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Abstract

Migraine and other primary headache disorders affect a large population and cause debilitating
pain. Establishing animal models that display behavioral correlates of long-lasting and ongoing
headache, the most common and disabling symptom of migraine, is vital for the elucidation of
disease mechanisms as well as the identification of drug targets. We have developed a mouse
model of headache, using dural application of capsaicin along with a mixture of inflammatory
mediators (IScap) to simulate the induction of a headache episode. This elicited intermittent head-
directed wiping and scratching as well as the phosphorylation of c-Jun N-terminal kinase in
trigeminal ganglion neurons. Interestingly, dural application of 1Scap preferentially induced FOS
protein expression in the excitatory but not inhibitory cervical/medullary dorsal horn neurons. The
duration of I1Scap-induced behavior and the number of FOS-positive neurons correlated positively
in individual mice; both were reduced to the control level by the pretreatment of anti-migraine
drug sumatriptan. Dural application of CGRP g_37), the calcitonin gene-related peptide (CGRP)
receptor antagonist, also effectively blocked IScap-induced behavior, suggesting that the release of
endogenous CGRP in dura is necessary for 1Scap-induced nociception. These data suggest that
dural IScap-induced nocifensive behavior in mice may be mechanistically related to the ongoing
headache in humans. In addition, dural application of IScap increased resting time in female mice..
Taken together, we present here the first detailed study using dural application of 1Scap in mice.
This headache model can be applied to genetically modified mice to facilitate the research for the
mechanisms and therapeutic targets for migraine headache.

1. Introduction

Migraine and other primary headache disorders affect a large proportion of the general
population and cause debilitating pain that substantially compromises patients’ quality of
life. Despite the high prevalence, the disease mechanisms are still unclear and the treatment
options remain limited. The development of animal models that recapitulate the symptoms

"Corresponding author: Yu-Qing Cao, Department of Anesthesiology and Pain Center, Washington University School of Medicine,
660 South Euclid, Box 8054, St. Louis, MO 63110, Tel: +1-314-362-8726, Fax: +1-314-362-8334, caoy@anest.wustl.edu.

Conflict of interest statement
The authors report no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 2

and pathophysiology of migraine are vital for the elucidation of disease mechanisms as well
as the identification of new diagnostic biomarkers and potential drug targets [2, 52]. In rats,
chemical stimulation of the dura is a well-established preclinical model of headache. It
produces several behavioral correlates of headache and its accompanying symptoms,
including a decrease in feeding and exploratory behavior [13, 37, 39], the establishment of
facial and hindpaw mechanical allodynia [14, 43, 64], an increase in facial grooming and
resting behavior [39] as well as an aversive state of cephalic pain [11]. Administration of
nitroglycerin (NTG), a well-established migraine trigger in humans, also evokes cutaneous
hyperalgesia in rats [49, 59].

Various genetically modified mouse lines offer great tools to understand migraine
pathophysiology. It is thus pertinent to develop preclinical models that provide behavioral
correlates of headache and related symptoms in mice, especially the objective and
quantifiable measurements of mouse behaviors that may be mechanistically related to the
ongoing headache, the major symptom of migraine in humans. Systemic injection of NTG in
mice elicits hindpaw allodynia, light aversion and conditioned place aversion [5, 38, 47, 48].
Intracerebroventricular injection of calcitonin gene-related peptide (CGRP) also evokes
light-aversion in mice [29, 50]. Repetitive cortical spreading depression induces an increase
in mouse grimace scale [30]. Multiple spontaneous behaviors including head-directed
grooming, lateralized eye blink and whole-body shuddering are considered suggestive of
spontaneous head pain in mice [8].

Building upon these previous works, we mimic the induction of a migraine episode by
stimulating the dura with a mixture of capsaicin and inflammatory mediators (IScap) in
awake, freely moving mice and observe their home cage behavior. We show here that dural
application of I1Scap elicits robust head-directed nocifensive behavior in mice. Using
GADG67-GFP mice to selectively label inhibitory neurons, we find that dural IScap induces
FOS protein expression predominantly in excitatory neurons in the cervical/medullary dorsal
horn (trigeminocervical complex, TCC). Both I1Scap-induced behavior and FOS expression
are reduced to the control level by the pretreatment of anti-migraine drugs sumatriptan and
the CGRP receptor antagonist, suggesting that 1Scap-induced behavior may be
mechanistically related to the ongoing headache during a migraine episode. Activation of the
c-Jun N-terminal kinase (JNK) signaling pathway is also necessary for the manifestation of
IScap-induced behavior. Interestingly, only female mice exhibit an increase in resting time in
response to dural application of 1Scap. Taken together, we have developed a preclinical
mouse model of headache and provided the first detailed characterization of the effects of
dural application of IScap in mice. This provides a valuable tool to use mouse as a model
system to better understand the mechanisms underlying migraine, especially the ongoing
headache, as well as to screen for novel therapeutics.

Portions of this manuscript have been published previously in abstract form [26].
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2. Methods

2.1. Mice

All experiments in this study adhered to the guidelines of the Committee for Research and
Ethical Issues of IASP [69]. All procedures were approved by the Animal Studies
Committee at Washington University in St. Louis, in accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health
Publication 86-23). Mice were housed (2-5 per cage, same sex) in the animal facility of
Washington University in St. Louis on a 12-hr light/dark cycle with constant temperature
(23-24°C), humidity (45-50%) as well as food and water ad /ibitum.

Adult Swiss Webster and CD-1 mice (8-12 weeks old, both male and female, Charles River)
were used in the experiments. Adult male heterozygous mice expressing the green
fluorescent protein (GFP) from one glutamate decarboxylase 67 (GADG67) locus (GAD67-
GFP) were maintained on C57BL/6 background and the genotype was determined by PCR
of tail DNA as described [58]. The GABAergic inhibitory neurons are selectively labeled by
the GFP signal in these mice [58].

2.2. Surgical preparation and behavioral tests

All mice were housed in the animal facility for at least 5-7 days before acclimation. Mice
were transported to the testing room and were habituated individually in a clean cage (with
bedding, food and water ad /ibitum) for 3-5 days (> 3 hrs per day) before the surgery and
behavioral tests. Mice were gently handled at least 5 times during each habituation period
until they show no signs of freezing or rapid escaping when approached by the experimenter.

On the test day, mice (adult male and female Swiss Webster, adult male GAD67-GFP
heterozygotes) were acclimated individually in a clean cage (with bedding, food and water
ad libitum) for 1 hr. Subsequently, mice were anesthetized with 3-4% isoflurane in oxygen
in an induction chamber until loss of the righting reflex and were mounted on a Stoelting
stereotaxic apparatus. Anesthesia was maintained by 1.5-2% isoflurane through a nose cone.
Body temperature was maintained by placing mice on a 37°C circulating water warming
pad. A small amount of ophthalmic ointment was placed in the eyes to prevent the corneas
from drying. Lidocaine hydrochloride jelly (2%) was applied on the skin for 5-10 min
before a longitudinal skin incision was made to expose the cranium. Topical lidocaine
solution (2%) was applied on the skull before the muscle and periosteal sheath were
removed in the area overlying the superior sagittal sinus (SSS) between bregma and lambda.
A craniectomy (~2.5 mm diameter) was made with a cooled dental drill within this area,
leaving the underlying dura exposed but intact. Topical lidocaine solution (2%) was
repetitively applied on the skull during the craniectomy to prevent the activation and/or
sensitization of the primary afferent neurons. A sterile polypropylene ring (3.5 mm diameter,
3.2 mm length, holds ~30 pl solution) was sealed to the skull surrounding the exposed dura
by a mixture of dental cement powder (Stoelting 51459) and superglue adhesive to prevent
the spreading of the solution to other peripheral sites. The viscosity of dental cement/
superglue mix kept it from spreading to the exposed dura. After waiting 5-10 min for the
mix to solidify, we applied 25 pl of solutions (see below) onto the exposed dura.
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Subsequently, a sterile polypropylene cap was secured over the ring by applying the dental
cement/superglue mix on the outer surface of the cap and the ring. The skin incision was
closed with 5-0 silk suture.

