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Abstract

Background Migraine is more prevalent in females, raising the possibility that sex and gonadal hormones modulate
migraine. We recently demonstrated that minimally invasive optogenetic spreading depolarization (opto-SD) elicits
robust periorbital allodynia. The objective of this study was to test the hypothesis that opto-SD induced migraine-like
pain behavior is worse in females and varies during the estrus cycle.

Methods Single or repeated opto-SDs were induced in male and female adult Thy 1-ChR2-YFP transgenic mice.

Von Frey monofilaments were used to test periorbital mechanical allodynia. Mouse grimace was also examined
under increasing light intensity to quantify spontaneous discomfort and light-aversive behavior. Vaginal smears were
obtained for estrus cycle staging at the end of behavioral testing.

Results A multi-variable regression analysis was performed using a male and female cohort to test the effect

of independent variables on periorbital allodynia. Opto-SD predicted lower periorbital thresholds as compared

with sham stimulation (p <0.0001). Additionally, female sex predicted lower periorbital thresholds compared

with males (p=0.011). There were significant interactions between opto-SD and time (interaction p=0.030) as ani-
mals tended to recover from opto-SD allodynia over time, and between sex and time (p=0.020) as females tended
to take longer to recover. Proestrus, estrus (PE) and metestrus, diestrus (MD) stages were combined to represent high
versus low circulating estradiol relative to progesterone, respectively. Multi-variable regression revealed an effect

of estrus cycle (p=0.015) on periorbital thresholds. In the sham group, PE had lower thresholds than MD. However,
there was no interaction between opto-SD and the estrus cycle (p=0.364). Grimace scores were also examined

at incremental light intensities. There was an effect of opto-SD (p <0.0001), light intensity (p=0.001) and estrus cycle
(p=0.024) on grimace without interaction among them (three-way ANOVA).

Conclusions Female sex and estrus stages with high circulating estradiol relative to progesterone lower trigeminal
pain thresholds and augment photosensitivity. In females, opto-SD increased pain behavior and photosensitivity
irrespective of the estrus stage.
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2. Main Results

Opto-SD predicted lower periorbital thresholds.

Females took longer to recover from opto-SD as compared to
males.

Sham female mice in proestrus-estrus had lower periorbital
thresholds compared with sham females in metestrus or
diestrus stages.

There was no interaction between opto-SD and estrus cycle
on periorbital thresholds.

Opto-SD and exposure to light increased grimace score.
There was an effect of estrus cycle on grimace but there were
no interactions between these variables.
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Background

Migraine affects 20-30% of women between the ages of
20 and 40 and is three times more common in women as
in men [28]. Migraine tends to start after menarche, vary
in intensity with menstruation, and abate after meno-
pause, implicating gonadal hormones in the migraine-sex
disparity and raises the possibility that gonadal hor-
mones may play an important role in disease phenotype
[23]. There may also be a role for chromosome and/or
hormone-chromosome interactions in the migraine-sex
disparity.

Recent studies have uncovered sex differences in rodent
models of migraine without aura (MwoA) [1-4, 36, 40, 43,
47]. Dural calcitonin gene-related peptide (CGRP) appli-
cation produced facial allodynia and spontaneous grimace
in adult female but not male rats and mice [3]. Similarly,
dural application of inflammatory mediators (histamine,
serotonin, bradykinin, prostaglandin) produced greater
and longer lasting periorbital allodynia in females com-
pared with males [43]. In a model of repeated intraperi-
toneal administration of nitroglycerin (NTG) 10 mg/kg,
females had longer-lasting NTG-induced allodynia than
males [1, 36]. These studies suggest females have more
severe pain outcomes in rodent models of MwoA.

Migraine with aura (MwA) is a distinct subtype of
migraine with characteristic visual disturbances accom-
panying headache. MwA is associated with higher rates
of cutaneous allodynia compared with MwoA [8, 27,
29-31], comorbidities, and disability [29]. While MwA
is more prevalent in females, there has been a paucity of
preclinical studies examining the impact of sex in pre-
clinical models of MwA and fewer studies examining
the influence of fluctuations in normal cycling female
gonadal hormones on the magnitude of pain behavior.
Unlike MwoA, MwA is less associated with estradiol
withdrawal during the start of menses and less likely to
improve or remit during pregnancy [22]. Moreover, new
onset migraine during pregnancy is more often MwA
[12, 15, 22]. Lastly, the use of oral contraceptives is more
likely to worsen MwA than MwoA attacks [22]. These
data suggest divergent effects of exogenous and endog-
enous gonadal hormones, most probably estradiol, on
the ability to trigger and exacerbate the severity of head-
aches associated with MwA [22, 32] and justify examin-
ing sex and hormone mechanisms separately in the MwA
subtype.

