, Malmberg AB, Martin WJ, Trafton J, Petersen-Zeitz 
KR, Koltzenburg M, Basbaum AI, Julius D (2000) Impaired nociception 
and pain sensation in mice lacking the capsaicin receptor. Science 
288(5464):306–313

	10.	 Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D 
(1997) The capsaicin receptor: a heat-activated ion channel in the pain 
pathway. Nature 389(6653):816–824

	11.	 Colsoul B, Schraenen A, Lemaire K, Quintens R, Van Lommel L, Segal A, 
Owsianik G, Talavera K, Voets T, Margolskee RF, Kokrashvili Z, Gilon P, Nilius 
B, Schuit FC, Vennekens R (2010) Loss of high-frequency glucose-induced 
Ca2+ oscillations in pancreatic islets correlates with impaired glucose 
tolerance in Trpm5-/- mice. Proc Natl Acad Sci U S A 107(11):5208–5213

	12.	 Dembla S, Behrendt M, Mohr F, Goecke C, Sondermann J, Schneider FM, 
Schmidt M, Stab J, Enzeroth R, Leitner MG, Nunez-Badinez P, Schwenk 
J, Nurnberg B, Cohen A, Philipp SE, Greffrath W, Bunemann M, Oliver D, 
Zakharian E, Schmidt M, Oberwinkler J (2017) Anti-nociceptive action 
of peripheral mu-opioid receptors by G-beta-gamma protein-mediated 
inhibition of TRPM3 channels. Elife 6:e26280

	13.	 Demion M, Bois P, Launay P, Guinamard R (2007) TRPM4, a Ca2+-activated 
nonselective cation channel in mouse sino-atrial node cells. Cardiovasc 
Res 73(3):531–538

	14.	 Dienes C, Kovacs ZM, Hezso T, Almassy J, Magyar J, Banyasz T, Nanasi PP, 
Horvath B, Szentandrassy N (2021) Pharmacological modulation and 
(Patho)physiological roles of TRPM4 channel-part 2: TRPM4 in health and 
disease. Pharmaceuticals 15(1):40

	15.	 Dutta Banik D, Martin LE, Freichel M, Torregrossa AM, Medler KF (2018) 
TRPM4 and TRPM5 are both required for normal signaling in taste recep-
tor cells. Proc Natl Acad Sci U S A 115(4):E772–E781

	16.	 Fonfria E, Murdock PR, Cusdin FS, Benham CD, Kelsell RE, McNulty S 
(2006) Tissue distribution profiles of the human TRPM cation channel 
family. J Recept Signal Transduct Res 26(3):159–178

	17.	 Fruhwald J, Camacho Londono J, Dembla S, Mannebach S, Lis A, Drews 
A, Wissenbach U, Oberwinkler J, Philipp SE (2012) Alternative splicing of a 
protein domain indispensable for function of transient receptor potential 
melastatin 3 (TRPM3) ion channels. J Biol Chem 287(44):36663–36672

	18.	 Grand T, Demion M, Norez C, Mettey Y, Launay P, Becq F, Bois P, Guinamard 
R (2008) 9-phenanthrol inhibits human TRPM4 but not TRPM5 cationic 
channels. Br J Pharmacol 153(8):1697–1705

	19.	 Grimm C, Kraft R, Sauerbruch S, Schultz G, Harteneck C (2003) Molecular 
and functional characterization of the melastatin-related cation channel 
TRPM3. J Biol Chem 278(24):21493–21501

	20.	 Held K, Aloi VD, Freitas ACN, Janssens A, Segal A, Przibilla J, Philipp SE, 
Wang YT, Voets T, Vriens J (2022) Pharmacological properties of TRPM3 
isoforms are determined by the length of the pore loop. Br J Pharmacol 
179(14):3560–3575

	21.	 Held K, Kichko T, De Clercq K, Klaassen H, Van Bree R, Vanherck JC, March-
and A, Reeh PW, Chaltin P, Voets T, Vriens J (2015) Activation of TRPM3 by 
a potent synthetic ligand reveals a role in peptide release. Proc Natl Acad 
Sci U S A 112(11):E1363–E1372

