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Abstract

Background: No reports exist as to neuroprotective effects associated with topical activation of transient receptor
potential melastatin 8 (TRPM8), a noted cold receptor. In the present study, we identified whether activating periph-
eral TRPM8 can be an adjuvant therapy for ischemic stroke.

Methods: Menthol, an agonist of TRPM8, was applied orally or topically to all paws or back of the mouse after middle
cerebral artery occlusion (MCAQ). We used Trpom8 gene knockout (Trpm8‘/‘) mice or TRPM8 antagonist and lidocaine
to validate the roles of TRPM8 and peripheral nerve conduction in menthol against ischemic stroke.

Results: Application of menthol 16% to paw derma attenuated infarct volumes and ameliorated sensorimotor
deficits in stroke mice induced by MCAQ. The benefits of topically applied menthol were associated with reductions in
oxidative stress, neuroinflammation and infiltration of monocytes and macrophages in ischemic brains. Antagonizing
TRPM8 or Trom8 knockout dulls the neuroprotective effects of topically application of menthol against MCAQO. Immu-
nohistochemistry analyses revealed significantly higher TRPM8 expression in skin tissue samples obtained from the
paws compared with skin from the backs, which was reflected by significantly smaller infarct lesion volumes and bet-
ter sensorimotor function in mice treated with menthol on the paws compared with the back. Blocking conduction of
peripheral nerve in the four paws reversed the neuroprotective effects of topical menthol administrated to paws. On
the other hand, oral menthol dosing did not assist with recovery from MCAO in our study.

Conclusion: Our results suggested that activation of peripheral TRPM8 expressed in the derma tissue of limbs with
sufficient concentration of menthol is beneficial to stroke recovery. Topical application of menthol on hands and feet
could be a novel and simple-to-use therapeutic strategy for stroke patients.
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Background

Ischemic stroke is associated with significant morbidity

including physical dependence, cognitive decline, depres-

sion and seizures [1]. Major approaches developed to
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rapid restoration of oxygen supply has been linked to del-
eterious effects on brain function, leading to secondary
reperfusion injury and poor outcomes [2, 3]. Moreover,
neuroprotective strategies that have shown promise in
experimental stroke studies have failed in clinical trials.
There is a huge unmet clinical need for strategies that
are neuroprotective and improve the outcomes of stroke
patients.

“Thermo-transient receptor potentials (TRPs)” are a
family of receptors responsible to detect a wide range
of temperature stimuli, four of which (TRPV1-TRPV4)
respond to heat and two (TRPA1 and TRPMS) to cold.
These TRPs are expressed in primary afferent nocicep-
tors. TRPMS8 is a member of the melastatin subfamily of
TRP cation channels, and it is expressed in many kinds of
organs, including urogenital and respiratory system, skin
and nervous system [4]. As primary afferent nociceptors
in the skin, the activation range of temperature values of
TRPMS is 8-26 °C for cold-sensing [5]. Mouse knockout
studies have demonstrated that TRPMS is required for
cold sensation after both innocuous and noxious cold
temperatures [6-8]. In addition to cold sensing, periph-
eral TRPMBS is also involved in cold allodynia and cool-
ing-induced analgesia [9, 10]. In spite of pharmacological
activation of peripheral TRPMS8 driving neural activity
to the brain [11], no reports exist as to neuroprotective
effects associated with topical activation of TRPMS.

Menthol activates TRPMS8 in somatosensory neurons
[9, 12]. The naturally occurring compound menthol
[(1R,2R,5S)-5-methyl-2-propan-2-ylcyclohexan-1-ol] is
the principal constituent of the essential oil of pepper-
mint obtained from the leaves of various Mentha species.
Menthol is available as prescribed and over-the-counter
(OTC) pharmaceutical preparations in topical analge-
sic, antipruritic, antiseptic and cooling formulations.
Menthol is also employed in external broncholytic and
secretolytic preparations [13, 14]. The US Food and Drug
Administration (FDA) considers menthol to be a safe and
effective topical OTC product. FDA approval has been
granted for OTC external use for menthol products con-
taining menthol concentrations of up to 16%, which have
demonstrated excellent safety profiles in postmarketing
data [15]. Analgesic effects induced by menthol in animal
models of acute and inflammatory pain are completely
abolished in TRPMS8-deficient mice, supporting a crucial
role of TRPMS8 in menthol-induced analgesia [16]. Men-
thol has also shown marked analgesic effects in models
of neuropathic pain and reduces itch in a mouse model
(17, 18].

The present study aimed to explore whether activation
of peripheral TRPM8 by administering menthol treat-
ment may effectively limit neurological deficits follow-
ing cerebral ischemia in a mouse middle cerebral artery
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occlusion (MCAO) model of stroke. We hypothesized
that dermal application of menthol would reduce cerebral
damage and improve sensorimotor function after focal
cerebral ischemic injury, and we systematically investi-
gated its neuroprotective mechanisms. We also hypoth-
esized that the neuroprotective effects of menthol would
be antagonized by pretreatment with a TRPMS8 antago-
nist or inhibition of the peripheral nerve, and that the
protective effects would be eliminated in Trpm8 knock-
out (Trpm8~~) mice.

