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University of Kansas Medical Center, Kansas City, KS, United States

Migraine is a complex neurological disorder that affects three times more women than men and
can be triggered by endogenous and exogenous factors. Stress is a common migraine trigger
and exposure to early life stress increases the likelihood of developing chronic pain disorders
later in life. Here, we used our neonatal maternal separation (NMS) model of early life stress to
investigate whether female NMS mice have an increased susceptibility to evoked migraine-like
behaviors and the potential therapeutic effect of voluntary wheel running. NMS was performed
for 3 h/day during the first 3 weeks of life and initial observations were made at 12 weeks of age
after voluntary wheel running (Exercise, -Ex) or sedentary behavior (-Sed) for 4 weeks. Mast cell
degranulation rates were significantly higher in dura mater from NMS-Sed mice, compared to
either naive-Sed or NMS-Ex mice. Protease activated receptor 2 (PAR2) protein levels in the
dura were significantly increased in NMS mice and a significant interaction of NMS and exercise
was observed for transient receptor potential ankyrin 1 (TRPA1) protein levels in the dura.
Behavioral assessments were performed on adult (>8 weeks of age) naive and NMS mice that
received free access to a running wheel beginning at 4 weeks of age. Facial grimace, paw
mechanical withdrawal threshold, and light aversion were measured following direct application
of inflammatory soup (IS) onto the dura or intraperitoneal (IP) nitroglycerin (NTG) injection. Dural
IS resulted in a significant decrease in forepaw withdrawal threshold in all groups of mice, while
exercise significantly increased grimace score across all groups. NTG significantly increased
grimace score, particularly in exercised mice. A significant effect of NMS and a significant
interaction effect of exercise and NMS were observed on hindpaw sensitivity following NTG
injection. Significant light aversion was observed in NMS mice, regardless of exercise, following
NTG. Finally, exercise significantly reduced calcitonin gene-related peptide (CGRP) protein level
in the dura of NMS and naive mice. Taken together, these findings suggest that while voluntary
wheel running improved some measures in NMS mice that have been associated with increased
migraine susceptibility, behavioral outcomes were not impacted or even worsened by exercise.

Keywords: mast cell, migraine, hypothalamic-pituitary-adrenal axis, calcitonin gene-related peptide, mouse grimace
scale, photophobia, voluntary wheel running
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INTRODUCTION

Migraine is a neurological disorder that presents as throbbing
cranial pain, sensitivity to light (photophobia) and sound
(phonophobia), nausea, fatigue, irritability, muscle tenderness,
and cutaneous allodynia (Dodick, 2018). Migraine is often
triggered or exacerbated by stress (Spierings et al., 2001; Nash
and Thebarge, 2006) and stress experienced early in life is
associated with increased susceptibility to developing migraine
in adulthood (Felitti et al., 1998; Anda et al., 2010; Brennenstuhl
and Fuller-Thomson, 2015). As such, abnormal activity of
the hypothalamic-pituitary-adrenal (HPA) axis, the main stress
response system of the body, has been detected in chronic
migraine patients (Patacchioli et al., 2006; Rainero et al,
2006; Juhasz et al, 2007). Administration of nitroglycerin
(NTG), a known migraine trigger, significantly increased
plasma cortisol levels in migraineurs, compared to healthy
controls (Juhasz et al., 2007). Mast cells, which are innate
immune cells found in close approximation to sensory nerve
endings in the dura, express receptors for corticotropin-releasing
factor (CRF), the main stress hormone released by the
hypothalamus (Theoharides et al., 2004). Activation of mast
cells and their subsequent release of histamine, tryptase, and
cytokines, can sensitize dural nociceptors and evoke their
release of vasoactive neuropeptides, such as calcitonin gene-
related peptide (CGRP), which has been shown to contribute
to migraine pathology (Theoharides et al., 2005).

Animal studies have shown evidence of stress worsening
migraine-like behavior and outcomes. Chronic restraint stress
induced thermal hyperalgesia that was further exacerbated
by NTG injection (Costa et al., 2005), while a 14-day social
defeat stress (SDS) paradigm or a 40-day chronic variable
stress (CVS) paradigm had similar impacts on increasing
hindpaw mechanical allodynia following NTG injection
(Kaufmann and Brennan, 2018). Repeated restraint stress
induced facial mechanical allodynia and increased MGS in
rats and also resulted in transient hyperalgesic priming (Avona
et al., 2020). Pretreatment with polyclonal antiserum to CRF
significantly reduced mast cell degranulation following restraint
stress (Theoharides et al, 1995) and pretreatment with a
glucocorticoid receptor antagonist blocked an increase in
cortical spreading depression in a transgenic mouse model
of familial hemiplegic migraine following treatment with
corticosterone (Shyti et al, 2015). A model of secondary
traumatic stress during the neonatal period is the only published
early life stress model used to study migraine, which has
shown increased expression of CGRP, signal transduction
proteins, and glial fibrillary acidic protein in the spinal trigeminal
nucleus (Hawkins et al., 2018) and increased facial allodynia
following exposure to a pungent odor (Peterson et al., 2020).

