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Materials and methods

Chemicals

Cyclohexanol (CHOXL) were purchased from Sigma Aldrich (MCE) and Sangon
Biotech. Menthol was purchased from TCI Shanghai, Capsaicin was purchased from
MCE, GSK1016790A was purchased from Topscience, AITC, 2-APB were purchased
from Sigma-Aldrich, and A-967079 was purchased from Tocris. All compounds

except additional statement were dissolved in DMSO.

Animals

Male adult (7-15 weeks of age) C57BL/6J mice (SLAC) were used for this project.
Mice were housed 4-5 per cage under a 12-h light-dark cycle (light on from 7 a.m. to
7 p.m.) with ad libitum food and water. All animal studies and experimental
procedures were approved by the Animal Care and Use Committee of the animal

facility at Zhejiang University.

Cell culture

HEK293T cells are cultured using DMEM medium contained 10% FBS in a cell
incubator with 5% CO3 at 37 °C. Plasmids of murine TRPV1, TRPV2, TRPV3,
TRPV4, TRPMS and human TRPA1, Kv4.2, Nav1.7 and hERG channels are labeled
with YFP or GFP as indicators for subsequent electrophysiological recordings. cDNA
constructs of ion channels or TRPMS8 mutants were transiently transfected with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA). 18-24 h after transient transfection,

electrophysiological recordings were performed.



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Site mutations of TRPMS8 channel were generated by Fast Mutagenesis Kit (Takara

Bio). All mutations were confirmed by sequencing.

Molecular docking of CHOXL to TRPMS channel and generation of 1846F

mutant model

The molecular docking was performed as previously described(Yang et al., 2015). In
brief, RosettalLigand procedure of Rosetta program suite version 2019 was used to
perform molecular docking of CHOXL to TRPMS and generate TRPM8 mutant
model (Meiler and Baker, 2006) , and Monte Carlo algorithm was employed for
sampling. The three-dimensional 3D conformation of CHOXL was generated by
Frog2 server (Miteva et al., 2010). The structure of TRPMS (PDB ID: 6NR3) was

relaxed by Relax application in Rosetta program suite.

The relaxed structure of wildtype TRPMS8 was used as input file to generate model of
TRPMBS I846F mutant in Rosetta Backrub application (Smith and Kortemme, 2008).
100 models were generated and the model with lowest energy was selected for further
relax. The best structure model with lowest energy of I846F mutants was relaxed as
described above. 100 relaxed models were generated and models with the lowest

energy were chosen as candidates for the docking step.

CHOXL was put in the menthol-binding pocket of WT TRPMS and I846F mutant, the
top 10 models with lowest binding energy from 30000 generated models were chosen

for further analysis. Rosetta’s Residue energy breakdown application was used to

extract binding energies between CHXOL and TRPMS.
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Electrophysiology

Patch-clamp recordings were carried out with a HEKA EPC10 amplifier controlled by
PatchMaster software (HEKA). Patch pipettes were prepared from borosilicate glass
and fire-polished to resistance of 3~8 MQ by P-97 puller. For whole-cell recordings
of TRPMS channel and AISC channels, bath solution contained 145 mM NaCl, 2 mM
KCl, 2 mM MgClz, 1.5 mM CaClz, 10 mM HEPES, 10 mM glucose were adjusted to
pH 7.2 ~ 7.4 with NaOH; pipette solution contained 135 mM CsCl, 1 mM MgCla, 2
mM CaClz, 10 mM HEPES, 5 mM EGTA were adjusted to pH 7.2 ~ 7.4 with CsOH.
For solution with pH 5.0, HEPES was replaced by MES. To obtain icilin-induced
TRPMS current, a solution containing 135 mM NacCl, 0.5 mM CaClz, 10 mM glucose
and 3 mM HEPES was used as pipette and bath solution. Whole-cell recordings were

performed at £80 mV. Current was sampled at 10 kHz and filtered at 2.9 kHz.