Methods

Animals and experimental design

All animal experiments were performed in accord-
ance with the Guide for the Care and Use of Labora-
tory Animals (National Institutes of Health Publication,
revised 2011) under a protocol approved by the Ani-
mal Research Committee of China Medical University
(CMUIACUC-2018-111) and Chung Shan Medical Uni-
versity (IACUC 2397). Male C57BL/6 mice (BioLasco
Taiwan Co., Ltd, Taiwan) and Trpm8~~ mice (strain
name: B6.129P2-Trpm8™ V[,  Jackson Laboratory,
USA) weighing 20-30 g were used in our experiments.
The mice were housed 5 per cage in an approved ani-
mal research facility under controlled temperature
(24£1 °C), humidity (55%) and lighting conditions
(12 h light/dark cycle), with freely available food and
tap water. They were randomly assigned to the following
study groups by electronically generated lists: Sham (no
MCAO or drug application); Water (MCAOQO; dd water
applied topically to all paws); Ethanol (MCAO; ethanol
applied topically to all paws); 8% ME (MCAO; 8% men-
thol applied topically to all paws); 16% ME (MCAO; 16%
menthol applied topically to all paws); Back ME (MCAO;
16% menthol applied topically to the back); Oral ME
(MCAO; menthol 200 mg/kg); AMTB, a TRPMS antago-
nist, plus ME (MCAQO; AMTB 4 mg/kg i.p.; 16% menthol
applied topically to all paws); lidocaine plus ME (MCAO;
lidocaine (2%, 10 ul) administered intradermally to all
paws; 16% menthol applied topically to all paws). Mice
from different conditions were housed together in order
to avoid observer bias in behavioral testing. Depending
on which group the mice were assigned to, all 4 paws or
the back were immersed for 1 min in water, vehicle (95%
EtOH), or menthol (8% or 16%) after 20 min of MCAO
under anesthetic and for 15 s once daily thereafter from
Day 1 to Day 6 inclusive. Menthol dissolves in ethanol,
which evaporates within a few minutes from mouse skin,
and we wiped off any remaining liquid from the paws
before returning the mouse to its cage. The animals were
not moving in the cage with wet paws. All the experi-
ments were performed as blind tests. Before unblind-
ing, the animals were labeled with number without the
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information of treatment for evaluating behavior and
mechanisms.

The MCAO model

The MCAO method was modified from previous research
[19], and male mice were used for avoiding the interfer-
ences caused the cardiovascular protective effects of
estrogen. The mice were anesthetized using i.p. Zoletil®
(50 mg/kg, Virbac, France) and Rompun® (10 mg/kg,
Bayer, Germany). Core body temperature was maintained
during surgery at 37+0.5 °C by manual adjustment of
an electric heating pad in response to measured rectal
temperatures. Focal ischemic infarcts were made in the
right lateral cerebral cortex in the territory of the MCA.
Mice were placed in a lateral position and the skin inci-
sion was made at the midpoint between the right lateral
canthus and the anterior pinna. The temporal muscle was
retracted and a small (2 mm diameter) craniectomy was
made at the junction of the zygoma and squamosal bone
using a drill (Dremel Multipro15395, Dremel Service
Center, Racine, WI, USA) cooled with saline solution.
The dura was opened with fine forceps using a dissecting
microscope (OPMI-1, Carl Zeiss, Oberkochen, Germany)
and the right MCA was exposed and coagulated using a
small-vessel cauterizer (HIF-120, WEM, Ribeirao Preto,
Brazil) with simultaneous occlusion of the both common
carotid arteries using microaneurysm clips for 20 min
to paralyze the dominant forelimb. After the clips were
removed, restoration of blood flow was visualized in the
arteries.

Assessment of ischemic infarct volume

Immediately after killing, mice were transcardially per-
fused with cold saline, brains were removed, sliced into
1-mm coronal sections using a mouse brain matrix
(JACOBOWITZ Systems, Zivic-Miller Laboratories INC,
Allison Park, USA) and stained using the TTC method, as
reported previously [20]. We measured the red-colored
ipsilateral and contralateral hemispheres in all slices, and
the difference in volume between these hemispheres was
the infarction area. An example is shown in Additional
file 1: Fig. S1. Infarct volume (mm?®) was determined by
multiplying the infarction area in each 1-mm slice and
summing the volume of each slice for each animal.

Rotarod testing of motor coordination and balance
alterations

Mice were subjected to accelerating rotarod testing
as previously described [21]. In brief, rotarod testing
recorded the length of time that a mouse stays on a rotat-
ing rod (Ugo Basile S.R.L., Monvalle, Italy) with auto
acceleration from 4 rotations per minute (rpm) to 40 rpm
in 4 min, to obtain latency-to-fall baseline values. Three
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trials were performed for each mouse and the latency (in
seconds) to fall times were recorded [21].

Measurement of sensorimotor function

An adhesive sticker (cut into equal-sided squares, 4 mm
in diameter) was applied to the hair-free area of both
forepaws. To ensure good attachment of the stickers
to the feet, the paws were wiped with a paper towel to
remove oil secreted by the skin before attaching stick-
ers. The mouse was placed back into the test cage and
the time to sense and time to remove the sticker were
recorded with a maximum of 120 s. All mice were tested
in the same order. Each testing session involved 3 trials.
As recommended by other researchers, we trained the
mice for 5 consecutive days, 1 trial per day, before sub-
jecting them to MCAO, to ensure that they reached opti-
mal performance [22].

Immunohistochemistry analysis

IHC staining identified TRPMS8 receptors in 3-pm-thick
skin sections obtained from the backs and all paws of 4
mice in each study group. These sections were fixed in
10% formalin, as described previously in a study that
used anti-TRPMS8 (1:100) [23]. Micromount® mount-
ing medium (Leica, Heidelberg, Germany) was used to
mount specimens. Images were acquired using a micro-
scope (Zeiss Axio Imager A2) and the area of 3,3’-diam-
inobenzidine (DAB) signaling was quantified. In brief,
the threshold was set for the DAB-stained IHC image
and the areas of DAB-stained tissue and whole tissue in
the image were analyzed with Image]"" software (1. 51 v,
NIH) [24]. The ratios of the areas of DAB-stained tissue
to whole tissue were counted.

In situ detection of apoptosis in brain

The brains were harvested and embedded in optimal
cutting temperature (OCT) compound (Leica, Heidel-
berg, Germany) and frozen immediately, before cutting
sections of 25 um thicknesses from each tissue block.
Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) evaluated apoptosis using ApopTag
Plus Fluorescein In Situ Apoptosis Detection Kits (Mil-
lipore, Burlington, MA, USA). ProLong® Gold Antifade
Reagent (P36971; Thermo Fisher) was used to mount
specimens and stain the nuclei. Three images from the
peri-infarct zone were acquired in each section using a
microscope (ZEISS Axio Imager A2) and the numbers of
cells were counted with Image]vrM software (1. 51 v, NIH),
as previously described [25, 26]. We used specific crite-
ria for counting TUNEL™ cells, including nuclei-like size
and shape, as well as fluorescent signal colocalization
between green (TUNEL) and blue (nucleus) channels.
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The same criteria were adhered to for all images and the
ratios of TUNEL™ cells to total nuclei were calculated by
an independent observer.

