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Epilepsy is a relatively common condition, but more than 30% of patients have refractory
epilepsy that is inadequately controlled by or is resistant to multiple drug treatments. Thus,
new antiepileptic drugs based on newly identified mechanisms are required. A previous
report revealed the suppressive effects of transient receptor potential melastatin 8
(TRPM8) activation on penicillin G-induced epileptiform discharges (EDs). However, it is
unclear whether TRPM8 agonists suppress epileptic seizures or affect EDs or epileptic
seizures in TRPM8 knockout (TRPM8KO) mice. We investigated the effects of TRPM8
agonist and lack of TRPM8 channels on EDs and epileptic seizures. Mice were injected
with TRPM8 agonist 90 min after or 30 min before epilepsy-inducer injection, and
electrocorticograms (ECoGs) were recorded under anesthesia, while behavior was
monitored when awake. TRPM8 agonist suppressed EDs and epileptic seizures in
wildtype (WT) mice, but not in TRPM8KO mice. In addition, TRPM8KO mice had a
shorter firing latency of EDs, and EDs and epileptic seizures were deteriorated by the
epilepsy inducer compared with those in WT mice, with the EDs being more easily
propagated to the contralateral side. These findings suggest that TRPM8 activation in
epileptic regions has anti-epileptic effects.
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INTRODUCTION

Epilepsy is the most common central nervous system disease. Accounting for approximately 30% of
epilepsy cases, intractable epilepsy involves inadequate control of seizures and is rarely improved
even when multiple antiepileptic drugs are administered or therapeutic agents are changed (Kwan
and Brodie, 2000; Golyala and Kwan, 2017; Sheng et al., 2018). Thus, the development of
antiepileptic drugs based on newly identified mechanisms is predicted.

Transient receptor potential melastatin 8 (TRPM8) activation suppresses drug-induced
epileptiform discharges (EDs) (Moriyama et al., 2019), and the anti-epileptic-like effects of
TRPM8 agonists have received attention. TRPM8 channels are expressed in small numbers in
the rodent somatosensory cortex (Ordas et al., 2019) and are activated by TRPM8-selective agonists
(Behrendt et al., 2004) or cold temperatures between 10 and 26°C (Bautista et al., 2007). EDs in
patients with refractory epilepsy are suppressed when the epileptic focus is cooled to 15°C, which is
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the temperature that activates TRPM8 channels (Nomura et al.,
2014; Nomura et al., 2017). Taken together, these reports suggest
that TRPM8 activation induced anti-epileptic effects. However,
the effects of TRPM8 activation on epileptic seizures remain
unknown.

Penicillin G potassium (PG), an epilepsy-inducer, inhibits
GABAA receptor (Tsuda et al., 1994; Sugimoto et al., 2002),
leading to EDs and epileptic seizures (Kida, 2012; Moriyama
et al., 2019; Fujii et al., 2012). TRPM8 activation by icilin, a
TRPM8 and transient receptor potential ankyrin 1 (TRPA1)
agonist, suppresses EDs (Moriyama et al., 2019), indicating
that a lack of TRPM8 channels exacerbates epileptic seizures.
However, the effects of no TRPM8 channels on EDs and epileptic
seizures is unclear.

It is important to suppress the development of EDs because
epileptic seizures are induced by excessive synchronized
excitement of nerve cell groups. Nonetheless, the effects of
TRPM8 agonists on the development of EDs remains to be
established.

In this study, we aimed to clarify the effects of TRPM8 agonist
and the absence of TRPM8 channels on EDs, epileptic seizures,
and the development of EDs.

MATERIALS AND METHODS

Animals
Male C57BL/6N mice aged 9–11 weeks, weighing 24–30 g (Kyudo,
Saga, Japan), and TRPM8 homozygous knockout (TRPM8KO)mice
(Prof. Makoto Tominaga, Thermal Biology Group, Exploratory
Research Center on Life and Living Systems, Okazaki, Japan)
were housed in groups of five mice per cage and kept under
standard laboratory conditions in a temperature- and humidity-
controlled room (25 ± 2°C and 55± 5%, respectively) on a 12-h light/
dark cycle (lights on at 8:00 a.m.) (Dhaka et al., 2007). The animals
had free access to food and water. The animal care and experimental
procedures were approved by the Experimental Animal Care and
Use Committee of Yamaguchi University School of Medicine, Japan.
All experiments were performed in accordance with the guidelines of
the Japan Association for Laboratory Animal Facilities of National
University Corporations.