After recovery from anesthesia, mice were returned to the clean cage and their behaviors
were recorded by digital video cameras for 2 hrs before euthanization. A diagram of the
recording setup was shown in Fig. S1. The cage was placed in front of a 3-way mirror to
ensure that the head-directed behavior be recorded at all body positions. Mice were recorded
one at a time in the absence of the experimenter and other mice. Digital video files were
quantified off-line by experimenters blinded to the treatments that mice received. The entire
2-hr video was watched and scored. Time spent on forepaw wiping and hindpaw scratching
within the mouse V dermatome (including the scalp and periorbital area) was quantified as
nocifensive behavior.

To estimate the spread of solutions on the dura and the skull, we applied the dye fast green
(FG, 1% in 20 pl ACSF with 2% DMSO) to the polypropylene ring and examined the spread
of dye 2 hrs later [35]. The average diameter of the FG-stained area on the skull (4.2 £ 0.2
mm) was smaller than the outer diameter of the ring (4.5 mm, Fig. S2), indicating that the
spread of solution on the skull was well confined by the polypropylene ring. Conversely, the
average diameter of the FG-stained area on the dura was 8.6 = 0.5 mm (Fig. S2), suggesting
that the solution spread to the dura well beyond the exposed area after 2-hr incubation.

In some experiments, mice (adult male Swiss Webster and GAD67-GFP heterozygotes)
were perfused for tissue collection at the end of the recording session. To compare the
pattern of FOS protein expression between awake and anesthetized mice, we maintained
some mice under anesthesia (1.5-2% isoflurane) for 2 hrs after dural application of solutions
and skin suture. Mice were then perfused for tissue collection.

To minimize the effects of surgery and anesthesia, we allowed some adult CD-1 mice (both
male and female) to recover from surgery for 7 days before testing the behavior. After
sealing the sterile polypropylene ring onto the skull to surround the exposed dura, we
applied 20 pl of sterile artificial cerebrospinal fluid (ACSF, see below) onto the dura.
Subsequently, a sterile polypropylene cap was secured over the ring with bone wax to cover
the exposed dura. The skin incision was closed with 5-0 silk suture, leaving the cap exposed.
After recovery from anesthesia, mice were housed individually in the animal facility for 7
days and were transported to the testing room for acclimation every day. On post-surgery
day 7, we habituated the mouse in a clean cage (with bedding, food and water ad /ibitum) for
1 hr and recorded their behavior for 2 hrs. The next day, the mouse was briefly anesthetized
with isoflurane after 1 hr habituation in a clean cage. The polypropylene cap was removed
without disturbing the skin suture and 20 pl of vehicle was applied (see below) onto the
exposed dura. Subsequently, a new sterile polypropylene cap was secured over the ring with
bone wax to cover the dura. After recovery from anesthesia, the mouse was returned to the
clean cage and its behavior was recorded for 2 hrs. Two days later (post-surgery day 10), the
procedure was repeated to record mouse behavior after the application of 20 pl of IM (see
below) or ACSF onto the dura. In addition to head-directed behavior, we also recorded time
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spent resting (immobile, with eye closed or open but not freezing) or in these mice. The
freezing behavior rarely occurred in all groups of mice.

The facial formalin test was modified as described previously [36]. In brief, adult male
GADG67-GFP mice were acclimated individually in a clean cage (with bedding, food and
water ad /ibitum) in the testing room for 3-5 days. The skin around the periorbital region
(between the two eyes) was shaved 24 hrs before the test. The dilute formalin solution (1%
in 20 pl saline) or saline was injected intradermally in the periorbital region. Mice were
immediately returned to the clean cage and were recorded by digital video cameras for 1 hr.
Digital video files were quantified off-line. Time spent on forepaw wiping and hindpaw
scratching of the injected area and the forehead (within the V1 dermatome) was quantified as
nocifensive behavior. Two hrs after formalin injection, mice were perfused for tissue
collection.

The mouse cheek models of itch and pain were conducted in adult male Swiss Webster mice
as described previously [3, 55]. In brief, mice were acclimated individually in clear Plexiglas
containers (11x11x16 cm height) surrounded by 3-way mirrors in the testing room for 3-5
days. The cheeks were shaved 2 days before the experiments. On the test day, mice were
habituated in the clean containers for an hour and then received intraperitoneal (i.p.)
injections of saline or sumatriptan (10 mg/kg in saline). Fifteen min later, mice were injected
with 20 pl solutions intradermally in the cheeks, immediately returned to the containers and
were recorded by digital video cameras for 15 min. Digital video files were quantified off-
line. To test itch responses, mice received 10 pg serotonin (5-HT, in 20 pl saline) or 20 pl
saline injections in the cheeks. Total bouts of ipsilateral hindpaw scratching of the injected
area were quantified by a single observer blinded to the experimental groups. To test pain
responses, mice received 10 g capsaicin (in 20 pl saline with 1% DMSO) or 20 ul vehicle
(1% DMSO in saline) injections in the cheeks. Total numbers of ipsilateral forepaw wiping
of the injected area were quantified by a single observer blinded to the experimental groups.

2.3. Tissue preparation and immunohistochemistry (IHC)

Adult male mice (wild-type Swiss Webster and heterozygous GAD67-GFP) were euthanized
with i.p. injection of barbiturate (200 mg/kg) and were transcardiacally perfused with 0.1 M
phosphate-buffered saline (PBS, pH 7.2) followed by 4% formaldehyde in 0.1 M phosphate
buffer (PB, pH 7.4) for fixation. Trigeminal ganglion (TG) as well as the brain and spinal
cord tissues were dissected out, post-fixed for 4 hours, and protected overnight in 30%
sucrose in 0.1 M PB.

The caudal medulla (~1.5 mm rostral of obex) and upper cervical spinal cord (to C3) was
removed as a single block, frozen in OCT media and cut transversely into 30 um free-
floating sections. One in every 3 sections was processed for each IHC experiment. Sections
were washed 3 times in 0.01 M PBS and incubated in blocking buffer consisting of 0.01 M
PBS, 10% normal goat serum (NGS) and 0.3% triton X-100 at room temperature (RT) for 1
hr. Sections were then incubated with an antibody for FOS protein (EMD, 1:5000 dilution in
blocking buffer) for 48 hrs at 4°C with gentle agitation. Following 3 washes by 0.01 M PBS
with 1% NGS and 0.3% triton for 10 min and blocking for 1hr, sections were incubated with
the AlexaFluor 568- or 488-conjugated goat anti-rabbit secondary antibody (Invitrogen,
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1:1000 dilution in blocking buffer) at RT for 2 hrs and were washed 3 times in 0.01 M PBS.
The sections were mounted on gelatin-coated slides and cover-slipped using Fluoromount-G
mounting medium (Electron Microscopy), sealed with nail polish and stored at 4°C.

The number of neurons containing FOS-immunoreactivity (FOS-ir) in TCC was quantified
under a 20x objective on a Nikon TE2000S epifluorescence microscope by a single observer
blinded to the experimental groups. We counted sections (10-12 per mouse) from the caudal
portion of the trigeminal nucleus caudalis (\Vc) to C1 cervical spinal cord. We defined the
rostral border of the caudal V¢ as ~270 um caudal of the obex (the appearance of the central
canal) in the coronal sections of adult mouse brain. The caudal border of C1 was defined
according to a previous study [41]. To avoid counting FOS-ir in neurons of the trigeminal
nucleus interplaris (Vi), we did not analyze FOS-ir in the rostral portion of V¢ (90 — 270 um
caudal of obex in adult mouse) [56]. In some experiments, the dorsal horn was divided into
laminae I-V [56] and the number of neurons containing FOS-ir in laminae I-11, I11-1V and V
was quantified separately.

TG tissues were frozen in OCT media and sectioned at 20 um using a cryostat, mounted on
Superfrost Plus glass slides and stored at —20°C. One in every 3 TG sections was processed
for each IHC experiment. The sections were dried at RT, washed three times in 0.01 M PBS
and incubated in blocking buffer for 1 hr. Sections were then incubated with primary
antibodies (Cell Signaling Technologies) against the phosphorylated forms of extracellular
signal-regulated kinase (pERK, 1:1000), p38 (p-p38, 1:200) and JNK (pJNK, 1:100) for 24
hrs at 4°C, respectively. The AlexaFluor 568-conjugated goat anti-rabbit secondary antibody
(Invitrogen) was used at 1:1000 dilution. The number of TG neurons containing pERK-, p-
p38- and pJNK-immunoreactivities (pERK-ir, p-p38-ir, and pJNK-ir) was quantified under a
20x objective on a Nikon TE2000S epifluorescence microscope by a single observer blinded
to the experimental groups.