Western blot analysis

The experimental procedure followed that used in our
previous study [27]. In brief, samples obtained from tis-
sues were homogenized in a protein extraction buffer.
Protein concentration was determined using the BCA
protein assay kit (Pierce). Protein at 20-40 pg was sepa-
rated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) using an 8-15% resolving
gel under reducing conditions and the gel was trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(GE Healthcare Life Sciences). After undergoing block-
ing with 1% BSA diluted in Tris-buffered saline (TBS)
for 1 h at room temperature, the membranes were incu-
bated overnight at 4 °C with primary antibody diluted in
0.1% Tween 20 in 20 mM Tris and 150 mM NaCl. The
membranes were probed with B-actin (1:10,000) as the
internal control. The blots were incubated for 1 h at room
temperature with a horseradish peroxidase-conjugated
secondary antibody (1:10,000; Santa Cruz Biotechnol-
ogy). Protein bands were detected using Immobilon
Western Chemiluminescent HRP Substrate (Millipore)
and estimated using Image Analysis Program Labwork
4.5 (UVP, Inc., Upland, CA, USA).

Immunofluorescence staining

Immunofluorescence confocal microscopy was performed
according to the method described in our previous study,
with some modifications [27]. In this study, GFAP as the
astrocytosis marker, and the microgliosis were identified
by Iba-1. At 48 h after MCAO, sections from infarcted
brain were blocked and suspended in phosphate buff-
ered saline (PBS) containing 5% donkey serum and 0.1%
Triton X-100 before being treated overnight with GFAP
(1:200) and Ibal(1:200) antibodies. The sections were
then incubated with Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibody (1:500, A-11008; Thermo
Fisher) for 1 h, then mounted on slides with the coverslip
sealed with ProLong " Diamond Antifade Mountant with
DAPI (P36971; Thermo Fisher). Images were taken with
a confocal microscope (model SP8 TCS; Leica, Heidel-
berg, Germany). To quantify the levels of GFAP and Ibal,
the corrected total cell fluorescence (CTCF) was ana-
lyzed. The cells of interest were selected using Image]""
software tools (1. 51 v, NIH), which analyzed the areas,
integrated intensities and mean gray values. The CTCF
was calculated with this formula: CTCF =integrated den-
sity — (area of selected cell x mean fluorescence of back-
ground readings) [28, 29].
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Leukocyte and microglia isolation from mouse brains

and flow cytometry analysis

Microglia and monocytes/macrophages in the
infarcted brains were analyzed using flow cytom-
etry [30]. At 24 h after MCAOQO, the mice were killed
with an overdose of isoflurane and then transcardially
perfused with PBS. The brains were rapidly removed
and then dissociated with a tissue grinder in ice-cold
Accutase (Innovative Cell Technologies, Inc., San
Diego, CA, USA) to obtain the single-cell suspension.
After centrifugation, the cell pellet was resuspended in
a 37% PBS-Percoll (Cytiva, Marlborough, MA, USA)
and set up the Percoll density gradient to 30-37-70%
(from top to bottom). Centrifuge gradient for 40 min at
300xg at room temperature without brakes. The tube
will appear stratified. The cells layered at the 37-70%
density gradient interface are the mononucleated
immune cells (microglia and macrophage subpopula-
tions) [31]. Anti-mouse CD16/32 antibody (TruStain
FcX™ PLUS, Biolegend, San Diego, CA, USA) was
used to block the Fc receptors, and then the cells were
incubated with fluorescent-conjugated CD11b (1:200;
FITC anti-mouse/human CD11b Antibody, Bioleg-
end) and CD45 antibodies (1:100; PerCP anti-mouse
CD45 Antibody, Biolegend) for 30 min at 4 °C. Cells
were resuspended in staining buffer (Biolegend) for
analysis using the flow cytometer (BD FACSCanto,
BD Biosciences, San Jose, CA, USA) [30]. Based on
the limitation of this technique resides, the efficiency
of cell isolation was affected by the processing (tissue
dissection, disruption procedure, and density gradient
stratified) and provides an inconstant cell yield. We
gated the population 1 (P1) area of target cells accord-
ing to particle size and granularity, and we excluded
cell debris and other irrelevant particles as much as
possible. Since the cell yield and quality by density
gradient isolation were not identical between sample
batches, we used two brains (additional mice) to adjust
the measurement parameters and frame the area of P1.
CD45"¢"/CD11b* and CD45""/CD11b* populations
were regarded as infiltrating monocytes/macrophages
and resident microglia in the brain, respectively [30—
32]. To avoid data variability due to this approach,
the number of specific fluorescent stained cells in the
quadrants was normalized to the percentage of PI,
instead of the absolute value.

Drugs and antibody

Menthol (Alfa Aesar); AMTB and lidocaine (TOCRIS);
anti-TRPMS8 (Abcam); anti-GFAP, anti-PARP, and anti-
caspase-3 (Cell Signaling); Ibal (Novus); anti-CD11b
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and anti-B-actin (Genetex); FITC-anti-CD11b, and

PerCP-anti-CD45 antibodies (Biolegend).

Statistical analysis

The results are presented with actual data points and
expressed as the means=+standard error of the mean
(S.E.M.). The result of behavior tests and infarction size
for ME treatment in wild type or Trpm8 knockout mice
were assessed using two-way or three-way repeated
measures analysis of variance (ANOVA), and the Holm—
Sidak test was used for post hoc pairwise multiple com-
parisons where necessary. Other results were assessed
using one-way ANOVA followed by the Duncan’s test or
the Kruskal-Wallis test followed by the Dunn’s method,
according to the Shapiro—Wilk normality test. The Stu-
dent’s ¢-test or Mann—Whitney U test was used only to
compare between two groups, according to normality
test. p<0.05 was considered significant.

Results

Figure 1A illustrates the timeline of the experimental
procedure for stroke induction and menthol application.
Menthol (8% or 16% in 95% ethanol) was applied topi-
cally to all paws for 15 s (Fig. 1B) or to the back for 1 min
(Fig. 1C) of each mouse after 20 min of middle cerebral
artery occlusion (MCAO) and once daily thereafter until
Day 6. Oral treatment consisted of 200 mg/kg menthol
administered via gavage. Mice treated with the specific
TRPMS8 antagonist AMTB (N-(3-aminopropyl)-2-[(3-
methylphenyl)methoxy]-N-(2-thienylmethyl)benzamide)
were administered a single intraperitoneal (i.p.) AMTB
(4 mg/kg) injection 30 min before menthol treatment.
Lidocaine-treated mice received lidocaine injections (2%,
10 pL) in all wrists before topical menthol application.
All mice were subjected to MCAO and observed for 2 or
7 days.

