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Optogenetic cortical spreading depression =

originating from the primary visual cortex
induces migraine-like pain and anxiety
behaviors in freely moving C57BL/6 J mice
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Abstract

Background Migraine is the second disabling neurological disorder with a high prevalence. Aura occurs in one-third
of migraineurs and visual aura accounts for over 90%. Cortical spreading depression (CSD) underlies aura and might
trigger migraine headaches. Compared with CSD induction by invasive electrical, chemical, or mechanical stimula-
tion, optogenetics avoids direct influences on meninges in the stimulation process. However, previous optogenetic
CSD models mainly use Thy1-ChR2-YFP or CaMKila-cre transgenic mice. They are limited when the pathogenesis study
requires transgenic mice to express other specific promotor, such as the dopamine or serotonin transporter promo-
tor. In addition, reported behavioral paradigms were based on CSD induction under anesthesia. This study aimed

to establish an optogenetic CSD-induced migraine model originating in the primary visual cortex (VISp) in C57BL/6 J
mice and presented the behavioral paradigm when CSD induction was under awake condition.

Methods We performed viral transduction for the expression of light-sensitive channelrhodopsin-2 in pyramidal neu-
rons of VISp in C57BL/6 J mice. Regional cerebral blood flow (rCBF) was measured by laser speckle flowmetry to con-
firm CSD induction. The von Frey, light—dark box, elevated plus maze, and open field test were conducted to verify
migraine-related behaviors in freely moving mice.

Results An optogenetic stimulus induced typical spreading triphasic rCBF change with a reduction of over 20%,
confirming CSD induction. A single unilateral CSD in freely moving C57BL/6 J mice triggered bilateral periorbital
and hind-paw allodynia lasting for 4-24 h. Notably, the ipsilateral periorbital mechanical threshold was significantly
lower than the contralateral at 1 h. It also generated photophobia and anxiety behaviors persisting for 24-48 h. Fur-
thermore, cutaneous allodynia and anxiety behaviors were alleviated by sumatriptan.

Conclusions This study proposes an optogenetic CSD-induced migraine model originating from VISp in awake

and freely moving C57BL/6 J mice and presents the behavioral paradigm in detail. The CSD model in wild-type mice
is promising to be wildly used to study the pathogenesis of MwA.
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Background

Migraine is a primary headache, typically manifest-
ing as a unilateral pulsatile headache lasting for 4-72 h
concomitant with nausea, vomiting, photophobia, pho-
nophobia, and cutaneous allodynia [1, 2]. Migraine is
classified into migraine with aura (MwA), migraine with-
out aura (MwoA), and other subtypes [3]. Aura occurs in
a third of migraine patients and usually comes 5-60 min
before headache [2]. Visual symptoms account for over
90% of migraine aura [4].

Migraine is the second disabling neurological disorder
next to stroke [5], with a high prevalence of 14% world-
wide [6]. Several medications, for instance, nonsteroidal
anti-inflammatory drugs, triptans, ditans, and gepants,
are utilized for abortive and prophylactic treatment of
migraine [7]. Nevertheless, there remains a certain non-
response rate of migraineurs [7] and most of these drugs
have a high risk of medication overuse headache [8, 9].
Moreover, the underlying pathogenesis of migraine is
still blurred. So there is an urgent demand for further
research on the pathophysiology and therapeutic targets
of migraine. The nitroglycerin-induced migraine model is
widely used for researching MwoA, and cortical spread-
ing depression (CSD)-induced migraine model for MwA.

CSD underlies migraine aura and is possibly related to
migraine headaches [10]. It is an electrical activity fea-
tured as a depolarization wave of neurons and glial cells
propagating across the cortex at a rate of 2—5 mm/min,
followed by prolonged suppression of neuronal activ-
ity [11, 12]. Functional magnetic resonance imaging
has proven the occurrence of CSD and corresponding
changes in regional cerebral blood flow (rCBF) in MwA
patients [13—15]. The direct current shift recorded by an
electrode is time-locked with hemodynamic changes in
the cortex of CSD mice [16]. In general, a potential shift
of direct current over 5 mV amplitude or an rCBF change
of over 20% compared with baseline spreading along the
cortex was defined as a CSD induction [17].