For cation permeability experiment, the bath solution and pipette solution contained
145 mM NaCl, 10 mM HEPES and 10 mM glucose (pH 7.4 with NaOH). After the
whole-cell configuration was obtained in bath solution, the external Na" was changed
to 145 mM K" and 145 mM NMDG" (pH 7.4). For Ca** permeability measurement,
external Na+ was replaced with 100 mM NMDG and 30 mM CaClz. Cation
permeability was estimated by the shift of reversal potential relative to Na*, which can
be obtained from voltage ramp recordings (voltage ramp from -120 mV to 120 mV in
360 ms). Monovalent cation permeability and Ca?" permeability was calculated from

the equation (1) and (2), respectively (Valera et al., 1994),(Xu et al., 2002).
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Px/Prna= {[Na']o/[X]o} {exp(F/RT)(Vx — Vxa))} (1)

Pca/Pra = {[Na']o/4[Ca?*]o} {exp(F/RT)(Vea — Vaa))} {1+ exp(FVeo/RT)} 2)

where [X]o is defined as the extracellular concentration of the monovalent cations, P
is defined as the permeability of the ion. F'is Faraday’s constant, R is the gas constant,

T is temperature in Kelvins and V is the reversal potential for the cation ions.

For whole-cell recordings of TRPV1, TRPV2, TRPV3, TRPV4, and TRPA1 channels,
both bath and pipette solutions contained (in mM): 130 NaCl, 10 glucose, 0.2 EDTA,
and 3 HEPES (pH 7.2 ~ 7.4, adjusted with NaOH). Whole-cell recordings were
performed at £80 mV. Current was sampled at 10 kHz and filtered at 2.9 kHz. For
whole-cell recordings of Nav1.7 channels, bath solution contained (in mM): 145
NacCl, 2 KCI, 2 MgCl, 1.5 CaClz, 10 HEPES, 10 glucose (pH 7.2 ~ 7.4, adjusted with
NaOH); pipette solution contained (in mM): 140 CsF, 10 NaCl, 1 EGTA and 10
HEPES (pH 7.3, adjusted with CsOH). Current traces were evoked by a 200 ms step
depolarization to —10 mV or 0 mV from a holding potential of —80 mV every 2 s to
avoid the fast desensitization of Nav channels. For whole-cell recordings of Kv4.2
channels, bath solution contained (in mM): 145 NaCl, 2 KCl, 2 MgCl:, 1.5 CaCla, 10
HEPES, 10 glucose (pH 7.2 ~ 7.4, adjusted with NaOH); pipette solution contained
(in mM): 135 KCl, 2 MgClz, 1 EGTA, 10 HEPES and 2 NaxATP (pH 7.3, adjusted
with KOH). To obtain the current of Kv4.2 channel, the membrane potential was
clamped at -60 mV for 10 ms and switched to voltage stepping from -60 mV to +60

mV with a 20-mV interval for 300 ms, and then switched to -60 mV for 10 ms.
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Currents were sampled at 10 kHz and filtered at 2.9 kHz.

All recordings were performed at room temperature (25 °C). A gravity-driven system
(RSC-200, Bio-Logic) with freely rotated perfusion tubes was used for the perfusion
of peptide or ligands. Bath and ligand-contained solutions were delivered through
separate tubes to minimize the mixing of solutions. Patch pipette holding cells was

placed in front of the perfusion tube outlet for perfusion.

Calcium imaging

Calcium imaging was conducted as previously described (Zhang et al., 2023). In brief,
HEK293T cells expressing TRPM8 or TRPMS8 mutants were incubated with 2 uM
Fluo-4 AM (Thermo Fisher) in 2 mM calcium Ringer’s solution (140 mM NacCl, 5
mM KCl, 2 mM MgClz, 2 mM CaClz, 10 mM glucose, and 10 mM HEPES, pH 7.4).
Fluorescence images of HEK293T cells were acquired with Nikon Eclipse Ti2
microscope with optiMOS charge-coupled device camera controlled by the Ocular
Software (Molecular Devices). Fluo-4 AM was excited at 500/20-nm excitation, and
fluorescence emission was detected at 535/30-nm. Fluorescence images were

analyzed with Fiji software and Office Excel.

