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Abstract

Migraine is the second leading cause for disability worldwide and the most common neurological disorder. It is also
three times more common in women; reasons for this sex difference are not known. Using preclinical behavioral
models of migraine, we show that application of calcitonin gene-related peptide (CGRP) to the rat dura mater
produces cutaneous periorbital hypersensitivity. Surprisingly, this response was observed only in females; dural
CGRP at doses from 1 pg to 3.8 ug produce no responses in males. In females, dural CGRP causes priming to a pH
7.0 solution after animals recover from the initial CGRP-induced allodynia. Dural application of interleukin-6 causes
acute responses in males and females but only causes priming to subthreshold dural CGRP (0.1 pg) in females.
Intracisternal application of BDNF also causes similar acute hypersensitivity responses in males and females but
only priming to subthreshold dural CGRP (0.1 pg) in females. Females were additionally primed to a subthreshold
dose of the NO-donor sodium nitroprusside (0.1 mg/kg) following dural CGRP. Finally, the sexually dimorphic
responses to dural CGRP were not specific to rats as similar female-specific hypersensitivity responses were seen in
mice, where increased grimace responses were also observed. These data are the first to demonstrate that CGRP-
induced headache-like behavioral responses at doses up to 3.8 ug are female-specific both acutely and following
central and peripheral priming. These data further implicate dural CGRP signaling in the pathophysiology of migraine
and propose a model where dural CGRP-based mechanisms contribute to the sexual disparity of this female-biased

disorder.

SIGNIFICANCE STATEMENT Calcitonin gene-related peptide (CGRP) has long been implicated in the
pathophysiology of migraine, and CGRP-based therapeutics are efficacious for the treatment of migraine in humans.
However, the location of action for CGRP in migraine remains unclear. We show here that application of CGRP to the
cranial meninges causes behavioral responses consistent with headache in preclinical rodent models. Surprisingly,
however, these responses are only observed in females. Acute responses to meningeal CGRP are female-specific
and sensitization to CGRP after two distinct stimuli are also female-specific. These data implicate the dura mater as
a primary location of action for CGRP in migraine and suggest that female-specific mechanisms downstream of

CGRP receptor activation contribute to the higher prevalence of migraine in women.
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Introduction

Migraine is a complex neurological disorder that is characterized by throbbing head pain, increased sensitivity to
light, sound, and touch, as well as nausea and vomiting. Globally ranked as the second highest cause of disability
(GBD 2016 Disease and Injury Incidence and Prevalence Collaborators, 2017), migraine is 2—3 times more
common in women than in men. Further, migraine is the most common cause of disability in women ages 15—49
(Steiner et al., 2018). Little is known as to why sex differences exist in migraine prevalence. In females, the
incidence of migraine rises following the onset of puberty and decreases after menopause, suggesting an influence
of hormones on the pathology (Stewart et al., 1994; Buse et al., 2013; Steiner et al., 2018). However, hormones
may be only one of many contributing factors leading to the higher prevalence in women, and their downstream

mechanisms may promote sex differences in the actions of numerous signaling pathways.

Calcitonin gene-related peptide (CGRP) has been implicated in the pathology of migraine for several decades.
CGRP is elevated in venous blood, saliva, and CSF of migraine patients during an attack (Edvinsson and Goadsby,
1994; Jang et al., 2011). Attacks can be triggered in migraine patients by intravenous CGRP (Lassen et al., 2002)
and can be treated by inhibitors of CGRP signaling (Tepper, 2018). Recent studies have further confirmed a role for
CGRP because monoclonal antibodies recognizing the peptide or its receptor are efficacious at reducing the
frequency of both episodic and chronic migraine in humans (Dodick et al., 2014a,b, 2018; Halker Singh et al.,
2019). Importantly, because CGRP administration likely triggers attacks without crossing the blood—brain barrier, and
because only a small fraction of therapeutic monoclonal antibodies reaches the brain, these data argue strongly for a
role of peripheral CGRP in migraine (lyengar et al., 2017). Although the exact location of peripheral CGRP action in
migraine remains unclear, nociceptive signaling from the dura mater is considered a necessary event in the
headache phase of attacks. CGRP has dilatory actions on the vasculature in human dura when given intravenously,
including dilation restricted to the headache side during attacks (Asghar et al., 2010, 2011). Similar dilation of
vessels in human dura on the headache side has also recently been shown during spontaneous migraine (Khan et
al., 2019). These data suggest that CGRP in the dura mater, likely released by nociceptive nerve endings, is one key

site of peptide action during migraine attacks.