Traditional methodologies of CSD induction, electrical,
chemical (e.g. potassium chloride), and mechanical (e.g.
pinprick) stimuli, are invasive and damage meningeal tis-
sues and the cortex in the process. Recently, several stud-
ies proposed a non-invasive optogenetic CSD model in
transgenic Thyl-ChR2-YFP mice expressing channelrho-
dopsin-2 (ChR2) in neurons [17, 18]. Houben et al. [17]
induced CSD through the intact skull over the primary
visual cortex (VISp), while Chung et al. [18] found that
the threshold of light stimulation on VISp was too high to
induce CSD via intact skull in ThyI-ChR2-YFP mice. Har-
riott et al. [19] proved that CSDs from the motor cortex
under anesthesia triggered periorbital allodynia and anx-
iety-like behaviors in Thyl-ChR2-YFP mice. Masvidal-
Codina et al. [20] then proposed a CSD model by viral
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transduction of light-sensitive ChR2 to neurons of the
motor cortex in non-transgenic mice. Pi et al. [21] trans-
fected ChR2 to the unilateral VISp in CaMKIla-cre mice
and triggered periorbital allodynia and anxiety behav-
iors by CSD induction under anesthesia. The feasibility
of the optogenetic CSD mouse model has been verified
sufficiently.

However, there are several issues to address. Firstly,
CSD-induced migraine model on the basis of ThyI1-ChR2-
YFP or CaMKlla-cre mice is limited when the study
requires transgenic mice to express other specific pro-
motor, such as the dopamine or serotonin transporter
promotor. It is necessary to build an optogenetic CSD-
induced model in wild-type mice. Additionally, reported
behavioral paradigms were based on CSD induction
under anesthesia [19, 21]. It brings up a need to research
on behavioral paradigm for optogenetic CSD induced
under awake state. Here, we established an optogenetic
CSD-induced migraine model originating from VISp in
awake and freely moving C57BL/6 ] mice, confirmed by
sumatriptan administration.

Methods

Animals

Male C57BL/6 ] wild-type mice (8—12 weeks) were pur-
chased from SiPeiFu Biotechnology Co., Ltd (Beijing,
China). Mice got access to food and water ad libitum and
housed under 12 h light-dark cycling conditions with
controlled temperature and humidity. All experimen-
tal protocols were approved by the Institutional Animal
Care and Use Committee of the Chinese People’s Libera-
tion Army General Hospital. The following experimental
procedures were summarized and picturized in Fig. 1.

Virus injection

The procedures of virus injection referred to reported
studies with some modifications [20-22]. Mice were
anesthetized intraperitoneally by 1.25% avertin (0.02 ml/g
of body weight; T48402, 152,463, Sigma, St. Louis, MO,
USA) and positioned onto the stereotaxic apparatus
(69105, RWD Life Science, Shenzhen, China). A heating
pad was set at 37°C to maintain the mouse body tempera-
ture. The erythromycin ointment was applied to protect
the conjunctiva. For virus injection, the skull was exposed
and cleaned. A right occipital craniotomy was undergone
over the VISp (3.5 mm posterior and 2 mm lateral to the
bregma) with a 0.8-mm burr hole. The dura mater here
remained intact for the dorsoventral coordinate position-
ing of its surface. Then the dura mater over the injec-
tion site was punctured by a sterilized needle. The tip of
a glass capillary connected with a nanoliter microinjec-
tion pump (R-480, RWD Life Science, Shenzhen, China)
was lowered 0.5 mm under the dura mater. Then 300 nl
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Fig. 1 The experimental flow graph. A A right occipital craniotomy over the primary visual cortex (3.5 mm posterior and 2 mm lateral

to the bregma) and virus injection 0.5 mm below the dura mater via a glass microelectrode. B After at least 5 weeks, a fiber optic cannula

was implanted 0.1 mm over the dura mater at the injection site. Regional cerebral blood flow (rCBF) was recorded to confirm the occurrence

of cortical spreading depression (CSD). C The time course of von Frey tests on bilateral periorbital skins and hind paws, light-dark test,

elevated plus maze (EPM), and open field test (OFT) after a single light stimulus (465 nm, 4 mW, 10 s). In each mouse, optogenetic stimulation

was implemented under awake and freely moving condition. Eleven mice in each of VEH and CSD group were used for periorbital von Frey tests,
and twelve mice for hind paw von Frey tests. Twenty-seven mice in each group were used for light-dark box, EPM, and OFT, and each mouse