The low-power images were captured by the Olympus NanoZoomer Whole-Slide Imaging
System in the Alafi neuroimaging core facility of Washington University Medical School.
The high-power images were captured through a 20x objective on a Nikon TE2000S
inverted epifluorescence microscope equipped with a CoolSnapHQ? camera (Photometrics).
Representative images were contrast and brightness adjusted using the same parameter
within individual experiments. No other manipulations were made to the images.

2.4. Drug application

The ACSF consists of (in mM) 125 NaCl, 26 NaHCOg3, 1.25 NaH,PQy, 2.5 KCI, 1 MgCl,, 1
CacCly, and 25 glucose. The composition of 1Scapwas modified from previous studies [40,
43, 57]. The IScap solution contained 0.5 mM capsaicin and a mixture of proinflammatory
reagents including 1 mM bradykinin, 1 mM histamine, 1 mM 5-HT and 0.1 mM
prostaglandin E, (PGEy) in 0.01 M PBS (pH 7.2) with 2% DMSO. The acidic (pH 5.0) IM
solution contained an additional 10 mM Hepes [14]. The vehicle control consists of ACSF
(pH 7.2) with 2% DMSO. All chemicals were purchased from Sigma, dissolved in H,O
(bradykinin, histamine and 5-HT) or DMSO (PGE, and capsaicin) at 100x concentrations
and stored at —80°C in aliquots. IScap was freshly prepared from the stock solution on each
day of surgery and behavioral test.
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S-Nitroso-N-acetyl-penicillamine (SNAP, Sigma) was dissolved in ACSF to generate 50
mM stock and was diluted in ACSF to 500 uM prior to dural application. This concentration
of SNAP induced significant cerebral vasodilation in a previous report [20]. Another
vasodilator, rat a-CGRP (Bachem), was dissolved in ACSF and was applied to the dura at 1
UM or 100 uM in 25 Ul ACSF. The CGRP receptor antagonist CGRP(g_z7y (Bachem) was
dissolved in ACSF as 100 pM stock solution and was diluted in ACSF on the test day. We
applied 25 ul CGRPg_37) (1 pM) to the dura for 15 min, removed the solution, and then
applied IM or vehicle in the presence of 1 uM CGRP(g_37) to the dura. The control groups
received 15 min ACSF pretreatment.

Sumatriptan succinate (Sigma) was dissolved in saline as 10 mg/ml stock solution and was

injected (i.p. 3-10 mg/kg in saline, [5, 40]) 15 min prior to the dural application of I1Scap or
vehicle. Naproxen (Sigma) was injected (i.p. 100 mg/kg in saline) 15 min prior to the dural

application of 1Scap or vehicle [10].

2.5. Statistical analysis

All data are reported as mean + standard error of the mean. Shapiro-Wilk test was used to
check data normality. Statistical significance between experimental groups was assessed by
the two-tailed #test or analysis of variance (ANOVA, one-way or two-way, with or without
repeated measures [RM]) with post hoc Bonferroni test where appropriate, using Origin and
Statistica (from OriginLab and StatSoft, respectively). Differences with p < 0.05 were
considered to be statistically significant.

3. Results

3.1. Dural application of IScap elicits trigeminal V{-directed nocifensive behavior in mice

First, we screened for the chemical stimulus that robustly activates the trigeminovascular
pathway in mice, using the expression of the immediate-early gene product FOS protein as a
marker for neuronal activation. Previous studies show that FOS expression in TCC neurons
can be induced by intracisternal administration of capsaicin in mice and dural application of
a mixture of proinflammatory reagents (IS) in rats, respectively [14, 40]. We have shown by
retrograde labeling that around 25% of dural afferent neurons in mice express the capsaicin-
sensitive channel TRPV1 [25]. We exposed the dura above a section of SSS in anesthetized
adult male Swiss Webster mice and applied various chemical stimuli 10 min after
craniectomy. Dural application of capsaicin or IS for 2 hours did not significantly increase
the number of TCC neurons containing FOS-ir in anesthetized mice (Fig. 1). On the
contrary, dural application of both IS and capsaicin (IScap) resulted in a more than 3-fold
increase in the number of FOS-positive neurons in mouse TCC (Fig. 1,7+ 1 and 26 + 6
FOS-ir neurons/section in vehicle and IScap groups, respectively, p < 0.01, one-way
ANOVA with post hoc Bonferroni test).

Next, we tested whether dural application of IScap causes behavioral changes in awake
mice. Naive, well habituated mice spent little time (20 + 3 sec) wiping and scratching the
skin around the scalp and periorbital area during the 2 hour observation period (Fig. 2A). We
then applied IScap or vehicle onto the dura above a section of SSS 10 min after the
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craniectomy, let mice recover from anesthesia and recorded their behavior for 2 hours. In
IScap -treated group, we observed bouts of forepaw wiping and hindpaw scratching around
the scalp and periorbital area within the trigeminal \V; dermatome. The duration of wiping
and scratching reached peak 40-50 min after mice recovered from anesthesia and gradually
subsided to baseline level within 2 hours (Fig. 2A). Mice underwent surgery and dural
vehicle-treatment spent significantly less time on wiping and scratching compared with
IScap -treated mice (Fig. 2A, B, 322 + 39 sec and 758 + 69 sec, respectively; p< 0.01, one-
way ANOVA with post hoc Bonferroni test). We also quantified wiping and scratching
duration separately in dural 1Scap - and vehicle-treated mice, as a previous study indicates
that they measure pain and itch respectively in the mouse cheek injection model [55]. Both
forepaw wiping and hindpaw scratching around the scalp and periorbital area were
significantly more robust in mice receiving dural application of 1Scap than in vehicle-treated
mice (Fig. 2C, p<0.01, two-tailed #test). In later experiments, we investigated whether
dural I1Scap-induced scratching likely reflects pain or itch in this model (Fig. 6F, G).

We went on to test the effects of IScap in adult female Swiss Webster mice, as more women
suffer from migraine than men. Interestingly, dural application of vehicle 10 min after the
craniectomy evoked much longer duration of wiping and scratching within the trigeminal V4
dermatome in female mice than in vehicle-treated male mice (Fig. 2D, E, female versus
male vehicle groups, p < 0.01, two-way ANOVA with post hoc Bonferroni test). Dural
application of I1Scap in female mice 10 min after the craniectomy did not further increase the
duration of Vq-directed behavior (Fig. 2D, E, female vehicle versus IScap groups),
suggesting that the effect of 1Scap may be masked by surgery-induced behavior. In
subsequent experiments, we used adult male mice to further characterize 1Scap -induced
behavior and the activation of TG and TCC neurons (Fig. 2-8). In the last set of
experiments, we let male and female mice recover from surgery for 7 days before testing the
effects of dural application of vehicle and IScap on their home-cage behavior (Fig. 9, 10). In
addition, we also tested the effects of dural 1Scap on other mouse strains to see if this
headache model can be applied to mice of various genetic backgrounds (Fig. 4, 9, 10).

In rats, cutaneous allodynia can be induced by dural application of IS, capsaicin or acidic
solution alone [14, 43, 63-65]. We varied the components of dural stimuli and measured the
duration of Vq-directed wiping and scratching in adult male mice. All stimuli induced longer
duration of nocifensive behavior than the vehicle group when applied to dura 10 min after
the craniectomy. However, only the 1Scap -treated group reached statistical significance
compared with the vehicle-treated group (Fig. 2F, p< 0.05, one-way ANOVA and post hoc #
test with Bonferroni correction). Thus, we used 1Scap to stimulate the dura in all subsequent
experiments, as it consistently elicits robust V{-directed nocifensive behavior as well as
significantly increases the number of FOS-positive neurons in TCC.

