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Activation of central and peripheral transient
receptor potential melastatin 8 increases
susceptibility to spreading depolarization
and facilitates trigeminal neuroinflammation

Tzu-Ting Liu™?, Pin-Yu Chen®*, Chyun-Yea Tseng? Yun-Ning Chen?, Jian-Bang Chen? Tz-Han Ni?, Shuu-Jiun Wang'*,
Shih-Pin Chen'3*® and Jiin-Cherng Yen?"

Abstract

Background Transient receptor potential melastatin 8 (TRPMS), a gene encoding a nonselective cation channel
responsive to cold stimuli, has been implicated in migraine susceptibility. Despite this association, the role of TRPM8
to migraine pathogenesis remains elusive. This study aims to elucidate the potential role of TRPM8 in migraine
pathophysiology.

Methods TRPMS expression in the cortex and primary trigeminal ganglion (TG) cells was analyzed via
immunostaining. The central role of TRPM8 was assessed using a spreading depolarization (SD) model, where
intracerebroventricular injections or topical applications of TRPM8 agonists and antagonists were administered to
rats to investigate their effects on KCl-evoked SD and SD-induced cortical inflammation. The peripheral role of TRPM8
in migraine was evaluated using primary cultures of rat TG cells by analyzing the effects of TRPMS8 activation on
calcitonin gene-related peptide (CGRP) expression, release, and trigeminal neuroinflammation.

Results TRPM8 was homogeneously distributed in the cerebral cortex, predominantly co-localizing with cortical
neurons. Activation of cortical TRPM8 increased the frequency of KCl-evoked SD and exacerbated SD-induced cortical
inflammation. Interestingly. Interestingly, inhibition of cerebral TRPM8 had negligible effects. In TG primary cultures,
TRPM8 activation upregulated CGRP expression and release and induced cyclooxygenase-2 (Cox2) upregulation via a
calmodulin kinase Il (CaMKll)-dependent mechanism.

Conclusions TRPMS activation increased susceptibility to SD and facilitated the effects of CGRP and trigeminal
neuroinflammation, implicating that TRPM8 may contribute to migraine pathophysiology through central and
peripheral mechanisms.
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Background

Migraine is characterized by recurrent, intense pulsating
headaches, concomitant with symptoms such as nausea,
vomiting, photophobia, and phonophobia. It ranks as the
second leading cause of global disability [1], impacting
approximately 15% of the population [2]. Genetic factors
significantly influence migraine etiology, with genome-
wide association studies (GWAS) revealing a correlation
between migraine susceptibility and specific single nucle-
otide polymorphisms (SNPs) near the genetic loci of
transient receptor potential melastatin 8 (TRPMS) [3-6].
TRPMS is a non-selective cation channel that responds
to temperatures below 26 °C and cooling substances like
menthol. It is expressed in the primary afferent neurons
of the trigeminal ganglia (TG) and dorsal root ganglia
(DRG) [7, 8], dural afferent fibers [9],, as well as cerebral
vessels and brain parenchyma [10, 11]. These tissues are
crucial for cooling sensation and pain perception, sug-
gesting a potential causal role of TRPMS8 in migraine
pathophysiology [12].

Clinical studies have documented a potential associa-
tion between migraines and exposure to cold, identify-
ing cold weather and cold stimuli as potential triggers
for migraine attacks [13]. Furthermore, individuals with
migraines exhibit an increased susceptibility to cold-
stimulus headaches [14, 15], often experiencing a higher
pain intensity and a greater prevalence of associated
symptoms when exposed to cold stimuli compared to
healthy individuals [16]. Preclinical investigations further
support TRPMS8’s involvement in migraine pathophysiol-
ogy. Icilin-induced TRPMS activation has been reported
to cause cutaneous facial and hind paw cold allodynia in
rats [17]. A study shows that genetic ablation of TRPM8

prevents nitroglycerin (NTG)-induced mechanical allo-
dynia, suggesting that neurons expressing TRPM8 chan-
nels play a role in both spontaneous and evoked pain
behaviors [18]. Conversely, clinical studies indicate that
the topical cold therapy [19, 20], intranasal evaporative
cooling [21], and cutaneous application of menthol [22]
demonstrate efficacy against migraine attacks. Addition-
ally, preclinical studies underscore TRPMS8’s protective
role, as menthol has been found to alleviate migraine-
related pain induced by topically applied inflammatory
soup over the dura [23]. Moreover, TRPMS8 expedites
recovery from NTG-induced mechanical hypersensitivity
in males [24]. Due to the controversial findings, the pre-
cise role of TRPMS in migraine pathophysiology remains
to be elucidated.

Spreading depolarization (SD), characterized by a
slowly propagating wave of near-complete neuronal and
glial depolarization, is considered the intrinsic mecha-
nism underlying migraine aura [25, 26]. SD initiates
cortical neuroinflammation and activates the trigemino-
vascular system (TVS) [27-29], leading to the release of
neuropeptides such as calcitonin gene-related peptide
(CGRP) from meningeal nociceptors [30], which ulti-
mately results in headaches. As a validated preclinical
model of migraine, SD provides a robust platform for
screening potential therapeutic targets and unraveling
the intricate pathophysiology of migraine. This study
focuses on examining the role of TRPMS in susceptibil-
ity to migraines. Given its widespread distribution, we
explored the functions of TRPM8 both centrally and
peripherally. To elucidate the central effects, we first
characterized the expression pattern of TRPMS8 in the
cerebral cortex and subsequently assessed its impact
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on SD and the cortical inflammation. To evaluate the
peripheral contribution, we utilized primary trigeminal
neuronal cultures to investigate how TRPMS8 activation
affects CGRP expression and release, as well as neuroin-
flammation. Our study aims to explore the potential role
of TRPMS in migraine pathophysiology.

Methods

Ethics

Animal procedures were conducted following the
ARRIVE guidelines. The research protocol received
approval from the Institutional Animal Care and Use
Committee at National Yang Ming Chiao Tung Univer-
sity, Taiwan.

Animals

Male Sprague-Dawley rats, ranging in age from 6 to 8
weeks and weighing 200-350 g, sourced from BioLasco
Taiwan, were employed for the SD model. Postnatal
rats aged 8—10 days were selected for the establishment
of primary TG cell cultures. Animals were housed in
cages with environmental controls set to 21+1 °C for
temperature, 40-70% for humidity, and a 12-hour light/
dark cycle. Rats had ad libitum access to a rodent stan-
dard diet and water. To ensure proper acclimatization, all
experiments commenced after a minimum acclimatiza-
tion period of 3 days in these controlled environments.

Surgery

Anesthesia was initially induced through an intraperito-
neal injection of sodium pentobarbital (50 mg/kg). Simul-
taneously, a homeothermic system (Patterson Scientific,
Waukesha, USA) was used to maintain the body tem-
perature of the rats within the range of 36.8—-37.2 °C. Fol-
lowing a tracheotomy to facilitate ventilation, mechanical
ventilation was carried out using a ventilator (CWE, Ard-
more, PA) delivering a gas mixture of 30% O, and 70%
N,. To sustain anesthesia, polyethylene tubes (PE-50)
were inserted into the femoral vein for intravenous infu-
sion of sodium pentobarbital. The femoral artery was
cannulated with PE-50, enabling continuous monitoring
of systemic arterial pressure (Table 1) via a transducer

Table 1 Animal physiology
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(T844, ADInstruments, Castle Hill, Australia). Heart rate
was recorded from arterial pulses per minute (Table 1).
Throughout the experimental procedure, a portable
blood gas analyzer (Abbott, Princeton, USA) with single-
use test cartridges was employed to monitor arterial pH,
PaO,, and PaCO, (Table 1), ensuring the maintenance of
the rats’ normal physiological status.

The test agents were administered either via intracere-
broventricular (i.c.v.) injection or topical application on
the cerebral cortex. In the case of i.c.v. injection, rats
were securely positioned in a stereotaxic apparatus. Cra-
niotomies were performed to create three burr holes,
enabling i.c.v. injection, SD induction, and recordings.
The coordinates for the i.c.v. injection were 0.5 mm cau-
dal and 1.5 mm lateral to the bregma, at a depth of 4 mm
below the cortical surface, on the hemisphere contra-
lateral to the SD induction site. For topical treatment, a
cranial window ipsilateral to the SD side over the parietal
cortex (AP: -1.5 mm, ML: 2 mm, diameter: 4 mm) was
created, followed by the craniotomies for SD induction
and recording.

Pharmacological treatment

Anesthesia induction was used by intraperitoneal injec-
tion of sodium pentobarbital (50 mg/kg), and maintained
through intravenous infusion of sodium pentobarbital at
a rate of 15—20 mg/kg/h. For pharmacological treatment,
rats were prepared for surgery as described above. In the
case of i.c.v. injection, the TRPMS agonist (icilin, 50-500
uM) or antagonist (M8-B, 5-50 uM) along with the vehi-
cle (artificial cerebrospinal fluid with or without 0.1%
DMSO), was administered to the lateral ventricle con-
tralateral to the SD-induction side using a microinjection
syringe (75RN SYR, 5 L from Hamilton) with a 32-gauge,
6 cm needle. The solutions were injected at a rate of
0.1 pl per 5 s, and the microinjection needle was gently
removed at a rate of 0.8 mm per minute after 5 min. For
topical treatment, a cranial window was pre-treated with
a cotton ball soaked in the test drugs (M8-B, 50 uM) for
30 min before SD induction.