Topically applied menthol reduced infarct volumes

and improved sensorimotor deficits in MCAO mice

When applied to the paws, menthol attenuated acute
cerebral infarction and ischemia-induced sensorimo-
tor deficits (Fig. 2). After 1 week of MCAO, 2,3,5-triph-
enyltetrazolium chloride (TTC)-stained tissue revealed
significantly smaller infarct lesion volumes in mice
treated with menthol 16% to the paws (21.54 1.5 mm?)
compared with mice in the water control (38.1+3.7
mm?®) and ethanol (vehicle) groups (36.7+3.5 mm?3)
(p<0.05, one-way ANOVA followed by Duncan post hoc
test, Fig. 2A, B). Immunohistochemistry (IHC) stain-
ing of TRPMS8 expression in skin tissue samples revealed
significantly higher levels in skin obtained from the
paws compared with skin from the back (4.98+0.93%
vs. 1.34+£0.19%, p<0.05, one-way ANOVA followed by
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Duncan post hoc test, Fig. 2C). Infarct volume was only
slightly reduced by menthol 8% applied to the paws and
there were no improvements in infarct volume when
menthol 16% was applied to the back or when menthol
was given via oral gavage (200 mg/kg).

The rotarod test is proven to be a sensitive method for
measuring sensorimotor function and motor coordina-
tion [33]. Topical application of menthol 8% or menthol
16% to the paws had no significant effects upon rotarod
performance on Day 1 (Fig. 2D), but latency-to-fall val-
ues were significantly increased on Day 3 compared
with those in ethanol-treated mice (Fig. 2D; time points:
F, 353=167.948, p<0.001; groups: Fj355=3.620, p<0.01;
time points x groups: Fy 354 =2.092, p <0.05; 396.1 +36.9
(8%)/414.3+30.2 (16%) vs. 274.9 £ 31.4 (ethanol) on Day
3, p<0.05; two-way ANOVA followed by Holm-Sidak
post hoc test). At the same time, latency-to-fall values
were significantly prolonged by topical menthol 16%
applied to the paws compared with values in the water
control group (Fig. 2D; 414.3 +30.2 (16%) vs. 292.6 £+ 32.0
(water), p<0.05 on Day 3; p<0.05). No such significant
improvements were seen with oral menthol treatment on
Day 1 and Day 3.

The adhesive removal test is widely used as a sensitive
measure of sensorimotor function in mice [22] and it can
identify sensorimotor deficits caused by unilateral lesions
placed in distinct areas of the rat sensorimotor cortex
[34]. We used the adhesive removal test in this study to
determine the effects of menthol on sensorimotor deficits
in MCAO mice. On Day 1 after MCAO injury, ethanol
was associated with prolonged removal time compared
with water treatment groups (Fig. 2F; removal: time
points: F,) 35, =119.297, p<0.001; groups: Fj35,="5.740,
»<0.001; time points x groups: Fjj35,=3.500, p<0.001;
84.8+7.1 (ethanol) vs. 49.3+£5.8 (water), p<0.01 on Day
1; two-way ANOVA followed by Holm-Sidak post hoc
test). In mice administered menthol to the paws, both
concentrations of menthol were associated with signifi-
cantly shorter time to find and remove the adhesive pads
compared with either water or ethanol treatment on
Day 1 and Day 3 after MCAO injury (Fig. 2E; sense: time
points: F, 35, =64.648, p<0.001; groups: Fj35,=8.300,
»<0.001; time points x groups: Fj35,=3.224, p<0.001;
412473 (8%)/38.3£12.3 (16%) vs. 84.84+85 (etha-
nol) on Day 1, p<0.01; 47.94+8.6 (8%)/20.6+7.6 (16%)
vs. 76.8+£7.8 (water)/76.9+10.1 (ethanol) on Day 3,
p<0.01; two-way ANOVA followed by Holm-Sidak post
hoc test) (Fig. 2F; removal: 57.0+6.0 (8%)/52.0£13.9
(16%)/49.3£5.8 (water) vs. 84.8+£7.1 (ethanol) on Day
1, p<0.05; 47.0+£6.6 (8%)/33.4:8.9 (16%) vs. 76.4+7.8
(water)/78.6+7.6 (ethanol) on Day 3, p<0.01). Time to
find and remove the adhesive pads were significantly
shorten in the mice given oral menthol compared with the
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Sham (without MCAO and drug application)

Water (MCAO; dd water dermally applied via paws)

EtOH (MCAO; EtOH dermally applied via paws)

8% ME (MCAO; 8% ME dermally applied via paws)

16% ME (MCAO; 16% ME dermally applied via paws)

Back ME (MCAO; 16%ME dermally applied via back)

Oral ME (MCAO:; 200 mg/kg, p.o.)

AMTB +ME (MCAO; AMTB 4 mg/kg i.p.; 16% ME dermally applied via paws)

Lidocaine +ME (MCAO:; Lidocaine 2% intradermal via paws; 16% ME dermally applied via paws)

L.
2.
3.
4.
5.
6.
7.
8.
9.
B

o Y i ‘;; Il e g

‘.

Fig. 1 Timeline of the experimental procedure for ischemic stroke induction and menthol (ME) application. A ME (8% or 16% in 95% ethanol),
water or ethanol was applied topically for 1 min to each paw or to the back after 20 min of MCAQ, and for 15 s once daily thereafter until Day 6.
Oral treatment consisted of menthol (200 mg/kg) administered via oral gavage. The AMTB-treated group was administered a single AMTB (4 mg/
kg i.p.) injection 30 min before menthol treatment. Lidocaine-treated mice received lidocaine injections (2%, 10 pL) in the wrists and ankles before
topical menthol application. All mice were subjected to 20 min of MCAO and observed for 1, 2 or 7 days. Behavior testing was conducted at
baseline and on Days 1, 3 and 6. B Front and hind paws of mice were immersed in menthol, water or ethanol. C 16% ME (200 pL) was applied to the
skin of the back and then was wiped off after 1 min




Huang et al. Journal of Neuroinflammation (2022) 19:192

ethanol treatment group on Day 1, but the effects were
lost on Day 3 (Fig. 2E and F; sense: 36.9+6.7 (oral) vs.
84.8 +8.5 (ethanol) on Day 1, p <0.01; removal: 48.2+13.0
(oral) vs. 84.8+7.1 (ethanol) on Day 1, p<0.05).