Despite the differences in migraine prevalence between sexes and the clear role of CGRP in the disorder,
surprisingly few studies have examined whether CGRP has sex-specific actions. While it has been shown that
estrogen is capable of regulating the release of CGRP (Stucky et al., 2011; Pota et al., 2017), studies investigating
the connection of CGRP to migraine have been almost entirely conducted in males. In prior studies that have
administered CGRP to both males and females, none has compared responses to dural application of CGRP; this is
surprising considering the role afferent nociceptive signaling from the meninges is thought to play in the pathology of

the headache phase of migraine.
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Here, we initially aimed to address whether dural application of CGRP caused behavioral responses in awake
animals using preclinical migraine models. While our data support prior studies showing no effect of dural CGRP in
males (Levy et al., 2005), we unexpectedly found a robust action of dural CGRP in females. This sexually dimorphic

effect of CGRP occurs in both rats and mice and is present in both naive animals as well as after priming.

Materials and Methods

Animals

In this study, 12- to 14-week-old ~260-300 g female and ~300-350 g male Sprague Dawley rats (Taconic) and 6- to
8-week-old female and male ICR mice (Envigo) were used for experiments. Animals were housed on a 12 h
light/dark cycle with access to food and water ad libitum. Animals were housed in the facility for at least 72 h before
handling and habituation of animals to testing rooms. In all experiments, investigators were blinded to treatment
groups. All procedures were conducted with prior approval of the Institutional Animal Care and Use Committee at the

University of Texas at Dallas.
Rat cannula implantation and drug delivery

Dural injections in rats were administered via cannula at a total of 10 pl injections of CGRP, interleukin-6 (IL-6), or
synthetic interstitial fluid (SIF) as vehicle (see Table 1). Animals were anesthetized initially at 5% isoflurane via a
nose cone; once animals no longer demonstrated a paw pinch reflex, isoflurane was lowered to 2.5%—-3.5% for the
entirety of the surgery. The scalp was incised longitudinally and retracted from the midline to expose the skull. Using
a pin vise (Grainger Industries) set to a length of 1 mm, a 1 mm burr hole was created using a stereotaxic frame at
the target coordinates to sit above the middle meningeal artery (8 mm anteroposterior, =2 mm mediolateral, 1 mm
dorsoventral) to puncture the skull while leaving the dura intact. A guide cannula (Plastics One C313G/SPC gauge
22) was implanted into the burr hole using a stereotaxic frame and sealed using Vetbond (3M). Two screws were
inserted above the guide cannula on both sides of midline below bregma. Perm reline repair resin (Coltene) was
used to anchor the cannula to the screws and skull. To prevent clogging, a dummy cannula (Plastics One 313DC-
SPC 0.014-0.36 mm fit 1 mm) was inserted into the guide cannula. After surgery, animals were given 8 mg/kg
gentamicin and 0.25 mg meloxicam to prevent infection and for pain management, respectively. Animals were

returned to their home cage and allowed to recover for 7 d.
Mouse dural injections

Mouse dural injections were performed as previously described (Burgos-Vega et al., 2019). Mice were anesthetized
under isoflurane for <2 min <2.5%-3% isoflurane via a nose cone. While anesthetized, treatments were injected in a
volume of 5 ul via a modified internal-cannula (Invivo1, part #8IC313ISPCXC, Internal Cannula, standard, 28 gauge,
fit to 0.5 mm). The inner projection of the cannula was used to inject through the soft tissue at the intersection of the
lambdoidal and sagittal sutures. The length of the projection was adjusted, using calipers, to be from 0.5 to 0.65 mm

based on the animal weight (30-35 g) as to not puncture the dura.
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Rat intracisternal injections

Intracisternal injections were administered in a volume of 10 pl at a rate of 1 pl/s and performed in rats as previously
described (Chen et al., 2013). A 25 gauge, 1.5 inch needle was contorted ~7 mm from the tip at a 45° angle with the
bevel facing outwards. The needle was attached to a 25 gauge Hamilton syringe. Animals were anesthetized for <2
min <2.5%-3% isoflurane via a nose cone. The head of the animal was tilted forward at an ~120° angle between
body to allow access to the cisterna magna. The needle was positioned above C1 and inserted through the cisterna

magna along the midline.
Intraplantar injections

Rats were anesthetized initially at 5% isoflurane via a nose cone; once animals no longer exhibited a pinch reflex,
isoflurane was lowered to 2.5%—3%, during which time animals were injected. These animals received a volume of
50 pl into the left hindpaw via injection with a 30 gauge, 0.5 inch needle attached to a Hamilton syringe. Animals

were kept under isoflurane for <2 min.

von Frey testing

RATS.