Although strenuous physical activity is a known migraine
trigger, being physically inactive is associated with migraine
and submaximal aerobic exercise can reduce the frequency of
episodes and improve quality of life in migraineurs (Daenen
et al., 2015). Exercised-based improvements in migraine are
generally associated with increased serotonin and endogenous
opioid levels; however, exercise-induced improvements in

common comorbid mood disorders, such as anxiety and
depression, can be, at least partially, attributed to normalizing
output from the HPA axis (Hearing et al., 2016). Our model
of early life stress in mice, using neonatal maternal separation
(NMS) demonstrates urogenital hypersensitivity, increased MC
degranulation in the affected organs, and reduced expression
of stress-related regulatory genes in the hypothalamus and
hippocampus, which is a major inhibitory regulator of the
HPA axis (Pierce et al., 2014, 2016; Fuentes et al., 2017).
Voluntary wheel running attenuated many of these NMS-related
outcomes and increased brain-derived neurotrophic factor
(BDNF) expression and neurogenesis in the hippocampus (Pierce
et al, 2018; Fuentes et al., 2020). Here, we are using our
NMS model to determine if early life stress exposure in mice
can increase susceptibility to evoked migraine-like behaviors.
We are also testing the impact of voluntary wheel running
on molecular and behavioral outcomes related to migraine.
Although migraine can affect both sexes, we carried out these
studies in female mice as women comprise the majority of
migraineurs (Burch et al., 2018).

MATERIALS AND METHODS

Animals

All experiments were performed on female C57Bl/6 mice
(Charles River, Wilmington, MA, United States) born and
housed in the Research Support Facility at the University of
Kansas Medical Center. Mice were housed at 22°C on a 12-h
light cycle (600-1800 h) and received water and food ad libitum.
All research was approved by the University of Kansas Medical
Center Institutional Animal Care and Use Committee in
compliance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals. No attempts were
made to control or track the estrus cycle of the mice to avoid
potentially confounding stressors and our previous studies have
shown no impact of cycle stage on other outcomes related to
NMS exposure (Pierce et al,, 2014, 2016, 2018).

Neonatal Maternal Separation

Pregnant C57Bl/6 dams at 14-16 days gestation were ordered
from Charles River and housed at the Department of
Laboratory Animal Resources at the University of Kansas
Medical Center. Litters were divided equally into NMS and
naive groups. NMS pups were removed as whole litters from
their home cage for 180 min (11 am-2 pm) daily beginning
at postnatal day 1 (P1) until P21. During separation, pups
were placed in a clean glass beaker with bedding from their
home cage. The beaker was placed in an incubator maintained
at 33°C and 50% humidity. Naive mice remained undisturbed
in their home cage except for normal animal husbandry.
Entire litters were designated as naive or NMS to avoid
excess stress exposure to the naive mice. All mice were
weaned on P22 and housed 2-5/cage with same sex litter
mates and ad libitum access to food and water. All litters
also contained male pups, which were similarly handled,
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but not investigated in this study. Three different cohorts
of only female mice were used in the following experiments
and are depicted on a timeline in Figure 1.

Exercise

At either 4 or 8 weeks of age, NMS and naive mice were
equally divided into exercised (Ex) and sedentary (Sed) groups.
Mice at 4 weeks of age were pair-housed and mice at 8 weeks
of age were singly housed in a cage with free access to a
stainless-steel running wheel (STARR Life Sciences Corp.,
Oakmont, PA, United States). Pair-housed mice had constant
access to the running wheel and were observed running on
the wheel simultaneously. Sed mice remained pair- or group-
housed (2-5/cage) in their home cage with no access to a
running wheel. Distance ran was recorded by STARR Life
Sciences VitalView Activity Software version 1.1.

Dural Mast Cell Staining

Mice were overdosed with inhaled isoflurane (<5%) and
intracardially perfused with ice-cold 4% paraformaldehyde
(PFA). Dura was removed from the skull and post-fixed in
4% PFA at 4°C for 1 h and cryopreserved in 30% sucrose
in phosphate buffered saline (PBS). Dura was whole mounted
on a glass microscope slide and stained for 10 min with
1% toluidine blue (TB) solution acidified with 1 M HCL.

Slides were allowed to dry for 2 h in a 37°C oven, washed
in 95% then 100% EtOH, fixed in xylene, and cover slipped.
Using a light microscope (Nikon eclipse 90i, Nikon
Instruments, Inc., Melville, NY, United States) 10 non-adjacent
images of each dura sample were taken (QIClick digital
CCD Camera, QImaging, Surrey, BC, Canada). The total
number and the number of degranulated mast cells were
counted in each field (800 um? per field) per tissue. The
percent of degranulated mast cells was quantified using the
following equation: (Degranulated mast cells/total mast
cells) x 100.

Western Blots

Mice were overdosed with inhaled isoflurane (<5%) and dura
was removed and flash frozen in liquid nitrogen before storage
at —80°C. Dural protein was isolated using Cell Extraction Buffer
containing Halt protease and phosphatase inhibitors (Thermo-
Fisher Scientific, Waltham, MA, United States) and Na;VO,.
Protein concentrations were determined using a Pierce BCA
assay (Thermo-Fisher Scientific, Waltham, MA, United States).
Samples were reduced by heating to 95°C in the presence of
2-mercaptoethanol, subjected to SDS-PAGE (Criterion 4-12%
Bis-Tris gels; Bio-rad laboratories), and transferred to Nitrocellulose
transfer membrane (Whatman GmbH, Dassel, Germany) by
Criterion Blotter wet transfer (Bio-Rad). The membranes were

[ P1 P21 4wk 8wk

12wk 40wk |

Cohort A
n=3-7

Cohort B
n= 3-6

Cohort C
n=5-10

was measured in the serum, dura, and trigeminal ganglia (TG).