Drugs
Pentylenetetrazol (PTZ; Tokyo Chemical Industry, Japan) and
penicillin G potassium (PG: Meiji, Tokyo, Japan) were dissolved
in saline. WS-3 (Funakoshi, Japan) was dissolved in 1% dimethyl
sulfoxide (DMSO; Merck KGaA) in saline.

Drug-Induced Epileptic Seizure Model
To determine whether TRPM8 channel deficiency exacerbates
generalized and focal seizures in mice, we compared PTZ- and
PG-induced seizures in WT and TRPM8KO mice. PTZ-induced
seizure mice were generated according to a previously reported
method (Mizoguchi et al., 2011). Mice were intraperitoneally (i.p.)
administered a single dose of PTZ (40mg/kg). A model with focal
epilepsy originating in the left cerebral cortex was generated by
modifying a previously reported method (Moriyama et al., 2019).

The animals were anesthetized with urethane (1.75 g/kg i.p.) or
through inhalation of sevoflurane (Pfizer Japan, Tokyo, Japan) (3%
for induction, 1.5% for maintenance) and immobilized using a
stereotaxic apparatus. To maintain the body and brain
temperature in each rat, rectal temperature was adjusted to
37.5 ± 0.5°C using a heat pad. We created three burr holes
measuring 1.0 mm in diameter, two for the ECoG recording and
the other for the reference electrode, above the bilateral sensorimotor
cortices and cerebellum using the following coordinates: 1.0 mm
posterior; ± 2.0 mm lateral from the bregma, and 2.0 mm posterior
from the lambda. We also placed a thin thermocouple (IT-24,
Physitemp, Tokyo, Japan), and two ECoG and reference
electrodes in the bilateral somatosensory cortices and cerebellar
area between the skull and dura. We placed a ground electrode
in the tail. A small slit in the dura was created to insert an injection
cannula (0.4 mm diameter × 40mm length, and 3 µl volume; EIM-
40, Eicom, Kyoto, Japan). The injection cannula was inserted to a
depth of 0.75mm from the brain surface. PG at a concentration of
200 IU/µl was injected intracortically for 10min at a rate of 0.1 µl/
min using a 10 µl Hamilton syringe and a microinjection pump
(ESP-64, Eicom, Japan).

Drug Treatments
WS-3 was administered intracortically for 10 min, with WS-
3 administration starting 90 min after the PG injection at a
rate of 0.1 µl/min using a microinjection pump. In the
prevention of epileptic seizures induced by TRPM8
activation, DMSO or WS-3 was administered to mice
30 min before PG injection.

FIGURE 1 | Exacerbation of seizure score by lack of TRPM8 channels.
Mean seizure scores for WT (white: n � 6) and TRPM8KO (black: n � 6) mice,
which were at the maximum during 60 min. The results are shown as mean ±
SEM; ***p < 0.001, Student’s t-test. TRPM8, transient receptor potential
melastatin 8; PTZ, pentylenetetrazol; WT, wild type; SEM, standard error of
the mean.
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Seizure Score
The behavior of mice was observed for 1 h following PTZ injection
(Figure 1). Because anesthesia was continuously maintained for at
least 5 h by urethane, we did not perform seizure monitoring
(Figure 2A). The behavior of mice was observed for 1 h after the
end of ECoG recording for 2.5 h (Figure 3A). Referring to previous

studies (Mizoguchi et al., 2011), PTZ-, or PG-induced seizure
intensity was scored as follows: stage 0, no response; stage 1, ear
and facial twitching; stage 2, convulsive twitching axially through the
body; stage 3, myoclonic jerks and rearing; stage 4, turning over onto
the side, wild running, and wild jumping; stage 5, generalized tonic-
clonic seizures; and stage 6, death.

