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ABSTRACT: 1 

Migraine is the second leading cause for disability worldwide and the most common 2 

neurological disorder. It is also three times more common in women; reasons for this sex 3 

difference are not known. Using preclinical behavioral models of migraine, we show that 4 

application of CGRP to the rat dura mater produces cutaneous periorbital hypersensitivity. 5 

Surprisingly, this response was observed only in females; dural CGRP at doses from 1 pg to 3.8 6 

μg produce no responses in males. In females, dural CGRP causes priming to a pH 7.0 solution 7 

after animals recover from the initial CGRP-induced allodynia. Dural application of interleukin-6 8 

(IL-6) causes acute responses in males and females but only causes priming to subthreshold dural 9 

CGRP (0.1 pg) in females. Intracisternal application of BDNF also causes similar acute 10 

hypersensitivity responses in males and females but only priming to subthreshold dural CGRP 11 

(0.1 pg) in females. Females were additionally primed to a subthreshold dose of the NO-donor 12 

sodium nitroprusside (0.1 mg/kg) following dural CGRP. Finally, the sexually-dimorphic 13 

responses to dural CGRP were not specific to rats as similar female-specific hypersensitivity 14 

responses were seen in mice, where increased grimace responses were also observed. These data 15 

are the first to demonstrate that CGRP induced headache-like behavioral responses at doses up to 16 

3.8 μg are female specific both acutely and following central and peripheral priming. These data 17 

further implicate dural CGRP signaling in the pathophysiology of migraine and propose a model 18 
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where dural CGRP-based mechanisms contribute to the sexual disparity of this female biased 19 

disorder. 20 

STATEMENT OF SIGNIFICANCE: 21 

Calcitonin gene-related peptide has long been implicated in the pathophysiology of migraine and 22 

CGRP-based therapeutics are efficacious for the treatment of migraine in humans. However, the 23 

location of action for CGRP in migraine remains unclear.  We show here that application of 24 

CGRP to the cranial meninges causes behavioral responses consistent with headache in 25 

preclinical rodent models.  Surprisingly however, these responses are only observed in females.  26 

Acute responses to meningeal CGRP are female-specific and sensitization to CGRP after two-27 

distinct stimuli are also female-specific.  These data implicate the dura mater as a primary 28 

location of action for CGRP in migraine and suggest that female-specific mechanisms 29 

downstream of CGRP receptor activation contribute to the higher prevalence of migraine in 30 

women. 31 

 32 

INTRODUCTION: 33 

Migraine is a complex neurological disorder that is characterized by throbbing head pain, 34 

increased sensitivity to light, sound, and touch, as well as nausea and vomiting. Globally ranked 35 

as the 2nd highest cause of disability (Disease et al., 2017), migraine is 2 to 3 times more 36 

common in women than in men. Further, migraine is the most common cause of disability in 37 

women ages 15-49 (Steiner et al., 2018). Little is known as to why sex differences exist in 38 

migraine prevalence. In females, the incidence of migraine rises following the onset of puberty 39 

and decreases after menopause, suggesting an influence of hormones on the pathology (Stewart 40 

et al., 1994; Buse et al., 2013; Steiner et al., 2018). However, hormones may be only one of 41 
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many contributing factors leading to the higher prevalence in women, and their downstream 42 

mechanisms may promote sex differences in the actions of numerous signaling pathways.  43 

Calcitonin Gene Related Peptide (CGRP) has been implicated in the pathology of migraine for 44 

several decades. CGRP is elevated in venous blood, saliva, and CSF of migraine patients during 45 

an attack (Edvinsson and Goadsby, 1994; Jang et al., 2011). Attacks can be triggered in migraine 46 

patients by intravenous CGRP (Lassen et al., 2002) and can be treated by inhibitors of CGRP 47 

signaling (Tepper, 2018). Recent studies have further confirmed a role for CGRP since 48 

monoclonal antibodies recognizing the peptide or its receptor are efficacious at reducing the 49 

frequency of both episodic and chronic migraine in humans (Dodick et al., 2014b; Dodick et al., 50 

2014a; Dodick et al., 2018; Halker Singh et al., 2018). Importantly, since CGRP administration 51 

likely triggers attacks without crossing the blood-brain barrier, and since only a small fraction of 52 

therapeutic monoclonal antibodies reaches the brain, these data argue strongly for a role of 53 

peripheral CGRP in migraine (Iyengar et al., 2017).  Although the exact location of peripheral 54 