Exercise

* Mast cell degranulation
» Western blot

Exercise

* Dural IS injection
» Grimace score
* Paw allodynia

Exercise

» Grimace score °* IP NTG injection

FIGURE 1 | Representative timeline of evoked migraine experiments and outcome measures. All groups consisted of mice that underwent neonatal maternal
separation (NMS) from postnatal day (P) 1 to 21 (depicted as the red shaded period) and non-separated, naive mice. Mice in Cohort A were singly-housed with
running wheels at 8 weeks of age and sacrificed at 12 weeks of age. Dura mater was collected to evaluate mast cell (MC) characteristics and measure protein level
using Western Blot. Mice in Cohort B were pair-housed with running wheels at 4 weeks of age. At 8 weeks of age, they received either inflammatory soup (IS) or
saline applied to the dura mater and, 1 h later, mouse grimace score (MGS) was measured over 1 h. Forepaw mechanical withdrawal threshold was measured
immediately after cessation of MGS. At 40 weeks of age, Cohort B mice received a single intraperitoneal (IP) injection of nitroglycerin (NTG) and 30 min later were
assessed for MGS over 1 h, immediately followed by hindpaw mechanical withdrawal threshold. Mice in Cohort C were also pair-housed with running wheels at

4 weeks of age and assessed for MGS, without dural stimulation of NTG, at 12 weeks of age. The mice were given an IP NTG injection at 40 weeks, followed

30 min later by photophobia testing and sacrifice. The level of corticosterone was measured in the serum and the level of calcitonin gene-related peptide (CGRP)

* IP NTG injection
» Grimace score

» Paw allodynia
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blocked for 1 h in 5% milk in Tris-buffered saline with Tween-20
(TBST) then incubated overnight with protease-activated
receptor 2 (PAR2; 1:1000; Abcam), transient receptor potential
ankyrin 1 (TRPA1;1:1000; Aviva) or glyceraldehyde 3-phosphate
dehydrogenase (GAPDH;1:2000; Cell Signaling) antisera. Membranes
were washed with TBST and incubated for 1 h with anti-rabbit
secondary antibody (1:10,000; Cell Signaling). Densitometry was
performed using Quantity One 4.6.9 software (Bio-Rad Laboratories).
PAR2 and TRPA1 protein levels were normalized to GAPDH.

Dural Injection

Under inhaled isoflurane a modified cannula injector (Plastics
One) was inserted at the lambdoidal suture without penetrating
the dura (Burgos-Vega et al., 2019). About 10 ml of inflammatory
soup (IS; 1 mM histamine, 1 mM 5-hydroxytryptamine, 1 mM
bradykinin, and 0.1 mM prostaglandin E2 in PBS) or saline
was slowly dispersed onto the dura and the injector was removed.

NTG Injection
Mice received an intraperitoneal (IP) NTG or saline injection
at 10 mg/kg.

Mouse Grimace Scale

The mouse grimace scale (MGS) is a measure of facial expressions
indicating spontaneous pain-like behavior in mice. It is a set
of five behaviors: orbital tightening, nose bulge, cheek bulge,
ear position, and whisker change. Each facial expression is
rated as “not present (scored 0), moderate (scored 1), or severe
(scored 2)” and then an overall score is assigned (Langford
et al., 2010). Mice were placed on top of a wire mesh screen
elevated 55 cm above a table and enclosed under an over-
turned 500 ml glass beaker. Behavior was video recorded for
1 h. Facial screen shots were then taken from the videos every
5 min. Photographs of each mouse were randomized and
grimace score was assigned to each picture according to a
modified version of the MGS established by Langford et al.
(2010). Only orbital tightening and ear position were scored
due to the difficulty of scoring the other features (nose bulge,
cheek bulge, and whisker change) on a C57Bl/6 mouse. An
average grimace score from two blinded investigators was
quantified for each mouse.

Paw Sensitivity

Before testing for paw mechanical sensitivity, mice were acclimated
to a sound-proof room and the testing table for 2 days before
the day of testing. This acclimation consisted of 30 min within
the sound-proof room followed by 30 min inside a clear plastic
chamber (1lcm X 5cm X 3.5 cm) on a wire mesh screen
elevated 55 cm above a table. Paw mechanical withdrawal
threshold was measured using a standard set of graded von
Frey monofilaments (1.65, 2.36, 3.22, 3.61, 4.08, 4.31, 4.74 g;
Stoelting, Wood Dale, IL, United States) following the up-down
method. The 3.22 g monofilament was used to apply force to
one paw. If there was no response, the next larger grade of
monofilament was used on the next round of application.

If there was a positive response (e.g., raising of the paw from
the table, licking paw), the next smaller grade of monofilament
was used on the next round of application. After the first
positive response, the up-down method was continued on
alternating paws for four more applications with a minimum
of five or a maximum of nine applications. The withdrawal
threshold of each mouse was then quantified as a 50% g
threshold for each mouse (Chaplan et al., 1994).