FIGURE 2 | Suppressive effects of WS-3 on PG-induced EDs inWTmice and deterioration of EDs due to lack of TRPM8 channels. (A) Experimental protocol. Mice
were anesthetized with urethane. The power of the low beta band in ECoGwas integrated for 5 min during the basal activity (25–30 min) and the pre- (115–120 min) and
post- (125–130 min) injection periods. Examples of changes in EDs with (B) PG + 1% DMSO (n � 6), (C) PG + 0.1 mMWS-3 (n � 5), (D) PG + 0.3 mMWS-3 (n � 6), and
(E) PG + 1.0 mM WS-3 (n � 6) in WT mice, and (F) PG + 1% DMSO (n � 6) and (G) PG + 1.0 mM WS-3 (n � 6) in TRPM8KO mice. (B–G) Representative ECoG
traces for 5 s during basal activity and the pre- and post-injection period. (H) The integrated value of the low beta bands in the affected (Light) side during basal activity
(white) and the pre- (black) and post-injection (grey-oblique line) periods. (I) The integrated value of the low beta bands in the contralateral (Right) side during basal activity
(white) and the pre-injection (black) period. (J) Latency of EDs evoked inWT (white) and TRPM8KOmice (grey). The results are shown as mean ± SEM; **p < 0.01, ***p <
0.001, Tukey’s test; †p < 0.05, †††p < 0.001, Student’s t-test; ‡p < 0.05, ‡‡p < 0.01, Welch’s t-test. NS, no significant.
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ECoG Recording
ECoG was recorded by modifying a previously reported method
(Moriyama et al., 2019). EDs developed 10–20min after PG injection
and reached a steady state 1.5 h after PG injection (Moriyama et al.,
2019), remaining stable for at least 5 h (data not shown). Because
icilin, a TRPA1 and TRPM8 agonist, eliminated all EDs for only a few
minutes (Moriyama et al., 2019), we regarded the drug efficacy period
as 5min from 5 to 10min after the start of TRPM8 agonist injection.
ECoGs were continuously recorded for 2.5 h (0.5 h for ECoG
stabilization and 1.5 h for stabilization of PG-induced EDs, and
0.5 h for drug efficacy evaluation; Figure 2A; and 0.5 h for ECoG
stabilization and 0.5 h for ECoG stabilization after 1%DMSO orWS-
3 injection, and 1.5 h for stabilization of PG-induced EDs; Figure 3A).

ECoGs were amplified by a bio-amplifier (EX-1; Dagan
Corporation, Minneapolis, MN) using an analogue-to-digital
converter at a sampling rate of 2 kHz (PowerLab 8/30; AD
Instruments, Castle Hill, Australia). The conditions for
recording ECoGs were as follows: low-frequency filter, 0.1 Hz;
high-frequency filter, 10 kHz; and notch filter, off.

To evaluate the effects of TRPM8 channel activation on PG-
induced EDs, the left ECoG was fast Fourier-transformed. We
calculated the power of the low beta band (14–24 Hz) during the
subsequent 5 min periods using Lab Chart Pro v. 8.1.16 (AD
Instruments), as follows: basal activity, just before PG injection;
pre-injection, just before DMSO or WS-3 injection; and post-
injection, just before the end of the latest injection. The changes in
the low beta band power in ECoG were reported to be a good
indicator of the degree of focal neocortical seizure (Ludvig et al.,
2009) and suppression of EDs by FBC (Kida et al., 2012).

Statistical Analysis
Statistical analyses were performed using StatMate version Ⅲ
software (Advanced Technology for Medicine and Science,
Chiba, Japan). All results are expressed as mean ± standard
error of the mean (SEM). Statistically significant differences
were evaluated by Tukey’s test, Dunnett’s test, Student’s t-test,
or Welch’s t-test with p < 0.05 indicating statistical significance.

RESULTS

Epileptic Seizures in TRPM8KO Mice Were
Exacerbated by a Single High Dose of PTZ
We first investigated whether a lack of TRPM8 channels results in
deteriorated epileptic seizures. Wildtype (WT) mice intraperitoneally
administered a single dose of PTZ at 40mg/kg exhibited ear and facial
twitching, turning over onto the side, myoclonic jerks and rearing, and
wild running (stages 1, 3, or 4). Administration of PTZ (40mg/kg) to