Animals were conditioned for 5 continuous minutes by handling, 24 h before habituation. Rats were habituated to
testing chambers and testing room by being placed in testing chambers for 2 h/d for 3 d before the first day of
testing. Food was placed in the chamber of each rat for the duration of the testing day. Mechanical sensitivity
baselines were assessed before drug administration. Only animals that met a facial baseline threshold of 8 g (rats) or
0.6 g (mice) were included in the study. These animals were then randomly allocated to experimental groups and
remained in the study until completion of the experiment. Immediately after baseline, animals were injected; and 1 h
after injection, mechanical sensitivity thresholds were assessed both on the periorbital region and hindpaw for a
maximum of 5 s, or shorter if the investigator observed a response. von Frey filament thresholds were determined by
the Dixon “up-and-down” method. Testing began with the 1 g filament on the face and 2 g on the hindpaw and
increased weight to a maximum of 8 g on the face and 15 g on the hindpaw. For acute pain, animals were tested
every other hour until a maximum of 5 h after injection was reached. Animals were then tested once every day from
the time of injection until animals returned to baseline. Once animals returned to baseline, a normally subthreshold
stimulus was administered to examine the ability of the initial stimulus to cause priming. The same testing times were

maintained following priming stimuli. All investigators were blinded to experimental conditions.
MICE.

Mice were conditioned for 5 continuous minutes by handling, 24 h before habituation. Mice were habituated to paper
cups (Choice 4 oz paper cups: 6.5 cm top diameter, 4.5 cm bottom diameter, 72.5 cm length) while in testing
chambers (Burgos-Vega et al., 2019). Each mouse typically used their same assigned paper cup for the remainder
of the experiment. Animals were given food while in testing chambers to allow for testing as previously described

(Burgos-Vega et al., 2019). Filament thresholds were determined using the Dixon “up-and-down” method. Testing in
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mice began with 0.07 g on the face and increase weight to a maximum of 0.6 g on the face. Mice maintained the

same testing timeline as rats. All investigators were blinded to experimental conditions.

Grimace

Discomfort following treatment was recorded in male and female mice in five characterized areas (orbital, nose,
cheek, ears, and whiskers) on a 3 point scale (0 = not present; 1 = moderate; and 2 = obviously present) as
previously characterized (Langford et al., 2010). Grimace was conducted on mice before von Frey testing for all

time points. All investigators were blinded to experimental conditions.
Drugs

a-Rat CGRP (Bachem) stock solution was prepared in ddH,O (1 mg/ml) and diluted in SIF consisting of 135 mm
NaCl, 5 mm KCI, 10 mm HEPES, 2 mm CaCl,, 10 mm glucose, 1 mm MgCl, (pH 7.4, 310 mOsm). Rat recombinant
IL-6 (R&D Systems) stock solution (10 pg/ml) was prepared in sterile 0.1% BSA and diluted to 1 ng/ml in SIF. Human
recombinant BDNF (R&D Systems) stock solution was made in sterile PBS containing 1% BSA. BDNF was dissolved
into aCSF containing 126 mm NaCl, 2 mm KCl, 1.25 mm KH,PO,, 2 mm CaCl,, 2 mm MgSO,, and 11 mm glucose.
Sodium nitroprusside (SNP; Sigma-Aldrich) was dissolved in sterile PBS. Details on drugs used in these studies can
be found in Table 1.

Table 1.
able Collapse inline

Drugs administered in these experiments, sources, doses/volumes, and routes of administration

Drug Source Dose Administration route
a-Rat CGRP Bachem 3.8 ug/10 pl; 3.8 ng/10 pl; 1 pg/10 pl; 0.1 pg/10 pi Dural; intraplantar
Rat recombinant IL-6 R&D Systems 0.1 ng/10 pl Dural

Human recombinant BDNF R&D Systems 1 pg/10 pl Intracisternal

SNP Sigma-Aldrich 0.1 mg/kg Intraperitoneal

Experimental design and statistical analysis

Data are presented as mean + SEM. Data were analyzed among groups at each time point via two-way ANOVA and
followed by Bonferroni post test when appropriate. Data analysis was performed using Prism (GraphPad Software).
Significance was set at p < 0.05 for all analyses. Power analysis was performed using G power for comparison of the
means between groups using expected effect sizes based on pilot studies as well as previously published results in
the case of dural IL-6 and cisternal BDNF (Burgos-Vega et al., 2016). For dural CGRP experiments in mice, the
sample size was determined based on pilot studies with rats. In the case of CGRP administered in the hindpaw of

animals, we were unsure of the effect size, so a minimum sample size of 9 was used. All sample sizes reflect or
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surpass the suggested sample sizes for all experiments, with a minimum of 6 animals in each group for rat

experiments and a minimum of 4 for mice experiments.

Results

Dural CGRP induces mechanical sensitivity in female, but not male, rodents

Previous studies demonstrated that 100 um CGRP applied to the dura does not sensitize or excite meningeal
nociceptors in anesthetized rats (Levy et al., 2005). One important caveat to this study is that only males were used
to record nociceptor activity. Because migraine is more common in females, we set out to establish whether CGRP
could trigger migraine-like pain in female rats using the same concentration of CGRP from prior studies, 100 um.
Dural application of 100 um (3.8 pg) CGRP elicited significantly lower facial withdrawal thresholds at 3, 5, and 24 h
after injection in females, but not males (Fig. 1A). The vehicle administration had no significant effect in either male

or female rats.
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Figure 1.

