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Abstract

Objective: Cortical spreading depression (SD) is an intense depolarization underlying migraine
aura. Despite the weight of evidence linking SD to the pain phase of migraine, controversy
remains over a causal role of SD in cephalgia because of the invasive nature of previous SD
induction methods. To overcome this problem, we employed a novel minimally invasive
optogenetic SD induction method and examined the effect SD on behavior.

Methods: Optogenetic SD was induced as a single event or repeatedly every other day for 2
weeks. Endpoints including periorbital and hindpaw mechanical allodynia, mouse grimace,
anxiety, and working memory were examined in male and female mice.

Results: A single SD produced bilateral periorbital mechanical allodynia that developed within 1
hour and resolved within 2 days. Sumatriptan prevented periorbital allodynia when administered
immediately after SD. Repeated SDs also produced bilateral periorbital allodynia that lasted 4
days and resolved within 2 weeks after the last SD. In contrast, the hindpaw withdrawal thresholds
did not change after repeated SDs suggesting that SD-induced allodynia was limited to the
trigeminal region. Moreover, repeated SDs increased mouse grimace scores 2 days after the last
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SD, while single SD did not. Repeated SD also increased thigmotaxis scores as a measure of
anxiety. In contrast, neither single nor repeated SDs affected visuospatial working memory. We did
not detect sexual dimorphism in any endpoint.

Interpretation: Altogether, these data show a clinically congruent causal relationship between
SD, trigeminal pain and anxiety behavior possibly reflecting SD modulation of hypothalamic,
thalamic and limbic mechanisms.

INTRODUCTION

Cortical spreading depression (SD), a wave of depolarization propagating at a rate of 2-5
mm/min, is the most likely culprit responsible for migraine aura.l Despite evidence
suggesting that SD is linked to the pain phase of migraine, controversy remains over a causal
role of SD in cephalgia. 3 Arguing for a role, the vast majority (90%) of migraine aura
attacks are accompanied by headache, and aura onset tends to occur before (78-93%)
headache onset.* ® Furthermore, migraine aura is more frequently associated with severe
cutaneous allodynia as compared to migraine without aura.8-10 Conversely, the most
common form of migraine occurs without a perceived aura and in a small percentage of
patients, aura can occur after headache onset or without headache altogether, suggesting that
SD may not be the trigger for cephalgia.

Several animal studies suggest SD activates trigeminal nociceptive pathways. SD increases
c-fos expression in the trigeminal nucleus caudalis (TNC),1! increases firing rates of TNC
neurons with meningeal receptive fields? 12 and single unit activity of meningeal afferents.13
SD activation of TNC neurons is sensitive to meningeal nerve transection! and anti-
migraine medications.11: 12 Moreover, several studies reported SD induced trigeminal pain
behaviour. For example, SDs elicited by application of 3M KCI onto the dura produced
periorbital allodynia in male Wistar rats.14 Similar reductions in periorbital mechanical
thresholds were observed in female Sprague Dawley rats following cortical injection of 1M
KCI.15 However, activation of trigeminal nociceptors and allodynia observed in these studies
may have been confounded by invasive cranial surgery, exposure to hyperosmolar KCI or
direct stimulation of dural or calvarial nociceptors.3 16 For example, in one study, the
number of KCl injections, but not of actual SDs, was associated with c-fos expression in
TNC.17 Others also observed that SD was not necessary for cutaneous allodynia to develop
after KCI application.18 Therefore, the highly invasive nature of SD induction methods
precluded conclusive demonstration of a causal link between SD and trigeminal nociceptor
activation.19: 20

To overcome this barrier, we employed optogenetics to induce SDs in a minimally invasive
fashion without damaging the skull or underlying dura to test whether single or recurrent SD
events trigger trigeminal pain behaviour in mice.21-23 Given the high prevalence of anxiety
and cognitive dysfunction in migraineurs, we further examined anxiety and working
memory.
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Experiments were approved by the MGH Institutional Animal Care and Use Committee and
performed in accordance with the US Public Health Service’s Policy on Humane Care and
Use of Laboratory Animals. Male and female transgenic mice (4-12 months, 23-35 g)
expressing channelrhodopsin-2-YFP fusion protein under the thymus cell antigen-1
promoter (B6.Cg-Tg(Thy1-COP4/EYFP)9Gfng/J; Jackson Laboratories, Bar Harbor, ME,
USA) were housed with 12hr/12hr light-dark cycle and given food and water ad libitum.
Animals were randomly divided into sham and SD groups.

