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Extracellular signal-regulated kinase {ERK) is known to be phosphorylated after exposure to noxious
stimuli. In this study, we investigated the response in the dura mater to nociceptive stimulation, which is
thought to be responsible for the pathogenesis of headaches, including migraines. We also examined the
level of ERK phosphorylation in the trigeminal ganglion following cortical spreading depression (CSD),
which is thought to play an important role in migraine pathophysiology. Western blot and immunohis-
Keywords: tochfamical analyses showeq a significant increase in.th.e ERK phospl?oryle}tion levels 3 min‘foll.owing an
ERK ’ application of 10 mM capsaicin to the dura mater. This increase was inhibited after an application of the
TRPV1 antagonist capsazepine or a MEK inhibitor. An immunohistochemical analysis revealed that most
of the small-sized trigeminal ganglion neurons with TRPV1-immunoreactivity that innervate the dura
mater exhibited pERK-immunoreactivity, suggesting that these neurons had responded to nociceptive
stimulation. CSD increased the level of ERK phosphorylation 30 min after its elicitation, and this response
was inhibited by a prior intraventricular administration of TRPV1 antagonist. These results indicate that
CSD can activate dural TRPV1 to send nociceptive signals to the trigeminal system, and they provide

Trigeminal ganglion
TRPV1
Cortical spreading depression

important clues regarding the relationship between CSD and the trigeminovascular system.
© 2013 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

1. Introduction

Extracellular signal-regulated protein kinases (ERKs) are
mitogen-activated protein kinases (MAPKs) that are activated by
membrane depolarization and calcium influx. ERK activation s also
regulated by upstream kinases, which are referred to as MAPK/ERK
kinases (Roux and Blenis, 2004). The phosphorylation of ERK in
response to the noxious stimulation of peripheral transient recep-
tor potential vanilloid subfamily member 1 (TRPV1) receptors has
been observed in the dorsal root ganglia, spinal dorsal horn, and
the trigeminal caudal nucleus (Ji et al., 1999; Dai et al., 2002;
Shimizu et al., 2006). Accordingly, changes in ERK phosphorylation
levels can be regarded as a sensitive marker for TRPV1 stimula-
tion. The phosphorylated ERK is known to induce post-translational
and transcriptional regulation, and these changes are likely related
to the generation of nociceptive-specific pain plasticity and to
inflammation-induced pain hypersensitivity (Obata and Noguchi,

* Corresponding author at: Department of Neurology, School of Medicine, Keio
University, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan.
Tel.: +81 3 5363 3788; fax: +81 3 3353 1272.
E-mail address: iwashita@a6.kejojp (T. Iwashita).

2004; Ji et al, 2009). Recent animal experiments revealed the
changes in ERK phosphorylation levels in the trigeminal ganglion
and meningeal arteries following the nociceptive stimulation of the
dura mater, and these results are considered to contribute to the
migraine-related sensitization (Yan et al., 2012; Zhang et al., 2013).

The dura mater is widely recognized as one of the most impor-
tant structures in the generation of headaches (Olesen et al., 2009).
It is densely innervated by trigeminal nerve fibers that contain cal-
citonin gene-related peptide and substance P (Andres et al., 1987;
Uddman et al.,, 1989; Reuss et al.,, 1992; Messlinger et al., 1993). In
addition to these nerve fibers, we have demonstrated the existence
nerve fibers in the dura mater that are positive for the TRPV1 recep-
tor, which is known to be a capsaicin-, proton- and heat-sensitive,
cation-selective channel. We have also reported that these TRPV1-
containing nerve fibers are derived from the trigeminal ganglion
(Shimizu et al., 2007).

In addition to the dura mater, cortical spreading depression
(CSD) is responsible for the development of migraine aura (Olesen
et al., 1990). CSD was initially reported by Ledo in the rabbit cere-
bral cortex as a reversible response that manifested itself through
the depolarization of neurons and glial cells that was followed by
the sustained suppression of spontaneous neuronal activity (Ledo,
1944). CSD is known to be provoked by chemical stimulation by

0168-0102/$ - see front matter © 2013 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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potassium and to spread through the cortical tissue from the ini-
tiation site at a rate of 2-5mm/min, suppressing the EEG and
deflecting direct current (DC) potential. Hadjikhani et al. observed
blood oxygenation level-dependent signal changes during visual
aura in migraine patients and suggested the possibility that CSD
generates the aura in the human visual cortex (Hadjikhani et al,,
2001). However, the relationship between CSD and the activation
of the trigeminovascular system, which is known to be related to
migraine pain, remains unclear.