Dural administration of CGRP produces facial hypersensitivity and priming in female, but not in male, rats. Baseline facial withdrawal
thresholds were determined before dural stimulation with 100 ym CGRP (A) (n = 10 females, n = 7 males), 0.1 um CGRP (n =4
females) (B), or vehicle (n = 5 females, n = 7 males). A dural injection of pH 7.0 SIF was given in all groups at day 5 following either
dural CGRP or dural vehicle. Two-way ANOVA followed by Bonferroni post hoc test indicated significant differences in females
treated with 100 um CGRP (F 7 550, = 2.591, p < 0.0001) and in females treated with 0.1 uM CGRP (F 57 550, = 2.591, *™**p <
0.0001). These data are represented as means + SEM. *p < .05, **p < .01, ***p < .001.

We have previously shown that “priming” of the dural afferent system with IL-6 can induce sensitivity to subthreshold
stimulation with decreased pH (7.0) after the animals returned to baseline (Burgos-Vega et al., 2016). Here we

show that, 5 d after injection of CGRP, all animals returned to baseline withdrawal threshold. Rats were then injected
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with 10 ul of SIF at pH 7.0 onto the dura. Three hours following injection of pH 7.0 SIF, only females presented with
significant allodynia, and this effect persisted for at least 24 h (Fig. 1A).

While female rats responded to 3.8 ug CGRP, it was important to determine whether this high dose was necessary
for responses in females or whether they respond to lower doses. We thus started a series of experiments where
CGRP dose was lowered 10-fold in each case. The data for doses of CGRP between 3.8 ug and 3.8 ng are not
shown. Figure 1B shows the results of application of the thousand-fold lower dose of 3.8 ng CGRP on the dura of
cannulated female rats. Even at this low CGRP dose, significant decreases in withdrawal thresholds at 1, 3, 5, 24,
48, and 72 h after injection were observed in females. Additionally, to examine whether this lower dose of dural
CGRP could also prime animals to respond to a normally non-noxious stimulus, animals were given dural SIF at pH
7.0 after they returned to baseline withdrawal thresholds, which was 5 d following dural CGRP. Animals that received
CGRP were primed to dural pH 7.0 as they experienced significantly reduced mechanical withdrawal thresholds 3
and 24 h after pH 7.0 injection (Fig. 1B). As with the high dose in Figure 1A, males did not respond to any lower
doses of CGRP (data not shown).

The initial use of the 3.8 ug value as a dose was based on the original publication using dural application of 100 um
CGRP (Levy et al., 2005). We next switched to more standard dose units to determine the threshold for responses
to dural CGRP in females. Following dural administration of 1 pg, but not 0.1 pg CGRP, female rats showed
significantly lower facial mechanical thresholds at 1, 3, and 5 h thresholds compared with rats that were administered
(F(8‘85) =11.07, p <0.0001; Fig. 2). Because 0.1 pg CGRP failed to produce a hypersensitivity response in these

animals, we used this dose as a subthreshold CGRP stimulus in subsequent experiments.
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Figure 2.

Dural application of CGRP produces facial hypersensitivity in female rats at doses as low as 1 pg. Facial withdrawal thresholds were
measured before and following dural stimulation with 0.1 pg CGRP (n =6), 1 pg CGRP (n = 6), or vehicle pH 7.4 SIF (n = 8). Two-
way ANOVA followed by Bonferroni post hoc test revealed significant differences in the 1 pg CGRP-treated group (F(8’85) =11.07;
****p < 0.0001). These data are represented as means + SEM.

Induction of female-specific priming to subthreshold dural CGRP

We have previously reported that dural injection of IL-6 can establish sustained hyperalgesic priming (Burgos-Vega
et al., 2016). We thus asked whether IL-6 (0.1 ng) can sensitize the dura to a subthreshold dose of CGRP (0.1 pg)
and whether this response is also female-specific. In both male (Fig. 3B) and female rats (Fig. 3A), IL-6 induced
significant allodynia from 1 to 24 h after administration and animals returned to baseline at 72 h after injection,
following which, either 0.1 pg CGRP or vehicle SIF was applied to the dura. Females showed priming to this
subthreshold dose, as they exhibited significantly reduced facial withdrawal thresholds 1 and 3 h after injection

(F(9’176) =7.065, p < 0.0001; Fig. 3A). Males experienced no hypersensitivity to dural CGRP at any time point

despite their initial response to IL-6 (Fig. 3B).
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Figure 3.