Inhibiting TRPM8 activity and peripheral nerve conduction
blocked the effects of menthol on infarction volume

and post-ischemic sensorimotor functions

After 1 week of MCAO, TTC-stained infarcted tissue
revealed that the effects of topically applied menthol 16%
to the paws on MCAO-induced ischemic damage were
substantially prevented by AMTB; lidocaine treatment
also blocked the effect of menthol (Fig. 3A, B). Between-
group differences in infarct sizes were significant for
menthol-treated mice (25.9+1.7 mm?® and controls
(44.9+1.5 mm?), and for mice pretreated with AMTB
(49.6+10.8 mm?) or lidocaine (37.8+3.1 mm?® com-
pared with those administered menthol alone (p<0.05,
one-way ANOVA followed by Duncan post hoc test,
Fig. 3B).

Rotarod performance tended to be worse with both
AMTB and lidocaine treatment compared with men-
thol alone; the significant between-group difference
was for menthol alone but not for AMTB+menthol a
nd lidocaine+menthol groups versus water control on
Day 3 (Fig. 3C; time points: F,,, =48.835, p<0.001;
groups: Fj,,=2.477, p=0.063; time points X groups:
Fg00,=1425, p=0.196; 408.2+33.3 (menthol) vs.
259.4+314 (water) on Day 3, p<0.05 two-way
ANOVA followed by Holm-Sidak post hoc test). On
Day 1 after MCAO injury, treatment with menthol on
paws improved time to find the adhesive pads in spite
of pretreatment with AMTB or lidocaine (Fig. 3D, time
points: F,,,,=48.770, p<0.001; groups: Fj3,,,=12.639,
p<0.001; time points X groups: Fg1,4=5.292, p<0.001;
84.5+11.6 (water) vs. 57.1+12.8 (menthol)/40.2+7.4
(AMTB)/56.0+9.8 (lidocaine) on Day 1, p<0.05; two-
way ANOVA followed by Holm-Sidak post hoc test).
Results of adhesive testing revealed that pretreat-
ment with AMTB or lidocaine prolonged the time to
sense the adhesive patches compared with menthol
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monotherapy; between-group differences were signifi-
cant on Day 3 (Fig. 3D; 7.7+ 1.3 (menthol) vs. 45.8 +£10.2
(AMTB)/58.0+11.2 (lidocaine)/90.8£10.8  (water),
p<0.01). As for adhesive patch removal time, pretreat-
ment with either AMTB or lidocaine significantly pro-
longed time compared with menthol alone (Fig. 3E; time
points: F,,,,=50.702, p<0.001; groups: F;,,,=4.222,
»<0.01; time pointsx groups: Fg,,,=3.014, p<0.01;
18.0+4.2 (menthol) vs. 67.8+12.9 (AMTB)/71.6 £9.43
(lidocaine)/71.8 8.75 (water) on Day 3, p<0.001; two-
way ANOVA followed by Holm-Sidak post hoc test).

Topically applied menthol to paws did not improve
apoptosis but did reduce oxidative damage after focal
cerebral I/R injury

Focal cerebral ischemic injury is associated with apop-
tosis [35]. In this study, the TUNEL assay revealed a sig-
nificant increase in apoptotic DNA fragmentation after
MCAO-induced focal cerebral ischemic injury, with no
reduction after topical menthol treatment compared with
water treatment (Fig. 4A and B; F, ,3=21.935, p<0.001;
0.00+0.00 (sham) vs. 37.05+4.78 (water)/37.98+5.33
(menthol) % to DAPI, p<0.05; one-way ANOVA fol-
lowed by Duncan post hoc test). Similarly, on Day 7
after MCAOQO, there were no significant between-group
differences among the sham-, water- and menthol-
treated groups in levels of caspase-3, a crucial mediator
of apoptosis (Fig. 4C, D). Poly (ADP-ribose) polymerase
(PARP), a DNA repair enzyme that is typically activated
by single-strand breaks associated with oxidative stress,
was increased on Day 7 after MCAO (Fig. 4C and E;
F,39=7.587, p<0.01; 0.81£0.05 vs. 1.00£0.04 fold of
water, p<0.05; one-way ANOVA followed by Duncan
post hoc test). Interestingly, topically applied menthol
treatment significantly decreased PARP expression in the
ipsilateral hemisphere (Fig. 4E; 1.00£0.04 vs. 0.72£0.07
fold of water, p<0.01). Moreover, levels of malondialde-
hyde (MDA), an oxidative stress marker, were reduced
by topical menthol application on Day 2 after MCAO
(Fig. 4F; 18.98+£2.20 (water) vs. 10.83+0.76 (menthol)
nmol/mg, p <0.05; t-test).

(See figure on next page.)

the symbols indicate the data of mice used in each study group

Fig. 2 Topically applied menthol (ME) attenuates acute cerebral infarction and ameliorates ischemia-induced sensorimotor deficits. ATTC
staining of cerebral infarction volume in the water controls, ethanol (vehicle)-treated mice, mice administered ME (8% or 16%) to the paws,

mice administered ME (16%) to the back, and mice administered oral ME (200 mg/kg). Scale = 5 mm. B Infarct volumes (mm?) in ischemic brain
tissue after 1 week of MCAQ in the water controls, ethanol-treated mice, and mice administered ME. C Representative IHC staining of TRPM8
expression in the skin from the back and paw. Scale =50 um. D Postischemic behavioral outcomes in the rotarod test. E, F Postischemic behavioral
outcomes in the adhesive removal test: sense time (E) and latency-to-removal time (F). All data are expressed as the means £ S.EM. *p <0.05 vs
water; %p <0.05 vs ethanol; *p < 0.05 vs ME 16% alone. The Mann-Whitney U test was used only to compare levels of TRPM8 expression between
skin samples from the paws and backs of 4 mice. In each bar in B-F, the number of individuals of each group was shown within parentheses, and
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Topically applied menthol to paws reduced post-stroke
levels of astrocytosis and microgliosis expression