was conducted different tests at different time points (2.5 h, 24 h, and 48 h). D After a two-week washout period, sixteen mice in the CSD group
were evenly divided into CSD+NS and CSD+ Suma group, suffering an illumination (465 nm, 4 mW, 10 s) immediately followed by 0.9% normal
saline and sumatriptan injection, respectively. The hind-paw and periorbital withdrawal thresholds were assessed at 2.5 h and 3 h and the EPM test

at4 h. Figure 1 was created in BioRender.com with permission

rAAV-EFla-CaMKIIa-mCherry-WPRE-hGH polyA
(AAV2/9, PT-0108, BrainVTA, Wuhan, China) or rAAV-
EFla-CaMKIIa-hChR2(H134R)-mCherry-WPRE-hGH
polyA (AAV2/9, PT-0297, BrainVTA, Wuhan, China) was
injected into the VISp (0.5 mm ventral to the dura mater
for viral transduction in layer 5 pyramidal neurons [20,
22]) at a rate of 30 nl/min in the VEH and CSD group,
respectively. Waiting for 10 min after injection prevented
virus reflux. The scalp was stitched and mice were put

on a hot plate at 37°C until freely moving. The mice were
sacrificed after all behavioral tests. The brain tissues were
collected to observe the actual sites of virus expression
(Fig. S1).

Fiber-optic implantation and optogenetic CSD induction

The interval between virus injection and fiber-optic
implantation was at least 5 weeks for abundant ChR2
expression at the apical dendrite of layer 5 pyramidal
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neurons [23]. Mice were anesthetized intraperitoneally
and positioned on the stereotaxic apparatus as above.
After the skull was exposed and cleaned, the screw head
was adhered to the skull surface using glue. A fiber optic
cannula (200 um core diameter, 1.25 mm outer diam-
eter, 0.37 numerical aperture; Inper, Zhejiang, China)
was placed 0.1 mm above the dura mater over the injec-
tion site and secured to the occipital skull using dental
cement. The frontal and parietal bones were kept clean
and moist. The markers on the right frontal and pari-
etal skull were respectively defined as a region of inter-
est (ROI) 1 over the motor cortex (1.5 mm anterior and
2 mm lateral to the bregma) and 2 over the somatosen-
sory cortex (1 mm posterior and 2 mm lateral to the
bregma) for the rCBF recording. The fiber optic cannula
was connected with a flexible cable, a 465 nm LED light
device (2009, Plexon, USA), and an optogenetic control-
ler (184000NQYV, Plexon, USA) in sequence. A photome-
ter (PM100D Thorlabs, Dachau Germany) was employed
to calibrate the output power at the tip of the fiber optic
cannula. The skull remained still and a non-invasive laser
speckle flowmetry (LSF; PeriCam PSI HR, PrimedAB,
Sweden) was positioned about 10 cm high from the skull
and focused on a 1.5 X 1.5 cm monitoring area.

After recording the stable baseline of rCBF at least
5 min, light intensity was set at 4 mW in 1-s steps
between 1-10 s, and stimulation duration was set for 10 s
in 1-mW steps between 1-4 mW to detect CSD thresh-
old. A propagating rCBF change over 20% compared with
baseline was defined as a CSD. A triphasic rCBF change
with over 20% reduction at the initial hypoperfusion was
defined as a first CSD. To analyze CSD characteristics,
mice were exposed to a uniform illumination (465 nm, 4
mW, 10 s). The rCBF was also detected in the VEH group
for the exclusion of CSD induction.

The fiber optic cannula was reinforced on the frontal
and parietal skulls using dental cement after the rCBF
recording. Mice recovered from surgery over 10 days.
Fifty mice in each of VEH and CSD group were enrolled
for behavioral tests and the 465 nm-LED illumination
was uniformly set as “4 mW, 10 s” In each mouse, CSD
was induced under awake and freely moving condition.
Eleven mice in each group were used for periorbital von
Frey measurements, and twelve mice for hind paw von
Frey measurements. Other twenty-seven mice in each
group were used for light—dark box, elevated plus maze
(EPM), and open field test (OFT), and each mouse was
conducted different tests at different time points (2.5 h,
24 h, and 48 h).