Optogenetic SD induction:

Mice were anesthetized with isoflurane (5% induction, 1-2% maintenance in 70% N»O,
30% O5) and placed in a stereotactic frame. A single midline incision of the skin was made
to expose the skull which was otherwise left intact. A glass coverslip was affixed to the skull
in all mice using cyanoacrylate and C&B metabond (Parkell Inc., Edgewood, NY, USA). SD
induction started 2 days later as described previously.23 Under brief isoflurane anesthesia
(1-2%) and light head immobilization in a stereotactic frame, motor cortex was stimulated
with 470nM light for 10sec at ImW increments (max 10mW) every 2min using a 400mm
optical fiber-LED light source (Thorlabs, Newton, NJ, USA; Figure 1A) over the right
hemisphere until a single SD was detected. This protocol does not cause light or heat injury
even after repeated exposures.22 A webcam (OT-HD, Opti-TekScope, Chandler, AZ, USA)
interfaced with MATLAB was used to create intrinsic optical signal difference images every
2 seconds. SDs were identified as a characteristic change in reflectance propagating across
the cortex (Figure 1A). The sensitivity and specificity of this method to reliably detect SDs
has been validated.23 Animals in the single SD group underwent a single SD event (n=32;
Figure 1B). Animals in the repeated SD group received a single SD induced every other day
for 2 weeks (n=32; Figure 1C). Sham animals for the single (n=31) and repeated (n=28) SD
groups were handled in a similar fashion as SD animals, they underwent glass coverslip
placement and had similar exposures to isoflurane anesthesia and handling. In the repeated
SD group, we induced SD every other day to model a high attack frequency based on the
previously reported average of 12 aura attacks per month (range 2—60) in patients
experiencing > 2 attacks per month.24

Allodynia testing:

Tests were carried out during daylight and after acclimation to the behavioral room and
apparatuses. Mechanical thresholds were tested by an evaluator blinded to group allocation
with sequential ascending calibrated von Frey monofilaments using a method previously
published.25 26 periorbital allodynia was defined as a reduction in periorbital mechanical
threshold. Mice were gently placed in a restrainer device large enough to allow for
movement of the forepaw and hindpaw with an opening that allowed access to the periorbital
region. Calibrated von Frey monofilaments (Stoelting Co, Wood Dale, IL, USA) between
0.008 and 0.4 grams were applied perpendicular to the surface just superior-medial to the
right and left eye with a force that allowed the monofilament to bend. The force producing
head withdrawal, vigorous turn, or scratching in more than 50% of 5 trials was considered
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the threshold. Periorbital thresholds were determined 1 hour, 2 and 4 days after SD in the
single SD group and 2, 4 and 14 days after the last SD in the repeated SD group (Figure 1B,
C). To prevent habituation upon repeated testing, separate groups were studied for each time
point. Hindpaw allodynia was tested 2 days after the last SD in a clear chamber with a grid
floor. Filaments with bending force between 0.4 and 6 grams were applied to the central-
ventral hindpaw. The force producing brisk withdrawal or shaking in more than 50% of 5
trials was considered the threshold. Ipsilateral and contralateral thresholds did not differ and
were averaged for all analyses.

In a separate group of mice, we tested the efficacy of sumatriptan on periorbital allodynia.
Sumatriptan succinate (Sigma Aldrich, St Louis, MO) was dissolved in 0.9% saline to make
a Img/mL stock solution. Working solutions of 0.1mg/mL were prepared just prior to
experimental testing. Animals received intraperitoneal injection of either 600 ug/kg
sumatriptan (n=8) or an equivalent volume of 0.9% saline vehicle (n=7) immediately
following a single SD. Periorbital allodynia was tested 1 hour after the SD. Sumatriptan dose

was chosen based on efficacy in reversing pain behavior in prior animal models of migraine.
27

Mouse grimace score:

To assess signs of spontaneous pain, four to six clear random front facing frames were taken
from videos of animals prior to periorbital testing 1 hour after the last SD in the single SD
group and 2 days after the last SD in the repeated SD group. Facial grimace was scored by
two investigators blinded to allocation with high interrater reliability (kappa statistic =
0.876, 95%CI 0.71-1.0). Mouse grimace was scored as previously described.28: 29 Action
units of orbital and whisker tightening, cheek and nose bulge were given a score of 0 for not
present, 1 for moderate, and 2 for severe for each screenshot. The scores were averaged
across action units for each frame. The score for all frames were then averaged to calculate
the grimace score per animal. In the sham group for repeated SD comparison, 4 animals had
side facing videos and front facing images were not available for grimace score
quantification.