Dural application of IL-6 induces priming to dural CGRP in females, but not in males. Facial withdrawal thresholds were measured in
female (A) and male (B) rats before and after administration of either 0.1 ng dural IL-6 (n = 10 females, n = 11 males) or vehicle pH
7.4 SIF (n =9 females, n = 11 males). At 72 h after dural IL-6, all animals received a subthreshold dose of dural CGRP (0.1 pg). Two-
way ANOVA indicated a significant effect of CGRP in the IL-6-treated group of females. The significant differences of the means for
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each group were determined by ANOVA followed by Bonferroni post hoc test (F(91176) =7.065; **p < .01, **p < 0.001, ***p <
0.0001). These data are represented as means + SEM.

To determine whether initial dural stimulation was required to produce priming to subthreshold CGRP, rats were given
1 pg intracisternal BDNF, a stimulus that we have shown previously leads to priming to dural pH 7.0 and a systemic
NO donor (Burgos-Vega et al., 2016). Following intracisternal BDNF, both male and female rats displayed significant
facial and allodynia out to 24 h. Once these animals returned to baseline withdrawal thresholds, at 72 h after
injection, they were given either subthreshold 0.1 pg dural CGRP or vehicle. Females exhibited significant facial
allodynia 1 h after CGRP injection compared with controls (F(9’100) =7.467, p < 0.0001; Fig. 4A). Males did not
respond to CGRP at any time point following dural injection (Fig. 4B). These data demonstrate that, like dural IL-6,
males respond to intracisternal BDNF but they do not prime to dural CGRP. Together, these experiments show that
only females respond to suprathreshold CGRP doses and only females prime to CGRP following dural IL-6 or

intracisternal BDNF.
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Figure 4.

Intracisternal administration of BDNF induces priming to dural CGRP in females, but not males. Facial withdrawal thresholds were
measured in female (A) and male (B) rats before and after either cisternal injection of 1 pg BDNF (n = 6 females, n = 6 males) or
vehicle (aCSF, pH 7.4) (n = 6 females, n = 6 males). At 72 h after dural IL-6, when animals had baselined, 0.1 pg CGRP was
administered to the dura. Two-way ANOVA indicated a significant effect of CGRP in the BDNF-treated group of females. The
significant differences of the means for each group were determined by ANOVA followed by Bonferroni post hoc test (F(9,100) =
7.467). These data are represented as means + SEM; *p < .05, **p < .01, ****p < 0.0001).

Female-specific responses to dural CGRP in mice

To determine whether sex-dependent hypersensitivity following dural CGRP is a rat-specific effect, we administered

CGREP to the dura of both male and female mice. Similar to what was seen with rats, female mice exhibited a
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reduced mechanical threshold following 1 pg dural CGRP (F(20‘121) = 4.466, p < 0.0001). Female mice that received
1 pg dural CGRP exhibited persistent facial hypersensitivity that did not return to baseline until ~14 d after injection
(Fig. 5A), much longer than rat behavior observed in Figure 1. Additionally, male mice also exhibited a marked
hypersensitivity response from vehicle injection, but only at 1 h after injection. By 3 h following injection, male mice

were no longer hypersensitive (Fig. 5A).
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Figure 5.

Dural application of CGRP in mice causes hypersensitivity (A) and grimace (B) in females, but not males. For all animals, von Frey
baselines as well as Grimace Score baselines were recorded following dural injection of CGRP (n = 6 females, n = 4 males) or
vehicle (n = 4 males); then ANOVA with Bonferroni post hoc test showed significant differences in withdrawal thresholds female-
treated group (F g 121) = 4.466; **p < 0.01, ****p < 0.0001) as well as significant grimacing (F ;4 o9, = 2.033; *p < .05, *p < 0.01, ****p
< 0.0001).

It has been shown recently that systemic administration of CGRP causes facial grimace responses suggestive of
spontaneous pain (Rea et al., 2018). To examine whether the hypersensitivity responses following dural CGRP in
mice are also accompanied by spontaneous pain behavior, we quantified facial grimace responses using the mouse
grimace scale. Female mice that received dural CGRP had significant grimace scores out to 24 h after injection
(F(16’99) = 2.033, p = 0.0178), whereas males that received dural CGRP or vehicle did not show grimace responses
at any time point (Fig. 5B). These data show that, although male mice respond to dural CGRP, their response is
minimal compared with the prolonged hypersensitivity seen in females. Additionally, dural CGRP produces

behavioral responses suggestive of spontaneous pain, similar to that seen previously with systemic CGRP.
Dural CGRP primes females to subthreshold SNP