3.2. Dural application of IScap preferentially induces FOS protein expression in the
excitatory neurons in TCC

Does the expression of FOS protein in TCC correlate with the duration of V1-directed
behavior in individual mice? To address this question, we recorded dural vehicle- or 1Scap-
induced behavior for 2 hours and then quantified FOS-ir in TCC neurons in the same mice.
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Similar to what we have observed in anesthetized mice (Fig. 1), dural application of IScap
10 min after the craniectomy induced significantly higher number of FOS-ir neurons than
the vehicle in awake mice (Fig. 3A, B). The FOS-ir was most densely distributed in laminae
I-11 of the ventrolateral V¢ that receives inputs from the V4 ophthalmic and some of the
maxillary branches of the trigeminal nerve (Fig. 3A). FOS-positive cells were present at
much lower density in the dorsomedial part of V¢ that receives inputs from the mandibular
and maxillary branches of the trigeminal nerve.

Prolonged exposure to anesthetics significantly reduced the number of FOS-positive TCC
neurons in both vehicle- and I1Scap-treated mice (Fig. 3B, p < 0.001 for the anesthesia effect,
two-way ANOVA). Nevertheless, the fold increase in FOS-positive TCC neurons of IScap-
versus vehicle-treated mice was comparable between anesthetized (1.7 + 0.3 fold) and awake
groups (2.0 £ 0.2 fold, p=0.30, two-tailed #test). For mice in the awake groups, we
observed a positive correlation between the number of FOS-positive neurons per TCC
section and the total duration of wiping and scratching (correlation coefficient 7= 0.80, p<
0.05, Fig. 3C), suggesting that V1-directed nocifensive behavior reflects the activation of the
trigeminal nociceptive pathway.

We went on to investigate whether dural application of 1Scap induces FOS protein
expression in both excitatory and inhibitory neurons in TCC, using heterozygous GAD67-
GFP knock-in mice [58]. The GAD67-GFP mice have been used for the identification of
GABAergic neurons in the central nervous system (CNS) including spinal dorsal horn [17,
42]. In addition, since nearly all glycinergic dorsal horn neurons in laminae I-111 also contain
GABA, the GFP signal is a reliable marker for the identification of inhibitory neurons in this
region [46]. Heterozygous GAD67-GFP mice on C57BL/6 background have slightly lower
GABA content in the brain (84% of the wild-type mice) and exhibit grossly normal behavior
[58]. Adult male heterozygous GAD67-GFP mice that received dural application of IScap
10 min after the craniectomy exhibited more robust forepaw wiping and hindpaw scratching
than vehicle-treated mice (Fig. 4B, p < 0.05, two-tailed #test). The number of FOS-positive
TCC neurons in IScap-treated GAD67-GFP heterozygotes was also significantly higher than
that in vehicle-treated mice (Fig. 4A, C, p< 0.01, two-tailed #test). Thus, dural IScap
induced robust head-directed nocifensive behavior and TCC FOS expression in mice on
C57BL6 as well as Swiss Webster backgrounds. Interestingly, only a very small fraction of
FOS-positive neurons were GFP-positive (3.1 £ 0.2% and 3.5 + 0.3% in vehicle- and 1Scap-
treated groups, respectively; Fig. 4D), indicating that dural application of IM preferentially
activates excitatory neurons in TCC.

An alternative explanation is that dural 1Scap activates inhibitory TCC neurons but does not
induce FOS expression. To test this possibility, we examined cutaneous formalin-induced
FOS-ir in TCC neurons in heterozygous GAD67-GFP mice. In rats that receive hindpaw
injection of capsaicin or formalin, more than 20% of the FOS-positive neurons in the dorsal
horn of the lumbar spinal cord are GABAergic [23, 70, 71]. We injected heterozygous
GADG67-GFP mice with saline or 1% dilute formalin into the skin of the periorbital region
and recorded behavior for 1 hour. Consistent with previous reports [36, 55, 61], formalin
induced robust biphasic responses, mostly forepaw wiping directed to the periorbital area, in
GADG67-GFP mice (Fig. 5B). The 15t phase started immediately after injection and subsided
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in 5-10 min; and the 2" phase lasted between 10-60 min after the injection. We quantified
FOS-positive neurons in TCC 2 hrs after formalin injection. In saline-injected mice, only 2.6
+ 0.2% of FOS-positive neurons in TCC contained GFP signal (Fig. 5A, D, saline groups).
Sections from formalin-injected mice exhibited many FOS-positive neurons in the cervical/
medullary dorsal horn (Fig. 5A, C, p< 0.001, two-tailed #test). Importantly, a substantial
fraction of FOS-positive neurons were GFP-positive (11.7 £ 2.3%; Fig. 5D, p< 0.001),
indicating that noxious chemical stimuli can induce FOS protein expression in inhibitory
TCC neurons. Taken together, our results suggest that chemical stimulation of the dura
preferentially activates the excitatory neurons in TCC, as manifested by the selective
increase in FOS-ir in these neurons.

3.3. Dural IScap-induced nocifensive behavior and TCC FOS expression are blocked by
anti-migraine drugs

Is dural IScap-induced forepaw wiping and hindpaw scratching in mice a potential
behavioral correlate of the ongoing headache in human? To address this question, we tested
whether I1Scap-induced nocifensive behavior can be blocked by drugs that ameliorate
migraine in humans. First, we pretreated mice with sumatriptan or saline before applying
vehicle or IScap on the dura 10 min after the craniectomy. Systemic injection of sumatriptan
(10 mg/kg, i.p.) did not alter the responses in dural vehicle-treated mice (Fig. 6A, B).
Conversely, sumatriptan dose-dependently blocked the nocifensive behavior elicited by dural
application of 1Scap, with a half maximal inhibitory concentration (ICsg) of 4.34 mg/kg
(Fig. 6A). Both IScap-induced forepaw wiping and hindpaw scratching were reduced to the
level comparable to that in vehicle-treated mice (Fig. 6B). On the other hand, pretreatment
of naproxen (100 mg/kg i.p., [10, 14]), a nonsteroidal anti-inflammatory drug (NSAID), did
not reduce the duration of nocifensive behavior elicited by dural application of 1Scap (Fig.
6C). Higher dose of naproxen (300 mg/kg i.p.) was not tested as it caused sedation in naive
mice in the pilot study (data not shown).

Next, we tested the effect of sumatriptan on IScap-induced FOS expression in TCC neurons.
Dural application of IScap induced FOS protein expression at all TCC laminae. Compared
with the vehicle-treated group, the number of FOS-positive neurons in IScap-treated mice
increased 2.4 and 3.2 fold in laminae I-11 and V that receive nociceptive inputs, respectively
(Fig. 6E, p< 0.001, two-way ANOVA with post hoc Bonferroni test). The increase in FOS-
positive neurons was less prominent (1.8-fold) in laminae I11-1V that primarily process non-
nociceptive information (Fig. 6E, p < 0.05). Systemic injection of sumatriptan (10 mg/kg,
i.p.) completely blocked IScap-induced FOS expression in all TCC laminae (Fig. 6D, E).
Thus, both dura IScap-induced nocifensive behavior and FOS expression in TCC neurons
can be prevented by the anti-migraine drug sumatriptan.

In mouse cheek models of itch and pain, intradermal injection of pruritogens and algogens
predominantly evokes hindpaw scratching and forepaw wiping of the cheek, respectively [3,
55]. We therefore consider the alternative explanation that dural 1Scap-induced scratching
may be a measure of itch and sumatriptan may have previously unidentified anti-itch
function. We tested whether sumatriptan blocks pruritogen-induced scratching in the mouse
cheek model of itch. Intradermal injection of pruritogen 5-HT in mouse cheek elicited robust
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site-directed hindpaw scratching (Fig. 6F, p< 0.001, two-way ANOVA with post hoc
Bonferroni test). However, sumatriptan pretreatment has no effect on 5-HT-induced cheek
scratching (Fig. 6F, two-way ANOVA p = 0.79 for i.p. drug effects), indicating that
sumatriptan is has no anti-itch function.