Levels of glial fibrillary acidic protein (GFAP) pro-
tein expression at 7 days after ischemic injury were
increased at the lesion site due to astrocytic hypertro-
phy and were reduced by topical menthol application
on the paws in wild-type (Trpm8™*) mice (Fig. 4G
and H; F,,5=58.661, p<0.001; 1.0040.05 (water) vs.
0.154+0.03 (sham)/0.48 +0.07 (menthol) fold of water,
p<0.05; one-way ANOVA followed by Duncan post
hoc test). At 48 h after MCAQO, immunofluorescence
staining of brain tissue sections revealed significantly
downregulated levels of GFAP-positive astrogliosis (red
color) in the peri-infarct zones of menthol-treated mice
compared with water-treated Trpm8™* mice (Fig. 5A
and C; F,,3=22.239, p<0.001; 3094.9£370.1 (water)
vs. 449.1 +142.7 (sham)/1400.5+366.6 (menthol) cor-
rected total cell fluorescence (CTCF), p<0.05; one-
way ANOVA followed by Duncan post hoc test). The
CD11 protein is a marker of macrophages, monocytes
and microglia, and is increased after stroke [36]. On
Day 7 after MCAO, CD11b expression was markedly
increased in the water treatment group and was signifi-
cantly reduced by topical menthol application (Fig. 4G
and I; F,;5=46.048, p<0.001; 1.00£0.03 (water) vs.
0.3+£0.05 (sham)/0.77+0.07 (menthol) fold of water,
p<0.05; one-way ANOVA followed by Duncan post
hoc test). At 48 h after MCAQO, immunofluorescence
staining showed that ionized calcium-binding adapter
molecule 1 (Ibal)-positive microgliosis (red color) was
significantly downregulated in the peri-infarct zone of
Trpm8*/* mice in the menthol-treated group compared
with water-treated mice (Fig. 5B and D; F,,,=7.271,
p<0.01; 22357+4449 (water) vs. 2084+31.3
(sham)/1130.2+213.7 (menthol) CTCEF, p<0.05; one-
way ANOVA followed by Duncan post hoc test). In con-
trast, menthol treatment failed to prevent post-stroke
astrogliosis and microgliosis in Trpm8~/~ mice. Images
taken at high magnification show marked increases in
GFAP-positive astrocyte expression in the water- and
menthol-treated Trpm8~'~ mice compared with water-
treated Trpm8''™ mice (Fig. 5A and C; 3094.9+37.1
(water-Trpm8*/T) vs. 7450.9 4 445.4 (water- Trpm8~'")/
6769.6 £1709.2 (menthol-Trpm8 ") CTCF, p<0.05).
In addition, ischemic injury did not increase Ibal
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expression in water-treated Trpm8~'~ mice compared
with Trpm8*/* mice, whereas Ibal-positive micro-
glia were significantly increased in menthol-treated
Trpm8~'~ mice compared with menthol-treated
Trpm8™* animals (Fig. 5B and D; 2515.3 4 305.4 (men-
thol-Trpm8~/7) vs. 1130.24213.7 (menthol-Trpm8*/")
CTCEF, p<0.05). Quantifications of the CTCF of GFAP
and Ibal immunoreactivity are depicted in Fig. 5C, D.

Topically applied menthol to paws reduced monocyte
infiltration into the infarcted brain after focal cerebral I/R
injury

At 24 h after MCAO, leukocytes were isolated from the
whole brains, and the percentages of CD45"8"/CD11b*
cells (Q2 population, infiltrating monocytes/macrophages)
and CD45"°"/CD11b" cells (Q4 population, brain-resident
microglia) [37] were quantified by flow cytometry (Fig. 5E).
Percentages of CD45"8"/CD11b* cells in the brain were
significantly higher in the water-treated MCAO group
compared with the sham-operated group (no MCAO)
(Fig. 5F; F,,,=6.215, p<0.01; 0.53£0.09 (sham) vs.
4.43+0.76 (water), p<0.05; one-way ANOVA followed by
Duncan post hoc test). Notably, the ME-treated MCAO
group also had significantly less percentage of CD45Mel
CD11b" cells compared with those in the water-treated
MCAO group (Fig. 5F; 443£0.76 (water) vs. 1.77£0.51
(menthol) %, p<0.05).

Topically applied menthol did not improve post-ischemic

lesion volumes or behavioral outcomes in Trpm8~/'~ mice

Figure 6A shows representative brain slices stained with
TTC at 1 week after MCAO in Trpm8*'* and Trpm8~/~
mice treated with water or menthol 16% applied to paws.
TTC measurements revealed a 38.52% reduction in infarc-
tion volume in the Trpm8™" mice after menthol treat-
ment (24.284+2.15 mm?®) compared with water treatment
(39.49+3.41 mm? p<0.05), whereas lesion volume was
not improved in the menthol-treated Trpm8~/~ mice
(40.15+£390 mm®) compared with water-treated
Trpm8*'* (39.50 & 1.83 mm?) mice (p<0.05). In addition,
lesion volume was significant larger in the menthol-treated
Trpm8”™ mice (40.15 & 3.90 mm?) compared with men-
thol-treated Trpm8™'* mice (24.28 & 2.15 mm?). (Fig. 6B;
groups: F,,=05.730, p<0.05; genes: F;,,=6.821, p<0.05;
groups x genes: F,,=7.110, p<0.05; two-way ANOVA

(See figure on next page.)