Cortical spreading depolarization (SD), a slow wave of
neuronal and glial excitation, is the likely cause of MwA
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and used as a preclinical model. We recently employed
a minimally invasive optogenetic approach to induce SD
(opto-SD), which produced robust trigeminal mechani-
cal allodynia, grimace behavior and enhanced anxiety-
related behavior, without the confounding effects of
craniotomy or durotomy [24]. The objective of this study
was to test the hypothesis that minimally invasive opto-
SD-induced migraine-relevant behavior is modulated
by female sex and estrus cycle stage. Nulliparous adult
mice typically have a 4-5 day estrus cycle during which
17Pestradiol (E2) levels rise between proestrus and estrus
stages, peaking during ovulation. Between proestrus and
estrus stages, progesterone (P4) levels are low. The E2:P4
ratio is therefore higher during proestrus-estrus. The
converse occurs during metestrus and diestrus stages.
During transition from metestrus to diestrus, there is a
diminution in E2 levels while P4 levels continue to rise
producing a low circulating E2:P4 concentration. There-
fore, proestrus plus estrus (PE) and metestrus plus
diestrus (MD) cycle stages represent high versus low cir-
culating E2 levels relative to progesterone, respectively
[20]. These natural variations, while not exactly recapitu-
lating the human menstrual cycle, can be used to exam-
ine how gonadal hormones may influence pain states in a
sex-specific manner.

Methods

Mice were housed under 12-12 h light/dark cycles in
temperature-controlled rooms. Food and water were
given freely. Experiments were performed at the Massa-
chusetts General Hospital Neurovascular Research Unit.

SD induction

Transgenic mice (=61 male, 121 female; 4—8 months
old, 25-35 g) expressing channelrhodopsin-2-YFP fusion
protein under the thymus cell antigen-1 promoter
(ChR2*; B6.Cg-Tg(Thyl-COP4/EYFP)9Gfng/] - Line
9) were randomly assigned to opto-SD or sham groups.
Under brief isoflurane anesthesia with 70% N,0/30%
O,, the head was fixed on a stereotaxic frame, the scalp
incised, and a glass coverslip fixed to the skull for trans-
parency using cyanoacrylate and C&B Metabond 1 week
prior to behavior testing. A 400 um fiberoptic light source
was positioned over the motor cortex for opto-SD induc-
tion using a square pulse of 470 nM light for 10 s at 10mW
(Thorlabs, Newton, NJ, USA). Optogenetic stimulation
was used to induce either a single SD once or repeatedly
every other day for a total of 7 SDs to examine the effect
of repeated SD on behavior. SDs were confirmed using
characteristic reflectance changes propagating across the
cortex on intrinsic optical signal difference images using
a webcam (OT-HD, Opti-TekScope, Chandler, AZ, USA)
interfaced with MATLAB as previously described [14].
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Animals in the sham control group underwent coverslip
placement and brief exposure to anesthesia and head fixa-
tion without opto-SD stimulation. We recently showed
that single and repeated opto-SD produced trigeminal
pain behavior in mice [24]. These previously collected
data from 61 male and 47 female mice were used to exam-
ine the effect of sex and the interaction between sex and
time after SD on periorbital mechanical thresholds. Data
from an additional 74 females were used to examine the
effect of estrus cycle stage.

Estrus cycle staging

To determine the estrus stage, vaginal smears were
examined within 30 min of behavior testing using lav-
age. Approximately 25-40 ul ddH20 was expelled and
aspirated from a pipette tip at the opening of the vagi-
nal canal. The final aspirate was placed on a coverglass,
smeared, and stained with crystal violet for inspection
with light microscopy (Fig. 5). Proestrus was identified
as smears with predominantly large, nucleated cells and
estrus as cornified epithelial cells. Diestrus and metestrus
were distinguished by the presence of leukocytes with
smears from animals in diestrus also containing nucle-
ated epithelial cells [34].

In addition to vaginal smears, we tested whether infra-
red temperature (IRT) imaging of surface body tempera-
ture using an uncooled microbolometer vanadium oxide
infrared long-wavelength (8—14um) sensor can reliably
delineate the estrus cycle (n=4). The infrared thermal
imaging camera (220 % 160, temperature detection range
of -20°C to+300°C; IR HTI Thermal Imager, Xintai
Instrument Co., Ltd.) accurately measured water tem-
peratures against a mercury thermometer. The micro-
bolometer absorbs incident infrared thermal radiation
emitted from the mouse. The surface region used was the
periorbital/head region. Surface temperature may differ
depending on surface region used. There are diurnal fluc-
tuations in core body temperature [26] which may con-
tribute to some variability but that is unlikely to explain
differences between estrus cycle stage since the surface
temperature readings were obtained within the same 3-h
time period in the mid-afternoon. Three to five values
per animal per cycle stage were averaged and taken with
a field of view that included the head at approximately
15 cm distance. Vaginal smears were collected after
temperature values were recorded. This was repeated
every other day for 10 days in 2 animals and 12 days in
the other 2 animals for 22 averaged readings and vaginal
smears.