After a two-week washout period, sixteen mice in
the CSD group were evenly divided into CSD+NS and
CSD + Suma group, suffering a 465 nm-LED illumination
(4 mW, 10 s) immediately followed by an intraperitoneal
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injection of 0.9% normal saline (0.02 ml/g of body weight)
and sumatriptan (diluted in 0.9% normal saline, 2 mg/kg,
0.02 ml/g of body weight), respectively. The hind-paw
and periorbital withdrawal thresholds were assessed at
2.5 hand 3 h and the EPM test at 4 h.

von Frey test

Cutaneous allodynia often accompanies migraine attacks
[2]. The calibrated von Frey filaments (Aesthesio, Dan-
mic Global, CA, USA), the gold standard for mechanical
withdrawal pain thresholds in rodents [24], were used to
evaluate periorbital and hind-paw allodynia. The mice
were allowed 3 consecutive days to adapt to the new envi-
ronment and experiment operation. To assess the perior-
bital mechanical withdrawal thresholds, mice were held
on the palm of researchers without constraint for at least
10 min daily. On the formal test day, mice stayed calmly
on the palm and the monofilament was forced perpen-
dicularly on bilateral periorbital skins in ascending order.
The filaments remained bent as “C” or “S” for 3 s. Positive
responses included head withdrawal, head shaking, facial
grooming, or orbital tightening [25, 26]. To assess the
hind-paw mechanical pain thresholds, mice were put in
a coated acrylic chamber (10X7Xx 16 cm) on a mesh for
30 min daily to acclimate. The monofilament was forced
perpendicularly onto the plantar surface of bilateral hind
paws. Positive responses included paw licking and paw
withdrawal. The 50% withdrawal thresholds of perior-
bital areas and hind paws were assessed at the baseline
and 1, 2, 3, 4, 24, and 48 h after an LED stimulation in
the VEH and CSD group. The “up-down” method was
used to determine the mechanical withdrawal thresh-
olds as previously described [24]. The XO patterns were
converted to continuous variables on a freely accessible
website address (https://bioapps.shinyapps.io/von_frey_
app/) [27].

Light-Dark Box test

To evaluate photophobia associated with a migraine
attack, a modified light—dark box (30x30x30 cm) with
infrared beam tracking (XR-XB120, Xinruan, Shang-
hai, China) was employed. The whole box was evenly
divided into the light (1000 lx) and black (<5 1x) com-
partment. The two compartments communicated via
a hole (7X7 cm). The test was performed for 10 min at
2.5 h after optogenetic stimulation in the VEH and CSD
group. Mice were positioned in the same corner of the
light compartment facing the wall. The primary out-
comes of photophobia were distance and time in the light
box. Total distance and speed were counted to evaluate
the motor ability.
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Elevated Plus Maze (EPM) test

The EPM (XR-XG201, Xinruan, Shanghai, China) test
was implemented for anxiety-like behaviors. The EPM
contained two open arms (35%5 cm, about 60 lx), two
closed arms (35%5 cm X 15 c¢m, about 10 Ix), and a cen-
tral platform (5x5 cm). It was 60 cm above the ground.
Mice were positioned in the central platform facing
an open arm and explored freely for 10 min at 2.5, 24,
and 48 h after optogenetic stimulation in the VEH and
CSD group. The maze was also conducted for 10 min at
4 h after optogenetic stimulation in the CSD+NS and
CSD+Suma group. The primary outcomes were time
in open arms and open arm time/(open+closed arm
time) x 100% [OT/(OT+CT) %]. Total distance and
speed were counted to evaluate the motor ability.

Open Field Test (OFT)

The OFT (XR-XZ301, Xinruan, Shanghai, China) was
also conducted to measure comorbid anxiety. The appa-
ratus was 30x30x 30 cm with a light intensity of 30 Ix.
Mice were positioned in the center area facing the same
quadrant and explored freely for 10 min at 2.5, 24, and
48 h after optogenetic stimulation in the VEH and CSD
group. The primary outcomes were absolute and percent
time in the center. Total distance and speed were counted
to evaluate the motor ability.

Statistical analysis

The study was conducted by randomized grouping (ran-
dom number table) and blindness for behavioral tests.
Data were expressed as mean+standard error of the
mean (mean+SEM) or median with quartiles. Two-
tailed unpaired and paired t-test and two-way repeated-
measures ANOVA were achieved by IBM SPSS Statistics
V22.0. The analytical details were described in the article
text and figure legend.