Cell death assay

Cell death was Cell death assay was performed as previous described (Zhang et al.,
2019; Zhang et al., 2023). In brief, HEK293T cells were seeded in six-well plates and
randomly divided into different groups after transfection. Then CHXOL was

incubated for 18 h before the determination of cell death. Hoechst 33258 (Sangon
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Biotech) was used to labeled all cell nuclei and propidium iodide (PI) (Sangon
Biotech) was used to labeled nuclei of dead cells. In each group, five images were
randomly taken under a microscope (STELLARISS, Leica, German). Cell death ratio
was represented by the average of the percentage of dead cells (PI-labeled cells over

Hoechst-labeled cells) from five images. Fiji software was used to count cells.

Calculation of AH and AS

Calculation of AH and AS was performed as previously described(Yang et al., 2020;
Xu et al., 2021). To calculate the change of enthalpic (AH) and entropic (AS) due to
the temperature-driven transition of TRPMS, we constructed Van’t Hoff plots and
fitted them to the equation In Keq = -AH/RT + AS/R, whereby R represents the gas
constant, T represents the temperature in Kelvin, Keq represents the equilibrium
constant measured from the cold-driven TRPMS8 open probability, Keq= Po/(1-Po).

The TRPMS open probability induced by cold was calculated by noise analysis.

Stereotaxic Surgery and Virus Injection

For Stereotaxic surgery, mice (7-8 weeks) were anaesthetized with Pentobarbital
NEMBUTAL (100 mg/kg, Sigma-Aldrich). Viruses were bilaterally injected by a
glass pipette mounted on a stereotactic frame into IL (£0.30 mm ML, +1.95 mm AP, -
2.30 mm DV) and VTA (0.5 mm ML, -3.04 mm AP, -4.30 mm DV). Volumes of
virus were 1 uL per side, infused at a rate of 100 nL/min. The injection pipette was
withdrawn from the brain 10 min after the infusion. After surgery, mice were

recovered from anesthesia on a heat pad. The viral injection sites were verified by
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post immunohistochemistry experiment as we demonstrated with schematics in Fig.

S4.

Fear conditioning test

3 weeks after surgery, all mice were handled for three days before behavioral assays
for 5 min per day. For cued fear conditioning experiments, mice were placed in a
chamber with a grid floor connected to a shock generator (Coulbourn instruments).
Three minutes after being placed in the chamber, mice were exposed to 30-s tones (3
kHz, 80 dB) co-terminating with a 2-s foot shock (0.6 mA) for three times at pseudo-
random inter-trial intervals (~2 min average). The chamber was cleaned with 75%
ethanol at the end of each trial. The next day for fear extinction, mice were placed in a
different context (floor and walls were changed and white vinegar was sprayed in the
chamber). First, mice were injected (i.p.) with CHXOL (100 mg/kg or 10 mg/kg) or
saline before extinction test. After 30 min, mice were exposed to 10 tones to undergo
fear extinction. On day 3, mice were placed in the same environment as in day 2 and
were exposed to one presentation of the tone. Behavior was recorded using digital

video cameras. Freezing was scored by the fear conditioning software (FreezeFrame).

Open field test

Mice were placed in the center of an area (45 cm X 45 ¢cm % 45 cm) in a room with
dim light for 10 min. A video camera positioned directly above the arena was used to
track the movement of each animal (Any-maze, Stoelting). For mice with injection of

pLenti-GfaABC1D-mCherry-P2A-mTRPMS8(I846F-1985K)-WPRE virus in VTA
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astrocytes, mice received an injection of CHXOL (100 mg/kg or 10 mg/kg) 30

minutes before the beginning of the test.