	22.	 Hof T, Simard C, Rouet R, Salle L, Guinamard R (2013) Implication of the 
TRPM4 nonselective cation channel in mammalian sinus rhythm. Heart 
Rhythm 10(11):1683–1689

	23.	 Hoffmann A, Grimm C, Kraft R, Goldbaum O, Wrede A, Nolte C, Hanisch 
UK, Richter-Landsberg C, Bruck W, Kettenmann H, Harteneck C (2010) 
TRPM3 is expressed in sphingosine-responsive myelinating oligodendro-
cytes. J Neurochem 114(3):654–665

	24.	 Hofmann T, Chubanov V, Gudermann T, Montell C (2003) TRPM5 is a 
voltage-modulated and Ca(2+)-activated monovalent selective cation 
channel. Curr Biol 13(13):1153–1158

	25.	 Holakovska B, Grycova L, Jirku M, Sulc M, Bumba L, Teisinger J (2012) 
Calmodulin and S100A1 protein interact with N terminus of TRPM3 chan-
nel. J Biol Chem 287(20):16645–16655

	26.	 Hu J, Park SJ, Walter T, Orozco IJ, O’Dea G, Ye X, Du J, Lu W (2024) Physi-
ological temperature drives TRPM4 ligand recognition and gating. Nature 
630(8016):509–515

	27.	 Huang YA, Roper SD (2010) Intracellular Ca(2+) and TRPM5-mediated 
membrane depolarization produce ATP secretion from taste receptor 
cells. J Physiol 588(Pt 13):2343–2350

	28.	 Inada H, Iida T, Tominaga M (2006) Different expression patterns of TRP 
genes in murine B and T lymphocytes. Biochem Biophys Res Commun 
350(3):762–767

	29.	 Kashio M, Tominaga M (2022) TRP channels in thermosensation. Curr 
Opin Neurobiol 75:102591

	30.	 Kelemen B, Lisztes E, Vladar A, Hanyicska M, Almassy J, Olah A, Szollosi AG, 
Penzes Z, Posta J, Voets T, Biro T, Toth BI (2020) Volatile anaesthetics inhibit 
the thermosensitive nociceptor ion channel transient receptor potential 
melastatin 3 (TRPM3). Biochem Pharmacol 174:113826

	31.	 Koyama R, Tao K, Sasaki T, Ichikawa J, Miyamoto D, Muramatsu R, Matsuki 
N, Ikegaya Y (2012) GABAergic excitation after febrile seizures induces 
ectopic granule cells and adult epilepsy. Nat Med 18(8):1271–1278

	32.	 Krugel U, Straub I, Beckmann H, Schaefer M (2017) Primidone inhibits 
TRPM3 and attenuates thermal nociception in vivo. Pain 158(5):856–867

	33.	 Kruse M, Pongs O (2014) TRPM4 channels in the cardiovascular system. 
Curr Opin Pharmacol 15:68–73

	34.	 Kunert-Keil C, Bisping F, Kruger J, Brinkmeier H (2006) Tissue-specific 
expression of TRP channel genes in the mouse and its variation in three 
different mouse strains. BMC Genomics 7:159

	35.	 Launay P, Fleig A, Perraud AL, Scharenberg AM, Penner R, Kinet JP (2002) 
TRPM4 is a Ca2+-activated nonselective cation channel mediating cell 
membrane depolarization. Cell 109(3):397–407

	36.	 Lee N, Chen J, Sun L, Wu S, Gray KR, Rich A, Huang M, Lin JH, Feder JN, 
Janovitz EB, Levesque PC, Blanar MA (2003) Expression and characteriza-
tion of human transient receptor potential melastatin 3 (hTRPM3). J Biol 
Chem 278(23):20890–20897