Treatment pH PaCO, PaO, BP HR

Vehicle (i.cv.) 741+0.03 39.0+6.8 1075+133 116.1+10.2 4459+297
Icilin (50 uM, i.c.v) 740+0.03 380+59 105.0+83 1204+84 419.0+428
Icilin (500 uM, i.cv.) 742+0.03 364+6.0 105.1+135 1082+10.7 4442+550
aCSF (i.cv) 741+0.03 395+57 9442111 112487 45354333
M8-B (5 uM, i.c.v.) 740+0.02 36.8+6.7 101.9+143 1121+6.8 4129+302
M8-B (50 uM, i.cv.) 7.38+0.03 41.1£52 1006+8.0 1124+89 4283+413
Saline (topical) 742+0.02 433+£36 1109+183 1196+144 366.9+34.3
M8-B (topical) 742+0.02 392+27 102.1+18.6 1153+120 427.1+203

Data are presented as mean+SD. All physiological parameters were maintained within normal range
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SD susceptibility

The methodology for susceptibility testing of SD adhered
to our established protocols [31-33]. Initially, parietal
bone exposure was meticulously performed, and two
burr holes were drilled to enable SD recording (antero-
posterior [AP]: bregma+2 mm, mediolateral [ML]:
2 mm; diameter: 1 mm, dura intact) and induction (AP:
bregma -5 mm; ML: 2 mm; diameter: 1.5-2 mm, dura
removed). An Ag/AgCl electrode, affixed to a glass cap-
illary microelectrode, was positioned 0.5 mm below the
cortical surface to record the direct current (DC) poten-
tial, which was subsequently amplified using an appro-
priate amplifier. An SD event was identified by a current
shift exceeding 5 mV. The effects of TRPMS8 on SD fre-
quency, duration, and amplitude were evaluated.

Primary culture of TG neurons

We adapted a previously established protocol for primary
neuronal cultures with modifications [34]. Neonatal rats
aged P8-P10 were anesthetized with sodium pentobar-
bital (50 mg/kg) and euthanized via transcardial perfu-
sion. The skull and cerebrum were removed to isolate the
TG. The collected tissue was washed with ice-cold Dul-
becco’s Modified Eagle Medium (DMEM) containing 1%
penicillin-streptomycin. TG tissues were then transferred
to a culture dish, dissected into small pieces (approxi-
mately 0.5 mm), and the supernatants were discarded.
To eliminate calcium and magnesium interference during
the enzymatic digestion, the TG tissue was rinsed twice
with sterile phosphate-buffered saline (PBS). The tissue
was then incubated in collagenase (2 mg/ml) at 37 °C for
45 min. After removing the supernatants, the tissue was
resuspended in a mixture of neurobasal medium, N2 and
B-27 supplements, basic fibroblast growth factor (bFGF),
brain-derived neurotrophic factor (BDNF), glial cell-
derived neurotrophic factor (GDNF), L-glutamine, and
penicillin-streptomycin (for concentration, see Table 2).
The tissue fragments were filtered through a 40 pm cell
strainer twice, and the cell suspension was centrifuged at
1000 rpm for 5 min. After discarding the supernatants,
the cells were uniformly seeded onto 24-well plates pre-
coated with poly-ornithine and laminin in DMEM to
ensure normal cell proliferation and and cell-cell com-
munication. The cultures were maintained in a humidi-
fied 37 °C incubator with 5% CO,, and the medium was
replenished daily with cytosine-B-D-arabinofuranoside
until the cells were ready for experimentation.

Measurement of intracellular Ca?* concentration

Due to the limited number of cells obtained from a sin-
gle TG, we pooled TG tissues from 2 to 3 animals, which
were then subjected to the primary culture procedures
mentioned above, followed by a previously established
method to measure intracellular Ca** levels [35]. Primary
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TG cells were plated onto coverslips pre-coated with
gelatin and then incubated with Fura-2 AM, a calcium
fluorescent indicator, for 1 h at room temperature in the
dark. After incubation, the dye solution was removed,
and the cells were rinsed twice with HEPES-buffered
saline. To facilitate the de-esterification of Fura-2 AM,
the cells were further incubated with loading buffer sup-
plemented with probenecid (2.5 mM) for a minimum of
20 min at room temperature. Intracellular Ca®>* concen-
trations were quantified by measuring the fluorescence
emission intensity at 510 nm, in response to 340 nm
(for Ca*>*-bound Fura-2) and 380 nm (for Ca**-unbound
Fura-2) excitation wavelengths at 2-second intervals.
Excitation wavelength adjustment was performed using
an ultra-fast switching monochromator (Polychrome V,
TILL Photonics GmbH, Grifelfing, Germany), and fluo-
rescence signals were captured with a CCD camera (Mic-
romax YHS1300, Roper Scientific, Trenton, NJ, USA)
attached to a fluorescence microscope (IX70, Olympus,
Tokyo, Japan). The change in the 340/380 nm excita-
tion ratio over time was plotted to assess the variation in
intracellular Ca®* levels. For the analysis of intracellular
Ca® dynamics, phase contrast and pseudocolor images
were obtained for each experiment. Individual cells were
manually outlined in the images, and the F340 nm/F380
nm ratios, representing Ca**-bound and Ca**-unbound
Fura-2 fluorescence signals, were measured for each cell
over time. The average ratio for each cell was calculated
across the time course of the experiment. To determine
the overall response in each independent experiment, the
data from all cells within the experiment were averaged.
Subsequently, the average values from each indepen-
dent experiment were used to calculate the final group
mean for each condition. To determine the percentage of
responding cells, cells that showed a significant increase
in the F340 nm/F380 nm ratio following treatment were
considered responders. A response was defined as a>10%
increase in the F340/F380 ratio relative to baseline values.
The number of responding cells was counted and divided
by the total number of cells analyzed in each independent
experiment to obtain the proportion of responding cells.
This proportion was then averaged across independent
experiments to derive the final percentage of responding
cells for each condition.

Measurement of extracellular CGRP

The culture medium was collected and centrifuged at
5000xg for 5 min at 4 °C. Extracellular CGRP levels in the
supernatant were assessed using a commercially avail-
able CGRP ELISA kit (details provided in Table 2), fol-
lowing the manufacturer’s instructions. To investigate the
role of extracellular Ca®, we substituted Ca**-free culture
medium for the normal culture medium using the Ca*
chelator BAPTA for 5 min, followed by treatment with
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Reagent or resource type Source Identifier Dilution/Application

Experimental models: Organisms/strains

Rattus norvegicus: Sprague-Dawley (6-8 weeks old,  BioLASCO RRID: RGD_737903 N/A

male)

Rattus norvegicus: Sprague-Dawley (P8-P10 pups)  BioLASCO RRID: RGD_737903 N/A

Antibodies

Rabbit polyclonal anti-TRPM8 Alomone Labs Cat #ACC-049; 1:1000 (WB)
RRID: AB_2040254 1:100 (IF)

1:400 (ICQ)

Rabbit polyclonal anti-Cox2 Abcam Cat #ab15191; 1:1000 (tissue WB)

RRID: AB_2085144 1:600 (cell WB)
1:200 (ICQ)

Rabbit polyclonal anti-TNF-a Abcam Cat #ab9739 1:250 (WB)
RRID: AB_308774

Mouse monoclonal anti- phospho-CaMKII Thr286 Upstate Cat #05-533; 1:400 (WB)

(clone 22B1) RRID: AB_309788

Rabbit monoclonal anti-CaMKIl Cell Signaling Cat #4436; 1:200 (WB)

Technology RRID: AB_10545451

Mouse monoclonal anti-a-tubulin (clone B512) Sigma-Aldrich Cat #T5168; 1:5000 (WB)
RRID: AB_477579

Mouse monoclinal anti-B-actin (clone-CA-15) Sigma-Aldrich Cat #TA5441; 1:5000 (WB)
RRID: AB_476744

Mouse monoclonal anti-GAPDH Abcam Cat #ab8245 1:5000 (WB)
RRID: AB_2107448

Rabbit polyclonal anti-CGRP Abcam Cat #ab47027; 1:200 (ICC)
RRID: AB_1141573

Mouse monoclonal anti-NeuN Chemicon Cat #MAB377; 1:100 (IF)
RRID: AB_2298772. 1:200 (1ICQ)

Mouse monoclonal anti-Blll tubulin Abcam Cat #ab78078 1:400 (ICC)
RRID: AB 2,256,751

Mouse monoclonal anti-GFAP (clone GAS5) Sigma-Aldrich Cat # G3893; 1:100 (IF)
RRID: AB_477010

Goat polyclonal anti-Iba1 Abcam Cat # ab5076; 1:100 (IF)
RRID: AB_2224402

Donkey anti-rabbit IgG, HRP-linked Cytiva Cat #NA934; 1:2500 (WB)
RRID: AB_772206

Sheep anti-mouse IgG, HRP Linked Cytiva Cat#NA931; 1:2500 (WB)
RRID: AB_772210

Goat anti-rabbit IgG highly cross-adsorbed second-  Invitrogen Cat#A-11,034; 1:200 (IF)

ary antibody, Alexa Fluor 488 RRID: AB_2576217 1:500 (ICC)