Open field test:

Y-maze test:

All mice were studied for anxiety behavior prior to allodynia testing. To measure SD
induced anxiety behavior, mice were placed in an arena (12x14 inches) 2 days following the
last SD and allowed to explore for 5 minutes in dim light (164 lux) with a lightmeter used to
standardize lighting conditions. An open source MATLAB automated toolbox tracked
mouse movement.30 Heat maps, path tracings, total distance traveled, and thigmotaxis score
(time spent in the outer perimeter/total time) were compared between groups. Thigmotaxis
scores approaching 1 indicate higher levels of anxiety.

A subset of mice were studied for working memory prior to allodynia testing on the same
day. To assess working memory, mice were placed for 5 minutes in a Y-maze with three
arms separated by 120 degrees and distinct visual cues. Correct alternation rate was defined
as the number of ABC or CBA sequence arm entries divided by total number of arms
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entered minus two and expressed as percentage. Data from one animal was excluded due to
persistent jumping out of the Y-maze apparatus.

Statistical analyses:

RESULTS

In the absence of prior experience in our lab, the initial sample size was estimated
empirically from published data to achieve a power of 0.8 and alpha of 0.05. The sample
size was calculated based on the ability to detect an effect size of 50% assuming a standard
deviation of 0.03g in periorbital mechanical threshold (minimum estimated sample size =7
mice per group)2°, assuming a standard deviation of 40% for thigmotaxis score (minimum
estimated sample size = 12 mice per group)3L: 32, and a standard deviation of 15% for
correct percent alternation in Y maze (minimum estimated sample size = 6 mice per
group)33. For grimace behavior, prior studies indicate adequate power (0.800) to detect a
mean difference score of 0.5 with a standard deviation of 0.28 using a minimum estimated
sample size = 7 mice per group.2 An interim analysis was performed to revise the sample
sizes needed based on the preliminary standard deviation. If more than 20 animals per group
were needed to detect a difference (i.e. futility), that particular test was dropped from the
protocol, as was the case for the Y maze. Data were analyzed using GraphPad Prism v8 (La
Jolla, CA). Data in text are expressed as median with 25, 75™ percentile or mean +/- SEM.
For allodynia, the impact of single SD or repeated SD and time on mechanical threshold was
tested using a two-way ANOVA on rank transformed data followed by Bonferonni post-hoc
analysis. Data were rank transformed based on the skewed distribution on visual inspection
of box plots, which resulted in a better fit of the QQ plot of predicted and actual residuals.

Regression analysis on rank transformed data was used to evaluate the relationship between
independent variables sex, SD versus sham group, time, and single versus repeated SD, on
periorbital allodynia. For two group comparisons, Mann Whitney U nonparametric analysis
was used for data that were not normally distributed and unpaired t tests for parametric data.
Two-tailed p<0.05 was considered statistically significant.

Single SD triggers periorbital allodynia

Periorbital mechanical thresholds were measured bilaterally in male and female mice 1 hour,
2 days or 4 days after a single SD or sham procedure (Figure 1B). Despite unilateral SD
induction, ipsilateral and contralateral mechanical thresholds did not differ; therefore, right
and left mechanical thresholds were averaged in each animal for all analyses. A single SD
triggered periorbital allodynia [F=3.587, p=0.0652 for SD; F=1.388, p=0.2607 for time;
F=4.381, p=0.0187 for interaction; two-way ANOVA; Figure 2]. Post-hoc comparisons
showed a significant reduction in periorbital mechanical threshold at 1 hour (p=0.0035)
which normalized within 2 days (p>0.9999 at 2 and 4 days). In a separate group of mice, the
migraine-abortive 5HTqg/1p receptor agonist sumatriptan (600 ug/kg i.p. immediately after
SD) restored periorbital mechanical thresholds compared with vehicle when tested 1 hour
after a single SD (Mann-Whitney U=6.500, p=0.0104; Figure 2, right panel). To control for
potential direct effects of optogenetic light exposure, we also exposed wild type mice (i.e.
not expressing Chr2) to 7mW optogenetic illumination and did not observe any SD or an
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effect on periorbital mechanical thresholds compared with non-stimulated wild type mice
(n=4/group, Mann-Whitney U=6.00, p=0.7714, Figure 2)