	37.	 Liao M, Cao E, Julius D, Cheng Y (2013) Structure of the TRPV1 ion channel 
determined by electron cryo-microscopy. Nature 504(7478):107–112

	38.	 Liman ER (2014) Trpm5. Handb Exp Pharmacol 222:489–502
	39.	 Liu D, Liman ER (2003) Intracellular Ca2+ and the phospholipid PIP2 

regulate the taste transduction ion channel TRPM5. Proc Natl Acad Sci U 
S A 100(25):15160–15165

	40.	 Liu D, Zhang Z, Liman ER (2005) Extracellular acid block and acid-
enhanced inactivation of the Ca2+-activated cation channel TRPM5 
involve residues in the S3–S4 and S5–S6 extracellular domains. J Biol 
Chem 280(21):20691–20699

	41.	 Liu P, Shah BP, Croasdell S, Gilbertson TA (2011) Transient receptor poten-
tial channel type M5 is essential for fat taste. J Neurosci 31(23):8634–8642

	42.	 Majeed Y, Bahnasi Y, Seymour VA, Wilson LA, Milligan CJ, Agarwal AK, 
Sukumar P, Naylor J, Beech DJ (2011) Rapid and contrasting effects of 
rosiglitazone on transient receptor potential TRPM3 and TRPC5 channels. 
Mol Pharmacol 79(6):1023–1030

	43.	 Miyake T, Nakamura S, Zhao M, So K, Inoue K, Numata T, Takahashi N, Shi-
rakawa H, Mori Y, Nakagawa T, Kaneko S (2016) Cold sensitivity of TRPA1 
is unveiled by the prolyl hydroxylation blockade-induced sensitization to 
ROS. Nat Commun 7:12840

	44.	 Nakamura K (2011) Central circuitries for body temperature regulation 
and fever. Am J Physiol Regul Integr Comp Physiol 301(5):R1207–R1228

	45.	 Nilius B, Mahieu F, Prenen J, Janssens A, Owsianik G, Vennekens R, Voets 
T (2006) The Ca2+-activated cation channel TRPM4 is regulated by phos-
phatidylinositol 4,5-biphosphate. EMBO J 25(3):467–478



Page 9 of 10Uchida ﻿The Journal of Physiological Sciences           (2024) 74:43 	

	46.	 Nilius B, Prenen J, Droogmans G, Voets T, Vennekens R, Freichel M, Wis-
senbach U, Flockerzi V (2003) Voltage dependence of the Ca2+-activated 
cation channel TRPM4. J Biol Chem 278(33):30813–30820

	47.	 Nilius B, Prenen J, Janssens A, Owsianik G, Wang C, Zhu MX, Voets T 
(2005) The selectivity filter of the cation channel TRPM4. J Biol Chem 
280(24):22899–22906

	48.	 Nilius B, Prenen J, Janssens A, Voets T, Droogmans G (2004) Decavanadate 
modulates gating of TRPM4 cation channels. J Physiol 560(Pt 3):753–765

	49.	 Nilius B, Prenen J, Tang J, Wang C, Owsianik G, Janssens A, Voets T, Zhu 
MX (2005) Regulation of the Ca2+ sensitivity of the nonselective cation 
channel TRPM4. J Biol Chem 280(8):6423–6433

	50.	 Nilius B, Prenen J, Voets T, Droogmans G (2004) Intracellular nucleotides 
and polyamines inhibit the Ca2+-activated cation channel TRPM4b. 
Pflugers Arch 448(1):70–75

	51.	 Oberwinkler J, Lis A, Giehl KM, Flockerzi V, Philipp SE (2005) Alternative 
splicing switches the divalent cation selectivity of TRPM3 channels. J Biol 
Chem 280(23):22540–22548

	52.	 Ohashi K, Shibasaki K, Nakazawa H, Kunimasa R, Nagayasu K, Shirakawa H, 
Kaneko S (2021) Transient receptor potential melastatin 3 is function-
ally expressed in oligodendrocyte precursor cells and is upregulated in 
ischemic demyelinated lesions. Biol Pharm Bull 44(2):181–187