In humans, sumatriptan is mainly used to treat migraine and cluster headache, not cutaneous
pain [27]. Similarly, in the mouse cheek model of pain, sumatriptan pretreatment did not
attenuate forepaw wiping of the cheek in response to intradermal injection of algogen
capsaicin in mouse cheek (Fig. 6G, two-way ANOVA p = 0.29 for i.p. drug effects). Taken
together, our data suggest that sumatriptan preferentially inhibits pain originated from
stimulation of deep tissue as opposed to cutaneous pain and itch. Furthermore, these
experiments excluded the possibility that sumatriptan’s effect on 1Scap-induced behavior is
not due to impairment of locomotor function.

The contribution of neuropeptide CGRP to migraine pathogenesis is well established [22,
53, 62]. The level of CGRP in serum and saliva is elevated during a migraine episode [22],
likely resulting from the perivascular release of CGRP from the peripheral terminals of TG
neurons. CGRP receptor antagonists are effective for migraine headache in clinical trials
[15]. In rats, stimulation of the dural afferent terminals releases CGRP, which plays a role in
the sensitization of the trigeminovascular system [22, 53, 62]. First, we tested whether
IScap-induced CGRP released to the dura is necessary for the manifestation of the
nocifensive behavior. We pretreated the dura with CGRP receptor antagonist CGRP(g_37) (1
UM, [16]) for 15 min. We then co-applied 1 pM CGRP(g_37) along with the vehicle or 1Scap
onto the dura and recorded the duration of nocifensive behavior. Both I1Scap-induced
hindpaw scratching and forepaw wiping was significantly reduced to the control level by the
dural application of CGRPg_37) (Fig. 7A, B, p< 0.01 and p < 0.001, two-way ANOVA with
post hoc Bonferroni test). CGRPg_37) did not alter the behavioral responses in dural vehicle-
treated mice (Fig. 7A, B).

Next, we tested whether the increase in dural CGRP is sufficient to elicit nocifensive
behavior in mice. Application of 1 uM or 100 pM CGRP onto the mouse dura 10 min after
the craniectomy did not increase the duration of the nocifensive behavior (Fig. 7C),
consistent with previous reports that CGRP at this dose range induces considerable
vasodilation and histamine release in the dura but does not excite or sensitize meningeal
nociceptors [16, 34, 54]. Likewise, dural application of the nitric oxide donor SNAP (500
UM) 10 min after the craniectomy did not increase the duration of nocifensive behavior
beyond the control level, despite the fact that SNAP has been shown to elicit vasodilation,
CGRP release as well as a delayed mechanical sensitization of meningeal nociceptors [7, 20,
67]. Taken together, we conclude that the increase in dural CGRP is necessary but not
sufficient for the manifestation of 1Scap-induced nocifensive behavior in our model.

3.4. Activation of JNK signaling pathway contributes to dural IScap-induced nocifensive

behavior

The activation of mitogen-activated protein (MAP) kinase pathways in primary afferent
neurons has been implicated in nociceptive sensitization under various persistent pain
conditions, including migraine headache [12, 18, 28, 33, 66, 68]. First, we quantified the
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number of TG neurons expressing phosphorylated MAP kinase proteins ERK, p38 and INK
in control and dural IScap-treated mice, respectively. We found no significant increase in the
number of TG neurons containing pERK-ir or p-p38-ir between 15 min and 24 hrs after
dural application of IScap 10 min after the craniectomy (data not shown). Conversely, there
was a nearly 5-fold increase in the number of TG neurons containing pJNK-ir relative to the
control group 15 min after dural 1Scap treatment (Fig. 8A, B). The effect of 1Scap on pJNK
increase persisted for at least 2 hrs (Fig. 8B, p< 0.01 compared with the corresponding
vehicle groups; two-way ANOVA with post hoc Bonferroni test).

Next, we tested the effect of INK inhibitor SP600125 on IScap-induced behavior. Systemic
injection of SP600125 (20 mg/kg, i.p.) did not alter the responses in dural vehicle-treated
mice (Fig. 8C). On the contrary, pretreatment with SP600125 dose-dependently blocked
dural I1Scap-induced nocifensive behavior, with an ICgq of 7.88 mg/kg (Fig. 8C), suggesting
that the activation of JNK signaling pathway is necessary for the manifestation of dural
IScap-evoked nocifensive behavior.

3.5. Improvement of the model by minimizing the effects of surgery and anesthesia

Here, we let adult male CD-1 mice recover from the surgery and anesthesia for 7 days before
testing the effects of dural 1Scap application (Fig. 9A). The duration of head-directed
nocifensive behavior was already substantially reduced 1 day post-surgery, from 337 + 107
sec to 116 + 18 sec. By day 7 post-surgery, the time spent on spontaneous wiping and
scratching within the trigeminal V1 dermatome was further decreased to 75 * 6 sec (Fig.
9B). Application of vehicle onto the dura on day 8 did not alter the duration of V-directed
behavior (66 + 12 sec, Fig. 9C, D). Conversely, dural application of 1Scap on day 10 to the
same mice significantly increased the duration of V1-directed nocifensive behavior to 244

+ 35 sec (Fig. 9C, D; p< 0.001, one-way RM ANOVA with post hoc Bonferroni test). On
average, the duration of dural IScap-induced behavior on day 10 was 418 + 91% of the
duration of vehicle-induced behavior on day 8 in individual mice (Fig. 9E). To test the
possibility that the increase in behavior on day 10 may be due to repeated dural application
of solution per se, we applied vehicle onto the dura on both day 8 and 10 in individual mice.
In this case, the duration of behavior on day 10 was 107 + 9% of that on day 8 (Fig. 9E, p<
0.001, two-tailed #test), confirming that dural application of 1Scap elicits robust nocifensive
behavior towards the trigeminal V1 dermatome in adult male mice relative to the vehicle
treatment.

In a rat model of migraine, dural application of IScap during the awake period of the
circadian cycle causes a decrease in physical activity and a concomitant increase in resting
behavior in addition to facial grooming [39]. On the contrary, dural I1Scap treatment in adult
male mice during the sleep period did not alter the duration of resting behavior, which
accounted for 40% of the observation time in both vehicle and IM groups (Fig. 9F).

We went on to test whether IScap-induced behavior can be blocked by anti-migraine drugs
in the improved model. We let adult male CD-1 mice recover from surgery for 7 days and
then pretreated mice with sumatriptan (10 mg/kg, i.p.) or CGRP(g_37) (1 UM on the dura) for
15 min. We applied vehicle or IScap to the dura of sumatriptan pretreated mice and co-
applied 1 UM CGRP g_37) along with vehicle or 1Scap to the dura of CGRP(g_z7)-pretreated
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mice. Both sumatriptan and CGRP(g_37) effectively reduced IScap-induced behavior to the
level comparable to that in vehicle-treated mice (Fig. 9G, p< 0 .05, two-way ANOVA with
post hoc Bonferroni test). On the other hand, sumatriptan or CGRP g_37) pretreatment did
not alter the behavioral responses in dural vehicle-treated mice (Fig. 9G).

In adult female mice, surgery per se induced robust nocifensive behavior that masked the
effects of 1Scap (Fig. 2D, E). We found that the duration of nocifensive behavior in females
was also substantially reduced during post-surgery recovery period. By day 7 post-surgery,
female CD-1 mice on average spent 95 + 12 sec spontaneously wiping and scratching within
the trigeminal V1 dermatome during the 2 hour observation period (Fig. 10A), a number
comparable to that of male mice after recovery (Fig. 9B). We went on to test the effects of
dural application of vehicle and IScap in individual female mice on post-surgery day 8 and
10, respectively. Application of vehicle onto the dura did not significantly alter the duration
of V-directed behavior (91 + 19 sec, Fig. 10B, C). Conversely, dural application of I1Scap to
the same mice evoked 196 + 39 sec of V;-directed nocifensive behavior (Fig. 10B, C; p<
0.01, one-way RM ANOVA with post hoc Bonferroni test). The duration of 1Scap-induced
behavior on day 10 was 316 + 61% of the duration of vehicle-induced behavior on day 8 in
individual female mice (Fig. 10D). When female mice received dural vehicle application on
both day 8 and 10, the duration of behavior on day 10 was 100 + 14% of that on day 8 (Fig.
10D, p<0.01, two-tailed #test). We conclude that, after minimizing the effects of surgery
and anesthesia, dural application of I1Scap elicits robust nocifensive behavior towards the
trigeminal V1 dermatome in adult female mice relative to the vehicle treatment.