Results

Optogenetic stimulation induces a single propagating CSD
CSD is an electrophysiological event and is strictly cou-
pled with hemodynamic changes [16]. Non-invasive LSF
was used to assess rCBF as the verification of CSD. As
shown in Fig. 2, a single optogenetic stimulation stably
induced triphasic rCBF response in the right (ipsilat-
eral) hemisphere of the CSD group, initial hypoperfusion
(Fig. 2A, B; 11, III), transient normalization (Fig. 2A, B;
IV), and post-CSD oligemia (Fig. 2A, B; V). The premier
hypoperfusion and transient normalization of rCBF were
coincidental with the direct current shift in electrophysi-
ological recording, confirming the induction of CSD [16,
28]. The CSD originated from VISp and spread towards
the somatosensory cortex (Fig. 2; ROI 2) and the motor
cortex (Fig. 2; ROI 1) in order. Simultaneously, the rCBF
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recordings of contralateral motor cortex (ROI 3) and
somatosensory cortex (ROI 4) showed no significant
change after CSD induction (Fig. S2). When the light
power was set to 4mW, the stimulation duration of the
CSD threshold was 4.13+0.58 s (n=15; range 1-10 s);
when the stimulation duration was set to 10 s, the light
power of the CSD threshold was 1.65+0.17 mW (n=26;
range 1-4 mW). To analyze the CSD characteristics, the
optogenetic stimulation was uniformly set as “4 mW,
10 s” in other mice (n=20). The propagation rate of CSD
waves was 4.71+0.19 mm/min. At the initial hypoperfu-
sion, the percentage of rCBF reduction was 34.84+1.71%
and 39.11+1.44% in ROI 1 and 2 relative to baseline, sim-
ilar to previous reports [17]. The VEH group had no pro-
found hemodynamic response after optogenetic stimulus
(465 nm, 4 mW;, 10 s; Fig. 2C).

A single optogenetic CSD triggers migraine-like pain

and photophobia

Peripheral and central sensitization mediate throbbing
headaches and cutaneous allodynia during migraine [2,
29]. The von Frey tests were executed to assess mechani-
cal pain thresholds in a time-dependent pattern. Bilat-
eral mechanical thresholds of the periorbital skins and
hind paws were evaluated at baseline and 1, 2, 3, 4, 24,
and 48 h after a single light stimulus. A unilateral CSD
triggered bilateral periorbital (Fig. 3A, B) and hind-paw
allodynia (Fig. 3C, D). The allodynia lasted for 4 h and
recovered to the baseline within 24 h. Interestingly, the
ipsilateral (right) periorbital withdrawal thresholds at 1 h
was significantly lower than the contralateral (left) in the
CSD group (p=0.005, Fig. 3A).

Photophobia was the most common symptom simul-
taneous with migraine attacks [1]. The light-aversion
behavior was evaluated at 2.5 h after a light stimulation
in the light-dark box (Fig. 3E). The total distance and
speed of movement had no difference between the CSD
and VEH group (Fig. 3F, G). Compared with the VEH
group, the distance (p=0.011, Fig. 3H) and duration
time (p=0.018, Fig. 3I) in the light box were signifi-
cantly reduced in the CSD group, suggesting that a single
optogenetic CSD generated light aversion.

A single optogenetic CSD elicits anxiety behaviors

Migraine often coexists with mood disorders, and the
anxiety is the most relevant psychiatric comorbidity [30,
31]. The EPM (Fig. 4A) and OFT (Fig. 5A) tests were
conducted at 2.5, 24, and 48 h to assess the anxiety-like
behaviors. The total distance (Fig. 4B, 5B) and speed of
movement (Fig. 4C, 5C) showed no significant differences
between the VEH and CSD group at all testing periods,
suggesting the similar locomotor ability. The absolute
time spent in open arms of the CSD group displayed
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a significant reduction at 2.5 h (p=0.014, Fig. 4D) and
24 h (p=0.028, Fig. 4D) and resumed to normal level at
48 h (p=0.946, Fig. 4D), as well as the percentage of time
in open arms [OT/(OT+CT)%, 2.5 h: p=0.012; 24 h:
p=0.024; 48 h: p=0.907; Fig. 4E] in the EPM test. The
absolute time spent in the center areas (Fig. 5D) of the
CSD group significantly decreased at 2.5 h (p=0.027) and
24 h (p=0.039) and got back to normal at 48 h (»p=0.674),
as same as the percentage of time in the center areas rela-
tive to the total test time (2.5 h: p=0.027; 24 h: p=0.039;
48 h: p=0.674; Fig. 5E) in the OFT. Both results in the
EPM and OFT revealed a single CSD increased the thig-
motaxis and anxiety-like behaviors [32].