Goat anti-mouse IgG cross-adsorbed secondary Invitrogen Cat#A-11,001; 1:200 (IF)

antibody, Alexa Fluor 488 RRID: AB_2534069 1:500 (ICC)

Goat anti-rabbit IgG cross-adsorbed secondary Invitrogen Cat#A-11,012; 1:200 (IF)

antibody, Alexa Fluor 594 RRID: AB_141359 1:500 (ICQ)

Donkey anti-rabbit IgG highly cross-adsorbed Invitrogen Cat#A-21,207 1:200 (IF)

secondary antibody, Alexa Fluor 594 RRID: AB_141637

Donkey anti-mouse IgG highly cross-adsorbed Invitrogen Cat#A-21,202 1:200 (IF)

secondary antibody, Alexa Fluor 488 RRID: AB_141607

Donkey anti-rabbit IgG highly cross-adsorbed Invitrogen Cat#A-21,206 1:200 (IF)

secondary antibody, Alexa Fluor 488 RRID: AB_2535792

Donkey anti-goat IgG cross-adsorbed secondary Invitrogen Cat# A-11,058; 1:200 (IF)

antibody, Alexa Fluor 594

Chemicals, culture medium, and recombinant proteins

Icilin

M8 B hydrochloride
KN 93

Sigma Aldrich

Tocris
Tocris

RRID: AB_142540

Cat# 19532

Cat#5324
Cat#1278

50 and 500 uM (in vivo)

0.1,1,and 10 Mm (in
vitro)

50 UM (in vivo)
5 pM (in vitro)
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Reagent or resource type Source Identifier Dilution/Application

BIBN4096 R&D Systems Cat #4561 1-10 nM (in vitro)

Fura-2 AM Invitrogen Cat#F1221 5 UM (in vitro)

1,2-Bis(2-aminophenoxy)ethane-N, N,N’,N’- Sigma Aldrich Cat#14,510 20 mM (in vitro)

tetraacetic acid (BAPTA)

Neurobasal medium Gibco Cat#21,103,049 N/A

N-2 Supplement (100X) Gibco Cat#17,502,048 1X (primary culture)

B-27 Plus Supplement (50X) Gibco Cat#A3582801 1X (primary culture)

Rat FGF-basic (bFGF) recombinant protein Gibco Cat#400-29 20 ng/pL (primary
culture)

Rat BDNF recombinant protein Gibro Cat#450-02 10 ng/pL (primary
culture)

Rat GDNF recombinant protein Gibro Cat#450-51 10 ng/pL (primary
culture)

Cytosine-B-D-arabinofuranoside Sigma Aldrich Cat#C1768 3 UM (primary culture)

L-glutamine Biological Industries Cat#03-020-1B 0.5 mM (primary
culture)

poly-ornithine R&D Systems Cat#3436-100-01 50 pg/mL (primary
culture)

laminin R&D Systems Cat#3400-010-02 10 ng/pL (primary
culture)

DPX Mountant for histology Sigma Aldrich. Cat#06522 N/A

Antifade Mounting Medium with DAPI Vector Laboratories Cat#H1500 N/A

Critical commercial assays

CGRP (rat) EIA Kit Cayman Chemical Cat#589,001 N/A

ABC-HRP Kit, Peroxidase (Rabbit IgG) Vector Laboratories Cat#PK-6101 N/A

DAB Substrate Kit, Peroxidase (HRP), with Nickel Vector Laboratories Cat#SK-4100 N/A

Software and algorithms

LabChart (Version 8) ADInstruments https://www.adinstruments.com/ N/A

FV10-ASW4.0 Olympus https.//www.olympus-lifescience.com/ N/A

MShot Image Analysis System MSHOT https://www.m-shot.com/ N/S

Graphpad Prism (Version 7) GraphPad https://www.graphpad.com/ N/A

BioRender BioRender https://www.biorender.com/ N/A

vehicle or icilin for 30 min. Finally, the CGRP levels in the
medium were measured using the ELISA kit.

Immunohistochemistry

In accordance with established protocols [33, 36], rats
were subjected to transcardial perfusion with a freshly
prepared 4% paraformaldehyde during the tissue har-
vest. Following this, the brains were promptly harvested
and post-fixed with 4% paraformaldehyde at 4 °C for
24 h. Subsequent to post-fixation, the brains underwent
dehydration using a 30% sucrose solution (in 0.1 M PBS).
Using a Thermo CryoStat NX50 cryostat, 20-um-thick
cryoprotected cortical tissue sections were obtained.
The cortical sections (bregma+1 to -3 mm) were rinsed
in PBS to remove any residual O.C.T. After quenching
endogenous peroxidase activity with 3% H,O,, sections
underwent permeabilization and blocking using 3% nor-
mal serum in PBS (containing 0.375% gelatin and 0.2%
triton-X-100) for a minimum of 60 min at room tem-
perature. Primary antibodies (as outlined in Table 2) were
applied to the sections, which were then incubated at 4 °C

for 2448 h. Following PBS rinse, sections were probed
with goat anti-rabbit biotinylated secondary antibody
(Table 2) at room temperature for 1 h, followed by con-
jugation with avidin-biotin complex (Table 2) for 30 min
at room temperature. Chromogenic detection was per-
formed using DAB (3,3-diaminobenzidine) with nickel
(Table 2). After staining, the sections were mounted onto
silane-coated slides and dehydrated with graded ethanol
concentrations of 50%, 75%, 95%, and 100%. For clear-
ing, sections were treated with a 50% xylene in ethanol
solution, followed by 100% xylene. Clearing is an impor-
tant step in histopathology that helps remove dehydrat-
ing agents from tissues, making them transparent for
improved tissue imaging. Xylene is widely used as a clear-
ing agent due to its effectiveness in removing alcohols
from tissues, facilitating paraffin infiltration, and enhanc-
ing tissue transparency for better visualization in light
microscopy [37]. Image acquisition utilized an optical
microscope (Olympus BX63, Tokyo, Japan) within a view
area of 560 pumx400 pm at 40X, 100X, or 400X magnifi-
cation following coverslipping. The resultant images were
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subjected to analysis utilizing the MShot Image Analysis
system.

Immunofluorescence staining

For multi-color staining in cortical sections, the sample
preparation followed the our established immunohis-
tochemistry protocol [31, 33, 36]. After permeabiliza-
tion and blocking with a solution comprising 3% normal
serum, 0.375% gelatin, and 0.2% Triton-X-100 in PBS, the
sections underwent incubation with primary antibodies
derived from distinct species (Table 2) at 4 °C for a dura-
tion of 24—48 h. Following this, the sections were treated
with Alexa Fluor dye-conjugated secondary antibodies
(Table 2) for a two-hour period at room temperature.
Subsequent to this incubation, the tissue sections were
stained with 600 nM DAPI for 10 min and meticulously
washed with PBS to eliminate any residual fluorescent
dye. Upon mounting on silane-coated slides and cover-
slipping with antifade mounting medium, the captured
images were observed using a confocal laser scanning
microscope (Olympus FV1000, Tokyo, Japan) within a
view area of 200 umx200 pm at 600X magnification. A
uniform fluorescence threshold was consistently applied
to all images within the same experimental group for sub-
sequent image analysis through the utilization of Image]
software. We quantified the number of DAPI-positive,
NeuN-positive, and TRPM8-positive cells. The ratio of
NeuN+/DAPI was calculated to represent the proportion
of neurons among all cells. The ratio of TRPM8+/DAPI
was calculated to represent the proportion of TRPMS8-
positive cells among all cells. Additionally, the ratio of
TRPMS8 + NeuN+/NeuN +was calculated to represent
the proportion of TRPMS8-positive neurons among all
neurons.

Western blot analysis

The protocol followed our established procedures [31,
33, 36]. We collected cortical samples situated 1 mm
from the SD induction site and between the SD record-
ing sites. These samples were promptly frozen for sub-
sequent protein expression analysis. Upon thawing, the
frozen samples were resuspended in lysis buffer (G Bio-
science, Saint Louis, USA) supplemented with 10% (v/v)
protease and phosphatase inhibitors (Roche, Hannheim,
Germany) and homogenized. Following homogenization,
the mixture underwent centrifugation at 4 °C, 10,000xg
for 15 min. The protein concentration in the cell lysates
was determined using the Bradford assay [38], following
the manufacturer’s instructions. For gel electrophoresis,
lysates containing 45 pg of protein per lane were loaded
onto a 5% stacking gel and 8% or 10% SDS-polyacryl-
amide separating gel. Electrophoretic transfer onto poly-
vinylidene difluoride (PVDF) membranes was carried
out at 4 °C for 1.5 h at 150 V and 350 mA. Subsequently,
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membranes were blocked with 5% fat-free milk for 1 h at
room temperature. Primary antibodies (see Table 2) were
then incubated with the membranes at 4 °C for a mini-
mum of 8 h. Afterward, membranes were rinsed with
tris-buffered saline containing 0.1% tween-20 (TBS-t) to
remove residual unconjugated antibodies. Membranes
were further probed with secondary antibodies conju-
gated to HRP enzyme for 1 h at room temperature. Image
acquisition was performed using a Luminescence Imag-
ing system (GE Amersham Imager 600, Waltham, USA)
after additional washing with TBS-t and incubation
with the enhanced chemiluminescence (ECL) substrates
(Merck Millipore, Burlington, MA, USA). We utilized
Image] for quantifying signal intensity, adjusting the val-
ues relative to the loading control for comparison.

