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Abstract

There are a lot of temperature-sensitive proteins including transient receptor potential (TRP) channels. Some TRP
channels are temperature receptors having specific activation temperatures in vitro that are within the physiologi-
cal temperature range. Mice deficient in specific TRP channels show abnormal thermal behaviors, but the role of TRP
channels in these behaviors is not fully understood. The Thermal Gradient Ring is a new apparatus that allows mice
to freely move around the ring floor and not stay in a corner. The system can analyze various factors (e.g.,'Spent time|
‘Travel distance,'Moving speed; ‘Acceleration’) associated with temperature-dependent behaviors of TRP-deficient
mice. For example, the Ring system clearly discriminated differences in temperature-dependent phenotypes

between mice with diabetic peripheral neuropathy and TRPV1

~/~ mice, and demonstrated the importance of TRPV3

in temperature detection in skin. Studies using the Thermal Gradient Ring system can increase understanding
of the molecular basis of thermal behaviors in mice and in turn help develop strategies to affect responses to different

temperature conditions in humans.

Temperature sensing in mammals

Animals have evolved sophisticated physiological sys-
tems for sensing ambient temperature since changes in
environmental temperatures can affect various biologi-
cal processes [1]. Somatosensory neurons are generally
assumed to mediate sensing of external temperature by
converting temperature information to neural activity via
afferent input to the central nervous system. Upon relay
of sensory information to the cerebral cortex through
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the thalamus, temperature information is perceived and
discriminated [2]. However, this pathway is not associ-
ated with thermal behaviors. Instead, another pathway
that connects the spinal cord to the lateral parabrachial
nucleus (LPB) and preoptic area (POA) mediates genera-
tion of thermal behaviors, which arise before the thermal
challenge impacts core body temperature [3]. This spinal-
LPB-POA pathway also leads to autonomic heat-gain
responses, such as shivering thermogenesis and cuta-
neous vasoconstriction. Warmth-activated dorsal LPB
neurons transmit signals to the median POA (MnPO).
These signals activate GABAergic projection neurons
in the POA that in turn inhibit excitatory pathways that
drive sympathetic thermoregulatory effectors, leading to
reduced thermogenesis and cutaneous vasodilation. Con-
versely, cold-activated LPB neurons provide glutamater-
gic excitation to GABAergic interneurons (rather than to
projection neurons) in the MnPO that reduces the activ-
ity of inhibitory projection neurons in POA neurons. This
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cold-activated pathway leads to attenuation of cutaneous
vasodilation and an increase in heat production.

Thermosensitive TRP channels

Somatosensory neurons consist of various populations
of temperature-sensitive proteins, and the neurons have
specialized gene expression of thermosensitive transient
receptor potential (TRP) ion channels [4, 5]. Thermosen-
sitive TRP channels are responsible for thermal transduc-
tion at the peripheral ends of somatosensory neurons and
function over a wide range of temperatures. Activation of
thermosensitive TRP channels causes cation influx, lead-
ing to membrane depolarization that activates voltage-
gated Na™ channels and generates action potentials. This
mechanism is a simple, but effective way to convert tem-
perature stimulus into electro signals.

A prototypical TRP channel was identified in eyes of
mutant Drosophila that exhibits transient, but not con-
tinuous, changes in receptor potentials in response to
light stimulus [6]. Accordingly, TRP channel research is
most advanced in Drosophila, but Drosophila TRP chan-
nel family members and functions differ substantially
from those in mammals. In mammals, there are 28 TRP
channels in 6 subfamilies: TRPC (canonical), TRPM
(melastatin), TRPV (vanilloid), TRPML (mucolipin),
TRPP (polycystin), and TRPA (ankyrin). Since the initial
cloning of TRPV1 in 1997, there are now 11 thermosen-
sitive TRP channels (TRPV1, TRPV2, TRPV3, TRPV4,
TRPM2, TRPM3, TRPM4, TRPM5, TRPMS8, TRPCS5, and
TRPA1), many of which belong to the TRPM and TRPV
subfamilies [4, 5]. Although there are many thermosensi-
tive TRP channels, only a few TRP channels have clearly
demonstrated heat-gated activation. Structures for all 11
thermosensitive TRP channels were solved at an atomic
level with cryo-EM [7-16], yet the mechanism by which
temperature induces opening of these channels remains
unclear.

