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Abstract

Excessive Ca’* influx and mitochondrial oxidative stress (OS) of trigeminal ganglia (TG) have essential roles in the etiology
of migraine headache and aura. The stimulation of TRPM2 channel via the generation of OS and ADP-ribose (ADPR) induces
pain, inflammatory, and oxidative neurotoxicity, although its inhibition reduces the intensity of pain and neurotoxicity in several
neurons. However, the cellular and molecular effects of TRPM2 in the TG of migraine model (glyceryl trinitrate, GTN) on
the induction of pain, OS, apoptosis, and inflammation remain elusive. GTN-mediated increases of pain intensity, apoptosis,
death, cytosolic reactive oxygen species (ROS), mitochondrial ROS, caspase -3, caspase -9, cytosolic Ca>* levels, and cytokine
generations (TNF-a, IL-1p, and IL-6) in the TG of TRPM2 wild-type mouse were further increased by the TRPM2 activation,
although they were modulated by the treatments of GSH, PARP-1 inhibitors (PJ34 and DPQ), and TRPM2 blockers (ACA and
2APB). However, the effects of GTN were not observed in the TG of TRPM2 knockout mice. The current data indicate that
the maintaining activation of TRPM2 is not only important for the quenching OS, inflammation, and neurotoxicity in the TG
neurons of mice with experimental migraine but also equally critical to the modulation of GTN-induced pain.
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Abbreviations GTN Glyceryl trinitrate

2APB 2-Aminoethoxydiphenyl borate MDA Malondialdehyde

a.u Arbitrary unit mMP Mitochondrial membrane potential
ACA N-(p-amylcinnamoyl)anthranilic acid mROS  Mitochondrial reactive oxygen species
Ca** Calcium ion TG Trigeminal ganglia

Casp-3 Caspase -3 TRPM2 Transient receptor potential 2

Casp-9 Caspase -9 (0N} Oxidative stress

CPx Cumene hydroperoxide

CLSM  Confocal laser scanning microscope
cROS Cytosolic reactive oxygen species
GSH Glutathione

GSHPx Glutathione peroxidase

Introduction

Migraine is a common and complex disorder within the
human population, and its main symptom is a headache.
Within the western countries, the high incidence rate (12%)
of the migraine was reported [1]. The incidence rate of
migraine is three times higher in women as compared with
men [2]. The activations of the trigeminal nerve system and
central neuronal current circulation have essential roles in
the etiology of migraine [3, 4]. The accumulation evidence
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indicates that migraine with aura and cortical spreading
depression is characterized by the increase of propagating
neuronal mitochondrial depolarization [5, 6]. The increase
of mitochondrial membrane depolarization is induced by the
accumulation of cytosolic free calcium ion (cCa’") into the
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«Fig.1 The summary of the study plan and trigeminal ganglia
isolation. (Mean+STD and n=10). a The behavior tests of mice
were performed at basal levels. Then, all mice were divided into two
main groups as migraine (GTN) and non-migraine. Lastly, the mice
in both groups received TRPM2 channel blockers (ACA, 25 mg/kg
and 2APB, 5 mg/kg) for three days. Migraine was induced by a sin-
gle dose of GTN (10 mg/kg). In non-migraine group, the behavioral
tests were performed at 3rd day. b In the GTN, ACA +GTN, and
2APB + GTN groups, the behavioral tests were performed at 3rd day
for one hour with 10-min intervals (total six tests). At the end of the
experiments, all mice were killed, and the whole trigeminal ganglia
(TG) neurons were obtained. ¢ The whole TG neurons were used for
the CLSM-800 microscope analyses. For remaining analyses, TG cul-
ture was used by using the centrifugation and collagenase exposure
of TGs

mitochondria [7]. It was reported that migraine is associ-
ated with the induction of mitochondrial membrane depo-
larization-induced oxidative stress (OS), inflammation, and
apoptosis in the trigeminal nociceptive system [3, 6]. In most
subjects, the intake or exposure of glyceryl trinitrate (GTN)
caused the induction of typical migraine attacks, including
typical severe headaches [7, 8]. The increase of Ca** influx-
mediated OS was reported in the brain and neurons of mice
and rats after the treatment of GTN [10-12]. Because of the
unclear etiology of migraine, the inhibition of Ca** influx in
the treatment of OS-induced apoptosis is a major limitation.

Migraine-induced headache results in severe pain in the
head of patients. In the etiology of several pain diseases
such as migraine and headache, the overload Ca** influx
has an essential role [13, 14]. A superfamily for the Ca**
influx is transient receptor potential (TRP) [13, 14]. A mem-
ber of the TRP superfamily is TRP melastatin 2 (TRPM2).
The TRPM2 is stimulated by OS (H,0,) and ADP-ribose
(ADPR) [15, 16]. TRPM2 was abundantly present in the
neurons of pain systems such as dorsal root ganglion (DRG)
and trigeminal ganglia (TG) [17, 18]. Hence, TRPM2 is
considered a major pain transducer since the inhibition of
TRPM2 modulates different types of pain such as neuro-
pathic pain and fibromyalgia [13, 19]. TRPM2 may also
attribute to the abnormalities of TGs, since the excessive
generations of mitochondrial (mROS) and cytosolic reactive
oxygen species (CROS) can target the channel [17]. Further-
more, antioxidants or plant extracts used for the treatment
of pain inhibit TRPM2 [19, 20]. In addition to the TRPM2
channels, the TRP ankyrin (A1) and TRP vanilloid 1 TRPV1
channels are activated by mROS and cROS. Involvements
of OS-dependent TRPA1 and TRPV1 in the etiology of
migraine were recently reported [21]. However, the involve-
ment of TRPM2 for this migraine in experimental animals
and humans is unknown.

The death of neurons in pain disorders, including
migraine is induced by programmed cell death (apoptosis)
[3]. Apoptosis is an ATP-dependent process. Among sev-
eral pathophysiological pathways of apoptosis in the TGs,

the dysfunction of mitochondria is an important molecular
pathway [22]. In several neurons, including the TG, mito-
chondria are involved in the regulation of cCa** by buffering
the TGs against the high amount of cCa®* [23, 24]. Changes
in the concentrations of cCa®* may severely affect mitochon-
drial function, leading to a cascade of OS and caspase events
that eventually cause neuronal death [3, 25]. The activation
of TRPM2 induced the increase of apoptosis and cell death
in the DRGs and sciatic nerve, although its inhibition modu-
lated the increase of apoptosis and cell death in the neurons
[18-20]. However, the involvement of TRPM?2 on processes
of apoptosis and neuronal death in the TGs of mice has not
been clarified yet.

The etiology and treatment of migraine were not fully clari-
fied yet. However, migraine is characterized by the excessive
Ca* influx-induced abnormality and neurotoxicity of TG. The
excessive generations of mROS and cROS in TGs of patients
and rodents with migraine were reported [10, 11, 26]. In several
neurons, the exposure of OS directly stimulates the TRPM?2
channel, inducing pain, apoptosis, and neurotoxicity [17-19].
However, there is no report on the changes of TRPM?2 activity
in the TG neurons and experimental GTN migraine model. We
hypothesized the investigate these issues in the experimental
GTN migraine mouse model. The first aim of the current study
was to determine the effect of TRPM2 activation on the value of
pain induction, apoptosis, neuronal death, cytokine generation,
and mROS in the TGs of mouse with experimental migraine.
The second aim of this investigation was to establish the molec-
ular protective response of TRPM2 blocker treatments to the
values in the TGs.