Statistical analysis

Animals were randomly assigned to each group, with
sample sizes closely aligning with those reported in our
previous studies [31-33, 36]. Statistical analysis was con-
ducted in a blinded manner using GraphPad Prism soft-
ware (version 7, GraphPad Software Inc., San Diego, CA,
USA). Data are presented as mean +standard deviation
(SD) or standard error of the mean (SEM), as specified
in the figure legends. For datasets that passed the Shap-
iro-Wilk test for normality, one-way analysis of variance
(ANOVA) followed by post-hoc tests, as indicated in the
figure legends, were used to compare multiple groups.
For datasets failing the normality test, Mann-Whitney
U-tests and Kruskal-Wallis tests with post-hoc Dunn’s
test were applied. A significance level of p <0.05 was con-
sidered statistically significant.

Results

Neuronal TRPM8 exhibited a homogeneous distribution
throughout the cerebral cortex

In this study, we first mapped the distribution of TRPM8
in the cerebral cortex of rats. The protein level of TRPMS8
remained consistent across rostral (+2 to 0 mm), medial
(0 to -2 mm), and caudal (-2 to -4 mm) sections (Fig. 1A).
Notably, TRPMS8 exhibited a homogeneous and diffuse
expression pattern throughout the superficial cortical
layers (layers II-III) across the rostral, medial, and caudal
regions of the cerebral cortex (Fig. 1B). Subregional anal-
ysis also revealed a uniform expression pattern of TRPM8
among the dorsal, lateral, and ventral areas (Additional
file 1), where TRPM8-expressing neurons accounted for
66.2—-84.5% of all neurons. Furthermore, 80.6-94.1% of
TRPMS + cells were identified as neurons (Additional file
1B-1C). These observations were corroborated by West-
ern blotting results, indicating a consistent distribution
of TRPM8-expressing cells in the cortex. To further char-
acterize the types of cells expressing TRPMS8, immuno-
fluorescence was conducted. Clearly defined fluorescence
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Fig. 1 Uniform distribution of neuronal TRPM8 across the cerebral cortex. (A) Western blot analysis indicates consistent protein levels of TRPM8 across
rostral (+2 to 0 mm), median (0 to -2 mm), and caudal (-2 to -4 mm) sections. n=3. (B) Immunohistochemistry demonstrates a homogeneous and diffuse
expression pattern of TRPM8 throughout layers Il ~ Il of the cerebral cortex at AP+ 1.5, AP-1.5, and AP-3 mm. Images are shown at magnifications of 40X,
100X, and 400X. Scale bars represent 500 um, 125 um, and 50 pum for 40X, 100X, and 400X magnifications, respectively. (C) Immunofluorescence staining
demonstrates colocalization of TRPM8 with NeuN (neuronal marker) and minimal to no colocalization with GFAP (astroglial marker) and Ibat (microglial

marker). Scale bar =20 um

signals were observed in cortical neurons, while neither
microglia nor astrocytes exhibited TRPMS8 expression
(Fig. 1C).

Activation of cerebral TRPM8 enhances susceptibility to SD
To investigate the central effects of TRPMS8 on migraine
pathogenesis, we assessed the impact of TRPMS8 on sus-
ceptibility to SD. We analyzed the frequency, duration,
and amplitude of SD following the central administra-
tion of a TRPMS agonist via two distinct routes. Icilin,
a synthetic TRPMS8 agonist, was i.c.v. injected prior to

SD induction. Our results revealed icilin (50-500 pM)
increased the frequency of KCl-induced SD (Fig. 2B).
To assess the endogenous role of TRPMS8 in SD suscep-
tibility, we administered the TRPMS8 antagonist M8-B
via i.c.v. injection and topical application to the cerebral
cortex. Interestingly, neither i.c.v. injection (5-50 pM)
nor topical application of M8-B (50 uM) altered the fre-
quency of SDs (Fig. 2C). TRPMS activity modulation via
i.c.v. injection did not influence the amplitude and dura-
tion of SD, except for a significant difference observed
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Fig. 2 Effect of cerebral TRPM8 activation and inhibition on susceptibility to SD and SD-induced cortical inflammation. (A) Experimental timeline. (B)
Effects of cerebral TRPM8 activation by icilin (50-500 pM) on KCl-induced SD frequency compared to the vehicle group (1% DMSO in aCSF). Data include
n=6 for the vehicle and icilin 50 uM groups, and n=3 for the icilin 500 uM group. Statistical significance was observed (*p=0.0153 for the icilin 50 pM
group versus vehicle, *p=0.0393 for the icilin 500 uM group versus vehicle; Kruskal-Wallis test). (C) Effects of cortical TRPM8 inhibition via i.c.v. injection
or topical application of the TRPM8 antagonist M8-B (5 or 50 uM) on KCl-induced SD frequency. For the i.cv. group, n=5 for vehicle and n=7 for M8-B
(p=0.6654, one-way ANOVA); for the topical group, n=6 for vehicle and n=5 for M8-B (p=0.9247, unpaired t-test). (D) Western blot analysis showing
temporal changes in SD-induced upregulation of Cox2 and TNF-a protein expression in the cerebral cortex. For Cox2, n=4 per group, with *p=0.0288 for
the SD 1 h group versus control, p <0.0001 for the SD 2 h group versus control, and #p=0.0024 for SD 1 h versus SD 2 h. For TNF-a, n=4 for control and
post-SD 0.5 h groups, and n=6 for the post-SD 1 h group, with *p=0.0166 for the post-SD 1 h group versus control (one-way ANOVA followed by Tukey's
post hoc test). (E) Effects of TRPM8 activation or inhibition by i.c.v. injection of icilin or M8-B on SD-induced Cox2 expression compared to the vehicle
control. For Cox2, n=4 per group with *p=0.0121 versus vehicle, #p=0.0209 versus icilin. For TNF-a, n=8 per group with *p=0.0408 versus vehicle (one-
way ANOVA followed by Tukey’s post hoc test). Data are presented as mean + SEM

Table 3 Amplitude and duration of SD

between the M8-B topical group and the saline topical

group (Table 3).

Treatment Amplitude Duration
Vehicle (i.c.v) 23.15+£3.09 15.98+1.61
Icilin (50 UM, i.c.v.) 2531+£1.97 16.28+4.19
Icilin (500 M, i.c.v.) 2428+1.34 16.26+2.83
aCSF (i.cv) 2341+£1.64 13.85+4.62
M8-B (5 uM, i.cv.) 2357+1.66 13.52+2.10
M8-B (50 UM, i.c.v.) 2246+3.39 13.76+1.72
saline (topical) 2463+298 19.41+3.80
M8-B (topical) 2539+1.38 14.23+2.35*%

SD-induced cortical neuroinflammation plays a critical
role in headache initiation and persistence [36, 39]. SD
upregulated the inflammatory markers cyclooxygenase
2 (Cox2) and tumor necrosis factor-a (TNF-a) 1 h after
SD induction (Fig. 2D), consistent with previous findings
[36, 39, 40]. This effect was further enhanced by TRPM8
activation using icilin (Fig. 2E). However, TRPMS inhibi-
tion using M8-B did not significantly alter SD-induced

Data are presented as mean+SD. No significant differences were observed
among the groups (p>0.05), with the exception of a significant difference
noted between the M8-B topical group and the saline topical group (*p=0.0146,
unpaired t-test)