Acute administration of nitric oxide donors has been previously shown to induce migraine in humans and produce

migraine-like behaviors in rodents (Olesen et al., 1993; Olesen and Jansen-Olesen, 2000). It has also been shown
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that nitric oxide applied to the dura causes CGRP release (Strecker et al., 2002). We have also shown previously
that dural IL-6 or intracisternal BDNF primes rats to subthreshold doses of NO donors (Burgos-Vega et al., 2016).
We next determined whether dural CGRP could prime rats to a subthreshold systemic dose of the NO donor SNP.
Prior studies have reported that doses up to 3 mg/kg SNP are subthreshold on otherwise naive animals (De Felice
et al., 2010). Consistent with the findings in Figure 2, female rats that were administered 1 pg dural CGRP exhibited
a reduction in withdrawal threshold in the facial region. Approximately 24 h following CGRP, female withdrawal
thresholds returned to baseline (Fig. 6). Once animals returned to baseline, a dose of 0.1 mg/kg SNP was given via
intraperitoneal injection. One hour after injection, females that received dural CGRP demonstrated significant facial
allodynia compared with controls (F(e,gs) =9.171, p < 0.0001), showing that dural CGRP causes priming to NO
donors in female rats. Because males do not show acute responses to dural CGRP, they were not tested for priming

to SNP.
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Figure 6.

Dural application of CGRP primes female rats to a subthreshold nitric oxide donor. Facial withdrawal thresholds were measured in
females before and after either 1 pg CGRP (n = 9) or vehicle pH 7.4 SIF (n = 7) applied to the dura. At 24 h following dural CGRP or
dural vehicle, all rats were given 0.1 mg/kg SNP (i.p.). Two-way ANOVA indicated significant effects of SNP in the CGRP-treated
group with no response to SNP in the vehicle-treated group. Significant differences in the means of each group were determined by
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ANOVA followed by Bonferroni post hoc test (F(GE%) =9.171). These data are represented as means + SEM; ***p < .001, ****p <
.0001).

Intraplantar CGRP produces hindpaw allodynia in female rats

To examine whether the specificity of CGRP to induce pain in females was specific to dural administration, low-dose
(1 pg) CGRP was administered into the hindpaw of otherwise naive male and female rats. At 1 and 3 h following
injection of CGRP, females exhibited significant hindpaw allodynia compared with controls (F(4‘80) =5.103,p =
0.0010; Fig. 7D). Males that received CGRP exhibited no significant hindpaw allodynia at any time point (Fig. 7B).
Neither males nor females experienced significant facial allodynia at any time point following hindpaw injections (Fig.
7A,C). This suggests that the sex specificity of pain responses following low-dose local injections of CGRP may not

be specific to the dura.
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Figure 7.

Intraplantar administration of CGRP results in hypersensitivity of the hindpaw in females, but not males. Facial and paw withdrawal
thresholds for males (A, C) and females (B, D) were tested before and following injection of 1 pg CGRP (n = 9 females, n =10
males) or vehicle (1x PBS, pH 7.4) (n = 9 females, n = 10 males). Two-way ANOVA followed by Bonferroni post hoc test indicated
significant hindpaw allodynia in the hindpaws of CGRP-treated females (F(4180) =5.103; **p < 0.01, ***p < 0.001). No significant facial
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hypersensitivity was observed following intraplantar CGRP administration. These data are represented as means + SEM to the end
of this paragraph.

Discussion

The contribution of CGRP to migraine has been investigated for >30 years. However, a role for peripheral CGRP has
only recently been clearly demonstrated by the efficacy of predominantly peripherally restricted peptide or receptor
monoclonal antibodies in human migraine patients. The location of peripheral CGRP that contributes to migraine
attacks is not fully known, but given that afferent signaling from the meninges is necessary for the headache phase,
and CGRP dilates meningeal vessels including on the headache side during attacks (Asghar et al., 2010, 2011),
meningeal actions of CGRP are one plausible site. While the mechanisms leading to the higher prevalence of
migraine in females are likely complex and not mediated by a single factor, the data shown here suggest that CGRP-

based signaling from the meninges may contribute to the female-biased nature of this disorder.

Here we show that CGRP administered at doses as low as 1 pg onto the dura of rats and mice produces facial and
hindpaw allodynia in females but fails to produce allodynia in males at doses as high as 3.8 pg. At doses of 3.8 ug
and 3.8 ng, female rats were also primed to dural pH of 7.0 and SNP, the latter a migraine trigger in humans. This
implicates dural CGRP not only in acute nociceptive responses but in the sensitization of females to normally non-
noxious triggers of migraine, such as nitric oxide donors. Similar findings in 2 outbred species suggest that these
female-specific responses to dural CGRP are not a peculiarity of mice and are not an artifact of genetic manipulation,
increasing confidence that these data may translate to other species. The acute responses of both males and
females to dural IL-6 show that overall noxious responses to dural stimulation occur in males (see also Burgos-Vega
et al., 2019), but that female-specific responses only occur with certain stimuli. We have also shown previously that
priming to dural pH 7.0 occurs in both males and females when the primed state is initiated by IL-6 (Burgos-Vega et
al., 2016), demonstrating that priming following dural stimulation is not female-specific. Further, we have shown that
the priming to dural pH 7.0 induced by intracisternal BDNF occurs in males (Burgos-Vega et al., 2016), and priming
in the DRG/spinal dorsal horn system to BDNF also occurs in male and female rats (Moy et al., 2018). Thus,
centrally induced priming is also not exclusive to females. Together, these data show that the actions of dural CGRP,

and not dural signaling or priming in general, are female-specific.