Light Aversion Behavior

A modified force plate actimeter was used to assess light
aversion behavior. An opaque insert with an opening in the
middle was placed in the center of the box on the actimeter.
This allowed the mice to move freely between both sides.
The light side of the chamber was equipped with lights affixed
to the ceiling and controlled by a single dimmer with low,
medium, and high settings. The high setting was used and
the intensity on the light side was 950 +/— 20 lux, while
the intensity of the light on the dark side was less than 5
lux. The light level in the home cage was 170 +/— 20 lux.
Two mice could be tested simultaneously in a 20 min session
with a maximum of 15 mice tested in 1 day between 0800
and 1200 h, during the light cycle. Mice were tested 6 and
3 days before the day of NTG treatment to establish a baseline.
Mice were always acclimated to the room for 1 h before
testing. During the testing period, mice were placed in the
lit compartment facing away from the opening and allowed
to freely move between the light and dark compartments for
20 min. Movement was recorded using FPARun software
(Bioanalytical Systems Inc. West Layfette, IN, United States).

Enzyme-Linked Immunosorbent Assay
Immediately after light aversion testing, mice were overdosed
with inhaled isoflurane (>5%) and trunk blood, dura, and TG
were collected. Blood was allowed to clot for 1 h on ice and
centrifuged at 10,000 rpm for 10 min. Serum was then collected
and stored at —20°C until analysis. Dura and TG were
immediately frozen in liquid nitrogen and stored at —80°C
until total protein was isolated using sonication in RIPA buffer
containing protease and phosphatase inhibitors. Serum
corticosterone was quantified using an ELISA kit according
to the manufacturer’s instructions (ALPCO, Salem, NH,
United States). Serum, dura, and TG CGRP were also quantified
using an ELISA kit according to the manufacturer’s instructions
(MyBioSource, San Diego, CA, United States).

Statistical Analysis

Calculations of the measurements described above were made
in Excel (Microsoft, Redmond, WA, United States) and statistical
analyses were performed using GraphPad Prism 8 (GraphPad,
La Jolla, CA) or IBM SPSS Statistics 26 (IBM Corporation,
Armonk, NY, United States). Differences between groups were
determined by non-repeated or repeated-measure mixed-model
ANOVA and Fisher’s least significant difference (LSD) posttest,
as indicated in the figure legends. Statistical significance was
set at p < 0.05.
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RESULTS

Dural Mast Cell Characteristics

Initial observations were made in naive and NMS mice that
were caged under sedentary conditions (-Sed) or received free
access to a running wheel from 8 to 12 weeks of age (—Ex).
During this time, naive and NMS mice ran similar distances
per week (naive: 7.4 km + 0.93; NMS: 8.0 km + 0.72; p = 0.77,
mixed-effects model). Mast cells in the dura were visualized
using toluidine blue and the total number and percent that
were degranulated and calculated (Figure 2). There was a
non-significant increase in the number of mast cells counted
in the NMS-Sed dura (Figure 2A). However, a significant
overall NMS/exercise interaction effect was observed on dural
mast cell degranulation, such that NMS-Sed mice had a
significantly higher degranulation rate compared to either
naive-Sed or NMS-Ex mice (Figure 2B).

Protease Activated-Receptor 2 and
Transient Receptor Potential Ankyrin 1
Protein Levels in the Dura

The protein levels of PAR2 and TRPAl in the dura from
sedentary and exercised naive and NMS mice were measured
using Western blot (Figure 3; Supplementary Figure 1). NMS
significantly increased PAR2 protein levels in the dura
(Figure 3A) with no significant impact of exercise. A significant
interaction effect of NMS and exercise was observed for TRPA1
protein levels in the dura with NMS-Ex mice having significantly
lower TRPA1 levels compared to naive-Ex mice (Figure 3B).

Mouse Grimace Score and Forepaw
Mechanical Withdrawal Thresholds After
Direct Dural Application of Inflammatory
Soup

Pair-housed mice that had access to running wheels beginning
at 4 weeks-of-age were used for the remainder of the study.

As previously reported (Pierce et al., 2018; Fuentes et al., 2020),
we did observe a slight, but non-significant decrease in
weekly running distance in NMS mice compared to naive
(naive: 7.2 km + 0.49; NMS: 6.1 km + 0.43, p = 0.13,
two-way RM ANOVA). IS or saline was applied directly
to the dura, via a modified canula, in sedentary and exercised
naive and NMS mice. Around 1 h later, mice were evaluated
for mouse grimace score (MGS), followed by forepaw
mechanical sensitivity (Figure 4). An overall significant
effect of exercise was observed on MGS score, such that
the MGS score in naive-Ex-Saline, NMS-Ex-Saline, and
NMS-Ex-IS mice was significantly higher compared to their
sedentary counterparts (Figure 4B). Dural application of
IS significantly lowered forepaw withdrawal thresholds across
all groups (Figure 4C).