Material and Methods
Animals

In the current study, we used 80 TRPM2 wild type
(TRPM2W™T) and TRPM2 knock out (TRPM2X®) C57BL/6j
black mice. The TRPM2X© black mice were obtained from
Professor Makoto Tominaga (NIPS, Aichi Okazaki, Japan).
Because of the absence of wild type C57BL/6j black mice
in the Suleyman Demirel University (SDU), Isparta, Turkey,
the ethical approve of the black mice was taken from Burdur
Mehmet Akif University (BMAU), Turkey and they were
purchased from the BMAU. The mice were kept in plastic
cages under standard ambient temperature (23 +1 °C) and
12 h dark/light cycle with free access to food and water.

Study Groups
Before starting the treatments, the tests of behavior were

performed in the mice at the basal level. Then, the mice
were divided into two main groups as migraine (GTN) and
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non-migraine (Figs. 1a and b). Both groups were divided
into the six subgroups as follows:

Control group: Mice in the group have not received the
treatments of GTN, N-(p-amylcinnamoyl)anthranilic acid
(ACA), and 2-aminoethoxydiphenyl borate (2APB).

ACA group: Mice in the group were intraperitoneally
treated with ACA [25 mg/kg body weight (B.W.)] for
3 days (total three doses) [27].

2APB group: Mice in the group were intraperitoneally
treated with 2APB (5 mg/kg B.W.) for 3 days (total three
doses) [28].

Migraine (GTN) group: Mice in the group were intra-
peritoneally treated with a single dose of GTN (10 mg/kg
B.W.) for the induction of migraine [8, 10, 11].

ACA + GTN group: Mice in the group were treated with
ACA (25 mg/kg B.W.) for 3 days, and then, they were
further treated with a single dose of GTN.

2APB + GTN group: Mice in the group were treated
with 2APB (5 mg/kg B.W.) for 3 days, and then they were
further treated with a single dose of GTN.

In addition to the six groups, we induced a GSH treat-
ment group. In the groups, the mice were intraperitoneally
treated with glutathione (GSH) (200 mg/kg B.W.) for
14 days [29]. Then, they were further treated with a single
dose of GTN.

After performing the behavioral tests, all mice were
sacrificed under Xylazine and Ketamine anesthesia. The
TG was removed for the present analyses.

Pain Sensitivity Tests

In the group of non-migraine, the behavioral tests were
performed at the basal level and 3rd day of the treatments
(sham, ACA, and 2APB). In the groups of GTN treatments
(GTN, ACA + GTN, and 2APB + GTN), the behavioral
tests were performed at the basal levels, and then, the tests
were repeated at end of the treatments (3rd day) for 1 h
and 10-min intervals (total six tests). At the end of the
experiments, all mice were killed using the anesthesia of
xylazine and ketamine. The mechanical (von Frey) and
heat (hot plate) hyperalgesia tests in the paws of mice were
performed before starting the treatments (between 8:30
and 9.00 a.m). The analyses of mechanical hyperalgesia
in the mice were measured by using the calibrated 20PC
Aesthe von Frey filaments (Muromachi Kikai Ltd. Tokyo,
Japan) as described in a previous study [19]. The evalu-
ation of the thermal nociceptive threshold in the mouse
of each group was performed by using the hot plate test
[19]. The pictures of Von Frey needles (Fig. 2a), setup of
the Von Frey (Figs. 2b), and hot plate tests (Fig. 2c) are
shown in the Fig. 2.
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Preparation of TGs

After killing the animals via taking heart blood, the heads of
mice were separated. The skull of mice was properly opened
and the brain was smoothly taken. Right and left TGs of
the mice within the skull bone were separated (Fig. 1). The
obtained whole TGs were used for the analyses of anti-
oxidant (spectrophotometer) and confocal laser scanning
microscope (CLSM-800) imaging (LSM800, Zeiss, Ankara,
Turkey). For the spectrofluorometer (Fura-2), electrophysi-
ology (patch-clamp), and plate reader analyses, TGs were
exposed to the further procedures as described in a previ-
ous study [3]. Briefly, the removed TGs were exposed to
trypsin type III enzyme and 0.5 mg/ml type XI collagenase
(Sigma-Aldrich) in 5-ml DMEM medium at 37 °C in a shak-
ing bath for 45 min. The enzymatic digestion of trypsin was
stopped by using the soybean trypsin inhibitor (1.25 mg/
ml, type II-S1, Sigma-Aldrich). After dissociation with a
sterile syringe and centrifugation at 1500 g, the DMEM
medium was removed, and the neurons were seeded on the
sterile 25 T flasks with filter caps (1 x 10° neurons). The TGs
were cultured in the DMEM-LPXA with low glucose (1 g/1)
(Capricorn Scientific GmbH, Ebsdorfergrund, Germany),
because the high glucose (4.5 g/1) content of the cell culture
medium induces TRPM2 activation in neuronal cells [30].

The cCa?* Concentration Determination in the TGs
of TRPM2"™ and TRPM2*® Mice by Using the stains
of Fura-2-AM and Fluo-3-AM

The cCa®* concentration of TGs was performed in a spec-
trofluorometer (Carry Eclipse, Varian Inc, Ankara, Turkey)
and CLSM-800 by using the florescent stains of Fura-2-AM
(Molecular Probes Inc., Oregon, USA) and Fluo-3-AM (Cal-
biochem, Darmstadt, Germany) [19]. The TGs were incu-
bated with the Fura-2-AM (4 uM) and Fluo-3-AM (1 uM)
for 45 min. Then, the TGs were washed twice with standard
extracellular buffer with 1.2 mM Ca*. The fluorescence
intensities of Fura-2-AM-loaded neurons were monitored
in the spectrofluorometer (Carry Eclipse). The excitation
wavelengths of Fura-2-AM were kept as 340 and 380 nm,
although the emission wavelength was kept as 505 nm.
During the Fura-2-AM analyses, the TGs were stirred in
the cuvette of spectrofluorometer by magnetic stirrers and
temperature (37 °C). The changes of integral rises in the
concentrations of cCa”** were recorded in a computer by
using a specific program (Carry Eclipse) for 220 s after the
addition of cumene hydroperoxide (CPx and 1 mM). The
cCa®" concentration is represented as nanomolar (nM) tak-
ing a sample every second.