Behavior assessment
Mice were acclimated to behavioral rooms and test
chambers before behavior assessments. Behavior testing
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was performed between late afternoon-early evening on
each test day. Periorbital allodynia was assessed 1 h after
a single opto-SD or 2 days after repeated opto-SD using
mechanical thresholds with sequential ascending cali-
brated von Frey monofilaments (0.008 to 0.4 g, Stoelting
Co, Wood Dale, IL, USA), by manual application to the
superior medial right and left periorbital region as pre-
viously reported [16, 19] and values for the right and
left side were averaged [24]. An avoidance response to
mechanical stimulation was determined by observing the
animal stroking the ipsilateral face with the forepaw or
brisk head turn away from the stimulus.

Mouse grimace scale (MGS) was used to assess sponta-
neous discomfort in mice. To assess photosensitivity, MGS
was examined in room light (75 lx) and with increased
light exposure between 400 — 8400 Ix. Following perior-
bital mechanical testing, a cohort of 45 animals remained
in the restrainer device. We used a white LED light source
with 6 dial settings to deliver light intensities between
400 — 8400 Ix. Animals were positioned 10 cm from the
light source. There was no change in ambient heat from
the light source and light was measured with a photom-
eter (URCERI MT-912 Digital Illuminance Light meter).
Animals were exposed to each light intensity starting with
room light for 60 s. Face expressions were scored from
not present=0, moderate=1, and severe=2, for each of
4 action units (orbital tightening, nose bulge, cheek bulge,
and whisker position) as previously described [24]. Frames
were captured from video at 15, 30 and 45 s for each light
intensity and grimace scores from each frame were aver-
aged. Grimace scores were then averaged for each light
intensity. Averaged values for animals in SD and sham
groups are presented across light intensities.

Statistical and data analysis, and experimental rigor

For all groups, animals were randomly assigned to opto-
SD stimulation or sham control groups. The estrus cycle
stage was unknown to the examiner during the behavior
assessment. All experiments were blinded to SD or sham
group allocations or estrus cycle stage until after data
collection. Identifying cage cards were replaced with ran-
dom letter-number cards prior to behavior testing. There
were no other markings or identifiers, and animals were
unblinded only after data collection. Animals were ran-
domly picked from cages in alternating fashion for SD or
sham groups. Vaginal smears were collected after behav-
ior testing. Therefore, the investigator was blinded to the
estrus stage at the time of behavior testing. We selected
periorbital allodynia as the primary endpoint and pow-
ered the study accordingly. Based on prior experience,
sample sizes aimed to detect a 20% reduction in allo-
dynia per estrus cycle stage group (a=0.05, power =80%,
n=12/group). Statistical analyses were conducted using
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GraphPad Prism 7.0 and indicated in the results sec-
tion and figure legends for each dataset. Two-tailed
p<0.05 was considered statistically significant. Data
were presented as mean + standard error (SEM). For het-
eroscedastic data, values were rank-transformed prior to
parametric data analysis.
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Fig. 1 Single and repeated opto-SD on periorbital mechanical
allodynia in male and female mice. Periorbital thresholds were tested
at 1 h, 2 days and 4 days after single SD or sham exposure (A), or 2, 4
and 14 days after the last repeated SD (B). Individual force threshold
data (grams) from single SD groups for males (blue) and females
(red) are shown. Opto-SD lowered periorbital mechanical thresholds
(*p <0.0001 vs. sham). Female sex was also associated with lowered
periorbital thresholds (*p=0.011 vs. male). There were significant
interactions between opto-SD and time of behavior test (*p=0,030)
as animals recovered from opto-SD induced allodynia over time

and between sex and time of behavior test (fp=0.020) as females
seemed to take longer to recover from opto-SD