Here, we investigated ERK phosphorylation in the trigeminal
ganglion following both nociceptive stimulation of the dura mater
and CSD using Western blot analysis and immunohistochemical
methods. Our results provide evidence that CSD can activate dural
TRPV1 receptors to send nociceptive signals to the trigeminal sys-
tem.

2. Materials and methods
2.1. Animals

Experiments were performed on male Sprague-Dawley rats
(n=94; body weight, 250-270g), 20 of which were used for
immunohistochemistry and the rest used for Western blot anal-
ysis. All experimental procedures were approved by the Animal
Welfare Committee of Keio University (No. 08033). All procedures
were undertaken with the utmost caution to minimize the suffering
of the animals.

2.2. Experimental protocols

2.2.1. Temporal profile of capsaicin-induced ERK phosphorylation

The animals were deeply anesthetized by an intraperitoneal
injection of pentobarbital sodium (30 mg/kg body weight). The
head of each animal was fixed in a stereotaxic frame, and a burr
hole (10mm diameter) was made in the skull bone around the
confluent sinus with the dura mater intact. A bank to prevent the
spreading of the vehicle (10% ethanol in saline) or capsaicin solu-
tion was built around the burr hole using dental cement (lonosit,
DMG, Hamburg, Germany). Capsaicin was dissolved in 10% ethanol
in saline. For control, we used the vehicle solution (10% ethanol in
saline). To minimize the effect of the removal of the skull bone on
the dural nociceptive nerve fibers, the surface of the dura mater sur-
rounded by the dental cement was filled with saline, and the animal
was kept anesthetized for 30 min. After these procedures, either
the vehicle or 10mM of capsaicin (8-methyl-N-vanillyl-trans-6-
nonenamide, NO.M2028; Sigma, St. Louis, MO) was applied to the
dura mater. The animals that received 3 min of saline were assigned
to the control group. The capsaicin-treated animals were divided
into three groups depending on the duration capsaicin adminis-
tration: 1 min, 3 min, or 5min. Each group contained 10 animals
(6 animals were analyzed by Western blotting and 4 animals by
immunohistochemistry). In addition, we observed longer effects
of capsaicin on ERK phosphorylation: 15 min, 30 min, or 60 min (6
animals in each group for Western blotting).

2.2.2. Effects of TRPV1 receptor antagonist and MEK inhibitors on
capsaicin-induced ERK phosphorylation

To examine the effects of a TRPV1 antagonist, 25mM of
capsazepine (N-[2-(4-chlorophenyl)ethyl]-1,3,4,5-tetrahydro-7,8-
dihydroxy-2H-2-benzazepine-2-carbothioamide, No. C191-5MG;
Sigma, St. Louis, MO) was applied to the dura mater immediately
after the removal of the skull bone. 30 min later, the capsazepine
was washed out with saline, and capsaicin was applied. After
3 min, the animals were sacrificed, and the trigeminal ganglia were
removed and prepared as a homogenate for Western blot analysis.

We also investigated the effects of MAPK extracellular signal-
regulated kinase (MEK) inhibitors on the phosphorylation of ERK.
PD98059 (50 M, #9900; Cell Signaling Technology, Beverly, MA)

~ orU0126 (100 pM, #9903; Cell Signaling Technology, Beverly, MA)

was applied to the dura mater for 30 min followed by capsaicin
application and homogenate preparation (4 animals in each group).

2.2.3. Retrograde tracer experiment

A burr hole (10 mm in diameter) was made in the skull bone
around the confluent sinus with the dura mater left intact. A
bank was built around the burr hole using dental cement (Ionosit,
DMG) to prevent the spreading of the tracer. A retrograde neu-
ronal tracer, true blue (trans-1, 2-bis [5-amidino-2-benzofuranyl]
ethylene-2HCI; Invitrogen) crystal (0.5 mg), was applied to the dura
mater (4 animals). Following the application of the tracer, the appli-
cation site was covered with the skull bone and dental cement.

Two weeks after the tracer application, the skull bone was
removed again, and the dura mater where the tracer was applied
was exposed. After a 3 min application of 10 mM capsaicin, the ani-
mals were perfused transcardially, and the trigeminal ganglia were
dissected and processed for immunohistochemistry.