CGRP action in migraine remains unclear, nociceptive signaling from the dura mater is 55 

considered a necessary event in the headache phase of attacks.  CGRP has dilatory actions on the 56 

vasculature in human dura when given intravenously, including dilation restricted to the 57 

headache side during attacks (Asghar et al., 2010; Asghar et al., 2011).  Similar dilation of 58 

vessels in human dura on the headache side has also recently been shown during spontaneous 59 

migraine (Khan et al., 2019).  These data suggest that CGRP in the dura mater, likely released by 60 

nociceptive nerve endings, is one key site of peptide action during migraine attacks. 61 

Despite the differences in migraine prevalence between sexes and the clear role of CGRP in the 62 

disorder, surprisingly few studies have examined whether CGRP has sex-specific actions.  While 63 

it has been shown that estrogen is capable of regulating the release of CGRP (Stucky et al., 2011; 64 
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Pota et al., 2017), studies investigating the connection of CGRP to migraine have been almost 65 

entirely conducted in males. In prior studies that have administered CGRP to both males and 66 

females, none have compared responses to dural application of CGRP; this is surprising 67 

considering the role afferent nociceptive signaling from the meninges is thought to play in the 68 

pathology of the headache phase of migraine. 69 

Here, we initially aimed to address whether dural application of CGRP caused behavioral 70 

responses in awake animals using preclinical migraine models.  While our data support prior 71 

studies showing no effect of dural CGRP in males (Levy et al., 2005), we unexpectedly found a 72 

robust action of dural CGRP in females.  This sexually-dimorphic effect of CGRP occurs in both 73 

rats and mice and is present in both naïve animals as well as after priming.  74 

 75 

METHODS: 76 

 77 

Animals: 78 

In this study, 12-14 week-old approx. 260-300g female and approx. 300-350g male Sprague-79 

Dawley rats (Taconic; Rensselaer, NY) and 6-8 week-old female and male ICR mice (Envigo; 80 

Livermore, CA) were used for experiments. Animals were housed on a 12-hour light/dark cycle 81 

with access to food and water ad libitum. Animals were housed in the facility for at least 72 82 

hours prior to handling and habituation of animals to testing rooms. In all experiments, 83 

investigators were blinded to treatment groups. All procedures were conducted with prior 84 

approval of the Institutional Animal Care and Use Committee at the University of Texas at 85 

Dallas. 86 
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 87 

Rat Cannula implantation and drug delivery: 88 

Dural injections in rats were administered via cannula at a total of 10 μl injections of either 89 

CGRP, IL-6 or synthetic interstitial fluid (SIF) as vehicle (see table 1). Animals were 90 

anesthetized initially at 5% isofluane via a nose cone; once animals no longer demonstrated a 91 

paw pinch reflex, isoflurane was lowered to 2.5-3.5% for the entirety of the surgery. The scalp 92 

was incised longitudinally and retracted from the midline to expose the skull. Using a pin vise 93 

(Grainger Industries) set to a length of 1 mm, a 1 mm burr hole was created using a stereotaxic 94 

frame at the target coordinates to sit above the Middle Meningeal Artery (8mm AP, -2mm ML, 95 

1mm DV) to puncture the skull while leaving the dura intact. A guide cannula (Plastics One 96 

C313G/SPC gauge 22) was implanted into the burr hole using a stereotaxic frame and sealed 97 

using Vetbond (Vetbond). Two screws were inserted above the guide cannula on both sides of 98 

midline below bregma. Perm reline repair resin (Coltene, Altstätten, Switzerland) was used to 99 

anchor the cannula to the screws and skull. To prevent clogging, a dummy cannula (Plastics One 100 

313DC-SPC 0.014-0.36mm fit 1 mm) was inserted into the guide cannula. Post-surgery, animals 101 

were given 8 mg/kg gentamicin and 0.25 mg Meloxicam to prevent infection and for pain 102 

management, respectively. Animals were returned to their home cage and allowed to recover for 103 

7 days.  104 

 105 

Mouse Dural Injections:  106 

Mouse dural injections were carried out as previously described (Burgos-Vega et al., 2018). 107 

Mice were anesthetized under isoflurane for < 2 minutes under 2.5-3% isoflurane via a nose 108 

cone. While anesthetized, treatments were injected in a volume of 5 μl via a modified internal-109 
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cannula (Invivo1, part #8IC313ISPCXC, Internal Cannula, Standard, 28 gauge, fit to 0.5 mm). 110 

The inner projection of the cannula was used to inject through the soft tissue at the intersection 111 

of the lambdoidal and sagittal sutures. The length of the projection was adjusted, using calipers, 112 

to be from 0.5 mm to 0.65 mm based on the animal weight (30-35 g) as to not puncture the dura.  113 