T T T T T T
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Results

Sex differences in opto-SD-induced periorbital allodynia
Periorbital mechanical thresholds were measured in 61
male and 47 female adult mice following a single opto-SD
or 7 repeated opto-SDs once every other day and com-
pared to sham controls (Fig. 1). Thresholds were deter-
mined 1 h, 2 or 4 days after a single opto-SD, or 2, 4 or
14 days after the last of 7 opto-SDs, in separate cohorts.
A multi-variable regression analysis was performed on
the pooled cohort to test the effect of independent vari-
ables including sex, sham versus opto-SD, time of behav-
ior testing, and single or repeated SD. We also included
interactions between opto-SD and time of behavior
testing, and sex and time of behavior testing on perior-
bital mechanical thresholds in the model. As previously
demonstrated [24], opto-SD predicted lower periorbital
mechanical thresholds (p <0.0001), which recovered over
time (interaction between opto-SD and time after SD,
p=0.030). There was a significant effect of sex on perior-
bital allodynia (»p=0.011). Females had lower periorbital
mechanical thresholds compared with males (Table 1).
We also found a significant interaction between sex and
the timing of behavior testing on peripheral allodynia
(p=0.020). Females took longer to recover from opto-
SD allodynia than males (Fig. 1). The effect of female
sex on recovery from opto-SD is more notable in the
single opto-SD group. Following single opto SD, test-
ing at 4 days in males produced periorbital mechanical
threshold that was closer to sham (male single opto-SD at
4 days: 0.259 + 0.068 g) while in females the threshold at
this time point still appeared low (female single opto-SD
at 4 days: 0.115 £ 0.026 g).

Impact of estrus cycle on pain behavior

Mice were found to be in proestrus (=8 sham, n="7
SD), estrus (n=9 sham, n=12 SD), metestrus (7=8
sham, n=5 SD), or diestrus (n=4 sham, n=7 SD) using
vaginal lavage immediately after behavior testing [34].
For data analysis across estrus cycle stages, proestrus and
estrus stages were combined, and diestrus and metes-
trus stages were combined to represent high versus low
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estradiol to progesterone levels and to increase statistical
power [34].

Estrus cycle stage on periorbital allodynia

The effect of estrus cycle stage on periorbital mechani-
cal threshold was tested at 1 h after a single opto-SD or
2 days after repeated opto-SDs when allodynia was most
robust in each model. Multi-variable linear regression of
rank-transformed data was used to test the effect of estrus
cycle stage and opto-SD on periorbital allodynia. Opto-
SD lowered periorbital mechanical thresholds compared
with sham stimulation (p <0.0001). The MD stage showed
higher periorbital thresholds than PE (p=0.015). Allo-
dynia after a single versus repeated opto-SDs did not differ
at the selected time points of assessment (p=0.865, effect
estimate 0.42, 95% CI -4.5 to 5.4). Sham animals in MD
had higher periorbital thresholds compared with those in
PE [MD sham (n=12): 0.275 + 0.044 g; PE sham (n=17):
0.138 + 0.012 g, p=0.029, two-way ANOVA on ranked
data with Sidak test]. However, irrespective of the estrus
cycle stage, opto-SD produced a robust drop in periorbital
mechanical thresholds with no interaction between opto-
SD and estrus cycle stage (p=0.364, Table 2). Opto-SD
triggered periorbital allodynia compared to their respec-
tive sham cohorts regardless of the cycle stage [MD opto-
SD (n=19): 0.062 + 0.007 g; PE opto-SD (n=12): 0.055 +
0.003 g, Fig. 2].

Estrus cycle stage on mouse grimace and photosensitivity
In addition to periorbital allodynia, we examined opto-
SD-induced spontaneous discomfort using mouse gri-
mace score in female mice (n=21 sham, n=24 SD,
three-way ANOVA: opto-SD vs sham, estrus cycle, light
intensity). Opto-SD significantly increased grimace in
female mice, suggesting SD-induced spontaneous dis-
comfort (p<0.0001). There was a significant effect of
estrus cycle on grimace scores (p=0.024). There was
no interaction between opto-SD and estrus cycle stage
(p=0.174).

Exposure to increasing light intensity above room
light (between 400 and 8400 Ix) increased the grimace

Table 1 Effect of sex on opto-SD induced periorbital thresholds using multivariable linear regression

Independent variables Beta 95% CI STE [t] p

Sex -18.50 -32.71 -4.29 7.16 2.58 0.011
Opto-SD -36.53 -50.48 -22.58 7.03 520 <0.0001
Time of behavior test -0.67 -2.58 1.22 0.96 0.71 0481
Single or Repeated stimulation -15.01 -25.82 -4.19 545 2.75 0.007
Opto-SD x Time of behavior test 2.60 0.26 493 1.18 2.20 0.030
Sex x Time of behavior test 3.10 049 5.71 1.31 236 0.020

Periorbital allodynia = B, + ,(Sex) + 8,(Opto-SD) + B;(Time of behavior test) + ,(Single or Repeated stimulation) + 35(Opto-SD x Time of behavior test) + B4(Sex x Time

of behavior test)
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Table 2 Effect of estrus cycle stage on opto-SD induced periorbital mechanical thresholds

Independent variables Beta 95% CI STE ] p
Opto-SD -26.24 -32.51 -19.96 3.13 8.38 <0.0001
Estrus cycle (PE or MD) 8.94 1.85 16.03 3.54 253 0.015
Single or Repeated stimulation 042 -4.54 539 247 0.17 0.865
Estrus cycle x Opto-SD -4.58 -14.61 545 5.00 0.91 0.364