The anatomical and physiological mechanisms explaining the female-specific responses to dural CGRP are not
clear. Our data showing responses to hindpaw CGRP injection only in female rats suggest that these mechanisms
may be a feature of peripheral tissue and not unique to the dura. It was shown recently that CGRP administered into
the peritoneal cavity does not result in differential photosensitivity and grimace between male and female mice
(Mason et al., 2017), that subcutaneous CGRP given into the periorbital skin results in facial allodynia in male mice
(De Logu et al., 2019), and intracisternal CGRP caused behavioral signs of headache in male rats (Cornelison et
al., 2016). While these studies may seem at odds with the data shown in the current work, differential doses used in
these experiments likely explain the responses in males. The most closely related study based on injection
location/type is that of De Logu et al. (2019), which gave up to 15 nmol (s.c.) under the periorbital skin, where we
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gave up to 3.8 pg (which is 1 nmol, a dose that showed a small but nonsignificant response in males; Fig. 1A) onto
the dura. In other experiments, we gave 0.1 and 1 pg (which is 0.03 and 0.3 fmol) onto the dura. In the hindpaw
experiments, we gave 1 pg, whereas other studies that found that responses in males gave intraplantar doses
between 1 and 10 ug (Bileviciute et al., 1998; Shi et al., 2011; White et al., 2014). Females may thus respond
selectively at low doses of CGRP, whereas males respond at much higher doses. Additionally, the administration
route/location of CGRP may cause differential effects (i.e., systemic or into the CSF vs locally onto the dura). CGRP
signaling mechanisms may only be sexually dimorphic in certain locations, and the location of action of CGRP-
mediated behavioral responses was not determined in those prior studies (e.g., when given intraperitoneally or
intracisternally). Nonetheless, CGRP may have sex-specific actions at nerve endings in peripheral tissue. Within the
dura of rats, CGRP is expressed in C-fibers, whereas its receptor is expressed in Ad fibers; and these fibers have
been reported to run in parallel with one another (Lennerz et al., 2008; Eftekhari et al., 2013). Because this study
was only conducted on males, it is difficult to determine whether the presence of CGRP or the receptors would show
a different expression pattern between the sexes. There have been reported differences in gene expression of CGRP
as well as its receptor components. Naive female rats have significantly lower levels of RAMP1, CLR, and RCP
mRNA in the trigeminal ganglion compared with male counterparts, but there is no difference in CGRP mRNA
(Stucky et al., 2011). Whether or not these differences in transcript levels in the trigeminal ganglia lead to differential

protein expression on nerve endings in the dura is not clear.

The female-specific actions of CGRP may be mediated in part by blood vessels where CGRP is one of the most
potent endogenous vasodilators. CGRP-expressing fibers are found near both human and rat dural vessels, and
CLR and RAMP1 are expressed on smooth muscle cells of these vessels (Lennerz et al., 2008). Thus, CGRP can
act on smooth muscle cells, causing vasodilation as well as other dilation-independent events that may ultimately
lead to afferent nociceptive signaling (Jacobs and Dussor, 2016). Unfortunately, the previously mentioned study of
dural CGRP/receptor expression was conducted on male rats only, and the sample size from human tissue was too
small (1 female and 2 males) to address sex differences in receptor expression patterns. While sex differences in the
expression of CGRP receptors on blood vessels remain largely unexplored, sex-specific hormones have been shown
to modulate responses within the vasculature to CGRP. When stimulated with a bolus injection of CGRP, pregnant
and ovariectomized rats receiving hormone replacement of 173-estradiol and progesterone experience larger
decreases in total vascular resistance compared with ovariectomized rats not receiving hormone replacement
(Gangula et al., 2001). It has also been shown that pregnant rats and hormone-treated ovariectomized rats
experience larger decreases in mean arterial blood pressure in response to CGRP compared with both nonpregnant
and ovariectomized rats (Gangula et al., 1999). Further, 173-estradiol can potentiate the dilating effects of CGRP on
isolated vessels of ovariectomized rats compared with ovariectomized females with no hormone replacement (Gupta
et al., 2007). These data demonstrate that female sex hormones can cause increases in vasodilation in response to

CGRP.