Many reports showed that thermal behaviors in mice
lacking thermosensitive TRP channels differ from those
of wild-type (WT) mice. In a linear thermal gradient sys-
tem or a two-plate test, TRPM8~/~ or TRPV3~/~ mice
were reported to show temperature preferences for the
cooler side compared to WT mice [17-19]. These mutant
mice also stayed in the coldest zones (below 16 °C) for
longer than WT mice. In another study, TRPV4~'~ mice
preferred the warmer side [20]. At temperatures below
50 °C, TRPV1~/~ and WT mice had similar temperature
preferences [21], even though the temperature thresh-
olds for heat-evoked activation of TRPV1 are about
43 °C in vitro. However, in a hot plate test TRPV1~/~
mice showed less sensitivity to temperatures above
52 °C than did WT mice [22], and TRPM2~'~ mice did
not recognize differences between 33 °C and 38 °C [23].
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The temperature sensitivity of TRPA1 is still contro-
versial [24, 25]. Mouse TRPA1 activation was initially
reported for cold temperatures below 17 °C, which is
in the noxious range [26]. However, two other studies
involving TRPA1~/~ mice found no difference in [27] or
reduced [28] cold sensitivity between WT and TRPA1~/~
mice. Furthermore, TRPA1, together with TRPV1 and
TRPM3, was recently reported to be involved in sens-
ing of acute noxious heat [29]. TRPV1/TRPA1/TRPM3
triple knockout mice did not respond to noxious heat
stimuli, whereas responses persisted in single knockout
mice. Expression of the cold-sensitive channel TRPM8
is required for warmth perception in mice [30]. Warmth
perception in the mouse forepaw is regulated by C-fib-
ers that are either activated or inhibited by warmth.
TRPMS8~'~ mice lack warmth-inhibited C-fibers and thus
do not respond to a temperature increase from 32 °C to
42 °C, suggesting that signaling from warmth-activated
C-fibers alone is not sufficient for warmth perception.

Thermal gradient ring system

Previous studies examining thermal behaviors have sev-
eral limitations [17, 18, 21]. For example, these studies
used methods like a two-plate test that does not have
high temperature resolution. Meanwhile, the linear ther-
mal gradient method does not preclude the preference of
mice to stay in a corner. A stereotypical mouse behavior
is to hide in the corner, which can introduce a bias when
mouse behaviors are analyzed with cold or hot zones
positioned in corners. The Thermal Gradient Ring system
was introduced to overcome these disadvantages[31].
The Thermal Gradient Ring (Fig. 1) can be less stressful
to mice than the two-plate test, and the mice can move
freely on the ring rather than remaining in a corner.

The Thermal Gradient Ring is 12 cm high with a
45 cm and 57 cm inner and outer diameter, respectively
(35560-F, Ugo Basile SRL, Italy). An infrared camera
(€920, Logicool, Switzerland) placed on the upper side
of the apparatus allows monitoring of mouse behaviors
in the dark. Part of the inner wall of the apparatus is
transparent so that the camera has no blind spots. Cool-
ing and warming devices in the apparatus allow analysis
across a range of temperatures (e.g., 10 °C to 45 °C with
a A2.9 °C temperature gradient). The apparatus is fur-
ther equipped with a system that records the floor tem-
perature in the middle of each zone such that at room
temperature (25 °C), which is close to thermoneutral,
the middle of the coldest or warmest zone is marked as
11.5 °C and 43.6 °C, respectively [32]. If necessary, differ-
ent room temperature conditions can be used to evaluate
how the floor temperature and room temperature affect
mouse behaviors. The resolution of temperature differ-
ences can also be increased. For example, a range from
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Fig. 1 Thermal Gradient Ring system. The Thermal Gradient Ring viewed from above (left) and a schematic representation of the temperature
gradient zones with cooler and warmer temperatures shown in blue and red, respectively (right). Two temperature control devices under the ring
create a thermal gradient on the floor of the apparatus. There are 12 zones on one half of the ring. These zones and the gradient are duplicated

on the other half

19 °C to 36 °C can be achieved by setting the coldest and
warmest zone as 19.7 °C and 35.3 °C, respectively, with a
Al.4 °C temperature gradient. To generate a noxious cold
temperature condition, a temperature range from 6 °C
to 49 °C with a temperature gradient of around A3.5 °C
can be used. In this case, the middle of the coldest zone is
7.8 °C. Parameters such as ‘Spent time, “Travel distance,
and ‘Moving speed’ are automatically analyzed using
ANY-maze software (Stoelting Co.). ‘Moving speed’ is
calculated every 0.1 s when the mouse moves and no cal-
culation is made when the mouse does not move. These
data can be used to calculate ‘Acceleration’ with the fol-
lowing equation: m/s= [v(a)—v(b)]/[t(a)-t(b)] where (b)
refers to the time point before time point for (a) and v
and t indicate speed and time position, respectively.
Previous studies of thermal behaviors in mice focused
mainly on ‘Spent time’ in each temperature zone. How-
ever, a focus on Spent time does not address several
questions regarding relationships between temperature-
sensitive proteins and thermal behaviors. In our study,
measurement of multiple thermal behavior param-
eters, including “Travel distance’ and ‘Moving speed’ in
a 60 min measurement period was usually sufficient to
fully characterize temperature-dependent behaviors in
mice. Based on the ‘Spent time’ result alone, determining
at which temperature the mice felt comfortable was dif-
ficult, whereas inclusion of other parameters like ‘Moving
speed’ allowed the temperature to be defined. From the
mean of ‘Acceleration’ data, we found that all genotypes
(WT and several TRPKO mice which we examined),
except TRPM8™'~ mice, had an accelerated ‘Moving
speed’ at temperatures below 14.4 °C, suggesting that