Periorbital allodynia =B, + ,(opto-SD) + B,(Estrus cycle) + B5(Single or Repeated stimulation) + ,(Estrus cycle x opto-SD)

score in both sham and opto-SD stimulated animals
(»=0.001). When grimace-light intensity curves
were fit with a simple linear regression, there was a
similar slope in the SD and sham groups (F=0.30,
p=0.585; Fig. 3). Opto-SD produced an upward shift
in the grimace light intensity curve compared with
sham stimulation (F=117, p<0.0001, Fig. 3). There
was no interaction between light intensity and estrus
cycle stage (p=0.949). However, when grimace-light
intensity curves were separated by estrus cycle and
fit with simple linear regression, PE sham (F=11.17,
p=0.001), MD opto-SD (F=5.56, p=0.022), and PE
opto-SD (F=8.04, p=0.005) groups demonstrated sig-
nificant non-zero slopes. The grimace-light intensity
curve in sham animals in MD did not have a signifi-
cant non-zero slope (F=1.27, p=0.266). Both MD and
PE opto-SD groups demonstrated upward shifts in the
grimace-light intensity curves compared to sham ani-
mals (Fig. 3).

Repeated SD does not impact normal cycling

To determine if repeated opto-SD disrupted cycling,
daily vaginal smears were collected in a separate cohort
of mice during 7 repeated opto-SDs induced every
other day and compared to sham animals (#=5 each
sham and opto-SD; Fig. 4). The time interval between
cycle stages was determined for diestrus, estrus, proes-
trus and metestrus. There was no effect of estrus cycle
stage (p=0.131) or SD stimulation (p=0.514, two-way
ANOVA) on the interval time between cycle day which
ranged from 3.70 + 0.34 days (estrus) to 5.40 + 0.68 days
(proestrus) in the SD group and 4.47 + 0.30 days (estrus)
to 5.70+ 1.1 days (proestrus) in the sham group. Sham
and opto-SD animals spent more time in estrus stage
compared to other phases of the cycle. Animals were
captured in diestrus and metestrus less frequently.
There was no significant difference in the time in days
spent in PE or MD between sham versus opto-SD
groups (p>0.9999 two-way ANOVA).

Assessment of the estrus cycle stage
Given the lower rate of capture for animals in MD, we
investigated if noninvasive surface infrared thermography

(IRT) could be used in future studies to assist in predict-
ing the cycle stage. Thermal imaging was performed using
an uncooled microbolometer vanadium oxide infra-
red long-wavelength (8—14 pm) sensor. Thermal images
displayed three temperatures: the highest temperature
which was around the periorbital/head region, the lowest
temperature which was of the cage lid, and the tempera-
ture at the central point of the image (Fig. 5). A cohort of
4 mice were monitored with concurrent thermal imaging
and estrus cycle staging using repeated vaginal smears
over 10-12 days. Animals in the proestrus stage had the
highest surface IRT detected temperature (33.88+0.4°C)
compared with animals in diestrus (32.84+0.8°C). When
the cumulative distribution of IRT temperature values
from PE cycle stages were plotted with those from MD
cycle stages, there was a right shift in the curve of surface
temperatures during PE and significantly higher average
IRT surface temperature during PE compared with MD
stage (p=0.017, Mann Whitney U, Fig. 5).

Discussion
In this study, we show that female mice have more pro-
nounced opto-SD-induced periorbital allodynia than
males after accounting for the time of behavior testing
after opto-SD. We also show that sham-control females in
the PE stage (i.e., higher circulating E2:P4) display lower
periorbital thresholds and higher photosensitivity than
those in the MD stage. These data suggest that normal
cycling female mice have hormone-dependent variations
in pain behavior, even without SD stimulation. Opto-SD
produced a robust periorbital allodynia and amplified the
grimace-light intensity response irrespective of the estrus
cycle stage. Therefore, in the presence of SD, estrus stage
may have less impact on the magnitude of pain behavior
outcome. An alternative explanation is that opto-SD is
not sensitive to detect the impact of normal cycling hor-
mone effects on pain behavior. To our knowledge, this is
the first study of the impact of estrus cycle stage on opto-
SD induced migraine-relevant behaviors.