Sumatriptan alleviates optogenetic-induced migraine-like
pain and anxiety behaviors

Sumatriptan, a selective agonist of 5-hydroxytryptamine
receptors, has been proven to be an effective and specific
treatment for acute migraine attacks in numerous pre-
clinic and clinical research [33]. In this study, the normal
saline (CSD+NS group) or sumatriptan (CSD+ Suma
group) was administrated by peritoneal injection imme-
diately after a single light stimulus. Compared to the
baseline, the CSD+NS group showed a significant
decrease in bilateral hind-paw (2.5 h, left: p <0.001, right:
p<0.001; Fig. 6A) and periorbital (3 h, left: p<0.001,
right: p<0.001; Fig. 6B) withdrawal thresholds. Both
hind-paw (2.5 h, left: p=0.008, right: p=0.028; Fig. 6A)
and periorbital (3 h, left: p=0.028, right: p=0.011;
Fig. 6B) allodynia were alleviated at varying degrees in
the CSD + Suma group, relative to the CSD+NS group.
The mechanical pain thresholds of periorbital areas
recovered to the baseline in the CSD + Suma group, while
hind paws not.

Furthermore, the EPM was executed at 4 h in both
groups. Time in open arms (p=0.042, Fig. 6F) and
OT/(OT+CT)% (p=0.038, Fig. 6G) increased in the
CSD+Suma group. It suggested that the CSD+ Suma

(See figure on next page.)
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group tended to spend more time exploring the open
arms and anxiety-like behaviors were relieved by
sumatriptan. Given the poor central penetration of
sumatriptan, we considered the possibility of anxiety-like
behaviors secondary to pain. While the anxiety produced
by CSD itself could not be excluded completely owing to
lack of baseline level of thigmotaxis. The factors contrib-
uting to anxiety-like behaviors are likely multifaceted and
complex.

Discussion

Our study proposed an optogenetic CSD-induced
migraine model originating from VISp in freely moving
C57BL/6 mice. A single optogenetic stimulation at the
unilateral VISp elicited spreading triphasic rCBF change
with the reduction of 20% or more at the initial perfusion
in the ipsilateral hemisphere, which proved a first light-
evoked CSD. A single unilateral CSD triggered bilateral
periorbital and hind-paw allodynia, which were allevi-
ated by sumatriptan administration. More notably, the
ipsilateral periorbital mechanical threshold was signifi-
cantly lower than the contralateral at 1 h. Furthermore,
the migraine-like pain was accompanied by photophobia
and anxiety behaviors. The behavioral pattern above was
in accord with the clinical features of migraine [3].

The corresponding relationship between the laterality
of rCBF changes and cutaneous allodynia in this study
was congruent with previous reports. Olesen et al. [34]
summarized the laterality of rCBF abnormality, head-
ache, and aura symptoms in 63 migraine patients, 56
of which reported unilateral rCBF change, 2 bilateral
rCBF change, and 5 without rCBF abnormality. In 56
migraineurs with unilateral rCBF abnormality, the aura
symptoms were usually contralateral to rCBF abnormal-
ity (92.86%, 52/56) and bilateral (7.14%, 4/56) occasion-
ally. While migraine headaches were found haphazardly
ipsilateral to the side of rCBF changes in 58.93% (33/56),
contralateral in 7.14% (4/56), bilateral in 28.57% (16/56),

Fig. 3 A single optogenetic CSD triggers prolonged allodynia and photophobia. Time sequential variation of bilateral periorbital (A, n=11

per group) and hind paw (C, n=12 per group) withdrawal pain thresholds after a single optogenetic stimulus. The data were shown as mean + SEM.
The difference was analyzed by two-way repeated measures ANOVA with post hoc analysis. A Left (contralateral): F=2.657, p=0.116 for group;
F=10.106, p<0.001 for time; F=4.505, p=0.003 for group x time interaction. Right (ipsilateral): F=11.234, p=0.003 for group; F=13.541, p<0.001
for time; F=8.375, p<0.001 for group X time interaction. C Left (contralateral): F=16.062, p=0.001 for group; F=19.656, p <0.001 for time;