The Fluo-3-AM was excited the CLSM-800 by a 488 nm
argon laser. The TGs were treated with TRPM2 channel
blockers (100 pM 2APB for 30 min) and PARP1 inhibitors
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Fig.2 The effect of TRPM2 channel blocker treatments on paw
withdraw threshold of withdrawal force of Von Frey and Hot
plate tests in the migraine (GTN)-induced mice. (=10 and
mean+ STD). The von Frey filaments (a), von Frey set up (b), and

(30 uM DPQ and 1 uM PJ34 for 30 min) to inhibit Ca**
entry before the stimulation of TRPM2 (H,0, and 1 mM).
The fluorescence intensities of Fluo-3-AM were analyzed in
the CLSM-800 fitted with a 40 X oil objective at 515 nm. The
results of Fluo-3-AM in 10 p m? of cytosol were represented
as arbitrary unit (a.u.) per cell.

Electrophysiology in the TGs of TRPM2T
and TRPM2*° Mice

The patch-clamp records at whole cell configuration
were recorded in a HEKA EPC 10 amplifier (Lamprecht,

Cntr ACA GTN ACA+GTN 2APB+GTN

hot plate set up (c) were used for the hyperalgesia tests. The mean
changes of Von Frey were indicated by lines (d and e) and columns
(f and g). (®»<0.05 vs the groups of basal, Cntr, ACA, and 2APB
groups. ®p <0.05 vs the groups of GTN)

Germany) by using Patch-master software. Voltage-clamp
configuration at -65 mV was induced, and currents were
recorded. The content details of intracellular and extracel-
lular buffers were indicated in previous studies [18-20].
In addition to the extracellular ACA (25 pM), the currents
of TRPM2 were blocked by using Na™ free patch chamber
solution (N-methyl-D-glucamine, NMDG™). The patch
pipettes with 5+ 5 MQ resistances were produced in a
P-97 puller (Sutter Instrument Lab, Ankara, Turkey) from
borosilicate glass pipettes. The TGs were stimulated by the
cytosolic (via patch-pipette) ADPR (1 mM). The densities
of currents in the TGs were expressed as pA/pF.
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Live (Hoechst)/Death (PI) Analyses

The florescent probe, propidium iodide (PI), is permeable to
the nucleus of death cells, and it represents red color in the
nucleus of death cells. The florescent stain, Hoechst, is per-
meant to the nucleus of live cells, and its blue color image
is commonly used to detect live cells in a population. The
images of death TG rate (red/blue) and bride field (black/
white) in the CLSM-800 microscope fitted with a 40 X oil
objective were captured by using the stains of Hoechst and
PI [31]. After the incubation of the isolated whole TGs in
the DMEM medium, they were further incubated for 30 min
with the mixture of Hoechst 33,342 (1 pM) and PI (5 pg/
ml) (Cell Signaling Technology, Danvers, MA, USA). The
death TGs in the captured images were counted by using
the ImageJ/Imaris software. The results of death TG rate
are shown as %.

Cell Viability

For assay of cell viability in the TGs, we used common
manual method of 4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) [19, 20]. Briefly, the TGs in
the black plates were incubated for 4 h at 37 °C to allow the
MTT tetrazolium compound to convert into a colored solu-
ble formazan. The absorbance optic densities of MTT were
recorded at 490 nm by using a microplate reader (Infinite
PRO 200; Tecan Austria GmbH, Groedig, Austria).

The Analyses of Caspase-3 (Casp -3), Caspase-9
(Casp -9), and Apoptosis

The activities of Casp -3 and -9 in the TGs were analyzed
from the cleavage of the specific fluorogenic substrates (Ac-
DEVD-AMC for CASP-3 and Ac-LEHD-AMC for CASP-9)
(Bachem, Bubendorf, Switzerland). The 360 nm was used
as excitation wavelength in the Infinite PRO 200, although
460 nm was used as the emission wavelength [32].

The detecting apoptosis as loss of asymmetry in the
membranes of apoptotic TGs was measured in the micro-
plate reader (Infinite PRO 200) following the manufacturer’s
instructions (Biocolor Ltd. Northern Ireland) [32].

The data of Casp -3, Casp -9, and apoptosis were pre-
sented as fold increase (experiment/control).

The Measurements of mROS and cROS
in the Microplate Reader and CLSM-800 Microscope

The visualization of mROS generation was performed in the
CLSM-800 by using 100 nM MitoTracker Red CM-H2Xros
fluorescent stain (Life Technologies) [33]. The whole
TGs were incubated with the stain of mROS for 30 min
at 37 °C in the dark conditions. The stain was excited in
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the CLSM-800 with a diode laser at 561 nm (Excitation:
576 nm; Emission: 598 nm).

For assaying cROS generation in the captured images
of whole TGs, the dihydro-rhodamine 123 (DHR123) and
2'/7'-dichlorofluorescin diacetate (DCFH-DA) probes were
used. The DHR123 and DCFH-DA non-fluorescent stains
are oxidized to fluorescent intercalators [rhodamine 123
(Rh123) and 2’, 7° —dichlorofluorescein (DCF)] by superox-
ide radicals [34, 35]. After the incubation of the whole TGs
with 2 yM DHR123 and DCFH-DA for 25 min at dark, they
were washed with 1xBPS, and then they were excited with a
diode laser at 488 nm. The fluorescence intensities of Rh123
and DCF in the twenty image fields for each treatment were
measured in the CLSM-800 by using the ZEN program, and
the results were expressed as a.u.

The analyses of DCFH-DA were repeated in the micro-
plate reader. For the aim, the TGs (1 X 10® TGs/ml DMEM
medium) were first incubated in the presence of 2 pM
DCFH-DA for 30 min at dark. At the end of DCFH-DA
washing, the kinetics of DCF fluorescence intensity (Excita-
tion: 488 nm. Emission: 543 nm) resulting from oxidation of
DCFH-DA were measured in the plate reader. The results of
Rh123 in the microplate reader were expressed fold increase.

In the dishes with glass bottom, the images of Rh123
and DCF were captured in the CLSM-800 microscope fitted
with the oil objective (40x) [33]. The stains of DHR123 and
DCFH-DA were excited at 488 nm with a diode laser. The
excitation/emission ratio of the fluorescent intensity in the
analyses of Rh123 was kept at 507/529 nm, although the
ratio was 504/525 nm in the analyses of DCF. The results of
DCF and RH123 were indicated as a.u.

The Measurement of Mitochondrial Membrane
Potential (mMP) Levels by Using the Microplate
Reader and CLSM-800 Microscope

The levels of mMP were assayed in the microplate reader
by using a florescent stain (JC1, Cayman Inc. Istanbul, Tur-
key). The whole TG nerves were incubated in the DMEM
medium of the glass bottom dishes for the CLSM-800 analy-
ses, although TGs (10%) were incubated in the medium of
black 96-well plate for the microplate analyses. The JC1
(2 pM) was added to the culture medium of TGs, and it was
incubated for 30 min at 37 °C and dark, and then, the TGs
in the dishes and black plates were washed three times with
1xBPS.

In the CLSM-800 analyses, the stain of JC1 was excited
with a diode laser at 561 nm, and the orange images of JC1
were captured in twenty randomly selected microscopic field
areas for each treatment [32, 33]. They were calculated by
using the ZEN program. The results of JC1 in the CLSM-
800 analyses were indicated as a.u.
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In the plate reader JC1 analyses, the kinetic ratio of the
fluorescent intensity obtained by the excitation (578 nm)/
emission (599 nm) to the fluorescent intensity obtained by
the excitation (485 nm)/emission (535 nm) was calculated
to quantitate JC1 florescence intensity [32, 33]. After cal-
culating protein levels of the TGs, the mMP results in the
analyses of the microplate reader were expressed as fold
increase (experiment/control).