That we detected sex differences in periorbital allodynia
when considering time of behavior testing after opto-SD
is consistent with results from other studies [1, 36, 43].
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Fig. 2 Estrus cycle and opto-SD-induced periorbital allodynia.
Periorbital allodynia was tested either 1 h after single opto-SD
(circles) or 2 days after the last day of repeated opto-SD (triangles).
Vaginal smears were collected after behavior testing, (A). In multiple
linear regression analysis, there was a significant effect of opto-SD
(*p<0.0001 vs sham) and estrus cycle stage (p=0.015) on periorbital
thresholds, but no interaction between the two. Using two-way
ANOVA of rank transformed data from SD and sham groups,

and Sidak test for multiple comparisons, metestrus-diestrus (MD)
sham females had higher periorbital thresholds ('p=0.029 vs PE sham
females). There was no effect of estrus stage on periorbital thresholds
following opto-SD as both MD and PE animals had significant
reductions in mechanical thresholds following opto-SD, (B)

In our prior study [24], sex differences were not detected
when time after opto-SD was not taken into account [21].
In both CGRP and inflammatory mediator migraine mod-
els as well as in the NTG model, females displayed greater
allodynia and longer recovery time from allodynia as
compared to males [1, 43]. These data demonstrate that,
while preclinical models do not completely recapitulate
the complexity of the human condition; there is evidence
for female susceptibility to worse pain phenotypes using
migraine preclinical models.
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Compared to MD, females in PE appeared to have
relatively lower periorbital mechanical thresholds and
higher photosensitivity. These data suggest that base-
line pain thresholds are dependent on fluctuations in
gonadal hormones. Modulation of pain in migraine
relevant neural circuits by circulating estrogens may
explain this enhanced baseline pain behavior. Estro-
gen receptors (ERa and ) are located both peripherally
and centrally in the trigeminal system and likely play
important roles in nociception. For example, ERa is
expressed in neuropeptide containing trigeminal noci-
ceptors. During estrus, there is an increase in expres-
sion of ERa. There is also an increase in expression of
galanin and neuropeptide Y during estrus and proes-
trus as compared to diestrus [37]. Both ERa and [ are
in small diameter Na,1.7 containing trigeminal neu-
rons. In one study using female Sprague Dawley rats,
cranial mechanical thresholds were lower in proestrus
when estradiol levels were higher compared to other
phases of the estrus cycle. Complete Freund’s adjuvant
(CFA) injected into the bilateral temporomandibu-
lar joint (TM]J) as a model of TM] disorder produced
facial mechanical allodynia which was exacerbated in
ovariectomized rats that received estradiol replacement
compared with vehicle replacement. Furthermore, inhi-
bition of both ERa and P in normal cycling females
with systemic administration of ICI 182,780 partially
prevented CFA-induced TM] mechanical hypersensi-
tivity. These data suggest that estrogens may be impor-
tant not only for changes in baseline thresholds across
the estrus cycle, but also for behavioral responses in
particular trigeminal pain models [6].

That we did not find greater opto-SD-induced perior-
bital allodynia or grimace during PE versus MD or an
interaction between estrus stage and SD in our analyses
suggest that SD-induced migraine-related pain pheno-
types do not depend on fluctuations in gonadal hor-
mones during the estrus cycle, the impact of gonadal
hormones may be stronger in non-SD migraine mod-
els, the SD model may not be sensitive to resolve dif-
ferences in pain behavior mediated by fluctuations
in hormones during the estrus cycle, and/or gonadal
hormones may act on upstream events like SD suscep-
tibility rather than downstream events occurring after
SD induction. To support the last point, there is data
demonstrating an effect of sex and gonadal hormones
on SD susceptibility. In one study, the volume of 1 M
KCI needed to evoke SD was lower in female as com-
pared to male mice. The electrical stimulus needed to
evoke SD in female mice was likewise lower than in
males, with no sex difference in SD properties (ampli-
tude, velocity, or duration). These data suggest female
mice have greater SD susceptibility, although this study
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Fig. 3 Estrus cycle and opto-SD-induced grimace. Mouse grimace score (MGS) was determined at 75 Ix (room lighting) and with increasing

light intensity between 400-8400 Ix, (A). Data shown in (B) and (C) are grimace scores plotted against increasing light intensity using the square
root of lux values. Fit with a simple linear regression, there is no difference in slopes between sham and opto-SD grimace-light intensity curves
(F=0.30, p=0.585). Opto-SD produced a significant elevation in the grimace-light intensity curve (F=117, #p<0.0001 vs sham, B). Using three-way
ANOVA, there was a significant effect of opto-SD (F=90.82, p <0.0001), light intensity (F=3.82, p=0.001) and estrus cycle stage (F=5.19, p=0.024)
on grimace score (C). Grimace-light intensity curves demonstrated significantly non-zero slopes* for animals in PE sham (F=11.17, p=0.001),