Fig. 3 Blocking TRPM8 activation increases cerebral infarction volume and worsens sensorimotor function after MCAO in the controls, mice
treated with 16% menthol (ME) alone, AMTB plus ME, or lidocaine plus ME. ATTC staining of cerebral infarction volume. Scale =5 mm. B Infarct
volumes (mm?) assessed in ischemic brain tissue after 1 week MCAQ. C Rotarod performance. D, E Adhesive testing showing contact times (D) and
latency-to-removal times (E). The results are shown as the means = SEM. *p < 0.05 vs water; *p <0.05 vs ME alone. In each bar in B-E, the number of
individuals of each group was shown within parentheses, and the symbols indicate the data of mice used in each study group
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followed by Holm-Sidak post hoc test). Topically applied
menthol in Trpm8*'* mice significantly improved latency-
to-fall in rotarod test (Fig. 6C; time points: F, 33=6.057,
p<0.01; groups: F 34=4.250, p <0.05; time points X groups:
F, 34=2.675, p=0.083; 261.4439.0 (water) vs. 455.0£47.1
(menthol) on Day 3, p<0.05; two-way ANOVA followed
by Holm-Sidak post hoc test). Although the rotarod per-
formance of Trpm8~'~ mice did not worsen compared to
Trpm8*'* mice after MCAO, topical menthol application
to paws did not alter rotarod performance in Trpm8~/~
mice (Fig. 6C; time points: F,,,=11.947, p<0.001; groups:
F, ,,=2.826, p=0.097; genes: F, ;,=1.388, p=0.243; time
points x groups: F,,,=0.960, p=0.388; groups x genes:
F,,,=1273, p=0.263; time points x genes: F,,,=0.654,
p=0523; time pointsx groups X genes: F,,,=2.079,
p=0.132; three-way ANOVA followed by Holm-Sidak
post hoc test).

Discussion

Our results reveal a previously unrecognized function
of topically applied menthol in promoting functional
recovery from MCAQO damage. The protective effects of
topically applied menthol were reversed by the TRPM8
antagonist, AMTB, and the local anesthetic, lidocaine.
Since we observed that the benefits of topical menthol
are associated with TRPMS8 receptors in the peripheral
nerve, it is to be expected that the abundant expression
of TRPMS8 in mouse paw skin was associated with sig-
nificant improvements in infarction volume and behav-
ior after MCAO injury by menthol application. Topically
applied menthol reduced the expression of PARP and
MDA content, but did not influence caspase-3 levels and
apoptotic cells in the ipsilateral hemisphere. According to
levels of GFAP, CD11b and Ibal expression in Trpm8"'*
mice, topical menthol application to the paws suppressed
the activation of astrocytes and microglia after focal cere-
bral ischemic injury. In Trpm8~’'~ mice, topically applied
menthol exacerbated the activation of astrocytes and
microglia, and was not associated with any benefits in
infarct volume or behavioral testing after MCAOQ injury.
Our results show that topically applied menthol to mouse
paws reduced oxidative stress and neuroinflammation
and thus improved ischemic stroke via activation of the
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peripheral ion channel TRPMS. Figure 7 summarizes the
effects of topically applied menthol to activate TRPMS in
the paws of mice against ischemic stroke.

We observed the effects of different dosages and routes
of administration with menthol in the ischemic stroke
model. Our data indicate more potent amelioration of
stroke damage in mice when menthol is applied to their
paws rather than their backs. IHC analyses revealed sig-
nificantly higher TRPMS expression in skin samples from
the paws compared with skin samples from the backs.
This result was reflected by significantly smaller infarct
lesion volumes and superior sensorimotor function in
mice treated with menthol 16% on the paws compared
with on the back. These results also support the conten-
tion that TRPMS8 expression in the paw skin is the main
site of action for topically applied menthol to paws. Thus,
even when skin from another part of the mouse body
was indirectly moistened with menthol through touch
contact, the very little amount of menthol had no protec-
tive effect against MCAO injury. Menthol concentration
was important, as we observed significant therapeutic
benefits with the dermal application of menthol 16% to
the paws compared with menthol 8%. The concentration
of menthol and the density of TRPMS8 receptors were
also important for neuroprotection of dermal menthol
administration against cerebral ischemic injury. When
administered to mice by oral gavage, menthol 200 mg/
kg is associated with increased energy expenditure [38].
Moreover, oral menthol has shown anti-inflammatory
effects in many different disease models [39-41]. How-
ever, in our study, oral menthol dosing did not assist with
recovery from MCAO. These data indicate that topically
applied menthol to the paws can improve infarction vol-
ume and sensorimotor dysfunction after ischemic stroke.

No research has as yet described the role of TRPMS in
stroke. Our results show that pretreatment with AMTB
reversed the protective effects of menthol concerning
infarction volume and behavioral deficits; these benefits
associated with menthol were also abolished in Trpm8~/~
mice. The TRPMS8 channel contributes to the cooling
sensation of menthol, and cooling body temperature
demonstrated therapeutic effectiveness after ischemic
stroke [42]. TRPMBS is expressed on peripheral sensory

(See figure on next page.)

Fig. 4 Topically applied menthol (ME) did not influence apoptosis, but suppressed markers of microglia and astrocyte activation and oxidative
stress in ipsilateral brain. A-B Representative images and group analysis show that the expression of TUNEL (green color) was significantly increased
among the water controls and mice in the ME-treated group compared with the sham-operated group (n =6-8) on Day 2 after MCAO. C Western
blot results display the expression of caspase-3 and PARP on Day 7 after ischemic stroke. 3-Actin was used as the internal control. D-E Relative
protein levels of caspase-3 (D) and PARP (E) were quantified after normalization to $-actin (n==8-14). F Cerebral oxidative stress markers were
evaluated by MDA content (n=3) on Day 2 after ischemic stroke. G Western blot results display CD11b and GFAP expression. 3-Actin was used

as the internal control. H-1 Relative protein levels of CD11b (H) and GFAP (I) on Day 7 after ischemic stroke were quantified after normalization to
B-actin (n=6). The results are shown as the means £ S.EM. 'p < 0.05 vs sham; *p < 0.05 vs water
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Fig. 5 Topically applied menthol (ME) to paws mitigates MCAO-induced astrocytosis and microgliosis. A, B Representative immunofluorescent
photomicrographs of GFAP (A) and Iba1 (B) expression (red color), respectively, in the peri-infarct zone of brain segments from sham-operated mice,
mice and Trpm8™~ mice on Day 2 following MCAQ. The inset in low magnification is shown with a high
magnification view in the below rows. DAPI staining is presented in blue. C, D Quantitative analysis of GFAP-positive astrogliosis and Iba1-positive
microgliosis. 'p <0.05 vs sham; *p < 0.05 vs water-treated Trom8++ mice; *p <0.05 vs menthol-treated Trom8++ mice; ép < 0.05 vs water-treated
Trom8~'~ mice. E Density-plot graphs of FACS-sorted cells from sham-operated mice, water- and menthol-treated Trom
following MCAO. Target cells (population 1, P1) are gated according to particle size and granularity and excluding cell debris and other irrelevant
particles as much as possible. Q2 cell population, CD45"9"/CD11+ cells (monocytes/macrophages); Q4 cell population, CD45'"/CD11+ cells
(microglia). F Quantitative analysis of CD45"9"/CD11+ cell percentage in the brains. All data are expressed as the means + S.EM. In each bar, the
symbols indicate the data of mice (n=4-13) used in each study group. The scale bars represent 50 um at 200X magnification