	53.	 Oka Y, Butnaru M, von Buchholtz L, Ryba NJ, Zuker CS (2013) High salt 
recruits aversive taste pathways. Nature 494(7438):472–475

	54.	 Otsuka Saito K, Fujita F, Toriyama M, Utami RA, Guo Z, Murakami M, 
Kato H, Suzuki Y, Okada F, Tominaga M, Ishii KJ (2023) Roles of TRPM4 in 
immune responses in keratinocytes and identification of a novel TRPM4-
activating agent. Biochem Biophys Res Commun 654:1–9

	55.	 Palmer RK, Atwal K, Bakaj I, Carlucci-Derbyshire S, Buber MT, Cerne R, 
Cortes RY, Devantier HR, Jorgensen V, Pawlyk A, Lee SP, Sprous DG, Zhang 
Z, Bryant R (2010) Triphenylphosphine oxide is a potent and selective 
inhibitor of the transient receptor potential melastatin-5 ion channel. 
Assay Drug Dev Technol 8(6):703–713

	56.	 Patapoutian A, Peier AM, Story GM, Viswanath V (2003) ThermoTRP 
channels and beyond: mechanisms of temperature sensation. Nat Rev 
Neurosci 4(7):529–539

	57.	 Persoons E, Kerselaers S, Voets T, Vriens J, Held K (2021) Partial agonis-
tic actions of sex hormone steroids on TRPM3 function. Int J Mol Sci 
22(24):13652

	58.	 Prawitt D, Monteilh-Zoller MK, Brixel L, Spangenberg C, Zabel B, Fleig 
A, Penner R (2003) TRPM5 is a transient Ca2+-activated cation chan-
nel responding to rapid changes in [Ca2+]i. Proc Natl Acad Sci U S A 
100(25):15166–15171

	59.	 Przibilla J, Dembla S, Rizun O, Lis A, Jung M, Oberwinkler J, Beck A, Philipp 
SE (2018) Ca(2+)-dependent regulation and binding of calmodulin to 
multiple sites of Transient Receptor Potential Melastatin 3 (TRPM3) ion 
channels. Cell Calcium 73:40–52

	60.	 Quallo T, Alkhatib O, Gentry C, Andersson DA, Bevan S (2017) G protein 
betagamma subunits inhibit TRPM3 ion channels in sensory neurons. 
Elife 15(6):e26138

	61.	 Shibasaki K, Yamada K, Miwa H, Yanagawa Y, Suzuki M, Tominaga M, 
Ishizaki Y (2020) Temperature elevation in epileptogenic foci exacerbates 
epileptic discharge through TRPV4 activation. Lab Invest 100(2):274–284

	62.	 Shigeto M, Ramracheya R, Tarasov AI, Cha CY, Chibalina MV, Hastoy B, 
Philippaert K, Reinbothe T, Rorsman N, Salehi A, Sones WR, Vergari E, 
Weston C, Gorelik J, Katsura M, Nikolaev VO, Vennekens R, Zaccolo M, Gal-
ione A, Johnson PR, Kaku K, Ladds G, Rorsman P (2015) GLP-1 stimulates 
insulin secretion by PKC-dependent TRPM4 and TRPM5 activation. J Clin 
Invest 125(12):4714–4728

	63.	 Simon F, Leiva-Salcedo E, Armisen R, Riveros A, Cerda O, Varela D, Eguig-
uren AL, Olivero P, Stutzin A (2010) Hydrogen peroxide removes TRPM4 
current desensitization conferring increased vulnerability to necrotic cell 
death. J Biol Chem 285(48):37150–37158

	64.	 Straub I, Krugel U, Mohr F, Teichert J, Rizun O, Konrad M, Oberwinkler J, 
Schaefer M (2013) Flavanones that selectively inhibit TRPM3 attenuate 
thermal nociception in vivo. Mol Pharmacol 84(5):736–750