Repeated SD and evoked mechanical nociceptive behavior

Cutaneous allodynia is associated with migraine aura and can occur not only during but also
in between attacks.® 34 35 To explore whether repeated attacks of SD increased the duration
of cutaneous allodynia, we examined the effect of repeated SD on periorbital mechanical
thresholds compared to sham animals starting at 2 days when the effect of a single SD has
already resolved (Figure 1C). Repeated SD produced a longer lasting periorbital allodynia as
compared to single event SD [F=24.02, p<0.0001 for SD; F=4.038, p=0.0232 for time;
F=5.490, p=0.0068 for interaction; two-way ANOVA; Figure 3]. Post-hoc analysis showed a
significant SD-induced reduction in periorbital mechanical threshold at 2 days (p<0.001)
and 4 days (p=0.0242). This effect recovered by 14 days (p>0.9999). In contrast, repeated
SDs did not change hindpaw mechanical thresholds when tested 2 days after the last SD
(Mann-Whitney U=71, p=0.2478; Figure 3) suggesting that SD-induced allodynia was
trigeminal-specific.

SD and spontaneous mouse grimace behavior

In addition to evoked pain thresholds, we also used grimace score of changes in facial
expression as a validated measure of spontaneous pain2? (Figure 4). We found no change in
grimace following a single SD (t=0.4588, p=0.6534, df=14). In contrast, recurrent SDs
significantly increased the grimace score when measured 2 days after the last SD (t=2.343,
p=0.0286, df=22). We excluded 4 animals in the repeated sham group because a clear front-
facing headshot was not available from the video. The median periorbital mechanical
thresholds in these animals did not differ from the 8 repeated sham animals included in the
grimace score analysis (0.16 [25M-75t percentile: 0.13-0.16] and 0.16 [251-75t percentile:
0.13-0.25], respectively).

Sex influences on SD evoked and spontaneous nociceptive behavior

To test sexual dimorphism in mechanical periorbital thresholds we pooled the data across all
groups in exploratory analyses. We found no difference in sham groups suggesting that
thresholds did not differ between males and females in the absence of SD (Mann-Whitney
U=279.5, p=0.3315; Figure 5, left panel). In SD-induced allodynic groups, however, we
found a strong trend towards lower thresholds in females (F=3.703, p=0.0653 for sex; two-
way ANOVA; Figure 5, right panel). Given this trend, we performed a multivariable
regression on periorbital thresholds controlling for sex, sham versus SD, single versus
repeated SD, and time between SD and allodynia testing (Table 1). Both SD exposure and
recurrent SD were significantly associated with periorbital allodynia, whereas the time
between SD and allodynia testing was associated with recovery from periorbital allodynia.
After accounting for these relationships, we did not find an association between sex and
periorbital mechanical thresholds (Table 1). We also did not find sexual dimorphism on
grimace scores (F=0.7060 p=0.4070; two-way ANOVA).
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SD induced changes in anxiety and working memory

In the open field test to examine anxiety-like behavior after a single SD, neither the total
distance traveled nor the thigmotaxis score differed between SD and sham groups (t=0.1418,
p=0.8893, df=14 for total distance traveled; t=0.7725, p=0.4527, df=14 for thigmotaxis
scores; Figure 6A, B). In contrast, repeated SDs significantly increased thigmotaxis scores
compared with the sham group (t=2.597, p=0.0153, df=26) suggesting increased anxiety-like
behavior (Figure 6B). Neither single nor repeated SDs affected the spatial working memory
tested using a Y-maze 2 days after the last SD (t=0.3692, p=0.7175, df=14 for single SD and
t=1.242, p=0.2312, df=18 for repeated SD in total arm entries; t=0.1894, p=0.8525, df=14
for single SD and t=1.206, p=0.2444, df=18 for repeated SD in percent correct alternation;
Figure 6C). Male and female mice did not differ in thigmotaxis scores (F=2.527, p=0.1206,
two way-ANOVA) or percent alternations (F=1.713, p=0.2017, two way-ANOVA).