Cox2 and TNF-« expression (Fig. 2E), consistent with the
observed SD frequency (Fig. 2C). Icilin caused a slight
increase in pro-CGRP expression levels, while M8-B had
no significant effect on cortical pro-CGRP expression
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Fig. 3 Activation of TRPM8 induced CGRP upregulation and release in primary TG cells via CaMKIl-dependent mechanism. (A) Schematic diagram il-
lustrating the procedure for primary cultures of TG cells derived from postnatal day 8 to day 10 rats. (B) Effects of icilin on intracellular Ca** dynamics in
vehicle- and icilin-treated cultured cells. Upper panel: Representative images of intracellular Ca>* dynamics in vehicle- and icilin-treated groups. The left
panel shows phase contrast images of cultured cells in both groups (scale bar =20 um). The middle and right panels show pseudocolor representations of
F340 nm/F380 nm ratios before and after treatment, respectively. Lower panel: temporal changes in intracellular calcium concentration following TRPM8
agonist icilin (10 uM) treatment, represented as the mean ratio of 340 nm (Ca?*-bound Fura-2) to 380 nm (Ca**-unbound Fura-2) fluorescence signals in
vehicle (blue line) and icilin-treated (red line) groups. For the vehicle group, data were obtained from the TG of 8 rats, with tissues pooled from 4 animals
and cultured in two separate dishes. For the icilin group, data were obtained from the TG of 5 rats, with tissues pooled from 2 animals for one culture dish
and from 3 animals for another culture dish. Fura-2 was loaded into the cells in each dish for calcium ion signaling detection. The shaded plots represent
individual data sets showing temporal changes in Ca** signaling for both the vehicle (blue line) and icilin (red line) groups. The bold line represents the
average of the two individual culture data sets. (C) Western blot analysis showing the temporal changes in TRPM8 activation and its effect on phosphory-
lated CaMKII expression (n=3; *p=0.011 versus control group, one-way ANOVA followed by Tukey’s post-hoc test). (D) Immunofluorescence staining
demonstrates the expression of CGRP following icilin (10 uM) treatment compared to the vehicle group (n=3; *p <0.0001 versus vehicle group). (E) Effects
of TRPMS activation on extracellular CGRP levels in the culture medium, with KCl (60 mM) serving as a positive control (n=3; *p=0.02, 0.0001, and 0.002
foricilin at 1 uM, 10 uM, and KCl, respectively, versus their basal levels). (F) The effects of pretreatment with the CaMKIl inhibitor KN-93 (5 uM, 10-minute
pretreatment) on icilin-induced CGRP upregulation (n=3; *p<0.0001 versus vehicle group; #p=0.026 for vehicle vs. icilin at 1 h, #p=0.0009 for vehicle
vs. icilin at 6 h, two-way ANOVA). (G) The effects of CaMKIl inhibition by KN-93 (5 uM) on icilin-induced extracellular CGRP levels following icilin treatment
(n=3; *p=0.01 versus vehicle group; #p=0.03 vs. icilin group, one-way ANOVA). Immunofluorescence staining and western blot data are presented as
mean + SEM. CGRP release data are expressed as mean=+SD. Scale bar: 20 um

(Additional file 2 A). Additionally, TRPM8 expression
decreased following 2 h of SD induction (Additional file
2B) but remained stable when pretreated with icilin or
MS8-B (Additional file 2C) or when these treatments were
combined with SD (Additional file 2D). In summary,
our findings suggest that cerebral TRPMS8 activation
increases both SD frequency and SD-induced cortical
inflammation, while TRPMS8 inhibition does not sig-
nificantly affect KCl-evoked SD or SD-induced cortical
inflammation. From the perspective of TRPM8’s central
role, TRPMBS activity may contribute to increased suscep-
tibility to migraine.

Activation of TRPM8 in the TG induces the upregulation
and release of CGRP through CaMKII-dependent
mechanism

To elucidate the peripheral role of TRPMS8 in migraine
pathogenesis, we utilized primary cultures of TG cells
derived from postnatal day 8 to day 10 rats, selected for
their higher cell yield compared to adult rats (Fig. 3A,
Additional file 3A). Differential interference contrast
(DIC) imaging demonstrated that neurons cultured for 8
days in vitro (DIV8) exhibited significantly higher adhe-
sion rates and a more mature morphology, character-
ized by well-developed neuronal processes, compared to
neurons at earlier stages of differentiation (Additional file
3B). Consequently, DIV8 neurons were chosen for subse-
quent experimental treatments. In these primary TG cul-
tures, neurons constituted 50.88% of all cells, with 52.31%
of these expressing TRPMS8. Additionally, 50.01% of the
cells were identified as CGRP-positive neurons (Addi-
tional file 3 C-E).

TRPMS, a non-selective cation channel, facilitates Ca**
influx into the cell upon activation. We assessed intracel-
lular calcium levels following TRPM8 activation using the
calcium indicator Fura-2. In the vehicle group, 11.5+5.4%
of cells exhibited a slight increase in intracellular Ca*

concentration, reflecting basal Ca® dynamics over time.
In contrast, 59.2 £ 5.4% of cells in the icilin-treated group
showed a rapid 13% increase in intracellular calcium lev-
els within 2 min, with this elevation sustained for at least
10 min (Fig. 3B). This response aligns with our result that
approximately 50% of the cells express TRPM8 (Addi-
tional file 3C), suggesting that most TRPM8-positive cells
respond to icilin stimulation (Fig. 3B). Furthermore, icilin
triggered a time-dependent activation of calmodulin
kinase II (CaMKII), a crucial downstream signaling mol-
ecule for Ca*, with peak activation observed at 1 h and
a subsequent decline at 2 h (Fig. 3C). To investigate the
effects of TRPMS activation on the expression and release
of CGRP in primary TG cells, we performed immuno-
fluorescence staining. This revealed a significant increase
in neuronal CGRP levels following icilin treatment
compared to the vehicle group (Fig. 3D). We also mea-
sured extracellular CGRP levels in the medium to evalu-
ate CGRP release. As the spontaneous release of CGRP
by the cells in the absence of exogenous stimuli could
not be confirmed, measuring the CGRP concentration
in the medium alone would make it difficult to discern
whether the observed response was due to drug treat-
ment or intrinsic cellular release. Therefore, we utilized
60 mM KCl in the CGRP release experiments as a posi-
tive control for external stimuli-induced CGRP release,
based on prior studies demonstrating that KCI stimulates
CGRP release [41]. Our results demonstrated that icilin
promoted CGRP release in a dose-dependent manner
(Fig. 3E). To determine whether TRPM8-induced CGRP
upregulation and release occurs via the CaMKII pathway,
we utilized the CaMKII inhibitor KN-93. Pretreatment
with KN-93 attenuated icilin-induced CGRP upregula-
tion (Fig. 3F) and inhibited icilin-induced CGRP release
(Fig. 3G). Additionally, we explored the role of extracel-
lular Ca® in icilin-induced CGRP release by employing a
Ca*-free medium supplemented with the chelating agent
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BAPTA (Additional file 4 A). The absence of extracellular
Ca* significantly reduced icilin-induced CGRP release
(Additional file 4B), indicating that icilin facilitates CGRP

release through a mechanism dependent on extracel-
lular Ca® influx. In summary, our findings suggest that

TRPMS8 activation in trigeminal neurons upregulates
CGRP and promotes its release via a Ca*/CaMKII-
dependent mechanism.
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Fig. 4 Activation of TRPM8 in primary TG cells induced neuroinflammation via CaMKIl-dependent mechanism. (A) Effects of icilin treatment on Cox2
expression in primary TG cells (n=5; *p=0.0139 vs. vehicle control, Kruskal-Wallis test followed by Dunn’s post-hoc analysis). (B) Temporal dynamics of
icilin-induced Cox2 expression (n=4; *p=0.0162 vs. vehicle control, one-way ANOVA followed by Tukey's post-hoc test). (C) Western blot analysis show-
ing the effect of CaMKll inhibition by KN-93 (5 uM) on icilin-induced Cox2 upregulation (n=5; *p=0.0012 vs. vehicle control, #p=0.0028 vs. KN-93 group,
+p=0.0445 vs. icilin group, one-way ANOVA followed by Holm-Sidak’s post-hoc analysis). (D) Immunofluorescence staining demonstrates icilin-induced
Cox2 expression (red fluorescence) co-localized with NeuN, a neuronal marker (green fluorescence) in TG cells. Scale bar =20 um. Quantitative analysis
shows the percentage of Cox2+neurons (n=3; *p=0.0051, 0.0001, and <0.0001 for icilin at 3 h, 6 h, and 12 h, respectively, vs. vehicle group; #p=0.0271
foricilin at 6 h and p=0.0011 for icilin at 12 h vs. icilin at 3 h, one-way ANOVA). (E) Immunofluorescence staining illustrates the effects of KN-93 inhibition
on icilin-induced Cox2 expression in TG neurons. Scale bar =100 um. White boxes indicate the regions that are shown at higher magnification in the
adjacent panels, providing a clearer view of Cox-2 localization. Scale bar in the magnified images =50 um. Quantitative results indicate the percentage of

Cox2+neurons (n=3;*p=0.0219 vs. vehicle group, Kruskal-Wallis test). Data are presented as mean +SEM

Activation of trigeminal TRPM8 induces CaMKII-dependent
neuroinflammation

Finally, we investigated the impact of TRPMS8 on neuro-
inflammation. Treatment with icilin resulted in a dose-
and time-dependent increase in Cox2 levels, observed
at 12 h (Fig. 4A-B). Inhibition of CaMKII with KN-93
did not significantly alter the basal expression of Cox2.
However, KN-93 pretreatment effectively attenuated
icilin-induced Cox2 upregulation (Fig. 4C). Immunofluo-
rescence staining confirmed that Cox2-expressing cells
were predominantly trigeminal neurons, as evidenced
by their co-localization with NeuN-positive neurons
(Fig. 4D). Moreover, icilin-evoked Cox2 expression was
reduced by CaMKII inhibition, underscoring the role of
CaMKII in mediating neuroinflammation downstream
of TRPMS (Fig. 4E). Additionally, we examined the role
of CGRP in icilin-induced trigeminal neuroinflammation
using BIBN4096, a CGRP receptor antagonist. Immu-
nostaining revealed that icilin-induced Cox2 expres-
sion was attenuated by co-treatment with BIBN4096 at
3 and 6 h (Additional file 5 A-B). Western blot analysis
further confirmed that icilin-induced Cox2 upregula-
tion was significantly reduced in cells co-treated with a
high concentration (10 pM) of BIBN4096 (Additional file
5 C). In summary, our findings indicate that activation
of peripheral TRPMS, particularly within the trigeminal
ganglion, plays a significant role in driving trigeminal
neuroinflammation.