2.2.4. Effects of CSD on the phosphorylation of ERK

Male Sprague-Dawley rats were anesthetized with isoflu-
rane (1.0% in room air with a flow rate of 400 mL/min) via a
concentration-controllable anesthesia unit (400; Univentor, Zej-
tun, Malta). Body temperature was maintained with a heating pad
and thermocontroller (BWT-100; Bioresearch Center Co., Nagoya,
Japan). Each animal was fixed to a head-holder (SG-4N, modi-
fied to be flexible around the horizontal axis; Narishige Scientific
Instrument Laboratory, Tokyo). For the measurement of DC poten-
tials, an Ag/AgCl electrode (tip diameter=200 pm, EEG-5002Ag;
Bioresearch Center Co.) was inserted 200 pm under the pia mater
(2 mm posterior and 2 mm lateral to bregma) and fixed with den-
tal cement. Ag/AgCl reference electrodes (EER-5004Ag; Bioresearch
Center Co.) were placed in the subcutaneous tissue. DC potentials
were amplified at 1-100 Hz and digitized at 1 kHz with a differen-
tial headstage and differential extracellular amplifier (Models 4002
and EX1; Dagan Co., Minneapolis, MN). The DC electrodes were
set on the bilateral exposed parietal cortex under anesthesia. We
also installed small open cranial windows near each electrode for
inducing CSD using a 1M KCl solution. Animals were divided into
three groups with 5 animals in each group. In the control group
(group-1), saline was applied to the open cranial window instead
of a 1M KCl solution. In group-2, bilateral trigeminal ganglia were
dissected immediately after the first wave of CSD. In group-3, the
ganglia were removed 30 min after the first wave of CSD. In another
experiment, animals were divided into two groups. In one group,
capsazepine (50nM) was injected into the cisterna magna (group-
5). For the control group, vehicle (20% DMSO in saline) was injected
instead of capsazepine (group-4). In group 4 and 5, capsazepine or
vehicle was administrated 30 min before 1M KCl application. In
both groups, 1M KCl was applied on the cranial window to induce
CSD, and 30 min later, bilateral trigeminal ganglia were dissected.
Inboth experiments, the specimens were prepared for Western blot
analysis.

2.3. Western blot analysis

After the bilateral trigeminal ganglia were dissected, they were
homogenized in ice-cold lysis buffer (20mM Tris [pH 7.4], 2 mM
EDTA, 20mM glycerophosphate, 1 mM Na3VO4, 2mM NaF, and
complete protease inhibitor). The proteins were separated using
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and electrophoretically transferred to polyvinylidene
difluoride membranes (Millipore Corporation). After treating with
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a blocking solution containing 4% nonfat dry milk for 30 min,
the membranes were incubated with an anti-phospho-p44/42
MAPK antibody (pERK, raised in rabbits [rabbit polyclonal}, 1:1000,
#9101; Cell Signaling Technology, Beverly, MA) or an anti-p44/42
MAPK antibody (ERK, raised in rabbits, 1:1000, #9102; Cell
Signaling Technology, Beverly, MA) in blocking buffer overnight
at 4°C. Then, the membranes were washed with Tris-buffered
saline containing 0.05% Tween-20 (TBS-T) and were incubated with
horseradish peroxidase-conjugated goat anti-rabbit IgG (1:10,000;
Jackson Immunoresearch Laboratories, West Grove, PA) for 2h at
room temperature. The immunoreactive bands were visualized
using enhanced chemiluminescence and detected using a lumino-
image analyzer (Las-4000; Fujifilm, Tokyo, Japan). The ratios of the
intensities of phospho-ERK1 to total ERK1 and phospho-ERK2 to
total ERK2 were calculated using the image analysis software Multi
Gauge version 3.0 (Fujifilm, Tokyo, Japan). The ratios were normal-
ized to the control samples and subjected to statistical analysis.

2.4. Immunohistochemical analysis

Animalsin each group were transcardially perfused with 200 mL
of 0.01 M phosphate-buffered saline (PBS, pH 7.2), followed by
a mixture of 2% formaldehyde and 0.2% picric acid in a 0.01M
phosphate buffer, pH 7.0. Immediately after perfusion and fixa-
tion, the trigeminal ganglia were dissected. After cryoprotection,
the specimens were processed into 7 um-thick sections using a
cryostat (Reichert-Jung Cryocut 1800; Leica Instruments, Heidel-
burg, Germany). For antigen retrieval, the slides were placed in
boiling 0.01 M citrate buffer solution at pH 7.0 (Muto Pure Chem-
icals, Tokyo, Japan) for 10 min. After this procedure, the cryostat
sections were preincubated with 10% normal donkey serum for
30 min. Then, the preincubated sections were incubated with the
primary antibodies for 48-72 h at room temperature, washed with
0.01 M PBS, and subsequently incubated with species-specific sec-
ondary antibodies for 2h at room temperature. The specimens
were mounted in buffered glycerol (pH 8.6), and the slides were
labeled with anti-phospho-p44/42 MAPK antibody (pERK, 1:1000).
For double staining, the slides were double-labeled with anti-pERK
antibody and anti-NeuN antibodies (raised in a mouse; code MAB
377; Millipore, Billerica, MA; 1:200). The immunoreactivities of
the primary antibodies were visualized using species-specific sec-
ondary antibodies raised in donkeys and were conjugated to Cy3
or fluorescein isothiocyanate (FITC); all of the secondary antibodies
were obtained from Jackson Immunoresearch Laboratories (West
Grove, PA). For the retrograde tracing experiment, sections were
labeled using anti-pERK and anti-TRPV1 (raised in a rabbit; code KM
018; TransGenic, Kumamoto, Japan; 1:200) antibodies. Secondary
antibody conjugated to Cy3 and FITC were used to distinguish
the immunolabeling from the labeling with true blue. The same
immunostaining procedures were used for the control tissue sec-
tions with the omission of the primary antisera.