One additional possibility explaining the sex difference in responses is that dural CGRP may cause hypersensitivity

via the degranulation of mast cells native to the meninges. Degranulation of mast cells within the dura has been
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shown to result in excitation of meningeal nociceptors, activation of the spinal trigeminal nucleus (Levy et al., 2007),
and headache behavioral responses in mice (Hassler et al., 2019). The ability of CGRP to degranulate mast cells
may differ between males and females. In male rats, the CGRP receptor components CLR and RAMP1 have been
located on mast cells (Eftekhari et al., 2013); however, the population of these receptor components and the
potential differences in their expression on mast cells have yet to be explored in female rats. The presence of other
functional CGRP receptor components, such as CTR on dural mast cells, and the possible differences in distribution
of these components on mast cells are largely unexplored in both sexes. Mast cells also express receptors for
estrogen as well as receptors for progesterone, both of which have been shown to degranulate mast cells (Narita et
al., 2007; Jensen et al., 2010; Zierau et al., 2012). The potential interaction of estrogen and progesterone in CGRP-
mediated mast cell degranulation are also unexplored. In humans, it has been demonstrated that mast cell tryptase
was colocalized with CLR, but not RAMP1 (Eftekhari et al., 2013). However, this finding was derived from 2 males
and 1 female, too small of a sample size to be conclusive for sex differences. The interactions of female hormones
and CGRP on mast cell degranulation requires further study before it is clear whether this mechanism contributes to

the female-specific response to dural (or hindpaw) CGRP.

There are several technical limitations to the findings in this study. While cutaneous hypersensitivity is present in a
large percentage of migraine patients during the headache phase of attacks (Burstein et al., 2000; Lipton et al.,
2008), it is not headache. Consequently, our findings using facial von Frey testing could potentially be limited to a
female-specific role of dural CGRP in the cutaneous facial hypersensitivity that is present along with migraine
attacks. However, the presence of increased facial grimace responses in females, but not males, in response to dural
CGRP (Fig. 5) adds an important nonevoked component to the study and demonstrates that this female-specific
effect exists beyond von Frey responses. Another technical limitation of the study relates to blinding of the
experimenters to the sex of the rodents. It is difficult, if not impossible, to blind those conducting behavioral
responses in rodents to whether the rodent is male or female. While all other aspects of the behavioral assays are
blinded, including the treatment groups, we cannot completely eliminate the impact that knowledge of the sex of the
animal may have on the experimental outcomes. Multiple investigators have nonetheless observed essentially
identical responses (i.e., female-specific behaviors with dural CGRP) in experiments conducted at different times in

the laboratory.

The findings shown here may raise questions regarding the efficacy of CGRP/CGRP receptor monoclonal antibodies
for migraine in males. Patient demographics from published clinical trials on erenumab, fremanezumab,
galcanezumab, and eptinezumab all show patient populations that are >80% female, so it may not be clear whether
these therapeutics are efficacious in a smaller percentage of males or whether higher doses may be required to
achieve the same efficacy in males (Dodick et al., 2014b; Reuter et al., 2018; Rosen et al., 2018; VanderPluym et
al., 2018). Alternatively, because we show that substantially lower doses of CGRP cause behavioral responses in
females, the minimum concentration of CGRP necessary to contribute to migraine may be much lower in females,
which may also be a contributing factor to why females are more susceptible to attacks. However, once CGRP

reaches the minimum concentrations to cause effects (which again, is lower in females), the antibodies could then
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work equally in males and females because in either case they are simply lowering CGRP concentrations or blocking
receptor signaling. Efficacy in males may also depend on the site of action of these antibodies in humans and
whether they act in a location that displays sexually dimorphic CGRP signaling. If their primary site of action is not in
a location where CGRP has a female-specific effect, the antibodies will likely work equally in males and females. In
any case, when considering that females make up the majority of the clinical population of migraine sufferers
(Dodick et al., 2014b; Vermeersch et al., 2015; Monteith et al., 2017; Halker Singh et al., 2019), the higher
percentage of females in both the clinical trials and the general patient population fortunately aligns with any female-
specific efficacy of these therapeutics. While reasons for the sexually dimorphic response to dural CGRP shown here
are still unknown, these findings demonstrate the need for sex-specific migraine therapeutics, as mechanisms
contributing to migraine in males and females likely differ. And although CGRP plays a clear role in migraine, this
does not imply that migraine is exclusively a CGRP-based disorder; other peptides, such as pituitary adenylate-
cyclase activating polypeptide, may also contribute (Rubio-Beltran et al., 2018), and there may be similar sex-
specific actions of this peptide to consider. These findings also highlight the need for determining whether new
therapeutics have sex-specific mechanisms of action, as selecting the proper sex in clinical trials may be key in

demonstrating efficacy.
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