Discussion

This study provides novel insights into the potential role
of TRPMS in migraine the by exploring its central effects
on SD and its peripheral effects on TG neuronal activ-
ity and inflammation. By demonstrating that activation
of cortical neuronal TRPMS8 increases susceptibility to
SD and SD-evoked cortical neuroinflammation, pos-
sibly independent of intrinsic regulatory mechanisms,
our findings shed light on previously unexplored central
aspects of cortical TRPMS8 function. Furthermore, our
results also address the peripheral contribution, specifi-
cally, trigeminal TRPMS8 activation, to the release and
expression of CGRP and trigeminal neuroinflamma-
tory responses via a CaMKII-dependent mechanism.

Collectively, these findings underscore the the central
and peripheral TRPMS8 functions, providing insights
into possible therapeutic strategies targeting TRPMS8 for
migraine.

Potential mechanisms underlying TRPM8's influence on SD,
TG neuron, and migraine-related behaviors

To the best of our knowledge, this study is among the first
to explore the potential relationship between TRPMS8
and cortical SD (Fig. 2B and C). Our findings suggest
that TRPMS activation may increase the frequency of SD
events. Elevations in extracellular glutamate and K* are
crucial for initiating and propagation of SD. It is plau-
sible that TRPMS8 activation influences SD susceptibility
by increasing intracellular Ca** levels, which could con-
tribute to neurotransmitter release. Studies indicate that
menthol-induced TRPMS8 activation leads to glutamate
release from DRG neuronal terminals [42—44]. Further-
more, TRPMS8 has been reported to activate large-con-
ductance Ca’*-activated K* channels (BK channels),
promoting the outward K* flow upon Ca*" influx [45].
Notably, TRPMS8 activation has been linked to increased
neuronal excitability by inhibiting leak K" conductance
[46], potentially accounting for the depolarized resting
membrane potential observed after SD. These findings
suggest that TRPMS8 activity may modulate susceptibil-
ity to SD by affecting excitatory neurotransmission, K*
efflux, and intrinsic neuronal membrane properties.

The propagation of SD is critically dependent on Ca**
influx. Previous studies have shown that SD triggered by
localized high K" or brief electrical stimulation requires
Ca®* for its propagation [47, 48]. For example, in rat
neocortical slices, pre-treatment with Ca’*-free media
completely prevented SD induced by localized high K*
exposure [49]. Similarly, non-selective Ca®" channel
blockers have been shown to prevent SD propagation in
hippocampal slices following high K* exposure, further
supporting the notion that calcium influx is essential for
SD spread [50]. Studies in genetically modified mice with
mutations in the P/Q-type Ca®* channel gene (CACN1A)
provide additional evidence for the crucial role of calcium
in SD propagation [51-53]. Gain-of-function knock-
in mutations of the Cacnala gene have been associated
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with reduced SD thresholds and accelerated propagation
speed, underscoring the potential involvement of P/Q-
type channels in SD regulation. Since P/Q-type Ca®*
channels mediate calcium-dependent neurotransmitter
release [52], both non-selective Ca?* channel blockers
and selective inhibitors of P/Q-type channels effectively
block SD propagation [53], further emphasizing the
essential role of Ca®*influx in SD propagation.

CaMKI], a serine/threonine kinase, is activated in
response to elevated intracellular Ca** levels [54]. In
our TG primary culture experiments, we observed that
TRPMS activation leads to CaMKII activation (Fig. 3C).
While this mechanism has not been directly examined in
the cerebral cortex, it is reasonable to hypothesize that
TRPMS in the cortex may operate through pathways
similar to those identified in the TG. Although direct
evidence linking CaMKII to SD susceptibility is lacking,
previous studies have reported that SD triggers transient
and reversible widespread fission of the cortical endo-
plasmic reticulum (ER). Furthermore, CaMKII inhibition
has been shown to mitigate SD-induced neuronal activ-
ity suppression and prevent ER fission [55]. TRPMS acti-
vation may elevate intracellular Ca* levels, which may
potentially initiate downstream signaling events such as
CaMKII activation. We speculate that this cascade could
play a role in SD-related events, such as CaMKII-medi-
ated ER fission and associated neuronal dysfunction.

Previous studies have explored the potential role of
TRPMS in pain or migraine-related behaviors, including
the mechanical allodynia in nitroglycerin (NTG)-induced
chronic migraine model, but the results have been incon-
sistent, likely influenced by various factors. The function
of TRPMS8 appears to depend on the context of injury.
Under cold stimuli, TRPM8 mediates cold allodynia by
regulating neuronal activity [43, 45, 46]. However, when
exposed to stronger noxious stimuli, such as formalin
or inflammatory soup, TRPMS8 exhibits anti-nociceptive
effects [23, 44]. In the NTG-induced chronic migraine
model, conflicting results have also been observed.
TRPMS lowers the mechanical allodynia threshold dur-
ing the NTG administration phase [18] but facilitates the
recovery of allodynia thresholds following repeated NTG
injections [24]. These findings suggest that TRPM8 may
contribute ro mechanical hypersensitivity in the pres-
ence of noxious stimuli. However, in the absence of nox-
ious stimuli, TRPMS plays a protective role in promoting
recovery from hypersensitivity through endogenous tes-
tosterone, an endogenous ligand of TRPMS8 [24]. Taken
together with the effects observed in other animal mod-
els, we speculate that the role of TRPMS8 in migraine-
related mechanisms is not limited to a single pathway
but likely involves contributions at multiple mechanisms,
including modulating SD and nociceptive mechanisms.
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TVS activation is pivotal in migraine pathogenesis.
While the precise mechanism underlying TVS activation
remains incompletely elucidated, meningeal vasodilata-
tion response, meningeal inflammation, and sensitization
of TNC neurons are critical components of TVS activa-
tion. A study using intravital microscopy showed that
TRPMS activation by menthol altered the basal menin-
geal arterial tone, causing meningeal vasodilation [56]. In
an ex vivo hemiskull model, menthol stimulated CGRP
release from the hemiskull, TG, and TNC [57]. Further-
more, electrophysiological recordings demonstrate that
menthol increased both excitatory and inhibitory synap-
tic transmission in the TCC [56, 58]. These findings raise
a possibility that potential pronociceptive role of TRPMS.

Characterization of TRPM8 expression and activity

In our experiments, to minimize non-specific TRPM8
signals, we utilized a TRPM8 primary antibody that
has been validated for specificity in knockout cells [63].
Our results show that the TRPMS signal in TG cultures
appeared relatively faint compared to markers such as
beta III tubulin (Additional file 3D), likely reflecting the
low endogenous expression of TRPMS8 in these neurons
under our experimental conditions. Our quantitative
results revealed that approximately 50% of the culture
consisted of neurons (Additional file 3 C), with around
half of these neurons expressing TRPM8 (Additional file
3D), suggesting that TRPM8-positive cells accounted for
roughly 25% of the total TG cell population. In contrast,
previous studies using immunohistochemistry and in situ
hybridization in rats and mice reported that TRPMS is
expressed in 11.8% of adult TG neurons [59] and 5-10%
in adult DRG neurons [60], slightly lower than our find-
ing (Additional file 3 C-D). The observed difference
may be attributed to variations in experimental meth-
odologies—ours is based on primary cultures, whereas
previous studies typically employed tissue immunohis-
tochemistry. Additionally, developmental dynamics of
TRPMS expression likely contribute to this discrepancy.
TRPMS8 expression follows a biphasic pattern during
development [61]. It begins at E14 and increases signifi-
cantly from E14 to E18 [61, 62], peaks at birth, and then
declines by P4. A second wave of upregulation occurs
between P4 and P12, followed by a slight reduction and
eventual stabilization in adulthood [61]. The higher per-
centage of TRPM8-positive neurons observed in our pri-
mary cultures—around 25%, compared to approximately
5-11% in the literature—may stem from the fact that our
cultures were derived from P8-P10 rat pups, which cor-
responds to the second developmental wave of TRPMS8
upregulation. In contrast, several studies use adult rats,
where TRPMS8 expression in both the TG (the loca-
tion of cell bodies of primary afferent neurons) and the
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afferent fibers projecting to the meninges typically shows
a decline compared to earlier developmental stages [9,
61].

The subcellular localization of TRPMS8 was clarified by
examining its distribution in relation to the cytoskeletal
marker beta III tubulin. In the overlay images, circular
hollow regions devoid of beta III tubulin staining cor-
respond to the nuclei of the cells(Additional file 3D), as
confirmed in a recent published study regarding TG pri-
mary culture [63]. The absence of TRPMS signal in these
nuclear regions indicates that TRPM8 does not local-
ize to the nucleus, consistent with findings from recent
studies [59]. A comparison of the single-channel TRPM8
staining image with the overlay image of beta III tubulin
further supports the conclusion that TRPMS is localized
in the cytoplasm rather than the nuclear region.