8% mice on Day 1

nerve fibers as well as in hypothalamic and hindbrain
nuclei in the CNS [43]. However, systemic hypother-
mia might affect all of organs and systems in the body
[44]. Pharmacological activation of TRPMS8 in periph-
eral nerve was realized with topical menthol application
in our study. Researchers have speculated that TRPMS8
may balance the proinflammatory responses of TRPV1
and TRPA1 during inflammation and thereby mediate
chemosensory deactivation and inflammatory neuropep-
tide release [43]. TRPMS activation inhibits mechanical
allodynia and thermal hyperalgesia in chronic constric-
tion injury-induced neuropathic pain after sciatic nerve

ligation [45], while antagonism of TRPM8 downregulates
TRPMS8 protein levels and proinflammatory signaling,
which thereby improves neuropathic pain [46]. It appears
that TRPMS plays a complex role in neuroprotection and
neurological disorders.

In this study, activation of microglia and astrocytes after
MCAO was suppressed by topically applied menthol.
Recent study also showed activation of microglia was
downregulated by hyperthermia after ischemic stroke
[42]. In ischemic brains, microglia in the peri-infarct
site phagocytose damaged and moribund cells within
minutes of cerebral injury. If this process continues, it
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exacerbates the pathology of ischemia/reperfusion injury
and proinflammatory cytokines are secreted, resulting
in further damage [47]. Moreover, inflammatory stimuli
induce production of reactive oxygen species (ROS) in
damaged brain tissues after stroke [48, 49]. In cerebral
ischemic injury, astrocytes are exposed to a broad spec-
trum of extracellular cues that result in astrogliosis and
secretion of inflammatory mediators [49, 50], as well as
upregulation of many potentially neurotoxic genes in
the acute phase [51] and pronounced and long-lasting
changes in astrogliosis producing scar formation [50, 51].
Treatments that can reduce astrogliosis and microgliosis
promote recovery from ischemic stroke [52]. Our study
results indicate that topically applied menthol shows
promise in both aspects.

Following cerebral I/R injury, activated leukocytes infil-
trate the infarcted zone [53, 54]. In this study, topical
menthol application suppressed levels of CD11b protein
expression. CD11b™ cells found within the brain paren-
chyma can express relatively high or low levels of CD45, a
marker of all hematopoietic cells; high-level CD11b™ cells
are infiltrating monocyte/macrophages, while low-level
CD11b™ cells are resident microglia [30]. The accumula-
tion of CD45M¢"/CD11b™ cells previously reported in the
brain parenchyma after MCAO [30, 37] was reduced by
topical menthol treatment in our study. Our investigation
of neutrophil expression in the infarcted brain revealed
similar results (the data are not shown) to those of a pre-
vious report that found few parenchymal neutrophils in
mice following acute MCAO [55].
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Our results indicate that post-stroke topical application
of menthol limits the infiltration of monocytes from the
circulation.

Suppression of apoptosis and oxidation is typically
regarded as a protective mechanism after ischemic
injury. We observed that topical application of menthol
to the paws reduced oxidative stress in the ischemic brain
as reflected by decreased levels of MDA, a marker of lipid
peroxidation. Increased PARP and caspase-3 expres-
sion in apoptosis is undesirable [56]. However, we found
that topically applied menthol did not reduce caspase-3
expression, which was emphasized by the TUNEL assay
results showing no decreases in apoptotic DNA fragmen-
tation after topical menthol administration. Our findings
resemble those of another experimental study that also
recorded no change in levels of apoptosis after treating
MCAO-induced stroke, with accompanying neuropro-
tective effects, decreased necrosis and improvements in
neurological function [57]. We therefore speculate that
topical menthol improves necrosis rather than affect the
level of apoptosis, and thus reduces oxidative stress and
infarct volume after MCAO. Another molecule increased
with oxidative stress is the DNA repair enzyme PARP,
which is normally activated by single-strand breaks dur-
ing ischemic injury. PARP inhibition is cytoprotective in

many disease models, so has been proposed for treatment
of traumatic brain injury and stroke [58]. Study evidence
has shown that treatment with a PARP inhibitor can
protect human lens cells from oxidative stress-induced
death [59] and attenuate neuronal cell death [60]. More-
over, PARP inhibition has been shown to downregulate
the expression of inflammatory mediators and adhesion
molecules in an in vitro model of the blood—brain bar-
rier (BBB), enhancing barrier integrity and decreasing
monocyte migration across the BBB models [61]. PARP
inhibition has also shown neuroprotective effects by
reducing cerebral infarction and BBB damage after cer-
ebral ischemic injury [62]. These studies demonstrate
how the suppression of oxidative stress and PARP are
crucial for neuroprotection. We have shown that topi-
cally applied menthol uses these mechanisms to protect
against ischemic stroke.

Conclusions

Our study describes a unique, simple-to-use method
for administering menthol treatment to the forepaws
and hind paws of mice, which effectively ameliorated
infarct volume and sensorimotor deficits in focal cerebral
ischemic injury. We found that topically applied men-
thol was neuroprotective by decreasing PARP expression
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and oxidative stress, suppressing astrogliosis and micro-
gliosis, and reducing the infiltration of monocytes and
macrophages after MCAO. When applied to the skin of
mouse paws, the neuroprotective effects of menthol were
achieved via activation of TRPMS receptors. As an adju-
vant therapy for stroke, topical menthol application to
the hands and feet could be an easy and convenient treat-
ment for patients. This study provides new insights into
the pathological processes that occur after acute ischemic
stroke and a novel supplemental therapeutic strategy for
stroke patients.
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