Cytosolic GSH Imaging

The concentrations of the cytosolic GSH in the captured
GSH images were measured in the CLSM-800 by using a
ThiolTracker Violet commercial kit (# T10095, Thermo
Fisher Sci., Istanbul, Turkey) according to the procedure of
company. The excitation (404 nm) and emission (526 nm)
wavelengths of the analyses in the CLSM-800 were used
after the laser stimulation (405 nm) [32, 33]. After measur-
ing the florescence intensity in each TG by using the ZEN
program, the mean results of the GSH concentration were
expressed as a.u.

The Analyses of Lipid Peroxidation
(Malondialdehyde, MDA), GSH, and Glutathione
Peroxidase (GSHPx) in the TG Homogenate

The optic density (absorbance) values of total protein,
MDA, GSH, and GSHPx in the TGs homogenate samples
were measured by using the spectrophotometer (Shimadzu-
UV1800). The extraction and wavelength details of analyses
were indicated in our studies [10, 11, 33]. The unit of pmol/g
protein was used in the TGs for the expression of the MDA
and GSH levels. The activity of GSHPx in the TGs was
expressed as IU/ g protein.

The Analyses of Cytokines by Using
the Enzyme-Linked Immunosorbent Assay

The supernatants from the TGs of wild-type mice were
collected by the centrifugation (at 1500 g for 5 min). The
concentrations of TNF-a (Cat #: EO117Mo), IL-1 p (Cat #:
E0045Mo), and IL-6 (Cat #: EO049Mo) were assayed in the
Infinite 200 PRO at 450 nm wavelength by using the com-
mercial enzyme-linked immunosorbent assay kit (BTLAB,
China) [33]. After the calculation of TNF-a, IL-1f, and IL.-6
concentrations from the standard curves, their concentra-
tions were expressed as % of control.

Statistical Analysis
The present data are indicated as means =+ standard devia-

tion (STD). The current data were analyzed by using SPSS
program (Version 17.0). For the detection of statistical

significance, the analyses of One-way ANOVA were used to
analyze all data. Significant differences (p <0.05) among the
values were interpreted using the Tukey’s HSD post hoc test.

Results

The Effects of TRPM2 Antagonists (ACA and 2APB)
on Mechanical and Thermal Hyperalgesia
in GTN-Induced Mice

The hyperalgesia tests (von Frey and hot plate) were per-
formed at basal levels in all mice. Then, all mice were
divided into two main groups as non-migraine (control) and
migraine (GTN) model. The two main groups were divided
into three subgroups as control/GTN, control/ACA + GTN,
control/2APB 4+ GTN groups, and the subgroups received
the treatments of ACA or 2APB for 3 days. At the end of the
treatments, the tests of hyperalgesia in the six groups were
repeated six times with 10-min intervals. The figures of the
von Frey needles, von Frey setup, and hot plate setup were
indicated in the Figs. 2a, b, and c, respectively. There were
no changes on the hyperalgesia test results in the groups
of Cntr, Cntr+ ACA, and Cntr+2APB (Figs. 2d and e).
However, there was a significant decrease in the mechani-
cal withdrawal threshold of the paw bilaterally, which con-
tinued to gradually decrease until the 3rd day in all periods
analyzed, as indicated by von Frey (Figs. 2d and f) and hot
plate (Figs. 2e and g) hyperalgesia assessments (p <0.05). In
the ACA +GTN and 2APB + GTN groups, the mechanical
and heat hyperalgesia results were increased as compared to
only GTN group (p <0.05). According to the hyperalgesia
test results, pretreatment with the TRPM?2 channel blockers
caused a marked increase in the sensitivity threshold to the
mechanical and thermal stimulus (p <0.05).

The Treatments of TRPM2 Antagonists (ACA

and 2APB) Modulated Cell Death, Apoptosis, Cell
viability, Caspase activity, and Lipid Peroxidation
via Upregulation of GSH and GSHPx Levels

Current literature data indicate that the depletion of GSH
and the increase of OS via the activation of TRPM2 induce
neuronal death in several neurons [33, 36—40], although
there is no report of TRPM2 via the inhibition of GSH on
the neurotoxicity and neuronal death in the TG of migraine-
induced animals and human. After observing the decrease of
pain sensitivity in the migraine-induced mice by the TRPM2
agonist treatment, we suspected the involvement of TRPM2
via the decrease of GSH level in the migraine-induced mice.
We imaged TG death and cytosolic GSH concentration in
the CLSM-800 analyses by using the PI/Hoechst stains and
GSH commercial kit (ThiolTracker Violet). In addition, the
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cell viability (MTT), apoptosis, Casp- 3, Casp- 9, GSH, increased values were modulated in the group of GTN by the
and GSHPx levels were analyzed in the six groups by using  treatments of ACA and 2APB, and their levels were higher
the microplate reader and spectrophotometer. In the pre-  in the groups of ACA + GTN and 2APB + GTN than in the
sent study, the rates of TG death (Figs. 3s and b), apopto-  group of GTN only (p <0.05). The levels of GSH imaging
sis (Fig. 3f), Casp -3 (Fig. 3g), and Casp -9 (Fig. 3h) were (Figs. 3c and d), cell viability (Fig. 3e), GSH concentra-
higher in the groups of migraine (GTN) than in the groups  tion (Fig. 3i), and GSHPx activity (Fig. 3j) were markedly
of non-migraine (Cntr, ACA, and 2APB). However, the  lower in the group of GTN as compared with Cntr (p <0.05),
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«Fig.3 The treatments of TRPM2 antagonists modulated GTN-
mediated the changes of cell death (PI), apoptosis, cell viabil-
ity, Casp-3, Casp-9, GSH, and GSHPx in the migraine (GTN)-
induced trigeminal ganglia of mice. (Mean+STD and n=10).
The images indicating death (propidium iodide, PI) and live (Hoe-
chst 33,342) (Figs. 3a and b), and GSH concentration (Figs. 3c
and d) staining TG neurons of wild-type mice under control condi-
tions or after the treatment of GTN (10 mg/kg), ACA (25 mg/kg),
2APB (5 mg/kg), and their combinations. Each panel consists of
bright field (BF), PI (red) and Hoechst (blue)-staining images show-
ing dead and live cells, merge, and 2.5D. Imaging GSH concentra-
tion was indicated by green color. The scale bar of BF was kept as
10 pm, although the scale bars of PI/Hoechst and GSH were kept
as 5 pm. The cell viability (Fig. 3e) and apoptosis (Fig. 3f) analyses
of the TG were performed in the microplate reader using MTT test
and commercial kits, respectively. The activity of Casp -3 (Fig. 3g)
and Casp -9 (Fig. 3h) were analyzed in the plate reader by using the
substrates of the caspase cleavages. The GSH (Fig. 3i), and GSHPx
(Fig. 3j) levels were analyzed in the TG by using a spectrophotom-
eter. (%p<0.05 vs Cntr, ACA, TRPM2X°+GTN, and 2APB groups.
»<0.05 vs GTN groups)

although their levels were increased in ACA + GTN and
2APB +GTN by the treatments of ACA and 2APB. How-
ever, the changes were not observed in the TGs of TRPM2KO
mice, and the values were not decreased or increased in the
TGs of TRPM2X mice by the treatment of GTN. The pre-
sent results confirmed the involvement of TRPM2 via the
decrease of GSH levels on the migraine (GTN)-mediated
neuronal toxicity and death in the neurons of TG.