Mouse Grimace Score and Hindpaw
Mechanical Withdrawal Threshold
Following Nitroglycerin Injection

Sedentary and exercised naive and NMS mice received an
intraperitoneal (i.p.) injection of either saline or NTG (10 mg/
kg) and were assessed for MGS 30 min later, followed by
hindpaw mechanical sensitivity (Figure 5). NTG significantly
increased MGS across all groups, specifically in naive-Ex-NTG
mice, which had a significantly higher MGS score compared
to naive-Sed-NTG, naive-Ex-saline, and NMS-Ex-NTG mice
(Figure 5B). NMS-Ex-NTG mice also had a significantly higher
MGS score compared to NMS-Ex-saline mice (Figure 5B). A
significant overall effect of NMS and a NMS/exercise interaction
was observed on hindpaw withdrawal thresholds (Figure 5C).
Naive-Sed-saline mice had a significantly higher withdrawal
threshold than naive-Ex-saline and NMS-Sed-saline mice
(Figure 5C). Although, there were no significant differences
between the NTG groups, the NMS-Sed-NTG mice had a
lower withdrawal threshold than naive-Sed-NTG (p = 0.067)
and NMS-Ex-NTG mice (p = 0.071). It should also be noted
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Due to the consistent observation that exercised mice had and 3 [baseline day 2 (BL2)] prior to assessment following
increased MGS scores after dural application of either IS  treatment with NTG (Figure 7). Time spent in the light and
or saline and after NTG, the next group of mice was assessed  distance traveled were quantified at each time point. Naive-Sed,
for MGS following light isoflurane anesthesia. In the absence ~ NMS-Sed, and NMS-Ex mice all spent significantly less time
of dural stimulation or NTG administration, a significant in the light on the NTG treatment day compared to BL1
overall effect of exercise on MGS score was observed (Figure 7B). Both NMS-Sed and NMS-Ex mice spent significantly
(Figure 6). Naive-Ex mice, in particular, had a significantly  less time in the light on the NTG treatment day compared
higher MGS score compared to naive-Sed mice and NMS-Ex  to BL2 (Figure 7B). Naive-Sed and NMS-Ex mice traveled
mice trended toward an increase in MGS score compared  significantly farther distances on BL2 compared to either BL1
to NMS-Sed mice (p = 0.0601). or NTG (Figure 7C). Following NTG treatment, NMS
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afterward. (B) A significant overall effect of NTG was observed on MGS. Naive-Ex-NTG mice had a significantly higher MGS then naive-Sed-NTG and naive-Sed-Saline
mice. NMS-Ex-NTG mice had a significantly lower MGS compared to naive-Ex-NTG mice and a significantly higher MGS than NMS-Ex-Saline mice. (C) A significant overall
effect of NMS and a NMS/exercise interaction was observed on hind paw mechanical withdrawal threshold. NMS-Sed-Saline mice and naive-Ex-Saline had significantly
lower hind paw withdrawal thresholds compared to naive-Sed-Saline mice. A trend toward a decreased withdrawal threshold was observed in NMS-Sed-NTG mice
compared to naive-Sed-NTG (o = 0.067) and NMS-Ex-NTG mice (p = 0.071). Bracket indicates a significant effect of NTG (*** p < 0.0001), NMS (¢ p < 0.05), or a NMS/
exercise interaction (‘p < 0.05), three-way ANOVA; o < 0.05 vs. sedentary, * %4 p < 0.05, 0.0001 vs. saline, "p < 0.05 vs. naive, Fisher's LSD posttest. n = 3-5.
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FIGURE 6 | Mouse grimace score was measured in Sed and Ex naive and
NMS mice that were briefly anesthetized and allowed to recover for 1 h. There
was a significant overall effect of exercise (** p < 0.001; two-way ANOVA).
Naive-Ex had a significantly greater MGS compared to naive-Sed mice

(* p < 0.01; Fisher’s LSD posttest). n = 4-5.

significantly decreased the percent of time spent in the light,
particularly in NMS-Sed mice, which spent significantly less
time in the light compared to naive-Sed mice (Figure 7D).
Finally, NMS also significantly increased the change from BL2 in
time spent in the light (Figure 7E).

Calcitonin Gene-Related Peptide and
Corticosterone Levels Following
Nitroglycerin Injection

The protein levels of CGRP and corticosterone were measured
in serum, and CGRP levels were also assessed in the dura

and trigeminal ganglia (TG), 2 h after NTG injection (Figure 8).
Exercise had a significant impact on decreasing CGRP levels
in the dura, as both naive-Ex and NMS-Ex mice had significantly
reduced CGRP protein levels compared to their sedentary
counterparts (Figure 8A). No significant differences between
groups were detected for CGRP levels in the TG or serum
(Figures 8B,C). Serum corticosterone levels were also not
significantly different between groups (Figure 8D).