	65.	 Su S, Yudin Y, Kim N, Tao YX, Rohacs T (2021) TRPM3 channels play roles in 
heat hypersensitivity and spontaneous pain after nerve injury. J Neurosci 
41(11):2457–2474

	66.	 Sun X, Zakharian E (2015) Regulation of the temperature-dependent 
activation of transient receptor potential vanilloid 1 (TRPV1) by phospho-
lipids in planar lipid bilayers. J Biol Chem 290(8):4741–4747

	67.	 Suzuki H, Sasaki E, Nakagawa A, Muraki Y, Hatano N, Muraki K (2016) 
Diclofenac, a nonsteroidal anti-inflammatory drug, is an antagonist of 
human TRPM3 isoforms. Pharmacol Res Perspect 4(3):e00232

	68.	 Takezawa R, Cheng H, Beck A, Ishikawa J, Launay P, Kubota H, Kinet 
JP, Fleig A, Yamada T, Penner R (2006) A pyrazole derivative potently 
inhibits lymphocyte Ca2+ influx and cytokine production by facilitating 
transient receptor potential melastatin 4 channel activity. Mol Pharmacol 
69(4):1413–1420

	69.	 Talavera K, Yasumatsu K, Voets T, Droogmans G, Shigemura N, Ninomiya Y, 
Margolskee RF, Nilius B (2005) Heat activation of TRPM5 underlies thermal 
sensitivity of sweet taste. Nature 438(7070):1022–1025

	70.	 Talavera K, Yasumatsu K, Yoshida R, Margolskee RF, Voets T, Ninomiya Y, 
Nilius B (2008) The taste transduction channel TRPM5 is a locus for bitter-
sweet taste interactions. FASEB J 22(5):1343–1355

	71.	 Tan CH, McNaughton PA (2016) The TRPM2 ion channel is required for 
sensitivity to warmth. Nature 536(7617):460–463

	72.	 Tominaga M (2007) The role of TRP channels in thermosensation. In: 
Liedtke WB, Heller S (eds) TRP ion channel function in sensory transduc-
tion and cellular signaling cascades. CRC Press, Boca Raton

	73.	 Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skinner K, 
Raumann BE, Basbaum AI, Julius D (1998) The cloned capsaicin receptor 
integrates multiple pain-producing stimuli. Neuron 21(3):531–543

	74.	 Toth BI, Konrad M, Ghosh D, Mohr F, Halaszovich CR, Leitner MG, Vriens J, 
Oberwinkler J, Voets T (2015) Regulation of the transient receptor poten-
tial channel TRPM3 by phosphoinositides. J Gen Physiol 146(1):51–63

	75.	 Uchida K, Demirkhanyan L, Asuthkar S, Cohen A, Tominaga M, Zakharian 
E (2016) Stimulation-dependent gating of TRPM3 channel in planar lipid 
bilayers. FASEB J 30(3):1306–1316

	76.	 Uchida K, Fukuta N, Yamazaki J, Tominaga M (2019) Identification and 
classification of a new TRPM3 variant (gamma subtype). J Physiol Sci 
69(4):623–634

	77.	 Uchida K, Kita T, Hatta M, Itoh SG, Okumura H, Tominaga M, Yamazaki J 
(2021) Involvement of pore helix in voltage-dependent inactivation of 
TRPM5 channel. Heliyon 7(1):e06102

	78.	 Uchida K, Tominaga M (2013) Extracellular zinc ion regulates transient 
receptor potential melastatin 5 (TRPM5) channel activation through its 
interaction with a pore loop domain. J Biol Chem 288(36):25950–25955

	79.	 Ullrich ND, Voets T, Prenen J, Vennekens R, Talavera K, Droogmans G, Nilius 
B (2005) Comparison of functional properties of the Ca2+-activated cat-
ion channels TRPM4 and TRPM5 from mice. Cell Calcium 37(3):267–278