Slice preparation

Mice were anaesthetized with 1% pentobarbital NEMBUTAL (100 mg/kg), perfused
with 200 ml ice-cold artificial cerebrospinal fluid (ACSF, oxygenated with 95% Oz,
5% CO2) containing (in mM): 210 sucrose, 125 NaCl, 2.5 KCl, 25 NaHCOs, 1.25
NaH2POs4, 1 MgClz, 1 CaCly, 25 glucose and 1 sodium pyruvate. After decapitation,
the brains were transferred rapidly into ice-cold oxygenated ACSF. 300 mm thickness
coronal slices, or sagittal slices if specified, containing the IL were sectioned in cold
ACSF with a Leica VT1200S vibratome, and incubated in a recovery chamber
containing ASCF (in mM): 125 NaCl, 2.5 KCI, 25 NaHCO3, 1.25 NaH2PO4, 1 MgCla,
1 CaClz, 25 glucoses at 32 C. ACSF was continuously gassed with 95% Oz, 5% COs..
Slices were allowed to recover for at least 1 h before recordings and then transferred

to room temperature.

In vitro electrophysiology

Whole cell patch clamp recordings were made from neurons in the IL under an
upright microscope (BX51WI, Olympus). All recordings were performed at 34 °C
using a temperature control system and slices were continuously superfused at 2-3
mL/min with the extracellular solution. The patch pipettes were pulled with a pipette
puller (PC-100, Narishige) from borosilicate glass (Sutter Instrument) and had a

resistance of 5-6 MQ. Electrophysiological recordings were made using a MultiClamp
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700B amplifier and pPCLAMP 10.6 software (Axon Instruments). Signals were
amplified, filtered at 2 kHz and sampled at 10 kHz using Digidata 1550B. The series
resistance and capacitance were compensated automatically after a stable Gigaseal
was formed. Experiments were discarded if a change in series resistance was above

20%.

Patch pipettes were filled with internal solution containing (in mM) 127 K-gluconate,
13 KCl, 4 Mg3-ATP, 0.3 Na3-GTP, 0.3 EGTA, 10 HEPES and 10 Na-phosphocreatine
(pH = 7.25). The external ACSF solution contained (in mM) 125 NaCl, 2.5 KCl, 25
NaHCOs3, 1.25 NaH2PO4, 1 MgClz, 1 CaClz and 25 glucoses. The resting membrane
potential (RMP) of a neuron was obtained under current clamp (I =0 pA), and the
action potential (AP) was measured by injecting a series of current pulses (500 ms
duration, -100 to 200 pA intensity with an increment of 20 pA). CHXOL (0.1 mM or
1 mM) was dissolved in DMSO and added in ACSF with a final concentration of

0.02%. The effect of CHXOL was recorded after 4 min of drug perfusion.

Statistical analysis

All statistical data are shown as mean + S.E.M. Paired t-test was used to analyze the
statistical significance between two groups in GraphPad Prism 7.0 software
(GraphPad Inc., La Jolla, CA). For more than two groups, one-way ANOVA was
used. n.s. indicates no significance. *, **, and *** indicate p < 0.05, p <0.01, and p <
0.001, respectively. EC50 was obtained from the fitting curves to the concentration-

response relationship using Hill Equation in Igor Pro 5.0 software.
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Supplementary Figure Legends

Fig. S1 Selectivity of CHXOL on ion channels

A-K, The effect of 1 mM or 3 mM CHXOL on TRPV1, TRPV2, TRPV3, TRPV4,
TRPA1, Kv4.2, ASICla, ASIC2a, ASIC3, Navl.7 and hERG channels. 1, bar graph of

activation of CHXOL on these channels. (n = 3-8).

Fig. S2 CHOXL did not affect RMPs and intrinsic excitability of IL neurons

A-C, Resting membrane potential (RMP) of IL neuron after perfusion with bath or 10
mM CHXOL. (A, n = 6, mice = 2, paired t-test, p > 0.999; B-C, n = 5, mice = 2,

Wilcoxon test, P = 0.0635).

Fig. S3 The effect of CHOXL on TRPMS 1846 mutants with different sizes of side

chain at the membrane potential of £80 mV.

Fig. S4 CHXOL induced limited calcium influx by activating 1846F-1985K
mutant. A, Fluorescence images of HEK293T cells expressing [846F-1985K mutant
in response to CHXOL or ionomycin, scale bar =25 um. B, The normalized
fluorescence intensity of HEK293T cells expressing 1846F-1985K mutant (n = 4). C,
Hoechst and PI staining of HEK293T cells expressing WT TRPMS channel or I846F-1985K
mutant in the presence or absence of CHXOL. Hoechst labelled nuclei of all cells and
PI labelled nuclei of dead cells, scale bar=100 pum. D, Cell death ratio calculated from

panel c.