 114 

Rat Intracisternal Injections:   115 

Intracisternal injections were administered in a volume of 10 μl at a rate of 1 μl/sec and 116 

performed in rats as previously described  (Chen et al., 2013). A 25-gauge 1.5 inch needle was 117 

contorted approximately 7 mm from the tip at a 45° angle with the bevel facing outwards. The 118 

needle was attached to a 25-gauge Hamilton syringe. Animals were anesthetized for < 2 minutes 119 

under 2.5-3% isoflurane via a nose cone. The head of the animal was tilted forward at 120 

approximately a 120° angle between body to allow access to the cisterna magna. The needle was 121 

positioned above C1 and inserted through the cisterna magna along the midline.  122 

 123 

Intraplantar injections: 124 

Rats were anesthetized initially at 5% isoflurane via a nose cone, once animals no longer 125 

exhibited a pinch reflex, isoflurane was lowered to 2.5-3%, during which time animals were 126 

injected. These animals received a volume of 50 μl into the left hindpaw via injection with a 30-127 

gauge 0.5 inch needle attached to a Hamilton syringe. Animals were kept under isoflurane for <2 128 

minutes.  129 

 130 

Von Frey Testing: 131 

 132 
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Rats: Animals were conditioned for 5 continuous minutes by handling, 24 hrs prior to 133 

habituation. Rats were habituated to testing chambers and testing room by being placed in testing 134 

chambers for 2 hrs/day for 3 days prior to first day of testing. Food was placed in the chamber of 135 

each rat for the duration of the testing day. Mechanical sensitivity baselines were assessed before 136 

drug administration. Only animals that met a facial baseline threshold of 8 grams (rats) or 0.6 137 

grams (mice) were included in the study. These animals were then randomly allocated to 138 

experimental groups and remained in the study until completion of the experiment. Immediately 139 

after baseline animals were injected and 1-hour post injection, mechanical sensitivity thresholds 140 

were assessed both on the periorbital region and hindpaw for a maximum of five seconds, or 141 

shorter if the investigator observed a response. Von Frey filament thresholds were determined by 142 

the Dixon “up-and-down” method. Testing began with the 1 gram(g) filament on the face and 2 g 143 

on the hindpaw and increased weight to a maximum of 8 g on the face and 15 g on the hindpaw. 144 

For acute pain animals were tested every other hour until a maximum of five hours post injection 145 

was reached. Animals were then tested once every day from the time of injection until animals 146 

returned to baseline. Once animals returned to baseline, a normally subthreshold stimulus was 147 

administered to examine the ability of the initial stimulus to cause priming. The same testing 148 

times were maintained following priming stimuli.  All investigators were blinded to experimental 149 

conditions. 150 

 151 

Mice: Mice were conditioned for 5 continuous minutes by handling, 24 hours prior to 152 

habituation. Mice were habituated to paper cups (Choice 4 oz. paper cups; 6.5 cm top diameter, 153 

4.5 cm bottom diameter, 72.5 cm length) while in testing chambers (Burgos-Vega et al., 2018). 154 

Each mouse typically used their same assigned paper cup for the remainder of the experiment. 155 
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Animals were given food while in testing chambers to allow for testing as previously described 156 

(Burgos-Vega et al., 2018). Filament thresholds were determined using the Dixon “up-and-157 

down” method. Testing in mice began with 0.07 g on the face and increase weight to a maximum 158 

of 0.6 g on the face. Mice maintained the same testing timeline as rats.  All investigators were 159 

blinded to experimental conditions.  160 

 161 

Grimace: 162 

Discomfort following treatment was recorded in male and female mice in five characterized 163 

areas (orbital, nose, cheek, ears, and whiskers) on a three-point scale (0= not present, 1= 164 

moderate, and 2= obviously present) as previously characterized (Langford et al., 2010). 165 

Grimace was conducted on mice prior to Von Frey testing for all time points. All investigators 166 

were blinded to experimental conditions.  167 

 168 

Drugs: 169 

α-Rat CGRP (Bachem) stock solution was prepared in ddH20 (1 mg/mL) and diluted in SIF 170 

consisting of 135 mM NaCl, 5 mM KCl, 10 mM HEPES, 2 mM CaCl2, 10 mM glucose, 1 mM 171 

MgCl2 (pH 7.4, 310 mOsm).  Rat recombinant IL-6 (R&D Systems) stock solution (10 ug/mL) 172 

was prepared in sterile 0.1% BSA and diluted to 1 ng/mL in SIF. Human recombinant BDNF 173 

(R&D Systems) stock solution was made in sterile phosphate buffered saline (PBS) containing 174 

1% BSA. BDNF was dissolved into artificial cerebrospinal fluid (aCSF) containing 126 mM 175 

NaCl, 2 mM KCl, 1.25 mM KH2PO4, 2 mM CaCl2, 2 mM MgSO4, 11 mM glucose.  Sodium 176 