these mice recognize noxious cold temperatures. Con-
versely, TRPM8~/~ mice showed no evasive behaviors in
the low temperature zones [32]. In this regard, we newly
analyzed previously obtained data to determine the num-
ber of crossings at zones 1/24 (10 °C) and zones 12/13
(45 °C) [32]. When mice moved to warmer zones (12/13),
they can cross zones or turn back. Similarly, mice can
cross zones (1/24) or turn back to move to the cooler
zones. WT and TRPV1KO mice avoided crossing zones
1/24, while TRPM8KO mice did not (Fig. 2A). These
results are consistent with the fact that TRPMS is acti-
vated by cold temperatures. However, WT mice moved
less compared with TRPV1KO or TRPM8KO mice as we
reported before [32]. In a comparison of the percentage
of mice that crossed zones (Fig. 2B), there was a statisti-
cally significant difference in which WT and TRPV1KO
mice crossed high temperature zones (12/13) more fre-
quently and TRPM8KO mice crossed low temperature
zones (1/24) more frequently. Thus, we can perform vari-
ous analyses concerning temperature-dependent behav-
iors that can be determined by the variance between
preference and avoidance of different temperature zones.

Body temperature is measured by inserting a tem-
perature logger (nano tag, ACOS, Nagano, Japan) in the
mice, either in the intraperitoneal cavity or subcutane-
ously in the back [32]. The logger is controlled by FeliCa
(RC-S380, SONY, Japan) to start or finish a measurement.
Results are loaded using Felica and monitored using nano
tag viewer software. Mice are nocturnal animals and
move more at night, when they also have higher body
temperatures. Circadian changes occur for both subcu-
taneous and core temperatures, which are high at night
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Fig. 2 Analysis of crossing behaviors to warmer and cooler
temperature zones. A Comparison of number of crossings from 1/24
zones (10 °C) or 12/13 zones (45 °C) in 60 min made by wild-type (WT,
n=15), TRPM8KO (n=14) and TRPV1KO (n=10) mice. B Comparison
of percentage of mice that crossed 1/24 zones or 12/13 zones

in 60 min among WT (n=15), TRPM8KO (n=14) and TRPV1KO (n=10)
mice. *** p<0.001 by one-way ANOVA multiple comparison

and lower during the day; subcutaneous temperatures are
approximately 2 °C lower than core body temperatures.
The mice had elevated subcutaneous and core tempera-
tures after they were placed on the ring apparatus, likely
because they began exploring. The temperatures then
decreased over time. Both the subcutaneous and core
temperatures similarly change during the daytime and
nighttime, with high temperatures at nighttime indicat-
ing that initial body temperatures do not affect body
temperature in the thermal behavior assay. As such, all
experiments could be conducted during the day [32].

Based on these conditions, a new analysis using mul-
tiple parameters of the Thermal Gradient Ring to exam-
ine various TRP-deficient mice was proposed [32]. Each
half of the ring has a duplicate temperature gradient.
This design increases the accuracy of behavior results
since mice can readily pass through any zone and have
no opportunities to hide. WT mice showed no obvious
temperature preferences in the first 20 min of the experi-
ment, likely because the mice first explored their pre-
ferred temperatures. Eventually, the mice chose regions
having specific temperatures where they remained for the
last 20 min of the experiment.
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Monitoring temperature-dependent behaviors
with the thermal gradient ring system

The Thermal Gradient Ring allows detailed charac-
terization of temperature-dependent behaviors of WT
mice and mice lacking various proteins including ther-
mosensitive TRP channels [32]. Data obtained with
the Thermal Gradient Ring are consistent with data
obtained with other methods, but the Ring system has
higher temperature resolution and better reflects the
balance between preference and avoidance. In one pre-
vious report using a cold plate assay, TRPA1~/~ mice
showed fewer paw lifts at 0 °C than WT mice [28],
but another report showed no difference between WT
and TRPA1~/~ mice [27]. In a Thermal Gradient Ring
assay, TRPA1~/~ mice showed similar ‘Spent time’ in all
zones as WT mice, but they more quickly recognized
warmer zones as being preferable [31]. Another study
using the Thermal Gradient Ring showed that only
TRPA1~/~ mice had a preference for 33.9 °C as early as
20-40 min in a thermal gradient of 19.7 °C to 35.3 °C,
while clear temperature preferences were exhibited for
all genotypes with a 11.5 °C to 43.6 °C thermal gradi-
ent. TRPA1~/~ mice did not enter either cold (< 11.4 °C)
or hot (54.9 °C) temperature zones, indicating that
TRPA1~/~ mice avoided noxious temperatures. These
results suggest that TRPA1~/~ mice have a high temper-
ature sensitivity as suggested recently [29]. The mean of
‘Acceleration’ data, showed that all genotypes, except
TRPMS8~/~ mice, had an accelerated ‘Moving speed’
at temperatures<14.4 °C, suggesting that these mice
recognized noxious cold temperatures. Conversely,
TRPMS8~/~ mice showed no evasive behaviors in the
low temperature zones [32].