2.5. Quantitative analysis of immunohistochemistry and tracer
experiments

The immunolabeled specimens were examined under an Olym-
pus BX 50 microscope (Olympus, Tokyo, Japan) fitted with highly
discriminating filters. Images from the BX 50 microscope were cap-
tured via a Sony CCD video camera (model XCD-SX 900; Sony,
Tokyo, Japan) on an EPSON computer.

For gquantitative immunohistochemical analysis, every third
section was used. We analyzed the first 16 sections per ganglion,
including the first branch of the trigeminal ganglionic neurons,
because the superior sagittal sinus is known to be innervated by
the ophthalmic division of the trigeminal ganglia. To calculate the
ratio of pERK-immunoreactive (IR) neurons, we counted the total

number of trigeminal ganglionic neurons and the number of pERK-
IR neurons. With regard to the pERK-IR neurons, only those neurons
that showed a clear increase in immunoreactivity above the back-
ground staining were counted. The total number of trigeminal
ganglionic neurons with visible nuclei was obtained using a con-
ventional light microscope. All of the areas of each section were
randomly analyzed by two blinded observers. For the quantita-
tive analysis of the tracer experiment in the trigeminal ganglion,
we counted, from the top to the bottom, the number of true blue-
containing neurons in every third section that contained nuclei. In
addition, we counted the numbers of both pERK-IR and TRPV1-IR
neurons showing an accumulation of the true blue tracer. Cross-
sectional areas of the soma were determined using the image
analyzing software of the BZ 9000 microscope (Keyence, Japan).

2.6. Statistical analysis

The data are presented as the mean +SD and were compared
using a Kruskal-Wallis one-way analysis of variance followed by a
Mann-Whitney test for multiple comparisons (SPSS for Windows,
version 21; SPSS Inc., Chicago, IL). The differences between the
means were considered statistically significant at p<0.05.

3. Results

3.1. Temporal profile of capsaicin-induced ERK phosphorylation
in the trigeminal ganglion

To identify the temporal profile of ERK phosphorylation in the
trigeminal ganglion, we stimulated the dura mater by a local appli-
cation of a capsaicin solution. For the Western blot analysis, the
antibody specific for the phosphorylated form of ERK identified
two bands at molecular weights of 44 and 42 kDa, corresponding to
phosphorylated ERK1 and ERK2, respectively. Representative blots
of the trigeminal ganglion pERK and ERK are shown in Fig. 1A.
In vehicle-treated animals, there was a basal level of phosphory-
lated ERK immunoreactivity thatincreased at 1 min and the peaked
at 3min after stimulation. The ratios of phosphorylated ERK/total
ERK at 1, 3, and 5min after capsaicin stimulation were 1.941.2,
2.5+ 1.1,and 2.3+ 0.5for ERK1and 2.0+ 0.6,2.5+0.7,and 2.1+ 0.4
for ERK2, respectively (Fig. 1B and C). Although the level of phos-
phorylation had begun to decrease by 5 min, it still showed higher
levels at 5min. In particular, ERK1 exhibited a significantly higher
level of phosphorylation at 5 min compared to controls. Therefore,
we observed the levels of phosphorylation over a longer period of
time following capsaicin stimulation. The ratios of phosphorylated
ERK/total ERK at 15, 30, and 60 min after capsaicin stimulation were
1.5+£05, 1.44+0.2, and 1.4+ 0.3 for ERK1 and 1.64+0.5, 1.3£0.3,
and 1.3+£0.3 for ERK2, respectively. These ratios were gradually
decreased, and close to the basal level by 60 min.