Nitroprusside (Sigma Aldrich) was dissolved in sterile PBS. Details on drugs used in these 177 

studies can be found in Table 1. 178 
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Table 1: 179 

Drug Source  Dose Administration 

route 

α-Rat CGRP Bachem 3.8ug/10μl; 

3.8ng/10μl; 1pg/10μl; 

.1pg/10μl 

Dural; 

intraplantar  

Rat recombinant IL-6 R&D Systems .1ng/10μl Dural 

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

Sodium Nitroprusside Sigma aldrich .1mg/kg Intraperitoneal   

 Table 1: Drugs administered in these experiments, sources, doses/volumes, and routes of 180 

administration. 181 

Experimental Design and Statistical Analysis section  182 

Data are presented as mean  SEM.  Data were analyzed among groups at each time point via 183 

two-way ANOVA and followed by Bonferroni post-test when appropriate. Data Analysis was 184 

performed using GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA). Significance 185 

was set at P < 0.05 for all analysis. Power analysis was performed using G power for comparison 186 

of the means between groups using expected effect sizes based on pilot studies as well as 187 

previously published results in the case of dural IL-6 and cisternal BDNF (Burgos-Vega et al., 188 

2016). For dural CGRP experiments in mice the sample size was determined based on pilot 189 

studies with rats. In the case of CGRP administered in the hindpaw of animals we were unsure of 190 

the effect size so a minimum sample size of 9 was used. All sample sizes reflect or surpass the 191 
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suggested sample sizes for all experiments with a minimum of 6 animals in each group for rat 192 

experiments and a minimum of 4 for mice experiments.  193 

 194 

Data Availability Statement: Requests for raw data used to generate the figures in this 195 

manuscript can be sent to the corresponding author, Greg Dussor, at 196 

gregory.dussor1@utdallas.edu 197 

 198 

 199 

RESULTS: 200 

Dural CGRP induces mechanical sensitivity in female, but not male, rodents.  201 

Previous studies demonstrated that 100 μM CGRP applied to the dura does not sensitize or excite 202 

meningeal nociceptors in anesthetized rats  (Levy et al., 2005). One important caveat to this 203 

study is that only males were used to record nociceptor activity. Since migraine is more common 204 

in females, we set out to establish whether CGRP could trigger migraine-like pain in female rats 205 

using the same concentration of CGRP from prior studies, 100 μM. Dural application of 100 μM 206 

(3.8 μg) CGRP elicited significantly lower facial withdrawal thresholds at 3, 5, and 24 hours 207 

post-injection in females, but not males (Fig 1A). The vehicle administration had no significant 208 

effect in either male or female rats.  209 

We have previously shown that “priming” of the dural afferent system with interleukin-6 can 210 

induce sensitivity to subthreshold stimulation with decreased pH (7.0) after the animals returned 211 

to baseline (Burgos-Vega et al., 2016). Here we show that 5 days post-injection of CGRP all 212 

animals returned to baseline withdrawal threshold. Rats were then injected with 10 μl of 213 
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synthetic interstitial fluid (SIF) at pH 7.0 onto the dura. Three hours following injection of pH 214 

7.0 SIF, only females presented with significant allodynia and this effect persisted for at least 24 215 

hours (Fig. 1A).  216 

While female rats responded to 3.8 μg CGRP, it was important to determine whether this high 217 

dose was necessary for responses in females or whether they respond to lower doses.  We thus 218 

started a series of experiments where CGRP dose was lowered 10-fold in each case.  The data for 219 

doses of CGRP between 3.8 μg and 3.8 ng are not shown.  Figure 1B shows the results of 220 

application of the thousand-fold lower dose of 3.8 ng CGRP on the dura of cannulated female 221 

rats.  Even at this low CGRP dose, significant decreases in withdrawal thresholds at 1, 3, 5, 24, 222 

48, and 72 hours post-injection were observed in females. Additionally, to examine whether this 223 

lower dose of dural CGRP could also prime animals to respond to a normally non-noxious 224 

stimulus, animals were given dural SIF at pH 7.0 after they returned to baseline withdrawal 225 

thresholds, which was 5 days following dural CGRP. Animals that received CGRP were primed 226 

to dural pH 7.0 as they experienced significantly reduced mechanical withdrawal thresholds 3 227 

and 24 hours post pH 7.0 injection (Fig 1B).  As with the high dose in Figure 1A, males did not 228 

respond to any lower doses of CGRP (not shown). 229 

The initial use of the 3.8 μg value as a dose was based on the original publication using dural 230 

application of 100 μM CGRP (Levy et al., 2005).  We next switched to more standard dose units 231 

to determine the threshold for responses to dural CGRP in females.  Following dural 232 

administration of 1 pg, but not 0.1 pg CGRP, female rats showed significantly lower facial 233 