All thermosensitive TRP channels have temperature
thresholds for activation, as determined in vitro. How-
ever, defining relationships between the reported tem-
perature thresholds and thermal behaviors is difficult.
For example, the activation temperature thresholds
for TRPV3 and TRPV4 are 32 °C to 39 °C and 27 °C
to 35 °C, respectively. TRPV3~/~ mice showed signifi-
cantly more ‘Spent time’ in the 23.1 °C zone, which is
far from the temperature range at which TRPV3 is acti-
vated. TRPV4~'~ mice preferred to stay in zones from
29.0 °C to 31.9 °C, which is slightly cooler than the pref-
erence of WT mice [32]. TRPM2~/~ mice spent similar
amounts of time in the 31.9 °C to 37.7 °C zones, whereas
WT mice preferred the 34.8 °C zone over the 31.9 °C or
37.7 °C zones [32]. This result suggests that TRPM2~/~
mice do not recognize temperature differences between
31.9 °C and 37.7 °C, which is consistent with the results
of a previous study [23]. TRPV1~/~ mice, but not WT
mice, entered the 50.0 °C zone during the 40-60 min
observation period with a thermal gradient of 14.6 °C
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to 54.9 °C, which corresponds to activation of TRPV1
by temperatures > 43 °C in vitro [33, 34].

Analysis of neuropathic pain in mice using
the thermal gradient ring
Thermal Gradient Ring not only enables the direct
assessment of TRP-dependent thermal phenotypes,
but also allows the evaluation of temperature hyper-
sensitivity induced in mouse models of neuropathic
pain[35]. Valek et al. observed that mice with a spe-
cific knockout of neuronal nucleoredoxin (oxidore-
ductase) displayed hyperalgesia to both cold and heat
in the Thermal Gradient Ring, a phenomenon attrib-
uted to increased calcium through TRP channels[36].
Xue et al. investigated a chronic pain model carrying
Scn9a®'®H, 3 gene encoding the voltage-gated sodium
channel Navl.7. They found that the pathological muta-
tion R185H, identified in patients, did not alter murine
temperature sensitivity within the innocuous range but
enhanced pain responses to noxious heat/cold[37]. In
another study, the authors revealed that Parkinson mice
(Pink1™~SNCA**3T) exhibited analgesia in the Hot-
plate test but showed a preference for cooler tempera-
tures when the Thermal Gradient Ring was utilized[38].
These paradoxical responses to heat sensation suggest
that thermal preference within the innocuous temper-
ature range and thermal avoidance/tolerance to pain
induced by noxious temperature involve different acti-
vation mechanisms. This underscores the need for a
multidimensional approach and methodology in inter-
preting such intricate behaviors. The Thermal Gradient
Ring provides an alternative means to avoid arbitrary
conclusions in the study of these complex phenomena.
A similar discrimination was applied in diabetic
peripheral neuropathy (DPN) models. DPN includes
symptoms of thermosensory impairment, which are
reported to involve changes in the expression or func-
tion, or both, of nociceptive TRPV1 and TRPA1 chan-
nels in rodents [39-43]. A recent study showed that
changes in the expression or function of TRPV1
or TRPA1l in DPN mice were caused by streptozo-
tocin, whereas thermal hypoalgesia was observed in
a murine model of DPN or in TRPV1~/~ mice using a
plantar test [44], which specifically detects tempera-
ture avoidance. With a Thermal Gradient Ring, the
temperature-dependent phenotype between DPN and
TRPV1~/~ mice was clearly discriminated. Accordingly,
approaches using multiple behavioral methods should
be undertaken to analyze the progression of DPN and
responses to thermal stimuli. Attention to both thermal
avoidance and preference may provide more insight
into DPN symptoms.
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Significance of TRPV3 in skin keratinocytes

Somatic thermosensation appears to involve a system
that combines non-neuronal cells and sensory neurons.
Keratinocytes are non-neuronal cells of ectoderm origin
that reportedly contribute to somatic thermosensation.
The skin is a large organ that represents the boundary
between an organism and its environment, and consists
almost entirely of keratinocytes. Keratinocytes respond
to temperature stimulation via elevation in intracellu-
lar Ca*". TRPV3 and TRPV4 are non-selective cation
channels that are activated by warm temperatures and
have high expression levels in skin keratinocytes [17, 20].
TRPV3 activation by warm temperatures was reported to
evoke ATP release from keratinocytes and the released
ATP subsequently activates ionotropic ATP receptors in
peripheral nerves [45]. However, TRPV3/TRPV4 double
KO mice showed normal behavioral responses to warm
temperatures [46]. Therefore, the functions of TRPV3
and TRPV4 in somatic thermosensation are still not
well-understood. Interestingly, optogenetic inhibition
of keratinocytes impaired defensive responses to nox-
ious cold and heat [47]. Nocifensive behaviors to noxious
cold and heat were also blunted by intraplantar injection
of apyrase, an enzyme that catalyzes ATP hydrolysis, as
well as by sensory neuron-specific knockout of the P2X4
receptor [47]. These findings support a role for keratino-
cytes in somatic thermosensation that is mediated by
purinergic signaling, even though the involvement of
thermosensitive TRP channels is still unclear.