Additionally, our TRPMS staining in TG primary cul-
tures exhibited a relatively uniform expression pattern,
which may be attributed to the controlled cell seeding
protocol used. Uneven seeding can result in variability
in cell behavior, including differences in cell prolifera-
tion, differentiation, and cell-cell communication [64—
66]. Maintaining consistent seeding density is crucial for
obtaining reliable results, particularly in biomolecular
assays, such as those analyzing supernatants and compo-
nents isolated from cell lysates [67, 68]. However, while
our primary cultures exhibit a relatively uniform TRPM8
expression pattern, this may not fully reflect the in vivo
distribution of TRPMS in TG tissue. In tissue sections,
TG cells typically exhibit an uneven distribution, as dem-
onstrated in previous studies [33, 36, 59]. The uniform
distribution of TRPMS in our primary cultures may be
a consequence of the controlled seeding process, which
contrasts with the more heterogeneous expression pat-
tern seen in tissue. Therefore, the TRPMS8 distribution
in our cultured TG neurons may not directly mirror the
expression pattern in intact TG tissue. Regarding TRPM8
expression, most studies have focused on its presence in
the peripheral nervous system, including TG and DRG
[59]. To the best of our knowledge, TRPMS8 expression
in the brain has primarily been documented using tech-
niques such as western blot [10] or in situ hybridization
[11]. Here, we provide the first evidence of TRPMS8 pro-
tein expression in the cerebral cortex, highlighting its
spatial distribution. TRPMS8 is extensively expressed in
cortical neurons, accounting for 66.2—84.5% of the neu-
ronal population (Fig. 1 & Additional file 1), which is
notably higher than the expression levels observed in TG
primary neurons. TRPMS8 expression in both the cortex
and TG is primarily localized to neurons. Despite this
similarity, the distribution of TRPMS8 differs between
the two tissues. In the cortex, TRPMS8 is more uniformly
expressed across cortical neurons, whereas in intact
TG tissue, it shows a more uneven distribution. This
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difference likely reflects the distinct spatial distribution
pattern and neuronal organization in each tissue.

TRPMS8 is a Ca*-permeable channel. In our study,
we measured intracellular Ca** levels using the 340/380
nm excitation ratio for Fura-2 as an indicator of TRPM8
activation. Our results showed a modest increase in the
ratio from 0.30 to 0.35, indicating a small change of 0.05
following icilin treatment. In contrast, a previous study
using stable TRPM8-expressing cell lines reported a
much larger A340/380 change of approximately 3 to 4 at
the same icilin concentration (10 puM) [69]. A significant
challenge in our study was the limited cell yield from TG
primary cultures, which required pooling cells for func-
tional assays. Additionally, as noted earlier, the endoge-
nous expression of TRPMS8 in both TG primary cultures
and intact TG tissue is low, which made Ca® level mea-
surements particularly challenging. The TRPM8-express-
ing cell lines used in previous studies showed high
TRPMS expression (though the exact percentage was
unspecified, images indicated a high proportion of trans-
fected cells) [69], and our findings likely reflect the lower
TRPMS expression levels inherent to our experimental
conditions. This difference may account for the relatively
small response observed in our study.

Our findings show that after icilin treatment, the Ca*
concentration rises and remains elevated above base-
line for at least 500 s (Fig. 3B). However, these changes
may not fully reflect calcium channel activity. A previ-
ous study demonstrated that while Ca®* current changes
return to baseline within approximately 5 s under con-
tinuous icilin exposure, intracellular Ca** concentrations
remain elevated for up to 100 s [69]. Although the previ-
ous study did not assess longer-term changes in intracel-
lular Ca** levels (i.e., beyond 100 s), their results, showing
no noticeable recovery in Ca® concentration, are con-
sistent with our findings (Fig. 3B). This suggests that
intracellular Ca** dynamics may not entirely capture the
transient nature of Ca* currents. Ca® currents, driven
by the rapid movement of ions across the membrane, are
tightly regulated by membrane potential and typically
last milliseconds to seconds. In contrast, intracellular
Ca®* dynamics involve more complex processes, such as
Ca® entry, release from intracellular stores, buffering by
cytosolic proteins, and diffusion, which sustain changes
for tens to hundreds of seconds [70], which contribute to
sustained changes lasting tens to hundreds of seconds.
Importantly, these sustained changes do not necessarily
diminish the functional relevance of the initial Ca** rise
above baseline observed after icilin treatment (Fig. 3B).
On the contrary, they highlight the complexity of evalu-
ating Ca® channel activity based solely on intracellular
Ca® levels. The duration of the elevated Ca®* state may
be influenced by buffering mechanisms or the diffu-
sion rate of Ca* indicators, which could limit its ability
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to fully reflect ion channel activity compared to current
recordings. Therefore, the prolonged intracellular Ca*
responses are likely driven by downstream processes,
rather than continuous TRPMS activity, indicating a limi-
tation of the calcium imaging technique. Nonetheless,
these prolonged responses do not negate the physiologi-
cal significance of the initial Ca** rise induced by icilin.

Possible mechanisms regulating TRPM8 expression and
activity

We present novel evidence demonstrating that TRPM8
exhibits a nearly homogeneous distribution in the cere-
bral cortex (Additional file 1) and demonstrate that SD
downregulates TRPMS8 expression (Additional file 2B).
TRPMS expression or activity is modulated by several
molecules, including PIP2 [71] and protein kinase C
(PKC) [72-74]. SD has been reported to enhance PKC
activity in the cerebral cortex [75] and PKC-mediated
desensitization of TRPMS8 has been documented [72—
74]. Therefore, SD-induced PKC activation may plau-
sibly contribute to the observed reduction in TRPMS8
expression following SD. Additionally, F11, a TRPMS8
agonist, has been shown to increase TRPMS8 expres-
sion on the plasma membrane [76], which could poten-
tially rescue TRPMS8 expression following SD induction,
and might explain why TRPMS8 expression remained
unchanged when icilin treatment was followed by SD
induction (Additional file 2D). The lack of significant
changes in TRPMS8 expression after icilin treatment
alone (Additional file 2 C) may be attributed to this tran-
sient, agonist-dependent recruitment of TRPMS8. From a
pathophysiological perspective, our findings suggest that
while TRPM8 may facilitate susceptibility to SD, the SD-
induced downregulation of TRPMS8 could serve as a com-
pensatory mechanism to mitigate the effects of TRPM8
activation. Currently, there is a lack of literature explain-
ing why TRPMS8 expression is downregulated after SD
induction. However, based on our findings suggesting a
potential compensatory mechanism, future experiments
could aim to investigate this further. One approach
could involve utilizing optogenetic techniques to induce
repeated SD events in awake animals. This method would
allow the assessment of SD susceptibility at multiple time
points after the initial induction, including 2 h or longer.
By performing repeated SD inductions in awake animals,
it could be determined whether the observed downreg-
ulation of TRPMS8 leads to reduced susceptibility to SD
in subsequent tests, which would help clarify the role of
TRPMS in modulating SD.

GWAS have identified a significant association
between specific SNPs within the TRPMS8 gene, spe-
cifically rs10166942[C/T] and rs17862920[T/C], and an
increased susceptibility to migraine. Importantly, analy-
sis of TRPM8 mRNA expression in the DRG has revealed
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lower expression level associated with the chromosome
harboring rs10166942[C], in contrast to the chromo-
some carrying the rs10166942[T] variant [6]. Individuals
bearing C-allele in the rs10166942 variant exhibit a sig-
nificantly reduced sensitivity to cold pain compared to
non C-allele carriers [6], while those the rs10166942[T]
allele exhibit an increased risk of migraine [3—5]. More-
over, migraine patients with the rs10166942[T] allele are
predisposed to chronic migraine and allodynic symp-
toms [5]. This observed association suggests that genetic
polymorphisms could influence TRPM8 expression and
activity, and potentially contributing to an increased sus-
ceptibility to migraine.

TRPMS8 and neuroinflammation

Animal studies suggest that SD triggers the opening of
pannexin 1 (PANX1), facilitating the formation of the
P2 x 7-PANX1 pore complex. This complex enables sub-
sequent activation of the P2x 7 receptor, which plays a
crucial role in SD-induced neuroinflammation [36, 39,
77, 78]. Although there is no direct evidence explain-
ing how TRPMS activation by icilin treatment enhances
SD-induced cortical neuron inflammation, puriner-
gic P2x7-mediated mechanisms may still be involved.
TRPMS activators have been shown to increase ATP
release [79]. Additionally, inhibition of pannexin 1 sup-
presses TRPMS8-induced ciliary beat frequency, sug-
gesting that purinergic receptors might be part of the
downstream signaling pathway activated by TRPMS8 and
could contribute to its effects.