Discussion

Here, we show for the first time using a minimally-invasive optogenetic approach a causal
link between SD and a robust trigeminal pain behavior. Cephalgic allodynia occurs as part of
the migraine pain experience in 70-80% of those with migraine.8: 36 While it is not possible
to directly measure a subjective symptom such as migraine headache in mice, cutaneous
allodynia of the periorbital region is well accepted as a sensory discriminative test used to
assay nociceptive pathways that are relevant for migraine pain.3” We show that a single SD
can trigger the pain phenotype within an hour, which resolves within 2 days. We also show
that repeated SDs produce a more robust pain phenotype lasting at least several days,
accompanied by facial grimace as a sign of spontaneous discomfort. Perhaps more
importantly, we show that SD-induced trigeminal pain behavior is aborted by a triptan,
underscoring the clinical congruence of this model. Inhibition of acute pain behavior by
sumatriptan, which activates 5HTqp receptors on central nerve terminals of meningeal
nociceptors38: 39, suggests that optogenetic SD-induced trigeminal pain is mediated by
activation of meningeal nociceptors?®: 41, consistent with prior electrophysiological studies
of SD-induced increases in single unit activity of meningeal afferents.42 Altogether, these
data establish single or repeated optogenetic SDs as a new model to examine trigeminal pain
pathways with relevance to migraine pain states, and as a screening tool for abortive or
preventive migraine therapeutics.

Previous studies on SD-induced pain behavior used more invasive and potentially injurious
induction methods casting doubt on whether the observed pain behavior was the result of SD
or experimental injury.14. 15.18.43 For example, some studies applied high concentration

KCI (3M) directly on the meninges after a craniotomy to induce multiple SDs438 and in
one study allodynia was studied only 30 minutes later.#3 Such invasive approaches can easily
confound any impact of SD on pain behavior, especially when examined acutely after the
surgical procedure. Our optogenetic approach does not require a craniotomy, cortical injury
or application of hyperosmolar solutions on the meninges or cortex. The method completely
obviates the need to breech the skull, permits a recovery period to avoid the confounding
effects of minor surgery, and allows testing for weeks and possibly months.
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Mechanical allodynia is a consequence of trigeminovascular neuronal sensitization in the
brainstem trigeminal nucleus.** Interestingly, we found bilateral periorbital allodynia despite
unilateral SD stimulation. Unilateral SD can induce bilateral activation of brain regions
relevant for pain. For example, unilateral SD increased c-fos expression bilaterally in
periaqueductal gray*® and paraventricular hypothalamus.#® Indeed, migraine-associated
cutaneous allodynia develops in a stepwise fashion with progressive sensitization of higher-
order (e.g. bilateral) neuronal populations.4” Patients often describe an initial allodynia
ipsilateral to cephalgia that later spreads to also involve the contralateral side.8 In one
cohort, almost 80% of episodic migraine patients experienced cutaneous allodynia during
attacks, and 85% of those reported allodynia in at least one other area outside of the
ipsilateral head (33% mechanical allodynia and 55% cold and heat allodynia of the
contralateral head).8 Similarly in a different study of 6 allodynic migraine patients, 4
reported sensitivity to cotton swab application to the contralateral face.*8 Moreover, a
majority (79%) of allodynic migraine patients had aura® suggesting an association between
aura and allodynia.

Repeated SDs also produced signs of anxiety as an affective response to pain where animals
avoided an open field (i.e. thigmotaxis scores). These findings are congruent with the
clinical observation that migraine is associated with psychiatric disturbances including
depression and anxiety disorders.#9 Indeed, phobic and panic symptoms and anxiety
sensitivity index scores were most strongly associated with migraine aura.>% Anxiety may
become manifest as a result of repeated migraine attacks, and thus is a chronic rather than
episodic manifestation. Our data support this possibility for anxiety-like behavior.
Importantly, the uniform illumination of the open field under dim light (164 lux) makes
thigmotaxis upon repeated SDs unlikely to be caused by photophobia. Mechanistically,
repeated SDs may modulate cortico-limbic circuits involved in anxiety and fear, such as the
anterior cingulate cortex, amygdala, or periaqueductal gray.>1-53 It is important to note that
SD rarely propagates into subcortical tissues in wild type mice under isoflurane anesthesia;
54 therefore, SD-induced anxiety behavior in this paradigm is unlikely to be a direct effect
on subcortical centers. Moreover, the very short wavelength of the optogenetic light stimulus
(470 nm) precludes deep penetration into the brain tissue for direct activation of subcortical
centers.>®