In addition to V-directed wiping and scratching, we also observed that dural application of
IScap significantly increased the resting time in female mice, from 14 £5% of the total
observation time in the vehicle group to 40 + 13% of the time (Fig. 10E, p< 0.01, two-tailed
Etest), an almost 3-fold increase. Taken together, the improved model allows us to quantify
meningeal inflammation-induced behavioral changes in both male and female mice.

4. Discussion

Long-lasting, ongoing headache is the most common and disabling symptom of migraine
and other primary headache disorders. The onset of headache likely results from the
activation and sensitization of primary afferent neurons innervating the dura and cerebral
blood vessels [19, 45, 57]. Establishing behavioral endpoints for ongoing head pain in
animal models is important for understanding the basic mechanisms of headache and the
identification of new therapeutic targets. Here, we report the first detailed characterization of
the effects of dural application of inflammatory mediators in mice. Stimulation of mouse
dura with IScap elicits intermittent wiping and scratching within the trigeminal V1
dermatome. Pretreatment of anti-migraine drugs sumatriptan and CGRP receptor antagonist
effectively blocks IScap-induced behavior, suggesting that it may be mechanistically related
to the ongoing headache during a migraine episode in humans. The effective dose of
sumatriptan is higher than that required to inhibit facial allodynia in rat models of migraine
[14, 44]. 1t is possible that larger dose of systemic sumatriptan is needed to block pain-
related behavior in mice [5]. The lack of effect of naproxen may result from the presence of
exogenous PGE; in IScap. The effect of other NSAIDs also needs to be tested in this model

Pain. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 14

in the future. Importantly, dural application of IScap induces head-directed behavior in mice
on C57BL6 (the background of GAD67-GFP mice), CD-1 and Swiss Webster backgrounds,
suggesting that this mouse model of headache can be applied to other inbred and outbred
strains of mice. Since we did not replicate all experiments in individual strains, further
optimization may be needed to adapt this model to mice on other genetic backgrounds.

In the mouse cheek assay, hindpaw scratching is regarded as a measure of itch [55], raising
the concern that dural 1Scap-evoked scratching may indicate itch, not pain. Several lines of
evidence argue against this possibility. First, in humans, itch is readily evoked from skin, but
is never felt in deep tissues [60]. Secondly, sumatriptan effectively blocks dural 1Scap-
induced scratching but show no effect in the mouse cheek model of itch. Likewise, dural
application of IS in male Wistar rats elicits a brief hindpaw facial grooming that is inhibited
by zolmitriptan [39]. Finally, injection of inflammatory reagents into the mouse masseter
muscle produces both forepaw rubbing and hindpaw scratching of the face that can be
blocked by opioids [51]. It is likely that both forepaw wiping and hindpaw scratching are
associated with deep-tissue orofacial pain in rodents; whereas they represent pain and itch in
response to cutaneous stimuli, respectively.

In the majority of our experiments, mouse behavior was measured immediately after the
mice recovered from surgery and anesthesia, both of which may attenuate the effectiveness
of dural chemical stimulation. This may explain why IS elicits behavior and TCC FOS
expression in rats several days after surgery [13, 14, 37, 39, 43, 64], whereas IScap is
required to achieve a similar phenotype in mice when applied shortly after craniectomy.
Nonetheless, both sumatriptan and CGRP(g_z7) effectively reduce 1Scap-induced behavior
and FOS expression to the control level, but exhibit no effects on the vehicle groups. This
suggests that the surgery-induced behavior is by and large of somatic origin, and the
difference between vehicle and IScap groups likely results from IScap-induced activation/
sensitization of dural afferent neurons. After minimizing the effects of surgery and
anesthesia, dural application of I1Scap not only elicits robust head-directed nocifensive
behavior in both male and female mice, but also significantly increases the duration of
resting behavior in female mice. In rats, the suppression of feeding, locomotor and/or
exploratory behavior in response to chemical stimulation of the dura is recognized as
behavioral correlates of ongoing pain [13, 37, 39]. Similarly, both IScap-induced nocifensive
behavior and the increase in resting time can be used as endpoints for assessing ongoing
pain in our model. In male rats, dural application of 1Scap during the awake period of the
circadian cycle causes a decrease in physical activity and a concomitant increase in resting
behavior [39]. Difference in species, 1Scap components as well as the circadian cycle during
which the behavior is observed may account for the discrepancy between our data and the
previous study.

The immediate-early gene product FOS protein is a well-established marker for neuronal
activation in TCC [14, 40, 56]. Using heterozygous GAD67-GFP mice, we show here that
dural application of IScap induces little FOS expression in GFP-positive GABAergic TCC
neurons. Thus, chemical stimulation of the dura preferentially activates the excitatory
neurons in TCC, in contrast to chemical stimulation of other facial or somatic areas which
activates both excitatory and inhibitory dorsal horn neurons (Fig.5D, [23, 70, 71]). This
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unexpected finding suggests that the organization of the headache circuits at the level of
TCC may be different from those encoding cutaneous orofacial pain and/or somatic pain.
More work is needed to confirm and expand this observation as well as to investigate the
underlying mechanisms and functional implications. Of note, the duration of 1Scap-induced
nocifensive behavior positively correlates with the number of FOS-positive TCC neurons in
individual mice. Pretreatment with sumatriptan blocks both 1Scap-induced behavior and
TCC FOS expression. These data further validate that the magnitude of IM-induced
nocifensive behavior reflects the activation status of the neuronal circuits encoding
headache. In addition to systemic sumatriptan, dural application of CGRP(g_37) also
effectively blocks 1Scap-induced nocifensive behavior, suggesting that targeting peripheral
CGRP receptors is sufficient to prevent the activation of the headache circuits in response to
chemical stimulation of the dura. This is consistent with the human positron emission
tomography study indicating that doses of the CGRP receptor antagonist telcagepant that are
maximally efficacious in aborting migraine attacks only result in low receptor occupancy in
the brain [24]. It is possible that chemical stimulation of the dura may cause opening of the
blood brain barrier [6], allowing some CGRP(g_37 to enter CNS. However, the amount of
CGRP(g_37) in CNS may be functionally negligible in our study, given that it is topically
applied to the dura. Conversely, dural application of CGRP at doses that induce considerable
vasodilation and histamine release [16, 54] does not elicit nocifensive behavior in mice,
consistent with previous reports that CGRP does not excite or sensitize meningeal
nociceptors in rodents and intravenous infusion of CGRP rarely precipitates migraine attack
in normal human volunteers [21, 32, 34]. That dural application of SNAP does not evoke

V1 -directed behavior in mice is also consistent with the human studies indicating that
migraine headache may not be caused by meningeal vasodilation [1, 4, 9]. Collectively, our
results suggest that CGRP release in dura is necessary but may not be sufficient for the
manifestation of IScap-induced nocifensive behavior in normal mice. In addition to CGRP,
IScap may result in the release of other neurotransmitters/ neuropeptides from dural afferent
terminals. Other cells in the meninges may also be activated by 1Scap and contribute to the
manifestation of nocifensive behavior. On the other hand, intravenous infusion of CGRP in
migraineurs causes delayed headache and migraine several hours after the administration
[21, 32]. It will be interesting to investigate whether CGRP exhibits a delayed effect in mice
with previous experience of ‘migraine’-like episodes (e.g. repetitive dural application of
IScap or systemic NTG treatment [39, 43, 47]) in future experiments. In addition to primary
afferent activation/sensitization, further work is needed to assess the contribution of the
descending pain-facilitating pathway to 1Scap-induced nocifensive behavior in mice, given
its established role in the rat headache model [14].

Activation of all three MAP kinases has been implicated in migraine pathogenesis. Both
ERK and p38 activation contribute to the sensitization of meningeal afferent neurons in
response to chemical stimuli [34, 66-68]. In TG neurons, MAP kinases stimulate the CGRP
enhancer region and increase CGRP expression [12]. CGRP, in turn, induces cytokine
expression in TG organ culture through the activation of INK pathway [31]. In our model,
dural application of IScap in mice preferentially increases the phosphorylation of JNK, but
not ERK and p38, in TG neurons. The increase in pJNK-positive neurons correlates with the
onset of 1Scap-induced behavior and persists after it subsides to the basal level. Moreover,
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activation of the INK signaling pathway is necessary for the expression of IScap-induced
behavior in mice, as suggested by the inhibitory effect of systemically administered JNK
inhibitor SP600125. Future experiments are needed to test whether inhibition of the JINK
signaling pathway in TG neurons is sufficient to prevent the manifestation of behavioral
responses to chemical stimulation of dura.