mechanical thresholds at 1 hour, 3 hours, and 5 hours thresholds as compared to rats that were 234 

administered  F (8, 85) = 11.07, P<0.0001. (Fig. 2). Since 0.1 pg CGRP failed to produce a 235 
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hypersensitivity response in these animals, we used this dose as a subthreshold CGRP stimulus 236 

in subsequent experiments.   237 

 238 

Induction of female-specific priming to subthreshold dural CGRP 239 

We have previously reported that dural injection of interleukin-6 (IL-6) can establish sustained 240 

hyperalgesic priming (Burgos-Vega et al., 2016). We thus asked whether IL-6 (0.1 ng) can 241 

sensitize the dura to a subthreshold dose of CGRP (0.1 pg) and if this response is also female-242 

specific. In both male (Fig. 3B) and female rats (Fig. 3A), IL-6 induced significant allodynia 243 

from 1 to 24 hours post administration and animals returned to baseline at 72 hours post 244 

injection, following which, either 0.1 pg CGRP or vehicle SIF was applied to the dura. Females 245 

showed priming to this subthreshold dose, as they exhibited significantly reduced facial 246 

withdrawal thresholds 1 and 3 hours post injection F (9, 176) = 7.065 , P<0.0001. (Fig. 3A). 247 

Males experienced no hypersensitivity to dural CGRP at any time point despite their initial 248 

response to IL-6 (Fig. 3B). 249 

To determine whether initial dural stimulation was required to produce priming to subthreshold 250 

CGRP, rats were given 1 pg intracisternal BDNF, a stimulus that we have shown previously 251 

leads to priming to dural pH 7.0 and a systemic NO donor (Burgos-Vega et al., 2016).  252 

Following i.c. BDNF, both male and female rats displayed significant facial and allodynia out to 253 

24 hours. Once these animals returned to baseline withdrawal thresholds, at 72 hours post 254 

injection, they were given either subthreshold 0.1 pg dural CGRP or vehicle. Females exhibited 255 

significant facial allodynia 1-hour post-CGRP injection compared with controls F (9, 100) = 256 

7.467, P < 0.0001. (Fig. 4A).  Males did not respond to CGRP at any time point following dural 257 
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injection (Fig. 4B). These data demonstrate that like dural IL-6, males respond to i.c. BDNF but 258 

they do not prime to dural CGRP.  Taken together, these experiments show that only females 259 

respond to suprathreshold CGRP doses and only females prime to CGRP following dural IL-6 or 260 

i.c. BDNF. 261 

Female-specific responses to dural CGRP in mice. 262 

To determine whether sex-dependent hypersensitivity following dural CGRP is a rat-specific 263 

effect, we administered CGRP to the dura of both male and female mice. Similar to what was 264 

seen with rats, female mice exhibited a reduced mechanical threshold following 1 pg dural 265 

CGRP F (20, 121) = 4.466, P<0.0001. Female mice that received 1 pg dural CGRP exhibited 266 

persistent facial hypersensitivity that did not return to baseline until approximately 14 days after 267 

injection (Fig. 5A), much longer than rat behavior observed in Fig 1. Additionally, male mice 268 

also exhibited a marked hypersensitivity response from vehicle injection, but only at 1-hour post-269 

injection. By 3 hours following injection, male mice were no longer hypersensitive. (Fig. 5A). 270 

It has been shown recently that systemic administration of CGRP causes facial grimace 271 

responses suggestive of spontaneous pain (Rea et al., 2018).  To examine whether the 272 

hypersensitivity responses following dural CGRP in mice is also accompanied by spontaneous 273 

pain behavior, we quantified facial grimace responses using the mouse grimace scale (MGS).  274 

Female mice that received dural CGRP had significant grimace scores out to 24 hours post 275 

injection, F (16, 99) = 2.033, P=0.0178.  while males that received dural CGRP or vehicle did 276 

not show grimace responses at any time point (Fig. 5B). These data show that although male 277 

mice respond to dural CGRP, their response is minimal compared to the prolonged 278 

hypersensitivity seen in females.  Additionally, dural CGRP produces behavioral responses 279 

suggestive of spontaneous pain, similar to that seen previously with systemic CGRP. 280 
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Dural CGRP primes females to subthreshold Sodium nitroprusside 281 

Acute administration of nitric oxide donors has been previously shown to induce migraine in 282 

humans and produce migraine-like behaviors in rodents (Olesen et al., 1993; Olesen and Jansen-283 

Olesen, 2000). It has also been shown that nitric oxide applied to the dura causes CGRP release 284 