FIGURE 3 | Suppressive effects of WS-3 on ED development and
epileptic seizures in WT mice, and deterioration of ED development and
epileptic seizures resulting from lack of TRPM8 channels. (A) Experimental
protocol. Mice were anesthetized with sevoflurane. The power of the low
beta band in ECoGs was integrated for 5 min during basal activity (25–30 min)
and the pre- (55–60 min) and post- (145–150 min) injection periods.
Examples of changes in EDs with (B) PG + 1% DMSO (n � 5), (C) PG +
1.0 mMWS-3 (n � 6) inWTmice, and (D) PG + 1%DMSO (n � 5), and (E)PG+
1.0 mM WS-3 (n � 5) in TRPM8KO mice. (B–E) Representative ECoG traces
for 5 s during basal activity and the pre- and post-injection periods. (B–E)
Typical behavior during seizure monitoring. (F) The integrated value of the low

(Continued )

FIGURE 3 | beta band in the contralateral side during basal activity (white) and
the pre-injection (black) period. (G) Mean seizure scores that were at the
maximum during the 60-min period for vehicle (white) or WS-3 (grey) ad-
ministration in WT mice and for vehicle (black) or WS-3 (grey-oblique line)
administration in TRPM8KO (black) mice. The results are shown as mean ±
SEM; **p < 0.01, ***p < 0.001, followed by Tukey’s test; †p < 0.05, ††p < 0.01,
Student’s t-test; ‡p < 0.05, Welch’s t-test.
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TRPM8KOmice induced generalized turning over onto the side, wild
running and jumping, tonic-clonic seizures, or lethal seizures (stages 4,
5, or 6). PTZ administration resulted in a greater increase in seizure
score in TRPM8KOmice compared with that inWTmice (p < 0.001,
Student’s t-test; Figure 1).

Suppressive Effects of TRPM8 Agonist on
EDs in WT Mice
Icilin, a TRPM8 and TRPA1 agonist, suppressed PG-induced EDs
(Moriyama et al., 2019), but it remains unknown whether selective
TRPM8 agonists suppress EDs. Therefore, we investigated the effects
of WS-3, a selective TRPM8 agonist, on PG-induced EDs. We
continuously recorded ECoGs for 150min in mice anesthetized
with urethane (Figure 2A). Mice were injected with PG 30min
from the start of ECoG recording and were injected with vehicle
orWS-3 90min after PG injection (Figure 2A). EDs plateaued 90min
after PG injection (Figures 2B–G). The higher the dose of WS-3
(0.1–1 μM), the greater the amplitude of EDs was decreased in WT
mice (Figures 2B–E). DMSO or low and middle doses of WS-3 did
not affect the power of the low beta band inWTmice, whereas a high
dose of WS-3 (1.0mM) significantly suppressed the power of the low
beta band (p � 0.042 vs. pre-injection group, Student’s t-test;
Figure 2H).

EDs Were Exacerbated by Lack of TRPM8
Channels
To elucidate the effects of a lack of TRPM8 channels on EDs, we
compared EDs in WT and TRPM8KO mice. A lack of TRPM8
channels increased the intensity of low beta band power during pre-
injection by approximately double compared with WT mice at the
same dose of DMSO or WS-3 (p < 0.034 and p < 0.031, respectively,
Welch’s t-test; Figure 2H). Administration of vehicle to TRPM8KO
mice did not affect the PG-induced EDs, and this was not suppressed
by 1.0mM WS-3 (Figures 2F–H). In WT mice, EDs were focally
induced by epilepsy-inducer, and were rarely propagated in the
contralateral side (Figures 2B–E, p � 0.035, p � 0.064,
respectively, Welch’s t-test; Figure 2I), whereas the EDs were
easily propagated in the contralateral side by the lack of TRPM8
channels (Figures 2F,G, p � 0.003, p � 0.015, respectively, Welch’s
t-test; Figure 2I). The intensity of low beta band that was observed in
the contralateral side inwasmore increased than that inWTmice (p�
0.018, p � 0.042, respectively, Welch’s t-test; Figure 2I). In addition,
the lack of TRPM8 channels resulted in a shorter firing latency of EDs
by the epilepsy inducer compared with that in WT mice (p < 0.001,
p < 0.001, respectively, Welch’s t-test; Figure 2J).