Lei et al. [48] provided evidence for the involvement
of skin TRPV3 in temperature detection by showing
that TRPV3 makes a complex with the membrane pro-
tein TMEM79 and formation of this complex is asso-
ciated with reduced TRPV3 expression on the plasma
membrane. Skin keratinocytes from TMEM?79-defi-
cient mice express high levels of TRPV3 proteins and
showed increased TRPV3-mediated current responses.
In contrast to WT mice that consistently showed a
moderate preference for temperatures between 29 °C
and 34.8 °C, TRPV3~'~ mice showed a wider range of
preference (26.1 °C to 34.8 °C) that was consistent with
previous studies [17, 32] (Fig. 3). In a Thermal Gradi-
ent Ring experiment, TMEM?79-deficient mice pre-
ferred a higher temperature than did WT mice [48].
Notably, TRPV3~/~ mice and WT mice showed simi-
lar preferences at temperature zones below 23.1 °C
and above 37.7 °C. By analyzing the exact peak tem-
perature, WT mice were found to favor 30.4+0.5 °C,
whereas TRPV3~/~ mice had decreased peak tempera-
ture of 29.1+0.4 °C that demonstrates involvement of
TRPV3 in warm temperature perception. Interestingly,
TMEM79~/~ mice had a narrower range of tempera-
ture preference compared to WT and TRPV3~/~ mice.
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Fig. 3 TMEM79-deficient mice exhibit a strong preference

for a warmer temperature compared with wild-type mice."Spent
time” by wild-type, TRPV3™~, or TMEM79~~ mice in each temperature
zone during a 1 h recording. The data were statistically analyzed

with a mixed-effects ANOVA with Geisser-Greenhouse correction. All
data and error bars represent the mean + SEM. *, P <0.05; **, P<0.01.
The Figure is adapted from ref. [48]

TMEM79~/~ mice spent nearly half their time in
a temperature zone around 35 °C with a peak at
34.4°C+0.4 °C. In addition, both WT and TMEM79~/~
mice began discriminating their optimal temperature
after 20 min in the Ring, whereas TRPV3~/~ mice
remained indifferent to warm temperature through
the first 40 min. These results suggest that the altered
thermal selection of TMEM79~/~ mice might actually
be due to increased TRPV3 expression. These findings
provide direct support for the underlying involvement
of TRPV3 in skin thermosensation.

Conclusion
Thermal Gradient Ring assays revealed several inter-
esting phenomena regarding temperature-dependent
behaviors of mice. Future studies using this system
would enhance understanding of the molecular basis of
thermal behaviors in mice, which could be helpful for
developing strategies.

to affect responses to different temperature condi-
tions in humans.

Author contribution
TU performed experiments, and TU, JL and MT wrote a manuscript. TU and JL
analyzed data. MK joined discussion.

Funding

This work was supported by a Grant-in-Aid for Scientific Research to MT from
the Ministry of Education, Culture, Sports, Science and Technology in Japan
(#21H02667 and #20H05768).

Availability of data and materials
All data and materials used in the analysis are available in the manuscript or
the cited works by the authors.

Page 6 of 7

Declarations

Ethics approval and consent to participate

All animal care and experimental procedures were approved by our Insti-
tutional Animal Care and Use Committee. National Institutes of Health and
National Institute for Physiological Sciences guidelines were followed and
the work was carried out in compliance with ARRIVE guidelines. Consent to
participate are not applicable for the data shown in this review.

Competing interests
All authors declare that no support, financial or otherwise, has been received
from any organization that may have an interest in the submitted work.