MD opto-SD (F=5.56, p=0.022), and PE opto-SD (F=8.04, p=0.005)] groups. However, MD sham animals did not have a significant slope

of the grimace-light intensity curve, suggesting this group did not experience as much photosensitivity (F=1.27, p=0.266). There was no significant
difference in the elevation (F=0.23, p=0.635) or slope (F=0.35, p=0.553) within the opto-SD groups between MD versus PE cycle stages

did not examine the impact of estrus cycle stage [7]. In
a subsequent study examining SD thresholds in familial
hemiplegic migraine mutant mice expressing variants
in the CACNA1A gene (S218L, R192Q), SD susceptibil-
ity (frequency with 300 mM topical KCl, and propaga-
tion speed) was higher in female mutants as compared
to male mutants. Sex differences were not observed in
WT mice [18]. Ovariectomy in the R192Q mutant abol-
ished this sex difference which was partially restored
following estradiol hormone replacement. These data
implicate estradiol in increasing cortical excitability
under genetically vulnerable conditions that would
predispose females to SD [18]. Similarly, reduced sus-
ceptibility to SD in males may be attributed to gonadal
hormones. In one study, orchiectomy increased SD
susceptibility in male R192Q mutants which was
reduced by testosterone pellet implantation [17]. In a
recent study, ovariectomy abolished the increase in SD

susceptibility observed in female rats, indicating circu-
lating gonadal hormones indeed play a role in events
upstream of trigeminal nociception [25].

In other trigeminal models, estrogens appear to
increase nociception. In one study, repeated application
of inflammatory soup (IS) to the dural surface via can-
nula produced greater decreases in periorbital mechani-
cal threshold, locomotor activity, and time spent in the
light in female ovariectomized mice treated with estra-
diol replacement as compared to those not treated with
estradiol and as compared to males [42]. However, in this
study, fluctuations in hormones in the physiological range
encountered during normal cycling were not investi-
gated. Similarly, estradiol replacement in ovariectomized
rats produced greater light and noise avoidance behavior
following dural IS administration and longer lasting facial
grooming behavior, compared to corn oil vehicle control
[46]. While estradiol produced worsened pain behavior
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Fig. 4 Repeated SD does not affect estrus cycling. Vaginal smears were collected daily for 2 weeks while mice underwent repeated opto-SD x 7

SDs (n=5) and compared to sham mice (n=5, A). Cycles from individual mice are shown in (B) for opto-SD and sham animals. The time in days
between consecutive diestrus, estrus metestrus or proestrus stages were averaged in sham and opto-SD groups to estimate the duration

of the estrus cycle. There was no effect of repeat opto-SD on duration of the cycle as measured by interval days between consecutive cycle stages
in opto-SD versus sham animals (cycle stage used: F=2.02, p=0.131; SD: F=0.44, p=0.514, C). More time was spent in estrus followed by proestrus,
diestrus and metestrus cycle stages for both groups, (D). When data were grouped in PE and MD stages, there was no difference in the total number
of days spent in PE or MD stages between sham and opto-SD groups over the 2 weeks tested (F=0, p>0.9999, two-way ANOVA, E)

in these studies, it is difficult to directly compare these
results with periods during the estrus cycle. Nonethe-
less, one possible reason for why differences were seen
in these prior studies and not with SD could be related
to differences in the SD model versus IS migraine model.
Alternatively, the unopposed action of estradiol may
produce a pronociceptive phenotype, while in the nor-
mal cycling female, estradiol fluctuates along with other
gonadal hormones including progesterone, luteinizing
hormone, follicle stimulating hormone, gonadotropin

releasing hormone and kisspeptin which may exacerbate
or mitigate the effects of estradiol. Lastly, in these studies,
estradiol was administered continuously, as opposed to
the pulsed periodic endogenous production of estradiol
that occurs across the normal estrus cycle.

Studies have used different methods to examine photo-
sensitivity in animals including time spent in the lit area
of a light—dark box. Alternatives include light induced
grimace or squint [39]. While time spent in a light—dark
box is a reliable measure of photosensitivity, it is also
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Fig. 5 Estrus cycle stage and surface infrared thermography (IRT). Crystal violet stain of vaginal smears for proestrus, estrus, diestrus, and metestrus
cycle stages (labeled P E, D, M respectively in the figure) are shown in (A). IRT image of a mouse using a vanadium oxide microbolometer

infrared sensor thermal imaging camera is shown in (B). Thermal images displayed three temperatures: the highest temperature which

imaged the periorbital/head region (red: 33.8°C), the lowest temperature which was of the cage lid (green), and the temperature at the central
point of the image (white). Surface temperature of water from a mercury thermometer corresponds with temperature detected using IRT

across a wide range of temperatures, (C). IRT temperature for =4 animals taken across the estrus cycle stage demonstrates the lowest
temperature during diestrus and metestrus, (D). The cumulative distribution of temperatures for animals in proestrus-estrus (PE, filled circles)

and metestrus-diestrus (open circles) shows a right shift in temperatures for animals in PE cycle stage, (E). Median temperature during PE (34.1°C,
n=13) was significantly higher than during MD (32.7°C, n=9, *p=0.017, Mann Whitney U), (F)