Facial expression of discomfort is likely a phylogenetically conserved behavior observed
across mammalian species that reflects the negative affective component of pain. This
affective pain response likely has specific neuroanatomical substrates, such as limbic and
subcortical structures including the mediodorsal thalamus, hypothalamus, anterior cingulate
cortex, amygdala and insular cortex.>%-58 Specifically, mouse grimace may involve
activation of the insular cortex. In one study, ablation of anterior cingulate cortex or
amygdala had no effect on visceral pain related grimace while ablation of the rostral anterior
insula reduced mouse grimace.29 Therefore, grimace scores may be directly modulated by
SDs propagating into the insular cortex as well.

We did not observe overt sexual dimorphism in this model of SD-induced cephalgia,
although there was a trend for more severe allodynia in females in pooled analysis. Although
females may have higher SD susceptibility compared with males,59-81 we used identical SD
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burden in both sexes as the denominator. These data suggest that sexual dimorphism in
migraine may reflect upstream differences in cortical excitability rather than downstream
nociception. Of course, estrus cycle stage may still influence SD-induced allodynia, which
we did not examine in this study.

Our study has limitations. First, SD in rodents may produce a more severe pain phenotype
because in rodents SD almost always propagates throughout the entire ipsilateral cortex. In
humans, SD limited to a small region of the brain may trigger mild headache or none at all.
Second, pain thresholds and processing in congenic strains may differ from outbred strains
that are more representative of human genetic variability.52 Third, although minimally
invasive, the model does require a skin incision a couple days prior. A review of literature
suggests that studies with a scalp incision, such as the one used to implant the coverslip a
few days prior to testing in our study, generally yield lower thresholds than those without an
incision.2% 63-68 |n addition, lower absolute thresholds in our study may also be related to
the ascending rather than up-down method of allodynia assessment that we used to reduce
testing times and avoid sensitization.25: 37. 69 Regardless of the baseline thresholds, however,
SD potently induced periorbital allodynia. The model also involves multiple brief exposures
to gas anesthesia in the repeated SD cohort. The control (i.e. non-SD) thresholds in the
single anesthesia cohort (Figure 2) did not differ from the repeated anesthesia cohort (Figure
3), suggesting that repeated anesthesia does not affect the thresholds. Moreover, sham (i.e.
non-SD) groups are exposed to the same anesthesia protocol. Lastly, in the chronic model
we repeated SD induction every other day for 2 weeks, to mirror the frequency of attacks in
patients experiencing more than 2 attacks per month.24 The impact of less frequent but
protracted SD exposure on pain behavior remains to be tested.

Taken together, our data support optogenetic SD-induced allodynia and grimace score as a
novel model of aura-related evoked and spontaneous affective trigeminal pain behavior.
Modulation of pain as well as anxiety behavior with SD burden underscores its utility to
study migraine severity as well. We believe the model is robust and malleable for the
exploration of mechanisms of migraine in relation to SD and can be adopted to test abortive
and prophylactic drugs, neuromodulation and the impact of other comorbid factors like sleep
deprivation, stress, hormones and circadian periodicity on migraine-relevant biology. Future
studies may also examine other aspects of migraine pain related behavior including
photophobia, phonophobia and other complex social and aversive behaviors.
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periorbital
allodynia

hindpaw
allodynia

Time 0 +1h +2d +4d gnmace

L L score
Repeated SDs
e Sk Sk Sk Sk Sk 3k ”

TimeO 2d 4d 6d 8d 10d 12d +2d +4d LAY

Figure 1. Optogenetic SD and behavioral testing.
(A) Motor cortex was stimulated with 470 nM wavelength light using an optical fiber for 10

seconds at 1mW power increments every 2 minutes until an SD occurred (max 10mW). SD
was visualized through a glass coverslip using intrinsic optical signal imaging acquired at
0.5 Hz (*, bregma). Each image was subtracted from the baseline image to demonstrate SD
propagation over the dorsal cortex. (B) In the single SD paradigm, animals were assessed 1
hour, 2 days or 4 days after SD. Individual readouts are shown on the right, including
periorbital and hindpaw mechanical allodynia using von Frey monofilaments, and anxiety-
like behavior and working memory using open field and Y maze, respectively. (C) In the
repeated SD paradigm, SDs were induced once every other day for 14 days and animals
were assessed 2 days, 4 days or 14 days after the last SD.
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Figure 2. Single SD produces acute periorbital mechanical allodynia.
Experimental timeline is shown on top. Left top panel shows individual log force data