The Migraine (GTN)-Mediated AWm and OS (cROS
and mROS) Were Decreased by the Treatment of ACA
and 2APB

During the ATP synthesis, ROS was also generated in the
mitochondria. Hence, a main source of mROS is mito-
chondria in body cells by activation of mitochondrial
electron transport system [41]. In addition, the increase of
mMP (A¥m) via the increase of Ca>* influx into cytosol
also induces the increase of the mROS generation in sev-
eral neurons, including the TGs [9, 21, 22]. The increase
of AYm and cROS is assayed by using the probes namely
JC1 and DCFH-DA/DHR123, respectively. In addition, the
increase of the mROS is assayed using the mitochondrial
ROS probe (MitoTracker Red CM-H2ros). The generation
of ROS is scavenged by the antioxidants, including GSH and
GSHPx [10, 11]. In addition, the increase of apoptosis and
caspase activation was induced by the increase of mROS
generation. After observing the decrease of GSH level and
GSHPx activity, but the increase of apoptosis and caspase
activation, we suspected whether cROS and mROS produc-
tion increased through the increase of TRPM?2 activation.
For this reason, we detected A¥Ym, cROS, and mROS in the
migraine-induced TGs of mice by using the stains of JC1,
DCFH-DA/DHR123, and MitoTracker Red CM-H2ros.

The levels of A¥Ym (JC1) (Figs. 4a, b, and g), cROS
[DCFH-DA (Figs. 4a, c, and h) and DHR123 (Figs. 4d
and f)], mROS (Figs. 4d and e), and MDA (Figs. 4i) were
increased in the TGs of TRPM2 wild-type mice with the
effect of GTN treatment (p <0.05). However, the treatments
of ACA and 2APB diminished the effect of GTN through
the inhibition of AWYm, cROS, mROS, and MDA in the
TG neurons (p <0.05). The increase in the levels of A¥Ym,
cROS, mROS, and MDA following the treatment of GTN
corresponded with upregulated the products of cytosolic and
mitochondrial OS, although the upregulation of the OS was
downregulated in the TGs of TRPM2 wild-type mice by the
treatments of TRPM2 antagonist treatments. However, the
changes were not observed in the TGs of TRPM2X mice.
Hence, these protective actions of TRPM2 antagonists on
the results of A¥m, cROS, mROS, and MDA in the TGs
further supported the involvement of TRPM2 on mitochon-
drial OS-induced neuron death.

The GTN-Mediated Increase of Cytosolic Free Ca?*
(cCa®*) Fluorescence Intensity in the TRPM2'T TG
But Not in the Absence of TRPM2 (TRPM2X°) TG
of Mouse

There is a direct relationship between the increase of
mitochondrial mROS and the upregulation of TRPA1 and
TRPV1-dependent cCa* concentration in the TGs [3, 8].
The relationship was confirmed in the TRPM2 studies of
several neurons, except TGs [18-20, 33]. After observing
the increase of mROS via the activation of TRPM2, we sus-
pected the increase of cCa>*concentration via the activation
of TRPM2. Fluo-3-AM images of the TRPM2"T TGs in the
groups of Cntr and GTN were indicated in the Figs. 5a and
b, respectively. The mean florescence intensities of Fluo-
3-AM in the Cntr and GTN are shown in the lines (Figs. 5¢)
and columns (Figs. 5d). In the columns, the concentrations
of cCa”* was increased in the TGs by H,0, or CPx stimula-
tions, although they were decreased by the 2APB treatment
(p £0.05). However, the increases of Fluo-3-AM florescence
intensities in the groups of TRPM2X® were not observed
(Figs. 6a, b, and c) after the stimulation of H,0,. The mean
florescence intensities of Fluo-3-AM and Fura-2-AM in the
Cntr, GTN, ACA +GTN, and 2APB + GTN are shown in
the Figs. Se, f, g, h, and i. The mean florescence intensi-
ties of cCa** concentration were increased in the groups of
GTN by the stimulation of H,0, or CPx, although they were
decreased by the treatments of TRPM2 antagonists (ACA or
2APB) (p <0.05).

The enzyme activation of PARP-1 stimulates TRPM2
activation in several neurons such as the hippocampus,
DRG, microglia, and sciatic nerve [19, 20, 33]. The DPQ
and PJ34 are well-known PARP-1 inhibitors, and they were
used in the TRPM2 experiments [33, 42]. Preincubation
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Fig.4 The experimental migraine (GTN)-induced increase of
mitochondrial oxidative stress was decreased by the treatments
of TRPM2 antagonists (ACA and 2APB). (Mean+STD and
n=10). The TRPM2 wild-type mice were divided into two main
groups as migraine (GTN) and non-migraine. Then, the mice in the
both groups received TRPM2 channel blockers (ACA, 25 mg/kg and
2APB, 5 mg/kg) for 3 days. Migraine was induced by a single dose
of GTN (10 mg/kg). The effects of GTN (10 mg/kg for 3 days) on
the image values in the TGs of TRPM2 knock out mice (TRPM2X©),
The TG neurons were stained with 2 pM mitochondrial membrane
depolarization dye (JC1) (a and b), cytosolic ROS (cROS) [DCFH-
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of microglia with DPQ and PJ34 acted TRPM2 channel
antagonist actions [33], although the action has not been
clarified in TGs of mice with migraine. Hence, we want to
clarify the effects of the PARP-1 inhibitors on the concentra-
tion of cCa** in the TGs of the GTN group. After PARP-1
enzyme inhibitor pre-incubations of the TGs in the groups
of Cntr and GTN, they were activated by the stimulation of
H,0,, and the images of Fluo-3-AM were captured by using
the CLSM-800 (Figs. 6d). We observed that there was no
increase of cCa®" concentration in the groups of DPQ + Chntr,
PJ34 + Cntr, DPQ+ GTN, and PJ34 + GTN after the treat-
ment of H,0, and 2APB (Figs. 6e and 6f).