F=5.353, p<0.001 for group x time interaction. Right (ipsilateral): F=21.002, p=0.001 for group; F=31.214, p <0.001 for time; F=9.168, p <0.001

for group x time interaction. Solid lines for VEH, dotted lines for CSD. VEH_left versus CSD_left, # p <0.05, ## p <0.01, ### p <0.001; VEH_right

versus CSD_right, * p <0.05, ** p<0.01, *** p <0.001; CSD_left versus CSD_right, A A p<0.01. Individual time-sequential changes of bilateral

periorbital (B) and hind-paw (D) withdrawal thresholds in the CSD group (blue, left side; red, right side). The significance between post-stimulation
time points and the baseline was assessed by the post-hoc pairwise comparison. * p <0.05, *** p<0.001, ns=no significance. E Sample trajectories
of 10-min light-dark box test at 2.5 h (VEH, upper panel; CSD, lower panel) after a single light stimulus. The differences in total distance (F), speed
of movement (G), distance in the light (H), and time in the light (I) were presented as bar graphs (mean + SEM) and were assessed by the unpaired
t-test between the VEH and CSD group (n=9 per group). * p <0.05, ** p<0.01, *** p<0.001, ns=no significance
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absence in 3.57% (2/56), and no recording in 1.79%  onset of migraine attack following aura symptoms. The
(1/56). Migraine headaches usually occurred about 1 h  mechanical allodynia emerged in the head ipsilateral to
after the onset of aura and about 30 min after the end headache at 1 h, extended to the contralateral head and
of aura [34]. Burstein et al. [35] measured the mechani- ipsilateral forearm at 2 h, and persisted at 4 h. It was con-
cal pain thresholds of the head and forearms bilaterally  sistent with the interesting phenomenon in our study that
before a migraine attack and at 1, 2, and 4 h after the the ipsilateral periorbital mechanical threshold decreased
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*p<0.05,* p<0.01,** p<0.001, ns=no significance

dramatically and was significantly lower than the con-
tralateral at 1 h. In summary, the unilateral rCBF changes
in the CSD-induced migraine mice or migraineurs were
usually ipsilateral to headache and contralateral to aura
symptoms [34], and a unilateral CSD generated bilateral
cutaneous allodynia [2].

It is well-known that the meninges and their feeding
vessels are the only intracranial pain-sensitive structures

[36]. A past study observed that direct stimulation to the
dura mater could activate the trigeminovascular path-
way and evoke cutaneous allodynia, even in the absence
of CSD events [37]. Thus, traditional CSD animal mod-
els induced by electrical, chemical, or mechanical stimu-
lus could not attribute cutaneous allodynia to CSD itself.
It is important to avoid direct stimulation of meningeal
tissues in the process of CSD induction. Owing to the
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minimal invasiveness of optogenetics, it is a great choice
to induce CSD. Yet Thy1-ChR2-YFP mice [19], CaMKlIla-
cre mice [21], and wild-type mice [20] have been used to
establish the CSD model. Avoiding direct stimulation to
meningeal tissues in the optogenetic process increases
the reliability of optogenetic CSD-induced migraine
model.

Recently, Rasmussen et al. [38] found that the trigemi-
nal ganglion was directly exposed to the cerebral spinal

fluid (CSF). Six CSDs were provoked by topical potas-
sium chloride at 10-min intervals and cortical extracel-
lular solutes such as calcitonin gene-related peptide
(CGRP) increased at 1 h after the first CSD. The CSF sol-
utes flowed towards the ipsilateral trigeminal ganglion
primarily and firstly, which might drive the unilateral
migraine headache. A smaller portion of CSF solutes also
flowed to the contralateral trigeminal ganglion and dura
mater. This theory might elucidate the reason for the
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Fig. 6 Sumatriptan alleviates cutaneous allodynia and anxiety behaviors induced by a single optogenetic CSD. The hind-paw (A) and periorbital
(B) withdrawal thresholds before and after normal saline and sumatriptan injection following optogenetic CSD induction in the CSD+NS (n=8)
and CSD+Suma (n=8) group. The data were shown as box-whisker plots (median, the first quartile, and the third quartile). The difference

was assessed by unpaired t-test (CSD + NS versus CSD+ Suma) or paired t-test (post-stimulation time points versus baseline). C Sample trajectories
of 10-min EPM test at 4 h (CSD+NS, upper panel; CSD+Suma, lower panel). The differences in total distance (D), speed of movements (E), time

in open arms (F), and OT/(OT+CT)% (G) were presented as bar graphs (mean £ SEM) and were assessed by unpaired t-test between the CSD+ NS
and CSD+Suma group (n=8 per group). * p<0.05, ** p<0.01, *** p<0.001, ns=no significance

ipsilateral periorbital allodynia being much more severe after a single CSD recovered by sumatriptan administra-
than the contralateral at 1 h after a single CSD in this tion to the baseline level in our study. Evidences above
study [2, 29]. Moreover, periorbital pain thresholds at 3h  pointed together that CSD elevated the CSF proteins and
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triggered the trigeminovascular system and that periph-
eral sensitization might underlie migraine pain and peri-
orbital allodynia. The histological evidences in our model
needed further investigation.