(grams) from females (triangle) and males (circles) along with the median. A single SD
(1SD) reduced periorbital mechanical thresholds 1 hour after SD as compared with sham
controls. This effect was lost 2 and 4 days after SD (two-way ANOVA on ranks). Right top
panel shows group averages of the same dataset to illustrate the time course of periorbital
allodynia (mean £ SEM). Left bottom panel shows normalization of the reduced mechanical
thresholds 1 hour after a single SD by sumatriptan (600 pg/kg, intraperitoneal immediately
after SD) compared with vehicle (Mann-Whitney U test). Right bottom panel shows single
10 sec, 7TmW 470nM optogenetic light stimulation in wild type mice did not produce
periorbital mechanical allodynia (Mann-Whitney U test p=0.7714).
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Figure 3. Repeated SDsinduce lasting periorbital mechanical allodynia.
Left panel shows individual log force data (grams) from females (triangle) and males

(circles) along with the median. Seven SDs once every other day (7SD) reduced periorbital
mechanical thresholds 2 and 4 but not 14 days after the last SD compared with sham
controls (two-way ANOVA on ranks). Middle panel shows group averages of the same
dataset to better illustrate the time course of periorbital allodynia (mean + SEM). Right
panel shows unchanged mechanical hindpaw thresholds in repeated SD and sham groups
tested 2 days following the last SD (Mann-Whitney U test).
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Figure 4. SD induced facial grimace.
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(A) Facial features of animals with mild, moderate and severe discomfort are illustrated. (B)
Single SD (1SD) produced no change in mean mouse grimace score as compared to sham
animals when assessed 1 hour later. (C) Repeated SDs (7SD) increased mean mouse grimace
score. Individual data points from females (triangle) and males (circles) as well as mean +

SEM are shown (t-test).
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Figure 5. Sexual dimorphism in periorbital mechanical allodyniain sham and SD groups.
Individual log force data (grams) in previous figures are reorganized to display males

(circles) and females (triangle) separately in sham and single (1SD) or repeated SD (7SD)
arms. There were no significant differences in pooled periorbital mechanical thresholds
between males and females in pooled sham (left panel, Mann-Whitney U test) or SD (right
panel, two-way ANOVA on ranks) groups.
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Figure 6. Repeated SDsinduce anxiety-like behavior but do not impact working memory.
(A) Anxiety-like behavior and working memory were tested using open field thigmotaxis

scores and Y-maze alternations, respectively, 2 days after a single (1SD) or repeated SDs
(7SD). (B) Upper panel shows representative exploratory paths and heatmaps from a sham
and a repeated SD animal. Individual data for total distance traveled and thigmotaxis scores
from females (triangle) and males (circles) are shown along with mean = SEM after a single
(middle panel) or repeated SDs (lower panel). Total distance traveled was not affected by
SD. Repeated, but not a single, SD increased thigmotaxis scores. (C) Upper panel shows the
calculation of percent correct alternations. Individual data for total arm entries and correct
alternations from females (triangle) and males (circles) are shown along with mean + SEM
after a single (middle panel) or repeated SDs (lower panel). Sham and SD groups were
compared using t-tests.
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Table 1.
Regression analysis for sexual dimorphism.

A multivariable regression analysis was performed on periorbital thresholds controlling for sex, sham versus
SD, single versus repeated SD, and time between SD and allodynia testing. The overall model was significant
(F 9.244, p<0.001). Any SD exposure and recurrent SDs were significantly associated with lower periorbital
mechanical thresholds. Time between the last SD and allodynia testing was associated with recovery from
periorbital allodynia. After accounting for these relationships, there was no association between sex and
periorbital mechanical thresholds.

95% CI
Beta | STE t Significance | Lower | Upper
Constant 72.42 559 | 12.96 <0.0001 61.34 83.51
Sex -6.56 5.27 1.24 0.2159 -17.02 3.89
Sham vs. SD -25.61 | 5.16 | 4.96 <0.0001 -35.85 | -15.37
Time from last SD 1.52 0.68 2.25 0.0264 0.18 2.86
Single vs. repeated SD | -14.88 | 5.67 | 2.63 0.010 -26.12 3.64
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