Received: 10 July 2023 Accepted: 22 January 2024
Published online: 08 February 2024

References

1. Saito S, Tominaga M (2015) Functional diversity and evolutionary dynam-
ics of thermoTRP channels. Cell Calcium 57:214-221. https://doi.org/10.
1016/j.ceca.2014.12.001

2. Craig AD, Bushnell MC, Zhang E-T, Blomqvist A (1994) A thalamic nucleus
specific for pain and temperature sensation. Nature 372:770-773. https://
doi.org/10.1038/372770a0

3. Nakamura K (2018) Afferent pathways for autonomic and shivering
thermoeffectors. In: Romanovsky AA (ed) Handbook of clinical neurology.
Elsevier, Amsterdam, pp 263-279

4. Tominaga M, Caterina MJ (2004) Thermosensation and pain. J Neurobiol
61:3-12. https://doi.org/10.1002/neu.20079

5. Kashio M, Tominaga M (2022) TRP channels in thermosensation. Curr
Opin Neurobiol 75:102591. https://doi.org/10.1016/j.conb.2022.102591

6. Cosens DJ, Manning A (1969) Abnormal electroretinogram from a Dros-
ophila mutant. Nature 224:285-287. https://doi.org/10.1038/224285a0

7. Paulsen CE, Armache J-P, Gao Y et al (2015) Structure of the TRPAT ion
channel suggests regulatory mechanisms. Nature 520:511-517. https://
doi.org/10.1038/nature14367

8. Diver MM, Cheng Y, Julius D (2019) Structural insights into TRPM8 inhibi-
tion and desensitization. Science 365:1434-1440. https://doi.org/10.
1126/science.aax6672

9. Guo J, She J, Zeng W et al (2017) Structures of the calcium-activated, non-
selective cation channel TRPM4. Nature 552:205-209. https://doi.org/10.
1038/nature24997

10. Deng Z, Paknejad N, Maksaev G et al (2018) Cryo-EM and X-ray structures
of TRPV4 reveal insight into ion permeation and gating mechanisms. Nat
Struct Mol Biol 25:252-260. https://doi.org/10.1038/541594-018-0037-5

11. Singh AK, McGoldrick LL, Demirkhanyan L et al (2019) Structural basis
of temperature sensation by the TRP channel TRPV3. Nat Struct Mol Biol
26:994-998. https://doi.org/10.1038/541594-019-0318-7

12. CaoE, Liao M, Cheng Y, Julius D (2013) TRPV1 structures in distinct confor-
mations reveal activation mechanisms. Nature 504:113-118. https://doi.
org/10.1038/nature 12823

13. Dosey TL, Wang Z, Fan G et al (2019) Structures of TRPV2 in distinct con-
formations provide insight into role of the pore turret. Nat Struct Mol Biol
26:40-49. https://doi.org/10.1038/541594-018-0168-8

14. Wang L, FuTM, Zhou Y et al (2018) Structures and gating mechanism of
human TRPM2. Science 362:eaav4809. https://doi.org/10.1126/science.
aav4809

15. Ruan Z, Haley E, Orozco IJ et al (2021) Structures of the TRPM5 channel
elucidate mechanisms of activation and inhibition. Nat Struct Mol Biol
28:604-613. https://doi.org/10.1038/s41594-021-00607-4

16. Zhao C, MacKinnon R (2023) Structural and functional analyses of a
GPCR-inhibited ion channel TRPM3. Neuron 111:81-91.e7. https://doi.org/
10.1016/j.neuron.2022.10.002

17. Mogrich A, Hwang SW, Earley TJ et al (2005) Impaired thermosensation
in mice lacking TRPV3, a heat and camphor sensor in the skin. Science
307:1468-1472. https://doi.org/10.1126/science.1108609


https://doi.org/10.1016/j.ceca.2014.12.001
https://doi.org/10.1016/j.ceca.2014.12.001
https://doi.org/10.1038/372770a0
https://doi.org/10.1038/372770a0
https://doi.org/10.1002/neu.20079
https://doi.org/10.1016/j.conb.2022.102591
https://doi.org/10.1038/224285a0
https://doi.org/10.1038/nature14367
https://doi.org/10.1038/nature14367
https://doi.org/10.1126/science.aax6672
https://doi.org/10.1126/science.aax6672
https://doi.org/10.1038/nature24997
https://doi.org/10.1038/nature24997
https://doi.org/10.1038/s41594-018-0037-5
https://doi.org/10.1038/s41594-019-0318-7
https://doi.org/10.1038/nature12823
https://doi.org/10.1038/nature12823
https://doi.org/10.1038/s41594-018-0168-8
https://doi.org/10.1126/science.aav4809
https://doi.org/10.1126/science.aav4809
https://doi.org/10.1038/s41594-021-00607-4
https://doi.org/10.1016/j.neuron.2022.10.002
https://doi.org/10.1016/j.neuron.2022.10.002
https://doi.org/10.1126/science.1108609

Ujisawa et al. The Journal of Physiological Sciences (2024) 74:9

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

Dhaka A, Murray AN, Mathur J et al (2007) TRPM8 is required for cold
sensation in mice. Neuron 54:371-378. https://doi.org/10.1016/j.neuron.
2007.02.024

Bautista DM, Siemens J, Glazer JM et al (2007) The menthol receptor
TRPMB is the principal detector of environmental cold. Nature 448:204—
208. https://doi.org/10.1038/nature05910

Lee H, lidaT, Mizuno A et al (2005) Altered thermal selection behav-

jor in mice lacking transient receptor potential vanilloid 4. J Neurosci
25:1304-1310. https://doi.org/10.1523/JNEUROSCI.4745.04.2005