(Strecker et al., 2002). We have also shown previously that dural IL-6 or i.c. BDNF primes rats 285 

to subthreshold doses of NO donors (Burgos-Vega et al., 2016).  We next determined whether 286 

dural CGRP could prime rats to a subthreshold systemic dose of the NO donor sodium 287 

nitroprusside (SNP). Prior studies have reported that doses up to 3 mg/kg SNP are subthreshold 288 

on otherwise naïve animals (De Felice et al., 2010). Consistent with the findings in Fig. 2, female 289 

rats that were administered 1 pg dural CGRP exhibited a reduction in withdrawal threshold in the 290 

facial region. Approximately 24-hours following CGRP, female withdrawal thresholds returned 291 

to baseline (Fig. 6). Once animals returned to baseline, a dose of 0.1 mg/kg SNP was given via 292 

intraperitoneal injection. One-hour post injection, females that received dural CGRP 293 

demonstrated significant facial allodynia when compared with controls F (6, 98) = 9.171, 294 

P<0.0001., showing that dural CGRP causes priming to NO donors in female rats. Since males 295 

do not show acute responses to dural CGRP, they were not tested for priming to SNP.  296 

Intraplantar CGRP produces hindpaw allodynia in female rats 297 

To examine whether the specificity of CGRP to induce pain in females was specific to dural 298 

administration, low dose (1 pg) CGRP was administered into the hindpaw of otherwise naïve 299 

male and female rats. At 1 and 3 hours following injection of CGRP, females exhibited 300 

significant hindpaw allodynia when compared with controls F (4, 80) = 5.103, P=0.0010.  (Fig 301 

7D). Males that received CGRP exhibited no significant hindpaw allodynia at any time point 302 

(Fig 7B). Neither males nor females experienced significant facial allodynia at any time point 303 
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following hindpaw injections (Fig 7A and 7C). This suggests that the sex specificity of pain 304 

responses following low dose local injections of CGRP may not be specific to the dura. 305 

 306 

DISCUSSION: 307 

The contribution of CGRP to migraine has been investigated for over 30 years.  However, a role 308 

for peripheral CGRP has only recently been clearly demonstrated by the efficacy of 309 

predominantly peripherally-restricted peptide or receptor monoclonal antibodies in human 310 

migraine patients.  The location of peripheral CGRP that contributes to migraine attacks is not 311 

fully known, but given that afferent signaling from the meninges is necessary for the headache 312 

phase, and CGRP dilates meningeal vessels including on the headache side during attacks 313 

(Asghar et al., 2010; Asghar et al., 2011), meningeal actions of CGRP are one plausible site.  314 

While the mechanisms leading to the higher prevalence of migraine in females are likely 315 

complex and not mediated by a single factor, the data shown here suggest that CGRP-based 316 

signaling from the meninges may contribute to the female-biased nature of this disorder.   317 

Here we show that CGRP administered at doses as low as 1 pg onto the dura of rats and mice 318 

produces facial and hindpaw allodynia in females, but fails to produce allodynia in males at 319 

doses as high as 3.8 μg. At doses of 3.8 μg and 3.8 ng, female rats were also primed to dural pH 320 

of 7.0 and SNP, the latter a migraine trigger in humans.  This implicates dural CGRP not only in 321 

acute nociceptive responses but in the sensitization of females to normally non-noxious triggers 322 

of migraine such as nitric oxide donors.  Similar findings in 2 outbred species suggest that these 323 

female-specific responses to dural CGRP are not a peculiarity of mice and are not an artifact of 324 

genetic manipulation, increasing confidence that these data may translate to other species.  The 325 

acute responses of both males and females to dural IL-6 shows that overall noxious responses to 326 
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dural stimulation occur in males (see also (Burgos-Vega et al., 2018)), but that female-specific 327 

responses only occur with certain stimuli.  We have also shown previously that priming to dural 328 

pH 7.0 occurs in both males and females when the primed state is initiated by IL-6 (Burgos-Vega 329 

et al., 2016), demonstrating that priming following dural stimulation is not female specific.  330 

Further, we have shown the priming to dural pH 7.0 induced by i.c. BDNF occurs in males 331 

(Burgos-Vega et al., 2016), and priming in the DRG/spinal dorsal horn system to BDNF also 332 

occurs in male and female rats (Moy et al., 2018).  Thus, centrally-induced priming is also not 333 

exclusive to females.  Together, these data show that the actions of dural CGRP, and not dural 334 

signaling or priming in general, are female specific. 335 

The anatomical and physiological mechanisms explaining the female-specific responses to dural 336 

CGRP are not clear.  Our data showing responses to hindpaw CGRP injection only in female rats 337 

suggest that these mechanisms may be a feature of peripheral tissue and not unique to the dura.  338 