Regarding the relationship between SD and TG inflam-
mation, we previously examined Cox2 expression in the
TG following SD, but found no significant change in Cox2
expression after CSD [33]. Given that SD induces CGRP
upregulation and neuronal sensitization in the TG [64,
77], and considering that CGRP is known to trigger TG
inflammation through activation of its receptor in satel-
lite glial cells [80—82], we speculate that SD may induce
TG inflammation through CGRP-related mechanisms.
Previous studies have indicated that P2x7 inhibitors
can reduce CGRP expression in the TG [77], suggesting
that P2 x7 may play a role in modulating TG inflamma-
tion, potentially through CGRP regulation. Although no
direct evidence links P2 x 7 activation to Cox2 expression
in the TG, it is possible that CGRP could contribute to
TG inflammation. In this study, we lack direct evidence
addressing the relationship between cortical TRPMS8 acti-
vation and SD-induced TG inflammation. As discussed,
our previous finding of no significant SD-induced Cox2
expression in the TG may be attributed to the insufficient
timepoint at which the tissue was harvested [33]. Future
studies could address this question by evaluating differ-
ent sampling time points.
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Satellite glial cells can be distinguished in our TG cul-
tures. Based on our results, we observed that not all
DAPI signals colocalize with NeuN, and some Cox2 sig-
nals were found without NeuN colocalization (Fig. 4D-E).
This suggests the presence of satellite glial cells in the TG
cultures. However, our staining results also indicate that
CGRP, a key mediator in TG inflammatory responses,
is predominantly expressed in neurons. Previous stud-
ies have shown that satellite glial cells in the TG express
functional CGRP receptors, and activation of these
CGRP receptors can trigger inflammatory responses
in the TG [47]. In our TG primary cultures, treatment
with BIBN4096, a CGRP receptor antagonist, was able
to suppress the inflammatory response induced by icilin
(Additional file 5), which agrees with previous findings.
Therefore, based on our findings of CGRP release and
BIBN4096 treatment in TG primary cultures, we hypoth-
esize that TRPMS8 activation may promote the release
of CGRP from TG neurons, which then acts on satellite
glial cells and induces inflammation in the non-neuronal
TG cells (Fig. 4D-E). However, to confirm this hypoth-
esis, conditional knockout models that ablate CGRP in
TG neurons and CGRP receptor in the satellite glial cells
would be required for further validation.

Potential endogenous ligands for TRPM8

The mechanism underlying TRPMS8 activation by cold
stimuli within the skull remains unclear, as body temper-
atures rarely reach the levels required to trigger TRPMS8
activation. It is plausible that TRPMS8 activation may
be triggered through mechanisms independent of cold
stimuli. Although our results showed no direct effect of
endogenous TRPMS activity on SD (Fig. 2C), it remains
possible that endogenous ligands of TRPM8 may be ele-
vated under pathological conditions, thereby potentially
facilitating TRPM8-mediated effects. Proposed endog-
enous ligands for TRPMS8 include Phosphatidylinositol-
4,5-bisphosphate (PIP2) [83], the growth factor artemin
[84], the hormone testosterone [85], and the membrane
protein Pirt [86]. Notably, artemin has been implicated
in migraine. While direct clinical evidence of elevated
artemin levels in migraine patients is lacking, preclinical
studies have investigated the potential role of artemin in
migraine. In the NTG model, both mRNA and protein
level of artemin were found to increase in the dura mater
[86]. In primary cultured TG cells, artemin induced the
upregulation of inducible nitric oxide synthase [87], an
inflammatory marker, suggesting artemin facilitates tri-
geminal neuroinflammation. However, the direct asso-
ciation between these ligands and TRPMS8 activation
requires further investigation. Further research into
artemin levels in migraine patients would help elucidate
the potential role of the endogenous TRPMS activity in
migraine pathogenesis.
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Study limitation

There are several limitations in our study. First, a notable
concern is the specificity of pharmacological manipula-
tion of TRPMS activity using icilin and M8-B. Both men-
thol and icilin are widely used TRPMS8 agonists, with
icilin demonstrating relatively higher potency and effi-
cacy compared to menthol and other newly developed
agonists [88]. Structural studies of TRPMS8 have identi-
fied key residues, such as Gly® in the S3 region [89] and
Arg®™ in the S4 region [90], which mediate icilin bind-
ing and subsequent activation of TRPMS. These interac-
tions, including hydrogen bonding and stabilization of
3,0-helical conformation, enable that TRPMS8 interact
with icilin using Arg®*! and His®** residues [90]. Behav-
ioral studies using genetically modified mice further
indicate that icilin-induced acute cold pain responses
are mediated by TRPMS8 rather than TRPA1, which is
supported by reduced responses in TRPMS8-deficient
and TRPM8/TRPA1 double-knockout mice, but not in
TRPA1-deficient mice [91]. The potency and specific-
ity of M8-B to inhibit TRPMS8 are also supported by in
vitro studies and genetically modified mice [92]. How-
ever, icilin has also been shown to activate TRPA1 at
concentrations exceeding 100 uM [93, 94]. In our in vivo
experiments, icilin was applied at 50 uM and 500 pM.
We acknowledge the absence of direct evidence confirm-
ing TRPMS activation under our icilin treatment. Based
on the specificity-related references discussed above, we
speculate that the observed effects at 50 uM are likely
mediated through TRPMS activation, whereas the poten-
tial involvement of TRPA1 at 500 uM cannot be entirely
excluded. In our in vitro study, the effective dose of icilin
was 10 pM, which is a slight higher than that used in pre-
vious primary afferent electrophysiology study, but still
notably lower than the concentration required to activate
TRPAL1 [44]. We observed that M8-B did not significantly
alter CSD frequency or cortical inflammation, suggesting
that TRPM8 may have a limited or context-dependent
role in regulating SD. This observation raises the pos-
sibility that TRPMS8’s involvement in CSD susceptibility
may be conditional, requiring additional activating fac-
tors or specific physiological contexts, such as the pres-
ence of specific ligands and Ca®', or under specific pH
value. pH is reported to regulate TRPMS efficacy, latency
to action, and temperature threshold [69]. To address
this limitation and further clarify the specificity of icilin’s
effects, future studies could explore the use of addi-
tional TRPMS8-specific antagonists, co-administration
of icilin and antagonists, or genetic approaches such as
TRPMS8®™ mice [95] and selective TRPMS8-neuron abla-
tion method [18]. To specifically characterize TRPM8
expression, TRPM8-EGFP reporter mice is a useful tool
for further investigation [7]. Although our results suggest
that TRPMS is expressed at relatively low levels in TG
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neurons, the signal remains detectable and aligns with
its known cytoplasmic localization. For future studies
aimed at enhancing TRPMS8 detection, we recommend
using TRPM8-EGEP reporter mice, which would provide
stronger fluorescence signals, facilitating clearer visual-
ization of TRPM8 expression.

Secondly, in the current study on SD experiments, we
assessed only a single DC potential shift, which primarily
indicates depolarization. However, other important read-
outs, such as SD threshold and SD propagation, were not
evaluated. As the rate of CSD propagation is an impor-
tant parameter for understanding the dynamics of SD,
this limitation in the current study should be acknowl-
edged. To more comprehensively assess the effect of
TRPMS on SD susceptibility, future studies should incor-
porate additional measures, including the evaluation
of SD threshold and propagation rate. Additionally, our
study did not analyze the potential contribution of sex
to the effect of TRPMS8 on SD susceptibility, despite the
higher prevalence of migraine in females. A study has
shown that TRPM3, another member of the TRP chan-
nel family, exhibits more pronounced nociceptive firing
in female mice compared to males. This sex-specific acti-
vation of TRPM3 raises the question of whether a simi-
lar sexual dimorphism might influence TRPMS8’s role in
SD susceptibility. It is known that testosterone, a poten-
tial endogenous ligand for TRPMS, has been shown to
facilitate sexual dimorphism by expediting the recovery
process in males from NTG-induced hypersensitivity
[24]. Our results indicated that SD frequency in male
rats, even with higher testosterone levels, seems imper-
vious to endogenous regulatory mechanisms associated
with TRPMS8 (Fig. 2C). Notably, testosterone has been
reported to suppress SD via the androgen receptor [96].
These findings suggest that the impact of testosterone-
mediated TRPMS activation on SD susceptibility may
be minor. Nonetheless, the effect of sex differences and
hormone levels on TRPMS in SD or TG neuronal func-
tion requires further investigation. The issues con-
cerning the potential endogenous ligands of TRPMS,
including their origin, endogenous levels, and temporal
dynamics, remain to be further studied. Grasping these
factors will be essential for a more thorough understand-
ing of TRPMS8’s involvement in the pathophysiology of
migraine.

Thirdly, the number of TG primary cultured neurons
available for each experiment is limited. We observe the
overall response of the entire neuronal population, rather
than recording from individual cells. To overcome the
limitation of cell numbers, we pooled neurons from the
TGs of multiple animals to ensure sufficient cell num-
bers for each experimental condition. Consequently, we
focused on incorporating KCl as a positive control pri-
marily in experiments assessing CGRP release from TG
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neurons, which we considered a critical functional read-
out. Given the limited availability of cells, we prioritized
the inclusion of KCl in these experiments, while omitting
it from other assays. Nevertheless, we recognize that co-
administration of M8-B with icilin or KCl would have
provided a more selective approach to assess the role
of TRPMS in evoked neuronal activity. Specifically, co-
treatment with M8-B would enable us to better isolate
the contribution of TRPMS8 to KCl-induced responses
and minimize the potential for non-specific effects asso-
ciated with icilin. Although the limitations on cell avail-
ability precluded the inclusion of this approach in the
current study, we consider this an important direction for
future research to more comprehensively investigate the
role of TRPMS in neuronal excitability and activity.

Conclusions

In conclusion, this study demonstrates that cortical
TRPMS activation enhances susceptibility to SD, and
trigeminal TRPMS8 activation induces CGRP-associ-
ated effects and neuroinflammation, providing insights
into the contributing role of TRPMS8 in migraine
pathophysiology.
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