Marics |, Malapert P, Reynders A et al (2014) Acute heat-evoked tempera-
ture sensation is impaired but not abolished in mice lacking TRPV1 and
TRPV3 channels. PLoS ONE 9:299828. https://doi.org/10.1371/journal.
pone.0099828

Caterina MJ, Leffler A, Malmberg AB et al (2000) Impaired nociception
and pain sensation in mice lacking the capsaicin receptor. Science
288:306-313. https://doi.org/10.1126/science.288.5464.306

Tan C-H, McNaughton PA (2016) The TRPM2 ion channel is required for
sensitivity to warmth. Nature 536:460-463. https://doi.org/10.1038/natur
e19074

Dhaka A, Viswanath V, Patapoutian A (2006) TRP ion channels and tem-
perature sensation. Annu Rev Neurosci 29:135-161. https://doi.org/10.
1146/annurev.neuro.29.051605.112958

Bandell M, Macpherson LJ, Patapoutian A (2007) From chills to chilis:
mechanisms for thermosensation and chemesthesis via thermoTRPs. Curr
Opin Neurobiol 17:490-497. https://doi.org/10.1016/j.conb.2007.07.014
Story GM, Peier AM, Reeve AJ et al (2003) ANKTM1, a TRP-like channel
expressed in nociceptive neurons, is activated by cold temperatures. Cell
112:819-829. https://doi.org/10.1016/50092-8674(03)00158-2

Bautista DM, Jordt S-E, Nikai T et al (2006) TRPAT mediates the inflam-
matory actions of environmental irritants and proalgesic agents. Cell
124:1269-1282. https://doi.org/10.1016/j.cell.2006.02.023

Kwan KY, Allchorne AJ, Vollrath MA et al (2006) TRPAT contributes to cold,
mechanical, and chemical nociception but is not essential for hair-cell
transduction. Neuron 50:277-289. https://doi.org/10.1016/j.neuron.2006.
03.042

Vandewauw |, De Clercq K, Mulier M et al (2018) ATRP channel trio medi-
ates acute noxious heat sensing. Nature 555:662-666. https://doi.org/10.
1038/nature26137

Paricio-Montesinos R, Schwaller F, Udhayachandran A et al (2020) The
sensory coding of warm perception. Neuron 106:830-841.e3. https://doi.
org/10.1016/j.neuron.2020.02.035

Touska F, Winter Z, Mueller A et al (2016) Comprehensive thermal prefer-
ence phenotyping in mice using a novel automated circular gradient
assay. Temperature 3:77-91. https://doi.org/10.1080/23328940.2015.
1135689

Ujisawa T, Sasajima S, Kashio M, Tominaga M (2022) Thermal gradient
ring reveals different temperature-dependent behaviors in mice lacking
thermosensitive TRP channels. J Physiol Sci 72:11. https://doi.org/10.
1186/512576-022-00835-3

Caterina MJ, Schumacher MA, Tominaga M et al (1997) The capsaicin
receptor: a heat-activated ion channel in the pain pathway. Nature
389:816-824. https://doi.org/10.1038/39807

Tominaga M, Caterina MJ, Malmberg AB et al (1998) The cloned capsaicin
receptor integrates multiple pain-producing stimuli. Neuron 21:531-543.
https://doi.org/10.1016/50896-6273(00)80564-4

Deuis JR, Dvorakova LS, Vetter | (2017) Methods used to evaluate pain.
Front Mol Neurosci 10:284

Valek L, Tran BN, Tegeder | (2022) Cold avoidance and heat pain hypersen-
sitivity in neuronal nucleoredoxin knockout mice. Free Radical Biol Med
192:84-97. https://doi.org/10.1016/j freeradbiomed.2022.09.010

Xue 'Y, Kremer M, del Muniz Moreno MM et al (2022) The human point
mutation induces pain hypersensitivity and spontaneous pain in mice.
Front Mol Neurosci 15:913990. https://doi.org/10.3389/fnmol.2022.
913990

Valek L, Tran B, Wilken-Schmitz A et al (2021) Prodromal sensory neuropa-
thy in Pink1—/—=SNCAA53T double mutant Parkinson mice. Neuropathol
Appl Neurobiol 47:1060-1079. https://doi.org/10.1111/nan.12734
Pabbidi RM, Yu S-Q, Peng S et al (2008) Influence of TRPV1 on diabetes-
induced alterations in thermal pain sensitivity. Mol Pain 4:9. https://doi.
0rg/10.1186/1744-8069-4-9

Page 7 of 7

40. Hong S, Wiley JW (2005) Early painful diabetic neuropathy is associated
with differential changes in the expression and function of vanilloid
receptor 1 *.J Biol Chem 280:618-627. https://doi.org/10.1074/jbc.M4085
00200