It was shown recently that CGRP administered into the peritoneal cavity does not result in 339 

differential photosensitivity and grimace between male and female mice (Mason et al., 2017), 340 

that subcutaneous CGRP given into the periorbital skin results in facial allodynia in male mice 341 

(De Logu et al., 2019), and intracisternal CGRP caused behavioral signs of headache in male rats 342 

(Cornelison et al., 2016).  While these studies may seem at odds with the data shown in the 343 

current work, differential doses used in these experiments likely explain the responses in males.  344 

The most closely related study based on injection location/type is that of De Logu et al which 345 

gave up to 15 nmol s.c. under the periorbital skin, where we gave up to 3.8 g (which is 1 nmol, 346 

a dose that showed a small but non-significant response in males, see Fig. 1A) onto the dura.  In 347 

other experiments we gave 0.1 and 1 pg (which is 0.03 and 0.3 femtomol) onto the dura.  In the 348 

hindpaw experiments, we gave 1 pg while other studies that found responses in males gave 349 
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intraplantar doses between 1-10 g (Bileviciute et al., 1998; Shi et al., 2011; White et al., 2014).  350 

Females may thus respond selectively at low doses of CGRP, whereas males respond at much 351 

higher doses.   Additionally, the administration route/location of CGRP may cause differential 352 

effects i.e. systemic or into the CSF vs locally onto the dura.  CGRP signaling mechanisms may 353 

only be sexually dimorphic in certain locations and the location of action of CGRP-mediated 354 

behavioral responses were not determined in those prior studies (e.g. when given i.p. or 355 

intracisternally). Nonetheless, CGRP may have sex-specific actions at nerve endings in 356 

peripheral tissue. Within the dura of rats CGRP is expressed in C-fibers while its receptor is 357 

expressed in Aδ-fibers and these fibers have been reported to run in parallel with one another 358 

(Lennerz et al., 2008; Eftekhari et al., 2013). Because this study was only conducted on males it 359 

is difficult to determine if the presence of CGRP or the receptors would show a different 360 

expression pattern between the sexes. There have been reported differences in gene expression of 361 

CGRP as well as its receptor components. Naive female rats have significantly lower levels of 362 

RAMP1, CLR, and RCP mRNA in the trigeminal ganglion when compared to male counterparts, 363 

but there is no difference in CGRP mRNA (Stucky et al., 2011). Whether or not these differences 364 

in transcript levels in the trigeminal ganglia lead to differential protein expression on nerve 365 

endings in the dura is not clear. 366 

The female-specific actions of CGRP may be mediated in part by blood vessels where CGRP is 367 

one of the most potent endogenous vasodilators. CGRP-expressing fibers are found near both 368 

human and rat dural vessels and CLR and RAMP1 are expressed on smooth muscle cells of these 369 

vessels (Lennerz et al., 2008). Thus, CGRP can act on smooth muscle cells, causing vasodilation 370 

as well as other dilation-independent events that may ultimately lead to afferent nociceptive 371 

signaling (Jacobs and Dussor, 2016). Unfortunately, the previously mentioned study of dural 372 
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CGRP/receptor expression was conducted on male rats only, and the sample size from human 373 

tissue was too small (1 female and 2 males) to address sex differences in receptor expression 374 

patterns. While sex differences in the expression of CGRP receptors on blood vessels remain 375 

largely unexplored, sex specific hormones have been shown to modulate responses within the 376 

vasculature to CGRP. When stimulated with a bolus injection of CGRP, pregnant and 377 

ovariectomized rats receiving hormone replacement of 17β-estradiol and progesterone 378 

experience larger decreases in total vascular resistance when compared with ovariectomized rats 379 

not receiving hormone replacement (Gangula et al., 2001). It has also been shown that pregnant 380 

rats and hormone-treated ovariectomized rats experience larger decreases in mean arterial blood 381 

pressure in response to CGRP when compared with both non-pregnant and ovariectomized rats 382 

(Gangula et al., 1999). Further, 17β-estradiol can potentiate the dilating effects of CGRP on 383 

isolated vessels of ovariectomized rats compared to ovariectomized females with no hormone 384 

replacement (Gupta et al., 2007). These data demonstrate that female sex hormones can cause 385 

increases in vasodilation in response to CGRP.  386 

One additional possibility explaining the sex difference in responses is that dural CGRP may 387 

cause hypersensitivity via the degranulation of mast cells native to the meninges. Degranulation 388 

of mast cells within the dura has been shown to result in excitation of meningeal nociceptors, 389 

activation of the spinal trigeminal nucleus (Levy et al., 2007), and headache behavioral responses 390 

in mice (Hassler et al., 2018). The ability of CGRP to degranulate mast cells may differ between 391 

males and females. In male rats the CGRP receptor components CLR and RAMP1 have been 392 