In summary, we have developed and characterized a mouse model of headache that exhibits
ongoing head-directed nocifensive behavior in response to chemical stimulation of dura.
Dural application of IScap results in concomitant increase in pJNK-positive primary afferent
neurons in TG and FOS-positive excitatory neurons in TCC. I1Scap-induced behavior can be
effectively blocked by the pretreatment of anti-migraine drugs sumatriptan and the CGRP
receptor antagonist, suggesting that it may be mechanistically related to the ongoing
headache in humans. The establishment of this model allows us to take full advantage of
mouse as a model system to better understand the mechanisms underlying migraine,
especially the contributions of primary afferent inputs to ongoing headache, as well as to
screen for novel therapeutic targets.
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Fig. 1. Dural application of IScap induces FOS protein expression in TCC neurons in
anesthetized mice

Average number of TCC neurons exhibiting FOS-ir in adult male Swiss Webster mice that
received 25 pl dural application of vehicle (2% DMSO in ACSF, pH 7.2), IS (1 mM
bradykinin, 1 mM histamine, 1 mM 5-HT and 0.1 mM PGE,), Cap (0.5 mM capsaicin) and
IScap (IS plus capsaicin) 10 min after the craniectomy. Mice were kept under anesthesia for
2 hours. Tissue sections were incubated with FOS antibody (1:5000) at 4°C overnight (" p <

0.01 compared with the vehicle group; one-way ANOVA with post hoc Bonferroni test). The

number of mice in each group is indicated in the figure.
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Fig. 2. Dural application of IScap elicits trigeminal V1-directed nocifensive behavior in adult
male mice

(A) Time spent on forepaw wiping and hindpaw scratching around the scalp and periorbital
area within trigeminal V1 dermatome in 10 min bins in response to dural application of
vehicle or IScap 10 min after the craniectomy in adult male mice (n = 8 in each group).
Naive mice (n = 4) were habituated to the test room and recording cage as mice in other
groups but were not subjected to anesthesia exposure, surgery or drug application.
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(B) Total duration of nocifensive behavior in naive mice and in mice receiving dural
application of vehicle or 1Scap during the 120 min recording period (same mice as in A,
one-way ANOVA with post hoc Bonferroni test, ##p < 0.001, compared with the naive
group, “*p < 0.01 between the vehicle and 1Scap groups).

(C) Total duration of forepaw wiping and hindpaw scratching in response to dural
application of vehicle or 1Scap during the 120 min recording period, respectively (same mice
asin A, " p<0.01, two-tailed ttest between the corresponding vehicle and IScap groups).
(D) Time spent on forepaw wiping and hindpaw scratching around the scalp and periorbital
area in 10 min bins in response to dural application of vehicle or IScap in adult female mice
(n =9 in each group).

(E) Comparison of the total duration of nocifensive behavior in female and male mice after
dural application of vehicle and IScap during the first 80 min of recording period (same
mice as in A and D, **p < 0.01, two-way ANOVA with post hoc Bonferroni test).

(F) Total duration of nocifensive behavior in response to dural application of vehicle and
various chemical stimuli during the 120 min recording period. The number of mice in each
group is indicated in the figure ("p < 0.05 compared with the vehicle group, one-way
ANOVA and post hoc #test with Bonferroni correction).
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Fig. 3. The number of FOS-positive neurons in TCC correlates with the duration of Vq-directed
nocifensive behavior

(A) Representative images of FOS-ir in the caudal V¢ in mice that received vehicle and
IScap treatment on the dura 10 min after the craniectomy, respectively. Adult male Swiss
Webster mice were recorded for spontaneous behavior for 2 hours before tissue collection.
Arrows indicate FOS-ir in the ventrolateral medullary dorsal horn.

(B) Average number of FOS-positive neurons per TCC section in mice received dural
application of vehicle or 1Scap. Left columns (anesthetized): mice were maintained under
anesthesia for 2 hours before tissue collection (n = 4 in each group). Right columns (awake):
mice were recovered from anesthesia and recorded for spontaneous behavior for 2 hour
before tissue collection (n = 8 in each group). Tissue sections were incubated with the FOS
antibody (1:5000) at 4°C for 48 hours for this and all subsequent experiments (“p < 0.05, *p
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< 0.01 compared with the corresponding vehicle group; two-way ANOVA with post hoc
Bonferroni test).

(C) Scatterplot of the number of FOS-positive TCC neurons versus the duration of wiping
and scratching behavior in individual mice that received dural application of vehicle or
IScap. The regression line represents the positive correlation between the two parameters
(correlation coefficient r=0.80, p < 0.05, same mice as in B awake groups).
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Fig. 4. Dural application of IScap preferentially induces FOS protein expression in the excitatory
neurons in TCC

(A) Representative images of FOS-positive cells and GFP-positive cells in the ventrolateral
part of the caudal V¢ in heterozygous GAD67-GFP mice that received vehicle and 1Scap
treatment on the dura 10 min after the craniectomy, respectively. There is little overlap
between FOS-ir and GFP signals.
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(B) Total duration of the nocifensive behavior in response to dural application of vehicle or
IScap during the 120 min recording period in adult male heterozygous GAD67-GFP mice on
C57BL/6 background (n = 6 and 5 mice, respectively; *p < 0.05, two-tailed £test).

(C) Average number of FOS-positive TCC neurons in GAD67-GFP mice that received dural
application of vehicle and IScap, respectively (same mice as in B; *p < 0.01, two-tailed #
test).

(D) The percentage of FOS-positive neurons that are GFP-positive (same mice as in B).
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Fig. 5. Facial formalin injection induces FOS expression in inhibitory neurons in TCC
(A) Representative images of FOS-positive cells and GFP-positive cells in caudal V¢ of

heterozygous GAD67-GFP mice that received saline or 1% formalin injection into the
periorbital skin. Arrows indicate FOS-ir in GFP-positive cells.

(B) Total duration of nocifensive behavior in response to intradermal injection of 20 ul saline
or 1% dilute formalin at the periorbital region of heterozygous GAD67-GFP mice. The 15t
and 2" phases include behavior 0-10 min and 10-60 min after injection, respectively (n = 3
mice in each group; “p< 0.05, ™ p < 0.01, two-tailed test, compared with the
corresponding saline group).

(C) Average number of FOS-positive TCC neurons in heterozygous GAD67-GFP mice that
received periorbital injection of saline and formalin, respectively (same mice as in B; ™ p<
0.001, two-tailed #test).

(D) The percentage of FOS-positive neurons that are GFP-positive (same mice as in B; ™p
< 0.001, two-tailed #test).
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Fig. 6. Sumatriptan pretreatment blocks the effects of dural application of 1Scap
(A) Sumatriptan dose-dependently inhibits nocifensive behavior elicited by dural application

of IScap 10 min after the craniectomy. Adult male Swiss Webster mice were i.p. injected
with sumatriptan or 100 pl saline (n = 4 mice in the 3 mg/kg sumatriptan group, mice in
other groups are the same as in B). The red line represents the fitted dose-response curve
(IC50 = 4.34 mg/Kkg).

(B) Sumatriptan (suma, 10 mg/kg i.p.) reduces both 1Scap-induced forepaw wiping and
hindpaw scratching to the control level. The number of mice in each group is indicated in the
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figure ("p< 0.01, ™ p< 0.001, between dural vehicle- and IScap-treated groups receiving
i.p. saline; #p < 0.01, between dural IScap-treated groups receiving i.p. saline and
sumatriptan; two-way ANOVA with post hoc Bonferroni test).