DISCUSSION

Migraine is a debilitating neurological disorder that affects
9.7% of males and 20.7% of females in the United States (Burch
et al., 2018). It is a complicated condition with many symptoms
including headache, photophobia, phonophobia, widespread
allodynia, and nausea. Migraine can be triggered by both
endogenous and exogenous factors (Johnson and Krenger, 1992;
Anand et al., 2012), making it difficult to understand and
treat. One trigger of migraine is stress and early life stress is
associated with the development of migraine in adulthood
(Felitti et al., 1998; Anda et al., 2010; Brennenstuhl and Fuller-
Thomson, 2015). Previous preclinical and clinical research on
migraine has led to discoveries of pharmacological migraine
treatments that show some success, but there are often harmful
off-target side effects associated with these drugs. Therefore,
it is important to develop safer therapeutic interventions for
migraine. Several groups have studied exercise intervention in
migraineurs and found positive benefits such as increased
quality of life, less frequent migraine attacks, and lower symptom
intensity (Varkey et al., 2009, 2011; Darabaneanu et al., 2011).
In the present study, we used a mouse model of early life
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FIGURE 7 | Photophobia-like behavior was measured in Sed and Ex naive and NMS mice. (A) Light aversion behavior was measured 6 [baseline day 1 (BL1)] and
3 [baseline day 2 (BL2)] days prior to testing day and 30 min after an intraperitoneal NTG injection. (B) The percent of time spent on the light side of a light/dark box
was quantified at each time point. A significant overall effect of time (p < 0.0001) and a NMS/time interaction (p < 0.05) was observed on the time spent in the light.
Between BL1 and the treatment day, naive-Sed, NMS-Sed, and NMS-Ex mice significantly decreased their time spent in the light side. Both NMS-Sed and NMS-Ex
mice significantly decreased their time spent in the light between BL2 and NTG. (C) Total distance traveled was measured during the testing period and there was a
significant overall effect of time across all groups (p < 0.0001). Naive-Sed and NMS-Ex mice displayed significant changes in their distance traveled from BL1 to BL2
and from BL2 to NTG. On testing day, naive-Ex mice traveled a significantly farther distance compared to either naive-Sed or NMS-Ex mice. (D) Comparisons
between groups revealed a significant impact of NMS on time in the light side following NTG treatment. NMS-Sed mice spent significantly less time in the light
compared to naive-Sed mice. (E) Likewise, when calculated as a percent of BL2 time spent in the light, there was a significant overall effect of NMS. Brackets
indicate significant within-group differences between time points (three-way RM ANOVA, a naive-Sed, p NMS-Sed, y naive-Ex, p < 0.05, 0.01, 0.0001, Fisher’s LSD
posttest, A,B) or NMS (5p < 0.05) two-way ANOVA. “p < 0.05 vs. naive, *o < 0.05 vs. sedentary, Fisher’s LSD posttest. n = 10.

stress, NMS, to determine if NMS mice displayed molecular
and behavioral evidence of increased susceptibility to evoked-
migraine. We also used voluntary wheel running as a
non-pharmacological intervention to study if exercise had any
influence on these measures.

Although the underlying pathophysiology of migraine has
yet to be established, recent research has focused on the prominent
role the trigeminovascular system plays in this neurological
disorder (Iyengar et al, 2019). This system includes neuronal
cell bodies that reside in the TG and project peripherally through
the trigeminal nerve, to tissues including the dura mater, and
centrally to the spinal trigeminal nucleus (Noseda and Burstein,
2013). The dura is highly innervated with nociceptive unmyelinated
C-fibers and thinly myelinated Ad fibers projecting from the
ophthalmic division of the trigeminal nerve and contains many

mast cells (Uddman et al., 1985; Moskowitz et al., 1988;
Liu et al, 2004). Dural mast cells can become activated by
several molecules including CGRP and substance P (Johnson
and Krenger, 1992; Anand et al., 2012). These cells are also
highly responsive to activation of the HPA axis, as they express
five isoforms of the CRF, receptor, a single isoform of the
CREF, receptor, and contain one of the largest peripheral stores
of CRF (Theoharides and Cochrane, 2004). This could explain
why stress is a common trigger of migraine; increased peripheral
CREF release during a stressful event results in dural mast cell
activation and the subsequent release of inflammatory cytokines
causing a hypersensitivity reaction (Johnson and Krenger, 1992;
Anand et al., 2012) that leads to migraine pain. In support of
this, we found that NMS-Sed mice displayed a significant increase
in the percent of degranulated mast cells in the dura compared to
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naive-Sed mice. Similarly, Theoharides et al. (1995) showed rats
subjected to restraint stress had increased dural mast cell
degranulation, but treatment with polyclonal antiserum to CRF
reduced this effect. We also found that exercise normalized the
NMS-induced increase in mast cell degranulation. This effect
could be due to exercise lowering susceptibility to stress, which
has been demonstrated in a preclinical rodent model of
uncontrollable tail shock (Greenwood and Fleshner, 2011) and
is also seen in clinical research focused on exercise interventions
in migraineurs (Varkey et al, 2009; Darabaneanu et al., 2011).

In addition to evaluating mast cell degranulation in the
dura of our mice, we also measured dural PAR2 and TRPA1
protein levels, which are receptors that are both expressed on
C- and Ad-nociceptors (Julius and Basbaum, 2001). These
receptors respond to noxious thermal, chemical, and mechanical
stimuli and are often co-expressed on the same neurons (Dai
et al., 2007). TRPA1 has been implicated in acute and chronic
pain (Andrade et al, 2012) as well as the maintenance of
hypersensitive conditions (Nassini et al., 2014). Environmental
irritants that activate TRPA1 have been shown to trigger
migraine headaches in susceptible individuals (Kelman, 2007).
PAR?2 is activated by mast cell tryptase (Ossovskaya and Bunnett,
2004) and is associated with the sensitization of TRPA1 channels
through several cellular mechanisms (Dai et al, 2007; Chen
et al., 2011). Activation of either receptor has also been shown
to evoke migraine-like behaviors in rats (Edelmayer et al., 2012;