	80.	 Van Hoeymissen E, Held K, Nogueira Freitas AC, Janssens A, Voets T, Vriens 
J (2020) Gain of channel function and modified gating properties in 
TRPM3 mutants causing intellectual disability and epilepsy. Elife 9:e57190

	81.	 Vennekens R, Nilius B (2007) Insights into TRPM4 function, regulation and 
physiological role. Handb Exp Pharmacol 179:269–285

	82.	 Vlachova V, Teisinger J, Susankova K, Lyfenko A, Ettrich R, Vyklicky L (2003) 
Functional role of C-terminal cytoplasmic tail of rat vanilloid receptor 1. J 
Neurosci 23(4):1340–1350

	83.	 Vriens J, Held K, Janssens A, Toth BI, Kerselaers S, Nilius B, Vennekens R, 
Voets T (2014) Opening of an alternative ion permeation pathway in a 
nociceptor TRP channel. Nat Chem Biol 10(3):188–195

	84.	 Vriens J, Owsianik G, Hofmann T, Philipp SE, Stab J, Chen X, Benoit M, 
Xue F, Janssens A, Kerselaers S, Oberwinkler J, Vennekens R, Gudermann 
T, Nilius B, Voets T (2011) TRPM3 is a nociceptor channel involved in the 
detection of noxious heat. Neuron 70(3):482–494

	85.	 Wagner TF, Loch S, Lambert S, Straub I, Mannebach S, Mathar I, Dufer 
M, Lis A, Flockerzi V, Philipp SE, Oberwinkler J (2008) Transient receptor 
potential M3 channels are ionotropic steroid receptors in pancreatic beta 
cells. Nat Cell Biol 10(12):1421–1430

	86.	 Winkler PA, Huang Y, Sun W, Du J, Lu W (2017) Electron cryo-microscopy 
structure of a human TRPM4 channel. Nature 552(7684):200–204

	87.	 Xu H, Ramsey IS, Kotecha SA, Moran MM, Chong JA, Lawson D, Ge P, Lilly 
J, Silos-Santiago I, Xie Y, DiStefano PS, Curtis R, Clapham DE (2002) TRPV3 
is a calcium-permeable temperature-sensitive cation channel. Nature 
418(6894):181–186

	88.	 Zakharian E, Cao C, Rohacs T (2010) Gating of transient receptor potential 
melastatin 8 (TRPM8) channels activated by cold and chemical agonists 
in planar lipid bilayers. J Neurosci 30(37):12526–12534

	89.	 Zamudio-Bulcock PA, Everett J, Harteneck C, Valenzuela CF (2011) Activa-
tion of steroid-sensitive TRPM3 channels potentiates glutamatergic 



Page 10 of 10Uchida ﻿The Journal of Physiological Sciences           (2024) 74:43 

transmission at cerebellar Purkinje neurons from developing rats. J 
Neurochem 119(3):474–485

	90.	 Zhang Y, Hoon MA, Chandrashekar J, Mueller KL, Cook B, Wu D, Zuker CS, 
Ryba NJ (2003) Coding of sweet, bitter, and umami tastes: different recep-
tor cells sharing similar signaling pathways. Cell 112(3):293–301

	91.	 Zhao C, MacKinnon R (2023) Structural and functional analyses of a 
GPCR-inhibited ion channel TRPM3. Neuron 111(1):81–91

	92.	 Zhao S, Rohacs T (2021) The newest TRP channelopathy: gain of function 
TRPM3 mutations cause epilepsy and intellectual disability. Channels 
(Austin) 15(1):386–397

	93.	 Zhao S, Yudin Y, Rohacs T (2020) Disease-associated mutations in the 
human TRPM3 render the channel overactive via two distinct mecha-
nisms. Elife 28(9):e55634. https://​doi.​org/​10.​7554/​eLife.​55634

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.7554/eLife.55634

	TRPM3, TRPM4, and TRPM5 as thermo-sensitive channels
	Abstract 
	Introduction
	TRPM3
	TRPM4
	TRPM5
	Perspectives
	Acknowledgements
	References