Suppressive Effects of TRPM8 Agonist on
Development of EDs and Seizure Score in
WT Mice
To reveal the effects of TRPM8 agonists on the development of EDs
and epileptic seizures, mice were injected with WS-3 30min before
receiving an epilepsy-inducer injection (Figure 3A). InWTmice, PG
induced EDs when 1% DMSO was injected before the PG injection,
whereas EDs were rarely detected whenWS-3 was injected before the

PG injection (Figures 3B,C). DMSO administration before PG
injection did not affect the increased intensity of the beta band,
whereas WS-3 administration before PG injection suppressed the
increased intensity of the beta band by PG (p � 0.038, Welch’s t-test;
Figure 3F). Injection of vehicle before PG injection in WT mice
promoted myoclonic jerks and rearing or turning over onto the side,
wild running and jumping (stage 3 or 4). In contrast, WS-3 pre-
injection of WT mice resulted in no response or ear and facial
twitching or convulsive twitching axially through the body (stage 0
or 2). The seizure score was 3.40 ± 0.24 by PG, which was reduced by
WS-3 pre-injection (p � 0.002, Student’s t-test; Figure 3G).

Lack of TRPM8 Channels Exacerbated
Epileptic Seizures
To elucidate the effects of TRPM8 channel absence on the
development of EDs and epileptic seizures, we compared EDs
and seizure scores between WT and TRPM8KO mice. In
TRPM8KO mice, PG injection after 1% DMSO or WS-3
injection induced EDs (Figures 3D,E), increasing the intensity of
the beta band compared with basal activity (p < 0.001 and p < 0.001,
respectively, Tukey’s test; Figure 3F). A lack of TRPM8 channels
increased the intensity of low beta band power during post-injection,
compared with WT mice at the same dose of DMSO (p < 0.045,
Welch’s t-test; Figure 2H). In addition, PG injection after 1%DMSO
or WS-3 injection of TRPM8KO mice resulted in turning over onto
the side, wild running, and wild jumping or generalized tonic-clonic
seizures (stages 4 or 5). The seizure score was higher in TRPM8KO
mice compared with WT mice following PG injection after 1%
DMSO injection, whereasWS-3 injection before PG injection did not
reduce the seizure score in TRPM8KO mice (p � 0.020 and p � 1,
respectively, Student’s t-test; Figure 3G).

DISCUSSION

This study investigated changes in EDs and epileptic seizures in a
model lacking TRPM8 channels, as well as the effects of TRPM8
agonist on EDs and epileptic seizures. Our study had three major
findings. First, TRPM8KO mice had a shorter firing latency of
EDs than WT mice following administration of an epileptic
inducer, with the EDs being more easily propagated to the
contralateral side. Second, TRPM8 agonist injection of the
epileptic focus suppressed EDs and seizures in WT mice,
whereas anti-epileptic effects were not observed even when
TRPM8KO mice were injected with the TRPM8 agonist in the
epileptic focus. Third, in WT mice, TRPM8 agonist
administration before ED-inducer resulted in the development
of fewer EDs and a lower epileptic seizure score. In contrast, these
anti-epileptic effects were not observed in TRPM8KO mice, and
EDs and epileptic seizures were more exacerbated by the epilepsy-
inducer in TRPM8KO mice compared with WT mice.

To clarify the effects of TRPM8 channel absence on PG-
induced epilepsy, we recorded ECoGs in TRPM8KO mice. In
mice that lacked TRPM8 channels, the latency of the
development of the first ED was shortened by an epileptic
inducer and the power of EDs was exacerbated, while the EDs
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were more easily propagated to the contralateral side and the
seizure score was deteriorated (Figures 2, 3). This deterioration in
epilepsy resulting from a lack of TRPM8 channels may be due to
the regulation of excitatory cells by TRPM8 activation (Janssens
et al., 2016). Wrigley et al. (2009) previously reported that icilin, a
TRPM8 and TRPA1 agonist, reduced the amplitude of primary
afferent-evoked glutamatergic excitatory postsynaptic currents
(EPSCs). In contrast, other reports showed that (−)-menthol, a
TRPM8 and TRPA1 agonist, increased the miniature excitatory
postsynaptic current frequency (Tsuzuki et al., 2004; Luo et al.,
2019). These conflicting results about the effects of TRPM8
activation on excitatory neurons may be because of the
difference in TRPM8 affinity and the effects of cooling
compounds on TRPA1. Because icilin is a more selective
TRPM8 agonist than (−)-menthol (Mckemy Dd and Julius,
2002), icilin activates TRPM8 with more potency and affects
excitatory neurons more than (−)-menthol. In contrast, Xu et al.
(2015) reported that activation of TRPA1 channels increases the
spontaneous release of L-glutamate onto substantia gelatinosa
neurons. On the basis of the above findings, our results suggest
that EDs and epileptic seizures are exacerbated when the epileptic
focus lacks TRPM8.