It was an interesting finding that, unlike both perior-
bital and hind-paw allodynia in this study, Pi et al. [21]
and Harriott et al. [19] reported that optogenetic CSD
triggered only bilateral periorbital allodynia but no hind-
paw allodynia. The major difference was CSD induc-
tion under anesthesia in the research of Pi et al. [21] but
under awake condition in our study. Tsurugizawa et al.
[39] investigated the shift of the functional network from
awake state to anesthesia in mice. The results showed that
isoflurane reduced the functional connectivity between
subcortex and cortex and suppressed the neuronal activ-
ity of thalamus, for example central medial thalamic
nucleus. Fu et al. [40] found that the CSD activated gluta-
matergic neurons in the thalamus only in awake mice but
not in anesthetized mice. Accordingly, whole brain c-FOS
mapping showed that a single optogenetic CSD did not
activate thalamus nuclei in anesthetized mice [21]. How-
ever, we found c-FOS activation in the thalamus includ-
ing paraventricular nucleus and intralaminar thalamic
nuclei (Fig. S3) on visual inspection at 2.5 h after a single
optogenetic CSD. We supposed that optogenetic stimu-
lation under anesthesia or awake state was a key factor
for hind-paw allodynia in the mice model. In our study,
intraperitoneal injection of sumatriptan partially allevi-
ated hind-paw allodynia in mice of the CSD group, but
pain thresholds of hind paws were still significantly lower
than the baseline. So we considered hind-paw allodynia
was mainly induced by central sensitization especially
subcortical activations.

The importance of CSD induction at the VISp was
emphasized in this study, primarily due to the most fre-
quent visual aura in migraineurs [4]. The innate suscep-
tibility and ChR2 expression in different brain regions
were also relevant to CSD thresholds [18]. Besides, the
cytoarchitecture (e.g. glia-neuron ratio) [41] and ana-
tomical structures of the gyrencephalic cortex (e.g. sulci
and vessels) [42] might change CSD characteristics.
Additionally, several studies reported optogenetic stimu-
lation initially excited pyramidal neurons in layer 5 of
the cortex, postsynaptic responses of which contributed
to subsequent excitatory responses in layer 2/3 and sur-
rounding layer 5 and the activation of local inhibitory cir-
cuits [22, 43]. Thus, different CSD induction sites might
activate diverse postsynaptic brain regions. Harriott et al.
[19, 44] reported that a single optogenetic CSD from the
motor cortex under anesthesia activated paraventricular
nucleus of the thalamus (PVN) and supraoptic nucleus
(SON). While PVN was not activated by CSD from VISp
in anesthetic mice, and SON was not activated by CSD
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from VISp in awake mice in this study (Fig. S4). Although
we could not explain the underlying mechanisms of dif-
ferent subcortical activations now, awake state and CSD
induction sites indeed made a difference in outcomes.

There are several limitations in the study. We did not
include female mice to avoid the estrous cycle in the
experimental design. Estrogen could enhance CSD sus-
ceptibility [45] while testosterone suppress it [46]. And
sex differences in expression of CGRP receptors [47]
and in CGRP-induced vasodilation of human meningeal
arteries [48] have been confirmed. It is vital to balance
sex factors in basic research of migraine mechanisms.
In addition, even though the CSDs for behavioral tests
were induced under awake condition, we recorded the
rCBF changes under anesthesia. The possible effects of
anesthetics cannot be ruled out. Moreover, compared
with optogenetic stimulation via intact skull in transgenic
Thyl-ChR2-YFP mice, the craniotomy in the occipital
bone for viral injection was invasive in this report.

Conclusions

This study proposes an optogenetic CSD-induced
migraine model originating from VISp in freely moving
C57BL/6 ] mice. A single unilateral CSD under awake
condition triggered bilateral periorbital and hind-paw
allodynia, as well as photophobia and anxiety behaviors.
The model in wild-type mice is promising to be wildly
used to study the pathogenesis of MwA.
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