Both ERK1 and ERK2 displayed significantly higher levels of
phosphorylation at 3min after capsaicin stimulation compared
to the vehicle-treated controls. We also observed the levels of
phosphorylation over a longer period of time following capsaicin
stimulation. The ratios of phosphorylated ERK/total ERK at 15, 30,
and 60 min after capsaicin stimulation were 1.5+ 0.5, 1.4 £ 0.2, and
1.4+0.3 for ERK1 and 1.6 +0.5, 1.3+0.3, and 1.3+0.3 for ERK2,
respectively.

3.2. Attenuation of capsaicin-induced ERK activation using a
TRPV1 receptor antagonist and MEK inhibitors

We next determined whether TRPV1 receptor stimulation and
MEK activation mediated the capsaicin-induced ERK phosphoryla-
tion. As shown in Fig, 2A, the phosphorylation of ERK at 3 min after
capsaicin application was attenuated in animals preincubated with
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Fig. 1. Temporal profile of capsaicin-induced ERK phosphorylation in the trigeminal
ganglion. Temporal profile of the phosphorylation of ERK1/2 in trigeminal ganglion
neurons following the application of capsaicin to the dura mater. In vehicle-treated
animals, the trigeminal ganglia were collected 3 min after vehicle stimulation of
the dura mater; in capsaicin-treated animals, the specimens were collected at 1, 3,
and 5 min. The time course for the phosphorylation of ERK1/2 was evaluated using
Western blotting. A representative image is shown in (A), and the ratios of the inten-
sities of pERK1 and pERK?2 are shown in (B) and (C), respectively. A marked increase
in the phosphorylation of ERK1/2 was observed 3 min after the application of cap-
saicin. The ratios of phosphorylated ERK1/2 to total ERK 1/2 were still higher levels
at 5min, and notably, ERK1 showed a significantly higher level of phosphorylation
at 5 min compared to controls. (*p<0.05; n=6 in each group; error bars indicate SD).

capsazepine, a TRPV1 receptor antagonist (Fig. 2A, caz). In addition,
the MEK inhibitors PD98059 and U0126 inhibited the phosphory-
lation of ERK at 3 min after capsaicin application (Fig. 2A, PD98059,
U0126). The ratios of phosphorylated ERK/total ERK were 2.5 + 1.1
(caps), 1.9+0.4 (caz), 1.1+£0.4 (PD98059), and 0.6 +0.2 (U0126)
for ERK1 and 2.5+0.7 (caps), 1.34+0.2 (caz), 1.2 +£0.5 (PD98059),
and 0.6+0.2 (U0126) for ERK2 (Fig. 2B and C). The statistical
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Fig. 2. Attenuation of capsaicin-induced ERK activation by a TRPV1 receptor antag-
onist and MEK inhibitors. Effects of TRPV1 receptor antagonist or MEK inhibitors on
the phosphorylation of ERK1/2. Representative Western blot results are shown in
(A), and the ratios of the intensities of pERK1/ERK1 and pERK2/ERK2 are shown in
(B) and (C), respectively. For the control group (cont.), the vehicle was applied to
the dura mater for 3 min. The designation “caps” indicates those animals in which
capsaicin was applied to the dura mater for 3 min without preincubation with the
TRPV1 receptor antagonist or MEK inhibitors. Significant increases in the ratios of
the intensities of pERK1 and pERK2 were observed in the capsaicin-treated animals
(caps) compared to those of the control group (cont). Conversely, the animal groups
preincubated for 30 min with the TRPV1 receptor antagonist (caz) or MEK inhibitors
(PD98059, U0126) exhibited decreased pERK1 and pERK2 ratios after the application
of capsaicin to the dura mater compared to those of capsaicin-only-treated animals
(caps). The phosphorylation of ERK1/2 was inhibited in animals preincubated with
the TRPV1 receptor antagonist capsazepine; however, only ERK2 showed a signifi-
cant difference between capsaicin-treated animals and animal groups preincubated
with capsazepine (caz). Both MEK inhibitors, PD98059 and U0126, produced a sig-
nificant decrease in the phosphorylation of ERK1/2 (* vs. control, p<0.05; ** vs.
capsaicin applied animals, p <0.05; n=4 in each group; error bars indicate SD).

analysis showed a significant decrease in ERK2 phosphorylation
with capsazepine and the phosphorylation of both ERK1 and ERK2
with PD98059 or U0126 compared to the results obtained in the
capsaicin-only-treated animals.

3.3. Immunohistochemical analysis of pERK in the trigeminal
ganglion after dural nociceptive stimulation

We also performed an immunohistochemical analysis of phos-
phorylated ERK (pERK) using rat trigeminal ganglion slices. As