used to test anxiety [49] with recent studies that have
attempted to address how to distinguish between the
two [48]. Since our prior results demonstrate opto-SD
induced anxiety-related behavior [24], and others have
demonstrated freezing and reduced locomotor activ-
ity in light following opto-SD [35], we used grimace to
reduce potential confounders in the interpretation of
photophobia-like responses. There was increased gri-
mace with increased light intensity for all groups except
MD sham animals. Interestingly, following opto-SD, the
grimace-light intensity curve was markedly upshifted.
Our data suggest that, except for sham mice with pre-
sumably low circulating estrogens (i.e. those in MD), ani-
mals displayed some degree of photosensitivity. However,
there was no effect of estrus cycle stage on SD-induced
changes in the grimace-light intensity curve.

PE and MD groupings were used in this study to dis-
tinguish receptive female mice [13, 33] with high versus
lower relative circulating estradiol [34, 41]. Grouping
mice also increases statistical power and reduces the
number of animals needed to study changes across the

estrus cycle. To begin to determine if other approaches
could be used to assist in determining cycle stage, IRT
measurements of variations in surface temperature
were investigated with vaginal lavage. Our data sug-
gest that IRT surface temperature may be a useful tool
to predict estrus cycle stage in animals but should be
confirmed with vaginal lavage. This may be particu-
larly useful when there is inadequate sampling across
the cycle and may be used to increase sample size for
stages of the cycle that are shorter duration without the
need for repeated invasive handling and recurrent vagi-
nal sampling methods that could induce pseudopreg-
nancy. IRT has been used in larger animals and can be
affected by other variables including room temperature,
pain, and inflammation as well as body surface region
tested [11]. Few studies have examined changes in sur-
face temperature in mice with one study demonstrat-
ing lower temperatures during diestrus [38]. In sheep,
one study recorded lower temperatures during diestrus
as well using IRT [5]. IRT has also been proposed as a
potential method for estrus and ovulation detection in
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cow and gilt [44, 45] with some differences in maximal
temperature detection during different phases of the
cycle. There are distinctions in the timing of changes in
hormones between the human menstrual cycle and the
mouse estrus cycle. In humans, the peak temperature
occurs in the peri-ovulatory period, typically just after
ovulation [9]. While it is difficult to extrapolate timing
of peak temperatures in the human with temperature
changes in mouse, ovulation occurs during the estrus
phase of the mouse cycle [10]. Additional studies in
larger cohorts may be needed to determine the sensi-
tivity and specificity of this method as a noninvasive
tool for prediction of estrus cycle stage in mice. In this
study, we did not do standard interval assessment of
estrus cycle stage or determine temperature at time of
ovulation [38]. Nonetheless, like other reports, we did
find that temperature changed during the estrus cycle
in a small cohort of animals. This method may there-
fore be a promising non-invasive tool for future use.
There are several limitations in this study. First, while
we used vaginal smear for estrus cycle stage, we did not
collect serum samples from mice to do estradiol, pro-
gesterone or other serum hormone quantitative assays
because of prior evidence detailing estradiol levels across
the estrus cycle. However, it is possible that since we
were randomly sampling animals and not doing daily
vaginal smears that a small number of animals could be
staged incorrectly. That we were able to see an effect of
cycle stage in the sham animals may argue against this
possibility. Second, we did not examine hindpaw allo-
dynia to determine if the effect of cycle stage in sham ani-
mals was restricted to the trigeminal region and indeed it
may be a more widespread response. However, the focus
for these experiments was on migraine-relevant pheno-
types. Third, additional consequences of cycle stage on
timing of allodynia or recovery from SD, and on anxiety
phenotypes were not tested. Lastly, ablation of gonadal
hormones with gonadectomy and hormone replacement
which is often used to test the effect of single hormones
in isolation was not tested. Gonadal hormones tested in
this way are often given in supraphysiologic doses and
with continuous exposure rather than in the phasic pat-
tern typically experienced during menses. Therefore, the
effects may differ from the contribution of that hormone
studied in isolation. Nonetheless, there is utility to exam-
ining hormones in isolation following gonadectomy as
well as examining the influence of sex chromosomes.

Conclusions

Taken together, our data support the conclusion that
female gonadal hormones contribute to baseline pain
thresholds and following opto-SD, female sex con-
tributes to differences in periorbital allodynia. While
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differences were seen between estrus cycle stages in
the sham control group, opto-SD stimulation could
overcome these differences to produce similar magni-
tude trigeminal pain behavior irrespective of the estrus
cycle stage. These data suggest that the greatest impact
of estrus cycle may be acting upstream to influence SD
susceptibility rather than downstream to influence pain
behavior outcome after SD induction.
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