41. Khomula EV, Viatchenko-Karpinski VY, Borisyuk AL et al (2013) Specific
functioning of Cav3.2 T-type calcium and TRPV1 channels under different
types of STZ-diabetic neuropathy. Biochim Biophys Acta 1832:636-649.
https://doi.org/10.1016/j.bbadis.2013.01.017

42. Eberhardt MJ, Filipovic MR, Leffler A et al (2012) Methylglyoxal activates
nociceptors through transient receptor potential channel A1 (TRPA1):

a possible mechanism of metabolic neuropathies *. J Biol Chem
287:28291-28306. https://doi.org/10.1074/jbc.M111.328674

43. Hiyama H, YanoY, So K et al (2018) TRPA1 sensitization during diabetic
vascular impairment contributes to cold hypersensitivity in a mouse
model of painful diabetic peripheral neuropathy. Mol Pain. https://doi.
org/10.1177/1744806918789812

44. Sasajima S, Kondo M, Ohno N et al (2022) Thermal gradient ring reveals
thermosensory changes in diabetic peripheral neuropathy in mice. Sci
Rep. https://doi.org/10.1038/541598-022-14186-x

45. Mandadi S, Sokabe T, Shibasaki K et al (2009) TRPV3 in keratinocytes trans-
mits temperature information to sensory neurons via ATP. Pflugers Arch
458:1093-1102. https://doi.org/10.1007/500424-009-0703-x

46. Huang SM, Li X, YuY et al (2011) TRPV3 and TRPV4 ion channels are not
major contributors to mouse heat sensation. Mol Pain. https://doi.org/10.
1186/1744-8069-7-37

47. Sadler KE, Moehring F, Stucky CL (2020) Keratinocytes contribute to
normal cold and heat sensation. Elife 9:258625. https://doi.org/10.7554/
el ife.58625

48. LeiJ, Yoshimoto RU, Matsui T, et al (2023) Involvement of skin TRPV3 in
temperature detection regulated by TMEM79 in mice. Nature Communi-
cations 14:4104. https://doi.org/10.1038/s41467-023-39712-x

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


https://doi.org/10.1016/j.neuron.2007.02.024
https://doi.org/10.1016/j.neuron.2007.02.024
https://doi.org/10.1038/nature05910
https://doi.org/10.1523/JNEUROSCI.4745.04.2005
https://doi.org/10.1371/journal.pone.0099828
https://doi.org/10.1371/journal.pone.0099828
https://doi.org/10.1126/science.288.5464.306
https://doi.org/10.1038/nature19074
https://doi.org/10.1038/nature19074
https://doi.org/10.1146/annurev.neuro.29.051605.112958
https://doi.org/10.1146/annurev.neuro.29.051605.112958
https://doi.org/10.1016/j.conb.2007.07.014
https://doi.org/10.1016/S0092-8674(03)00158-2
https://doi.org/10.1016/j.cell.2006.02.023
https://doi.org/10.1016/j.neuron.2006.03.042
https://doi.org/10.1016/j.neuron.2006.03.042
https://doi.org/10.1038/nature26137
https://doi.org/10.1038/nature26137
https://doi.org/10.1016/j.neuron.2020.02.035
https://doi.org/10.1016/j.neuron.2020.02.035
https://doi.org/10.1080/23328940.2015.1135689
https://doi.org/10.1080/23328940.2015.1135689
https://doi.org/10.1186/s12576-022-00835-3
https://doi.org/10.1186/s12576-022-00835-3
https://doi.org/10.1038/39807
https://doi.org/10.1016/S0896-6273(00)80564-4
https://doi.org/10.1016/j.freeradbiomed.2022.09.010
https://doi.org/10.3389/fnmol.2022.913990
https://doi.org/10.3389/fnmol.2022.913990
https://doi.org/10.1111/nan.12734
https://doi.org/10.1186/1744-8069-4-9
https://doi.org/10.1186/1744-8069-4-9
https://doi.org/10.1074/jbc.M408500200
https://doi.org/10.1074/jbc.M408500200
https://doi.org/10.1016/j.bbadis.2013.01.017
https://doi.org/10.1074/jbc.M111.328674
https://doi.org/10.1177/1744806918789812
https://doi.org/10.1177/1744806918789812
https://doi.org/10.1038/s41598-022-14186-x
https://doi.org/10.1007/s00424-009-0703-x
https://doi.org/10.1186/1744-8069-7-37
https://doi.org/10.1186/1744-8069-7-37
https://doi.org/10.7554/eLife.58625
https://doi.org/10.7554/eLife.58625
https://doi.org/10.1038/s41467-023-39712-x

	Thermal gradient ring for analysis of temperature-dependent behaviors involving TRP channels in mice
	Abstract 
	Temperature sensing in mammals
	Thermosensitive TRP channels
	Thermal gradient ring system
	Monitoring temperature-dependent behaviors with the thermal gradient ring system
	Analysis of neuropathic pain in mice using the thermal gradient ring
	Significance of TRPV3 in skin keratinocytes
	Conclusion
	References