Fig. S5 Concentration-response of icilin on WT TRPMS8 and 1846F-1985K

mutant. A and B, Concentration-response of CHOXL on WT TRPMS channel and
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TRPMS I846F-1985K mutant at 80 mV, respectively. C, Concentration-response
curves of CHOXL on WT TRPMS8 channel and TRPMS 1846F-1985K mutant (n = 6).
D, Representative cold activation of TRPM8 and TRPMS8 mutants. E, Van’t Hoff plots
for the cold-activated TRPMS currents shown in D. Dotted lines represent fits of the
Van’t Hoff equation, from which AH and AS are estimated. F and G, Measured AH
values and AS values, respectively. (n = 4-7; mean + SEM; N.S. by one-way

ANOVA).

Fig. S6. The information of plasmid carried by Lenti-virus and verification of the
insertion of TRPMS8 mutants.

A, Information of plasmid carried by Lenti-virus. B, Representative successful
insertion of mMTRPMS8 mutant as validated by enzymatic digestion (Spel and Notl) and

DNA electrophoresis. The band in red box corresponded to mTRPM8 mutant.

Fig. S7. Viral injection sites for electrophysiological and behavioral experiments

Schematics of the corresponding brain regions in which viruses were detected. Each
color represents the expression from a single mouse that was used for

electrophysiological and behavioral experiments.
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Table. S1 Expression regions of ion channels in neural system

Ion channel

Expression regions in neural system

references

TRPV1 Hippocampus; midbrain; cerebellum; | (Roberts et al., 2004;
cortex; olfactory bulb; spinal cord; Kim et al., 2005;
intrafascicular nucleus; dorsomedial Cavanaugh et al.,
hypothalamus; posterior 2011; Nam et al.,
hypothalamus; DRG 2015; Naziroglu and

Ovey, 2015; Balleza-
Tapia et al., 2018)

TRPV2 Hypothalamus; brainstem; spinal (Shibasaki et al., 2010;
motor neurons; dorsal root ganglia; Nilius and Flockerzi,
forebrain; cerebellum spinal cord 2014; Katanosaka et
trigeminal ganglia; DRG al., 2018)

TRPV3 Cortex; thalamus; trigeminal ganglia; | (Xu et al., 2002; Chen
superior cervical ganglia; cortex; etal., 2022)
dorsal spinal cord; dorsal root
ganglia (monkey);

TRPV4 Hippocampus; cortex; cerebellum; (Kauer and Gibson,
hypothalamus; DRG 2009; Zhang et al.,

2013; Zhang et al.,
2017; Wang et al.,
2019)

TRPAI Hippocampus; DRG; trigeminal (Nagata et al., 2005;

ganglion; nodose Lee et al., 2016)
Kv4.2 hippocampus cerebellum and caudate (Alfaro-Ruiz et al.,
putamen and thalamus 2019)

ASICla DRG; olfactory bulb; cerebral cortex; (Waldmann et al.,
hippocampus; habenula; basolateral 1997)
amygdaloid nuclei; cerebellum

ASIC2a Hippocampus Cortex; olfactory bulb; (Lingueglia et al.,
habenula; basolateral amygdaloid 1997; Askwith et al.,
nuclei; cerebellum 2004)

ASIC3 Predominately expressed in PNS; (Wemmie et al., 2013)
detected in mesencephalic trigeminal
neurons in the CNS

Navl.7 Nociceptive DRG neurons; (Toledo-Aral et al.,
myenteric neurons; olfactory sensory | 1997; Dib-Hajj et al.,
neurons (OSNs); visceral sensory 2013; Branco et al.,
neurons; trigeminal ganglion 2016; Kanellopoulos et
neurons; thalamus; medial amygdala al., 2018)

hERG Particularly highly expressed in heart (Pond et al., 2000)
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