GTN-Mediated Increase of TRPM2 Current Densities
in the TGs Were Diminished by the Treatments
of ACA and 2APB

The cell membrane receptor, CD38, has a main role on the
activation of TRPM2 via the application of cytosolic ADPR
in several neurons [33, 43]. Hence, the TRPM2 channel is
activated in neurons such as hippocampus, DRG, and micro-
glia by the application of cytosolic ADPR [19, 20, 33, 36,
38, 39]. However, the activation of TRPM2 via stimulation
of cytosolic ADPR has not been reported in the TGs. A
best technique for the investigation of cation channels is
the patch-clamp technique. After observing the increase
of cCa?* concentration, we further wanted to confirm the
changes by using the patch-clamp records with whole cell
configuration (Fig. 7g). In the absence of the ADPR in the
patch pipette (1 mM), there was no current of the TRPM2
in the TGs (Fig. 7a). However, the TRPM?2 was gated in
the TGs of Cntr group by the cytosolic ADPR (Fig. 7b),
and the current density of TRPM2 was higher in the group
of Cntr+ ADPR (90.97 pA/pF) than in the group of Cntr
(4.59 pA/pF) (p £0.05) (Fig. 7f). In the GTN group, we
observed further the increase of TRPM2 current (Fig. 7c¢),
and the current density was markedly higher in the group
of GTN + ADPR (214.85 pA/pF) than in the group of
Cntr+ ADPR (90.97 pA/pF) (Fig. 7f) (p £0.05). However,
the current densities in the groups of Cntr+ ADPR and
GTN + ADPR were upregulated to the control levels by the
treatment of ACA (25 uM). The current densities were lower
in the groups of Cntr + ADPR + ACA (20.58 pA/pF) and
GTN+ ADPR + ACA (32.88 pA/pF) than in the groups of
Cntr+ ADPR and GTN + ADPR (p <0.05) (Fig. 7f). How-
ever, there was no current in the ACA + GTN + ADPR and
2APB 4+ GTN + ADPR groups after the treatments of ACA
(Fig. 7d) and 2APB (Figs. 7e). The current densities were
lower in the groups of ACA + GTN + ADPR (6.79 pA/pF)
and 2APB + GTN + ADPR (7.39 pA/pF) groups than in the
group of GTN+ ADPR (214.85 pA/pF) (Fig. 7f).

The Modulator Role of GSH Treatment

on GTN-Induced Increase of Pain Intensity and cCa®*
Concentration via the Activation of TRPM2

in the TGs of TRPM2"T

The decrease of GSH induces TRPM2 activation in the hip-
pocampus, DRG, and microglia, although the treatment of
GSH induces a protective action against pain via the inhibi-
tion of TRPM2 in rodents [33, 36—40]. However, there is
no report of GSH treatment via the inhibition of TRPM2
on the pain intensity and cCa>* in the TGs of rodents and
patients with migraine. After observing the decrease of GSH
and the increase of pain intensity in the migraine-induced
mice, we suspected the protective role of GSH via the inhibi-
tion of TRPM2 on the pain intensity and cCa®* in the TGs
of migraine-induced mice. The mice received intraperito-
neal GSH (200 mg/kg) for 14 days [29]. After 12 h of last
GSH administration, migraine was induced by a single dose
of GTN (10 mg/kg). In the Cntr, GTN, and GSH + GTN
groups, the tests of von Frey (Fig. 8a) and hot plate (Fig. 8b)
were performed before GTN treatment and also at 15th day
for 1 h with 10-min intervals (total six tests). The mean
results of von Frey (Fig. 8c) and hot plate (Fig. 8d) pain
intensity test were higher in the group of GTN group as
compared with the group of Cntr, although they were lower
in the GSH + GTN group than in the GTN group (p <0.05).
At the end of the GSH treatment experiments, all mice were
killed under anesthesia, and the TGs were obtained for stain-
ing with Fluo-3-AM. The image of whole TG was captured
in the CLSM-800 microscope after the laser stimulation
(Fig. 8e). The florescence intensities of cCa’* were meas-
ured in the groups of Cntr, GTN, and GSH + GTN by using
the ZEN program, and their mean concentrations were indi-
cated by the graphics of column (Fig. 8f). The florescence
intensities of cCa>* were higher in the group of GTN group
than in the group of Cntr, although they were lower in the
group of GSH+ GTN as compared with the group of GTN
(p £0.05). The results are clearly indicated involvement of
GSH treatment via the inhibition of TRPM2 on the pain
intensity and cCa®* in the TGs of migraine-induced mice.

The GTN-Mediated Activation of TRPM2 Induces
Cytokine Responses in the TGs

Recent data indicated that the modulator role of TRPM2
channel blockers on the TRPM?2 activation-induced inflam-
matory responses in the neurons and cell lines [19, 31, 33].
However, there is no report on the modulator role of TRPM?2
channel blockers in the GTN-induced cytokine productions
in the TGs of TRPM?2 wild-type mice. To confirm this, we
assayed the concentrations of TNF-a IL-1 B, and IL-6 by
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using the commercial ELISA kit. The treatment of mice
with GTN upregulated the concentrations of inflamma-
tory cytokines (TNF-a, IL-1f, and IL-6) in the TGs, when
compared with control untreated cells (Figs. 9a, b, and c)
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(p £0.05). In contrast, the treatments of TRPM2 channel
blockers (ACA and 2APB) again showed downregulations of
the TNF-a, IL-1p, and IL-6 concentrations in the TGs after

the treatment of GTN (p <0.05).
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«Fig.5 Migraine (GTN) induces increase of cytosolic free Ca’*
(cCa**) concentration via the activation of TRPM2 in the TG of
TRPM2WT mice. (Mean+STD and n=10). The TG neurons were
divided into six groups as Cntr, ACA, 2APB, GTN, ACA + GTN, and
2APB + GTN. The TG neurons were stained with fluorescent calcium
ion indicators namely Fluo-3-AM (1 pM for 45 min) and Fura-2-AM
(4 pM for 45 min). The TG neurons were stimulated by TRPM2
against (H,O, or CPx and 1 mM), although they were treated with
TRPM2 antagonist (2APB and 100 pM for 10 min) to inhibit Ca>*
entry. The image records of Fluo-3-AM in TGs were taken at 515 nm
in the CLSM-800 fitted with an objective (x40 oil), although the flu-
orescent calcium signaling of Fura-2-AM in the TGs was recorded in
the Cary Eclipse spectrofluorometer. a and b Fluo-3-AM imaging and
mean Ca”* fluorescence intensity as arbitrary unit (a.u.) in the TGs
of Cntr and GTN group, respectively. White numbers in the corner
of each image indicate capture time (second). ¢ and d The mean con-
centration of Ca>* fluorescence intensity was indicated by the figures
of lines and columns, respectively. e Fluo-3-AM images in the four
groups (Cntr, GTN, ACA+GTN, and 2APB+GTN). f and g The
mean column graphics of Ca®* fluorescence intensity in the treat-
ments of ACA+GTN and 2APB +GTN, respectively. h and i The
mean changes in the Ca’* fluorescence intensity (Fura-2-AM) of the
TGs in the six groups were indicated by the figures of lines and col-
umns. (3p<0.05 vs Cntr, ACA, and 2APB groups. °p <0.05 vs GTN
and H,0, groups)

Discussion

We investigated the protective effects of TRPM?2 antagonists
on Ca**-induced headache and neurotoxicity, which are two
emerging causes for migraine pathogenesis. The neuropro-
tective effects of TRPM2 channel antagonists against Ca**
influx-induced oxidative cell death were evaluated by using
the TG neurons, which have major roles in the etiology of
migraine. The findings of the present data show that (1) the
TRPM2 channel is involved in the neurobiology of migraine
(GTN), TRPM2 activation-mediated pain intensity, A¥m,
cROS, mROS, and neuronal death in the TGs and (2) the
treatment of TRPM2 antagonists (ACA and 2APB) attenu-
ated the GTN-induced oxidative injury and Ca*" influx via
upregulation of GSH and GSHPx in the TGs of TRPM2WVT
mice, but not in the TGs of TRPM2X° mice. (3) The protec-
tive actions of ACA and 2APB were further increased in the
TGs of TRPM2"T mice by PARP1 (PJ34 and DPQ) inhibi-
tors. (4) The treatment of GSH via inhibition of TRPM2
was also diminished the GTN-induced pain intensity and
cCa** concentration in the TGs of TGs of TRPM2"T mice
(Fig. 10). Collectively, this suggests the involvement of
GTN-induced oxidative cytotoxicity and TRPM2 via exces-
sive Ca®* influx to the TGs in the etiology of migraine.