In the present study, selective TRPM8 activation by WS-3 was
found to suppress PG-induced EDs and seizures in WTmice. These
anti-epileptic-like effects are in line with a previous report
demonstrating that TRPM8 activation suppressed PG-induced
EDs (Moriyama et al., 2019). In addition, anti-epileptic effects
were not detected even when the TRPM8 agonist was
administered to the epileptic focus in TRPM8KO mice
(Figure 2). These results were supported by those of Moriyama
et al., who reported that the anti-epileptic-like effects were
antagonized when TRPM8 antagonist was administered just
before TRPM8 agonist injection (Moriyama et al., 2019). These
findings suggest that TRPM8 activation by TRPM8 agonists
suppressed epilepsy. Before the distribution of TRPM8 channels
in the rodent brain was reported (Ordas et al., 2019), opinions varied
as to the effects of TRPM8 activation on excitatory neurons. Pezzoli
et al. (2014) reported that icilin, a TRPM8 and TRPA1 agonist, can
modulate glutamatergic neurons in the brain through a TRP-
independent pathway. In single neurons of the peripheral nerves,
it was reported that a low concentration of icilin (3 μM/L) to activate
TRPM8 produced a decrease in the amplitude of evoked EPSCs that
were obtained by electrical stimulation of the single dorsal rootlet
neuron (Wrigley et al., 2009). These differing results could be
explained by the difference in the TRPM8 expression rate
between the brain and the peripheral nerves. Wrigley et al.
reported that superfusion of a low concentration of icilin
(3 mmol·L−1) produced a decrease in the amplitude of evoked
EPSCs in 23% of neurons (Wrigley et al., 2009). Furthermore,
Pezzoli et al. (2014) reported that TRPM8 channels were not
expressed in the somatosensory cortex. Following the finding that
a few TRPM8 channels exist in the rodent somatosensory cortex
(Ordas et al., 2019), it was revealed that PG-induced EDs were
suppressed by TRPM8 activation (Moriyama et al., 2019). These
reports suggest that TRPM8 activation suppresses EDs despite
TRPM8 channels being present in very low numbers in the
rodent somatosensory cortex (Ordas et al., 2019).

Icilin at a dose of 3.0 mM eliminates PG-induced EDs for
several minutes (Moriyama et al., 2019); therefore, we
investigated the effects of TRPM8 agonist on ED
development. Our data demonstrated that EDs and
epileptic seizures in WT mice were rarely observed
following the administration of the selective TRPM8
agonist before ED-inducer injection (Figure 3C). In
contrast, EDs and epileptic seizures in TRPM8KO mice
were observed even when the selective TRPM8 agonist was
administered before ED-inducer injection (Figure 3E). These
results suggest that TRPM8 activation suppressed the
development of EDs and epileptic seizures that were
caused by epileptic inducer, but the mechanisms of these
anti-epileptic effects are unclear. Because PG inhibits
GABAA-R (Tsuda et al., 1994; Sugimoto et al., 2002), the
number of activated excitatory neurons may be increased by
PG injection. To obtain a deeper understanding of these
antiepileptic mechanisms, further experiments examining
whether TRPM8 activation modulates extracellular
glutamate is required.

The effects of TRPM8 agonist on EDs and epileptic seizures
were evaluated using WT and TRPM8KO mice. Our present
data showed that EDs were suppressed by TRPM8 agonist
administration after epilepsy-inducer injection. In addition,
ED development and epileptic seizures were suppressed by
TRPM8 agonist administration before the epilepsy-inducer
injection. In contrast, in TRPM8KO mice, EDs and epileptic
seizures were not suppressed by TRPM8 agonist and were
more deteriorated by the epileptic inducer compared with that
in WT mice. Thus, further studies are required to determine
the mechanism of the anti-epileptic effects of TRPM8 agonist.
In conclusion, TRPM8 agonist may be the basis for the
development of new drug treatments for patients with focal
epilepsy.
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