Hassler et al, 2019). We found that there was a significant
overall effect of NMS increasing dural PAR2 compared to naive
mice and a NMS/exercise interaction on the level of TRPA1
such that NMS-Ex mice had significantly less dural TRPA1
than NMS-Sed mice. We have previously observed increased
PAR2 and TRPALI protein levels in the bladder of female NMS
mice, which was further increased by adult stress exposure
(Pierce et al., 2016), indicating that tissue-specific expression
levels of these receptors may associate with increased sensitivity.
While protein levels do not reflect sensitization, it will
be important to understand whether the tryptase released by
degranulated mast cells is directly activating PAR2 receptors
on nearby sensory nerve endings, potentially sensitizing TRPA1
receptors and increasing neuronal activity and how voluntary
wheel running is selectively decreasing TRPA1 levels in NMS mice.

Facial and extracephalic hypersensitivity are commonly seen
during a migraine attack in migraineurs (Burstein et al., 2000,
2010; Cuadrado et al., 2008; Edelmayer et al., 2009) and after
migraine-relevant stimuli in rodents (Edelmayer et al., 2009;
Wieseler et al., 2010; Stucky et al., 2011). Facial allodynia is
likely caused by sensitization of second order trigeminovascular
neurons found in the spinal trigeminal nucleus that receive
input from the dura and the periorbital skin (Burstein et al.,
1998), while extracephalic allodynia is likely caused by central
sensitization (Cuadrado et al, 2008; Edelmayer et al., 2009;
Burstein et al., 2010). We hypothesized that NMS mice would

Frontiers in Physiology | www.frontiersin.org

May 2021 | Volume 12 | Article 665732


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Eller et al.

Stress and Exercise in Migraine

display paw hypersensitivity after evoked migraine compared
to naive mice and that exercise would attenuate this effect.
Indeed, application of dural IS significantly lowered forepaw
withdrawal thresholds across all groups. Although NTG
treatment did not have a significant impact on hindpaw
withdrawal thresholds, there was a significant overall effect
of NMS on hind paw sensitivity, and NMS-Sed mice had
a lower withdrawal threshold compared to naive-Sed mice,
however, this did not reach significance. Similar to these
findings, Kaufmann and Brennan (2018) found that both
stressed and non-stressed rats developed hind paw mechanical
hypersensitivity after NTG injection. These results suggest
that stress may not be a factor in the development of IS
or NTG evoked widespread hypersensitivity. However, we only
measured paw sensitivity at one time point. Future work
could measure withdrawal thresholds over time in NMS
and naive mice in these evoked migraine paradigms. It is
possible that NMS mice could develop IS- or NTG-evoked
mechanical hypersensitivity quicker than naive mice or that
it takes longer for NMS mice to return to baseline
measurements. By only measuring withdrawal threshold at
one time point, we could have missed significant differences
throughout the time course of the IS and NTG effects.

We also assessed grimace in our mice, which is an accepted
measure of spontaneous pain-like behavior (Langford et al,
2010). We hypothesized that NMS-Sed mice would have a
higher MGS score compared to naive or exercised mice.
Interestingly, there was consistently an increase in MGS score
in both naive- and NMS-Ex groups after dural IS and saline
application, as well as in non-injected mice that were subject
to isoflurane anesthesia. This finding was surprising because
in our previous studies, we found that exercise mitigated
chronic urogenital pain symptoms (Pierce et al., 2018; Fuentes
et al.,, 2020), while a higher MGS is thought to demonstrate
more pain-like behavior. It is unknown what impact voluntary
wheel running has on mouse facial features and how this
may impact scoring, particularly in terms of eye squint and
ear position. In some instances, exercise has been shown to
evoke migraine in humans. However, this is usually after
strenuous exercise (Massey, 1982) or if exercise is novel and
therefore it is suggested that migraineurs be slowly habituated
to exercise (Goadsby and Silberstein, 2013). Our exercised
mice had access to running wheels for an extended amount
of time before evaluating grimace, and therefore likely did
not evoke a migraine attack because of novelty. One factor
that could have influenced MGS is the isoflurane anesthesia
that was administered prior to MGS testing in this group
of mice. Miller et al. (2015) measured MGS in DBA/2 mice
before and 30-min after isoflurane anesthesia and found a
significant increase in MGS following anesthesia. Although,
we measured MGS 1 h after isoflurane administration, it is
possible that Ex mice were not able to recover as quickly
from the isoflurane and therefore exhibited a higher MGS.
Further support of isoflurane influencing the exercised mice
MGS is that exercise did not have a significant effect on
MGS in our NTG experiment, which were not anesthetized
before IP administration.

Mechanical hypersensitivity and MGS are not behaviors
specific to migraine; therefore, to follow up these initial
studies, light aversion was measured, which is one symptom
that meets the diagnostic criteria of migraine according to
the International Classification of Headache Disorders (2018).
Using a light/dark box placed on a force plate actimeter,
similar to the method published by Rossi et al. (2016), the
location of the mouse was continuously measured during
each 20 min testing period in order to quantify distance
traveled and the percent time spent in the light. All groups,
with the exception of naive-Ex, significantly decreased their
time spent on the light side of the box from the first baseline
day to the treatment day. Both NMS groups, regardless of
exercise, significantly decreased their time in the light from
the second baseline day to the treatment day and there was
an overall significant effect of NMS on reducing the time
spent in light following NTG. These data suggest that NMS
increases sensitivity to light following NTG injection. Total
distance traveled during the two baseline measurements and
on the treatment day were also evaluated. Interestingly,
naive-Sed and NMS-Ex mice were the only groups to show
a significant increase in activity at BL2 compared to either
BL1 or post-NTG. Other groups have evaluated photophobia-
like behavior in rodent migraine models (Recober et al,
2010; Markovics et al., 2012; Mason et al., 2017); however,
to our knowledge this is the first study to combine a stress
and exercise component.