A member of the Ca?* permeable TRP superfamily is
the TRPM2 cation channel, and it is activated by ADPR
and OS [15, 16]. TRPM2 plays an important role on neu-
ronal life and differentiation [44]. The generations of cROS
and mROS are required in body cells by performing sev-
eral physiological functions such as killing bacteria and
viruses. However, a high concentration of OS leads to loss

of neuronal physiology and is involved in the pathogenesis
of oxidative pain and headache disorders, including migraine
[45, 46]. Two common pathways of oxidative neurotoxicity
have been described. One is the OS redox pathway, which
is mediated by the TRPM2 action-mediated excessive Ca>*
influx. The mechanism of neurotoxicity has been extensively
clarified, and it is believed that transient increases of cCa%*
influxes lead to accumulation into mitochondria, increases
in the levels of cROS and mROS, and ultimately apoptosis
and cell death via the activations of Casp -3 and Casp -9
[13, 19, 20, 31, 47, 48]. In the current data, we observed
the GTN-mediated increase of pain intensity, cCa>*, cROS,
and mROS via the increase of TRPM?2 current density in
the TGs of mice. In accordance with the present results, the
involvements of TRPM?2 in the pain diseases such as fibro-
myalgia and neuropathic pain were recently reported [13,
19]. The second different pathway in the cROS and mROS-
mediated neurotoxicity involves oxidation of cysteine redox
system, which is required for the TRPM2 activation [33,
49]. The decrease of members in the cysteine redox sys-
tem such as GSH and selenium by high concentrations of
cROS and mROS leads to an imbalance in neuronal cysteine
homeostasis, a reduction in neuronal GSH concentrations,
and the increase of mROS generation [50]. The decrease of
plasma GSH concentration in the rodents and patients with
headache and migraine was deeply reported [10, 11, 45, 46].
The GSH depletion-induced TRPM?2 activation caused to the
increase of oxidative neurotoxicity in the neuronal SH-SYS5Y
cell line, primary neuronal cultures, and microglia in the
several disease models, except the migraine (GTN) model
[33, 36—40]. In the present data, we observed the increase of
GTN-mediated overload cCa®* via the activation of TRPM2
and the overload cCa** caused to the decrease of GSH con-
centration and GSHPx activity in the TGs. However, the
inhibition of GTN-induced overload cCa** via the modula-
tion of TRPM2 increased GSH concentration and GSHPx
activity in the TGs. The results clearly indicated the impor-
tance of the thiol redox system and GSH concentration on
the TRPM2 activation in the migraine etiology.
Accumulating evidence supports that TRPM2-mediated
Ca’* signaling pathways are associated with mROS in
the TG neurons [17]. We confirmed that the treatments of
TRPM2 blockers (ACA and 2APB) and antioxidant (GSH)
fully reversed the TRPM2-induced cell death. Yildizhan
and Naziroglu [33] reported that the treatments of GSH and
TRPM2 blockers restored overload cCa®*-induced neuronal
death in the microglia culture of mice. These imply that OS
and TRPM2-mediated Ca®* dysregulation are the crucial
that orchestrate the subsequent neurotoxicity pathologic
pathways involved in the TRPM2-mediated toxicity in the
migraine (GTN) mice model. To examine the protective
actions of TRPM2 antagonists on the TRPM2-induced cROS
and mROS generations were assayed using DCFH-DA,
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Fig.6 There were no GTN treatment-induced increases of cyto-
solic free Ca®* concentrations in the TGs of TRPM2X® mice and
TRPM2"" mice pretreated with PARP-1 and TRPM2 inhibitors.
(Mean +STD and n=10). a The TGs of TRPM2X? in the GTN group
were stained with Fluo-3-AM (1 pM for 60 min). The TG neurons
were stimulated by H,O, (1 mM for 3—4 min), but they were inhibited
by 2APB (100 pM for 3—4 min) after loading Fluo-3-AM. The sam-
ples were analyzed in the CLSM-800. b and ¢ Fluorescence intensity

DHR123, and MitoIracker Red CM-H2ros staining followed
by CLSM-800 analysis. The GTN-mediated activation of
TRPM?2 significantly increased cROS and mROS, suggest-
ing that the activation of TRPM2 increased the generations
of cytosolic and mitochondrial ROS in TG neurons of GTN-
treated mice. However, co-treatment of TRPM?2 antagonists
reversed GTN-induced cROS and mROS productions in the
groups of ACA+GTN and 2APB + GTN. These data indi-
cate that the activity of TRPM2 for homeostatic control of
cCa”" and mROS levels may underlie the protective actions
against GTN-induce neurotoxicity.

The DNA damage-induced ADPR in the nucleus of neu-
rons is produced by the activation of PARP-1 and responds
when ADPR binds to the channel’s enzymatic nudix C
domain [50, 51]. The activity of TRPM2 is inhibited by the

@ Springer

GTN

Cntr

changes of Ca>* in the TGs of TRPM2X? mice were indicated by line
and column. The TGs of TRPM2YT in the control and GTN were pre-
treated with PARP-1 inhibitors (30 nM DPQ for 30 min and 1 pM
PJ34 for 30 min) before stimulation of H,0, (1 mM). d The imagines
of Ca* in the Cntr and GTN groups of TRPM2%T mice after DPQ
and PJ34 treatments. e and f The mean fluorescence intensity changes
of Ca®* in the Cntr and GTN groups of TRPM2%T mice after DPQ
and PJ34 treatments