(C) Naproxen (100 mg/kg i.p.) does not reduce the duration of dural 1Scap-induced
behavior. The number of mice in each group is indicated in the figure ("p< 0.05, ™" p<
0.001, compared with the vehicle group; one-way ANOVA with post hoc Bonferroni test).
(D) Sumatriptan (10 mg/kg i.p.) reduces the number of FOS-positive TCC neurons in mice
that received dural application of IScap (n = 4 mice in each group; *"p < 0.001, between
dural vehicle- and IScap-treated groups receiving i.p. saline; ##p < 0.001, between dural
IScap-treated groups receiving i.p. saline and sumatriptan; two-way ANOVA with post hoc
Bonferroni test).

(E) Average number of FOS-positive neurons per TCC section in mice received dural
application of vehicle and IScap, respectively. Separate counts of FOS-positive neurons are
shown for dorsal horn laminae I-11, I11-1V and V. Sumatriptan (suma, 10 mg/kg i.p.) reduces
IScap-induced FOS-ir in all dorsal horn laminae to the control level (same mice as in D; “p <
0.05, ™ p < 0.001, between the corresponding dural vehicle- and 1Scap-treated groups
receiving i.p. saline; #p < 0.01, ##p < 0.001, between the corresponding dural 1Scap-treated
groups receiving i.p. saline and sumatriptan; two-way ANOVA with post hoc Bonferroni
test).

(F) Mean total number of bouts of hindpaw scratching after the injection of saline or 10 g
5-HT into the mouse cheek (**p < 0.01, ™ p < 0.001, between the corresponding saline and
5-HT groups, two-way ANOVA with post hoc Bonferroni test). Sumatriptan pretreatment
(10 mg/kg i.p., 15 min before cheek injection) does not affect vehicle- or 5-HT-induced
scratching (p = 0.79, two-way ANOVA for i.p. drug effects).

(G) Mean total number of forepaw wiping after the injection of saline or 10 g capsaicin
(cap) into the mouse cheek (*p < 0.05, ™ p < 0.01, between the corresponding saline and
capsaicin groups, two-way ANOVA with post hoc Bonferroni test). Sumatriptan
pretreatment (10 mg/kg i.p., 15 min before cheek injection) does not affect vehicle- or
capsaicin-induced wiping (p = 0.29, two-way ANOVA for i.p. drug effects).
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Fig. 7. Dural application of CGRP(g_37) inhibits IScap-induced behavior
(A) Dural application of CGRP(g_37) reduces 1Scap-induced nocifensive behavior to the

control level in adult male Swiss Webster mice. The dura was pretreated with CGRPg_37) (1
UM in 25 ul ACSF, applied 10 min after the craniectomy) for 15 min and then was treated
with IScap or vehicle along with 1 UM CGRPg_37) for 2 hrs. The control groups received 15
min ACSF pretreatment. (n = 5-6 mice in each group; " p < 0.001, between dural vehicle-
and IScap-treated groups; *#p < 0.001, between dural 1Scap-treated groups with and
without CGRP g_z7) treatment; two-way ANOVA with post hoc Bonferroni test).
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(B) Dural application of CGRP(g_37) reduces both IScap-induced forepaw wiping and
hindpaw scratching to the control level (same mice as in A; " p< 0.01, ™ p < 0.001,
between dural vehicle- and 1Scap-treated groups; *p < 0.01, ##p < 0.001, between dural
IScap-treated groups with and without CGRP g_37) treatment; two-way ANOVA with post
hoc Bonferroni test).

(C) Dural application of vasodilators CGRP and SNAP did not induce head-directed
nocifensive behavior. The number of mice in each group is indicated in the figure.
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Fig. 8. INK inhibitor blocks dural 1Scap-induced behavior
(A) Representative images of pJNK-ir in TG neurons from adult male Swiss Webster mice

that received vehicle and I1Scap treatment on the dura (10 min after the craniectomy) for 15
min and 2 hr, respectively.

(B) Average number of pJNK-positive neurons per TG section at 15 min and 2 hr after dural
application of vehicle and IScap, respectively (n = 4 mice in each group; “*p < 0.01
compared with the corresponding vehicle group; two-way ANOVA with post hoc Bonferroni
test).
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(C) INK inhibitor SP600125 dose-dependently reduces dural 1Scap-induced nocifensive
behavior. Mice were i.p. injected with SP600125 or 100 pl saline 15 min before dural
application of vehicle or IScap (ICsp = 7.88 mg/kg; n = 4-5 mice in each group; " p<
0.001, between the dural 1Scap-treated group receiving i.p. saline and the dural vehicle-
treated groups; ##p < 0.001, between dural IScap-treated groups receiving i.p. saline and 20
mg/kg SP600125; two-way ANOVA with post hoc Bonferroni test).
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Fig. 9. Improvement of the model by minimizing the effects of surgery and anesthesia on adult

male CD-1 mice
(A) Timeline of experiments

(B) Duration of nocifensive behavior within the 120 min recording period (numbers in the
parenthesis indicate the number of mice observed on each day). Naive, habituated adult male
CD-1 mice were recorded one day prior to the surgery. On the surgery day (0), mice received
dural application of 20 pul ACSF and were recorded after recovery from anesthesia as in
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previous experiments. In subsequently days, mice were recorded at around the same time of
the day.

(C) Time spent on forepaw wiping and hindpaw scratching within trigeminal V1 dermatome
in 10 min bins in response to dural application of vehicle or 1Scap in adult male mice (n = 6
mice in each group).

(D) Total duration of nocifensive behavior during the 120 min recording period. Each mouse
was recorded on day 7, 8 and 10 post-surgery for basal activity, response to dural vehicle
application and response to dural 1Scap application, respectively (same mice as in C*™"p<
0.001 , compared with the basal and vehicle groups; one-way RM ANOVA with post hoc
Bonferroni test).

(E) The duration of V-directed behavior on day 10 in response to dural application of
vehicle (n =5 mice) or IScap (same mice as in C) versus the duration of behavior on day 8
(dural vehicle treatment) in individual mice (*"p < 0.01, two-tailed #test).

(F) The percentage of time spent resting during the 120 min recording period was
comparable between the vehicle and IScap groups (same mice as in C).

(G) Dural I1Scap-induced nocifensive behavior is effectively blocked by sumatriptan and
CGRP(g_37) (*p < 0.05, between dural vehicle- and I1Scap-treated groups; #p < 0.05, between
dural 1Scap-treated groups with and without sumatriptan or CGRP(g_37) treatment; two-way
ANOVA with post hoc Bonferroni test). Mice were i.p. injected with sumatriptan (suma, 10
mg/kg) 15 min before the dural application of vehicle or IScap. CGRP(g_37) (1 pM) was
applied onto the dura for 15 min and was then replaced by 1 uM CGRPg_37) along with
vehicle or IScap on the dura. The duration of nocifensive behavior in the dural vehicle group
is not affected by sumatriptan or CGRP g_37). The number of mice in each group is indicated
on the figure.
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Fig. 10. Dural vehicle- or 1Scap-induced behavior in adult female CD-1 mice in the improved
model

(A) Duration of nocifensive behavior within the 120 min recording period (numbers in the
parenthesis indicate the number of mice observed on each day). Naive, habituated adult
female CD-1 mice were recorded one day prior to the surgery. On the surgery day (0), mice
received dural application of 20 pl ACSF and were recorded after recovery from anesthesia
as in previous experiments. In subsequently days, mice were recorded at around the same
time of the day.

(B) Time spent on forepaw wiping and hindpaw scratching within trigeminal V1 dermatome
in 10 min bins in response to dural application of vehicle or IScap in adult female mice (n =
7 mice in each group).

(C) Total duration of nocifensive behavior during the 120 min recording period. Each mouse
was recorded on day 7, 8 and 10 post-surgery for basal activity, response to dural vehicle
application and response to dural IScap application, respectively (same mice as in B, ™" p<
0.01, compared with the basal and vehicle groups; one-way RM ANOVA with post hoc
Bonferroni test).

(D) The duration of V1-directed behavior on day 10 in response to dural application of
vehicle (n =5 mice) or IScap (same mice as in B) versus the duration of behavior on day 8
(dural vehicle treatment) in individual female mice (**p < 0.01, two-tailed £test).
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(E) The percentage of resting time in adult female mice receiving dural application of
vehicle and 1Scap, respectively (7 p < 0.01, two-tailed £test).
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