There is strong evidence that CGRP is important in the
initiation and maintenance of migraine pain (Wattiez et al.,
2020). CGRP is expressed in many of the unmyelinated
C-fibers that innervate the dura (Eftekhari et al., 2013)
and as well as TG neurons (Eftekhari et al., 2010). In
addition, the CGRP receptor is expressed on the Ad fibers
that innervate the dura (Eftekhari et al., 2013) and a portion
of TG neurons (Eftekhari et al., 2010). Circulating CGRP
has also been shown to be elevated during migraine attacks
(Goadsby and Edvinsson, 1993). We measured CGRP levels
in the serum, dura, and TG of our mice following NTG
injection with the hypothesis that NMS mice would display
higher CGRP levels, which could explain their increased
photophobia-like behavior. Surprisingly, we did not find
any differences in CGRP levels between our NMS and naive
groups in any tissue that we analyzed. These results imply
that increased CGRP is not the cause of the increased
susceptibility to the migraine-like phenotype observed in
our NMS-Sed mice. However, we did observe that exercise
significantly decreased CGRP levels in the dura of both
groups. To our knowledge, we are the first to measure
dural CGRP in stressed and exercised mice following NTG
administration. But similar to our findings, Nees et al.
(2016) found that treadmill exercise decreased CGRP in
the spinal cord and decreased mechanical allodynia in
spinally injured mice. A limitation to our study is that
we only measured dural CGRP in mice that received a
NTG injection. It is possible that exercise decreases CGRP
in dura regardless of NTG injection. These data could
explain the positive benefits of exercise seen in clinical
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migraine studies (Varkey et al., 2009, 2011; Darabaneanu et al., 2011)
and why our NMS-ex mice were less susceptible to dural mast
cell degranulation and NTG-induced photophobia-like behavior.

Serum corticosterone following IP NTG injection and
light aversion assessment was also measured. Human plasma
cortisol levels are increased in migraineurs after NTG
injection and this increase significantly correlated with the
development of migraine (Juhasz et al., 2007). Due to the
fact that NMS and exercise have been shown to influence
HPA axis activity, we hypothesized that the combination
of NMS and NTG would evoke an increase in circulating
corticosterone compared to naive mice, and exercise would
prevent this effect. However, there was no significant effect
of NMS or exercise on serum corticosterone level. Although
this result implies that corticosterone may not have an
effect on evoked migraine-like behaviors, corticosterone
level was only measured at one time point. Circulating
corticosterone is known to follow a circadian rhythm, which
peaks in the early evening just before the dark cycle in
laboratory rodents and is lowest at the beginning of the
light cycle (Barriga et al., 2001). This is opposite to the
circadian rhythm of cortisol in humans, which peaks in
the early hours of the morning and decreases throughout
the day (Kirschbaum and Hellhammer, 1989). Migraineurs
have been shown to have a greater peak cortisol level
compared to control patients (Patacchioli et al., 2006). In
this study, serum corticosterone was measured when it
should have been in a trough. If corticosterone were
to be measured during peak hours, we might find
something different.

We acknowledge several limitations in our study that
may impact the interpretability of our outcomes. Cage
density varied between our Ex and Sed groups, which has
been shown to impact mouse physiology and behavior, such
as sleep and activity levels (Toth, 2015). We chose to
maintain our Sed mice in group housing conditions to
avoid additional stress caused by single-caging. Our group
numbers were also small for some experiments, suggesting
that increasing the number of mice may have strengthened
the statistical outcomes. Finally, we did not consider sex
as a biological variable in this study, however, we have
observed significant impacts of NMS and voluntary wheel
running on urogenital sensitivity in male mice (Fuentes
et al., 2020), similar to outcomes observed in female NMS
mice (Pierce et al., 2018), suggesting we may see similar
outcomes in both sexes.

In conclusion, we found that NMS-Sed mice had increased
dural mast cell degranulation compared to naive mice, which
was attenuated by voluntary wheel running. NMS-Sed mice
also appeared to be more susceptible to NTG-induced
photophobia-like behavior compared to naive mice, although
exercise had no impact on these behaviors. These are
important findings because they highlight the usefulness
of NMS as a model to study stress-induced migraine and
potentially the limited effectiveness of voluntary wheel
running as a therapeutic intervention. Future work is needed
to determine the underlying mechanisms of NMS and

exercise in this context. Our results imply that increased
CGRP is likely not involved, as CGRP level was not different
between naive and NMS groups. Voluntary wheel running
decreased CGRP levels and mast cell degranulation rates
in the dura; however, it also increased MGS in all of our
groups that were anesthetized with isoflurane. This
observation calls into question the use of MGS in previously
anesthetized and exercised animals.
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