treatments of ACA and 2APB [52, 53]. The OS-mediated
apoptosis and death in the TGs were induced by the exces-
sive Ca®* influx [3, 25]. The involvement of glutamate-
mediated Ca>* influx was investigated on the apoptosis and
death in the TG neurons [54]. The excessive OS genera-
tion and overload Ca?* influx are two main factors on the
inductions of headache and pain in the human and rodents
[10, 11]. Two members of the TRP superfamily are TRPA1
and TRPV1 channels, and they are also activated by OS [8,
13]. The involvements of TRPA1 and TRPV1 on the GTN-
mediated migraine and pain models were recently reported
[55-57]. Within the OS-dependent-activated TRP chan-
nels, TRPM2 is first discovered channel [15, 16]. Because
of the involvement of OS and Ca* influx in the etiology of
migraine, TRPM2 is a potent channel for the induction of
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Fig.7 The GTN induced increase of TRPM2 current densities
in the TGs. (n=3 and mean+STD). W.C.: whole cell patch-clamp
configuration. a Control (Cntr) (without ADPR stimulation). b
Cntr+ ADPR with the treatment of ADPR and ACA. ¢ GTN + ADPR
group with the treatments of ADPR and ACA after the treatment of
GTN. d ACA+GTN+ADPR group with the treatment of ADPR
after the treatments of ACA (25 mg/kg/day for 3 days) and GTN

migraine. Hence, we investigated the protective actions of
TRPM2 channel blockers and PARP-1 inhibitors on the Ca>*
influx in the TG neurons of TRPM2"T and TRPM2X° mice.
The results of the Fluo-3-AM and Fura-2-AM indicated an
increase of cCa’* concentration via the activation TRPM2
in the TGs of GTN-treated TRPM2"T mice, but not in the
TGs of TRPM2X° mice and TRPM2YT mice treated with
PARP-1 inhibitors (DPQ and PJ34). However, the H,0,
and ADPR-mediated increases of cCa’* concentration were
diminished by the treatments of TRPM?2 antagonists and

(10 mg/kg/day for one day). e 2APB+GTN+ADPR group with
the treatment of ADPR after the treatments of 2APB (5 mg/kg/day
for 3 days) and GTN (10 mg/kg/day for one day). f The mean cur-
rent densities of TRPM2. g Picture of whole cell configuration of the
TGs under microscope. (*p <0.05 vs Cntr. ®» <0.05 vs Cntr+ ADPR
group. °p<0.05 vs Cntr+ADPR+ACA group. p<0.05 vs
GTN+ ADPR group. °p <0.05 vs GTN + ADPR + ACA group)

PARP-1 inhibitors. Hence, the data of PARP-1 inhibitor and
TRPM?2 antagonists confirmed the involvement of TRPM?2
on the increase of cCa®* concentration in the TGs of GTN
treated mice.

The generations of cytokines such as TNF-a, IL-1f, and
IL-6 induce important roles in the activation of nerve ter-
minals for the induction neuro-inflammation. The increase
of pro-inflammatory cytokine concentrations, including the
concentrations of TNF-a, IL-1p, and IL-6, was recently
reported in migraine patients [58]. The increase of TNF-a,

@ Springer
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Fig.8 The GTN induced increases of pain intensity and cytosolic
free Ca>* concentration in the TGs were decreased by the treat-
ment of GSH. (n=3 and mean+STD). The mice received 14 days
intraperitoneal GSH (200 mg/kg). After 12 h of last dose adminis-
tration, migraine was induced by a single dose of GTN (10 mg/kg).
In the Cntr, GTN, and GSH+GTN groups, the hyperalgesia tests of
von Frey (a) and hot plate (b) were performed at basal level, and also
at 15th day for 1 h with 10-min interval (total six tests). The mean
values of von Frey (c¢) and hot plate (d) were shown by lines. At the

IL-18, and IL-6 concentrations via the activation of voltage
gated calcium channels and glutamate systems in the TGs
of mice with migraine was also reported [59, 60]. Recent

@ Springer

end of the experiments, all mice were decapitated under anesthesia,
and the whole trigeminal ganglia (TG) was obtained for staining with
1 pM Fluo-3-AM for 60 min. e The images of whole TG were cap-
tured in the CLSM-800 microscope after the laser stimulation. The
florescence intensities of cCa®* were measured in the groups of Chtr,
GTN, and GSH+GTN by using the ZEN program, and their mean
concentrations were indicated by the graphics of line (f) and column
(g). (*p<0.05 vs Cntr group. *p <0.05 vs GTN group)

data indicated that the modulator role of TRPM2 channel
blockers on the TRPM?2 activation-induced inflammatory
responses in the neurons and cell lines [19, 31, 33, 61]. To
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our knowledge, there is no report on the cytokine generation
and TRPM2 activation in the TGs of mice with migraine. In
the current study, the treatment of mice with GTN increased
the concentrations of TNF-«, IL-1f, and IL-6 in the TGs,

IL-6
(% of Cntr)

125

100

75

50

25

Cntr

ACA

2APB GTN

ACA+GTN 2APB+GTN

when compared with control untreated cells. In contrast, the
treatments of ACA and 2APB again indicated a decrease of
the TNF-a, IL-1f, and IL-6 concentrations in the TGs after
the treatment of GTN.
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Fig. 10 The possible protective action of GSH and TRPM2
antagonists on the molecular pathways of oxidative stress, apop-
tosis, and pain intensity in the trigeminal ganglia (TG) of mice
with migraine (GTN). Accumulating evidences indicate that the
generations of H,0, and DNA-damage (via the activation of PARP-
1)-induced ADP-ribose (ADPR) stimulate TRPM2, although the
treatments of glutathione (GSH), ACA, and 2APB inhibit the activ-
ity of TRPM2. The increase of cytosolic free Ca>* (cCa’") via the
activation of TRPM2 in the cytosol of TGs causes the increase of
mitochondrial membrane depolarization (A¥m). In turn, the increase
of A¥m causes the excessive generations of cytosolic (cCROS), mito-

In conclusions, the GTN-induced activation of TRPM?2
increased the levels of pain intensity, cROS, mROS, cCa?™,
cytokine, and AWm, suggesting that TRPM2-induced neu-
rotoxicity and pain are medicated by the upregulation of
OS and inflammation, Ca?* dysregulation, and irreversible
mitochondrial dysfunction, and downregulation of GSH
and GSHPx. The treatment of TRPM2 antagonists (ACA
and 2APB), PARP-1 inhibitors (DPQ and PJ34), and GSH
inhibited all of these TRPM2-mediated cytotoxic events and
sustained TG neuronal survival from the TRPM2-induced
apoptosis and death. Our findings support that the treat-
ments of TRPM?2 antagonists and GSH are responsible for
the neuroprotective effects of TRPM2 inhibition. Therefore,

@ Springer

chondrial (mROS) oxidative stress, cytokines (TNF-a, IL1f, and
IL-6), and the decrease of cytosolic GSH and glutathione peroxidase
(GSHPx) level. However, the effects of GTN were not observed in the
TG of TRPM2 knockout (TRPM2X®) mice. The GTN and TRPM2
activation-mediated excessive Ca>* influx cause apoptosis and cell
death via the activations of caspase pathways such as caspase-3
and caspase-9 in the TGs. The pain, oxidant, and apoptotic actions
of GTN are modulated by the treatments of TRPM2 antagonists
(GSH, ACA, and 2APB) and PARP-1 inhibitors (PJ34 and DPQ). (1)
Increase. (|) Decrease

the modulation of TRPM2 via its antagonists and GSH treat-
ment in the TGs of experimental migraine model can be
discovered for new drug targets to control migraine-induced
headache and oxidative neurotoxicity.
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