located on mast cells (Eftekhari et al., 2013); however, the population of these receptor 393 

components and the potential differences in their expression on mast cells has yet to be explored 394 

in female rats. The presence of other functional CGRP receptor components such as CTR on 395 
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dural mast cells and the possible differences in distribution of these components on mast cells is 396 

largely unexplored in both sexes. Mast cells also express receptors for estrogen (ERα) as well as 397 

receptors for progesterone, both of which have been shown to degranulate mast cells (Narita et 398 

al., 2007; Jensen et al., 2010; Zierau et al., 2012). The potential interaction of estrogen and 399 

progesterone in CGRP mediated mast cell degranulation are also unexplored. In humans, it has 400 

been demonstrated that mast cell tryptase was co-localized with CLR but not RAMP1 (Eftekhari 401 

et al., 2013). However, this finding was derived from two males and one female, too small of a 402 

sample size to be conclusive for sex differences. The interactions of female hormones and CGRP 403 

on mast cell degranulation requires further study before it is clear whether this mechanism 404 

contributes to the female-specific response to dural (or hindpaw) CGRP.  405 

There are several technical limitations to the findings in this study.  While cutaneous 406 

hypersensitivity is present in a large percentage of migraine patients during the headache phase 407 

of attacks (Burstein et al., 2000; Lipton et al., 2008), it is not headache.   Consequently, our 408 

findings using facial von Frey testing could potentially be limited to a female-specific role of 409 

dural CGRP in the cutaneous facial hypersensitivity that is present along with migraine attacks.  410 

However, the presence of increased facial grimace responses in females but not males in 411 

response to dural CGRP (Fig. 5) adds an important non-evoked component to the study and 412 

demonstrates that this female-specific effect exists beyond von Frey responses.  Another 413 

technical limitation of the study relates to blinding of the experimenters to the sex of the rodents.  414 

It is difficult, if not impossible, to blind those conducting behavioral responses in rodents to 415 

whether the rodent is male or female.  While all other aspects of the behavioral assays are 416 

blinded, including the treatment groups, we cannot completely eliminate the impact that 417 

knowledge of the sex of the animal may have on the experimental outcomes.  Multiple 418 



 
 

21 
 

investigators have nonetheless observed essentially identical responses, i.e. female-specific 419 

behaviors with dural CGRP, in experiments conducted at different times in the laboratory. 420 

The findings shown here may raise questions regarding the efficacy of CGRP/CGRP receptor 421 

monoclonal antibodies for migraine in males.  Patient demographics from published clinical 422 

trials on erenumab, fremanezumab, galcanezumab, and eptinezumab all show patient populations 423 

that are > 80% female so it may not be clear whether these therapeutics are efficacious in a 424 

smaller percentage of males or whether higher doses may be required to achieve the same 425 

efficacy in males (Dodick et al., 2014b; Reuter et al., 2018; Rosen et al., 2018; VanderPluym et 426 

al., 2018).  Alternatively, since we show that substantially lower doses of CGRP cause 427 

behavioral responses in females, the minimum concentration of CGRP necessary to contribute to 428 

migraine may be much lower in females, which may also be a contributing factor to why females 429 

are more susceptible to attacks.  However, once CGRP reaches the minimum concentrations to 430 

cause effects (which again, is lower in females), the antibodies could then work equally in males 431 

and females since in either case they are simply lowering CGRP concentrations or blocking 432 

receptor signaling.  Efficacy in males may also depend on the site of action of these antibodies in 433 

humans and whether they act in a location that displays sexually-dimorphic CGRP signaling.  If 434 

their primary site of action is not in a location where CGRP has a female-specific effect, the 435 

antibodies will likely work equally in males and females.  In any case, when considering that 436 

females make up the majority of the clinical population of migraine sufferers (Dodick et al., 437 

2014b; Vermeersch et al., 2015; Monteith et al., 2017; Halker Singh et al., 2018), the higher 438 

percentage of females in both the clinical trials and the general patient population fortunately 439 

aligns with any female-specific efficacy of these therapeutics. While reasons for the sexually 440 

dimorphic response to dural CGRP shown here are still unknown, these findings demonstrate the 441 
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need for sex-specific migraine therapeutics, as mechanisms contributing to migraine in males 442 

and females likely differ.  And although CGRP plays a clear role in migraine, this does not imply 443 

that migraine is exclusively a CGRP-based disorder; other peptides such as pituitary adenylate-444 

cyclase activating polypeptide (PACAP) may also contribute (Rubio-Beltran et al., 2018), and 445 

there may be similar sex-specific actions of this peptide to consider.  These findings also 446 

highlight the need for determining whether new therapeutics have sex-specific mechanisms of 447 

action, as selecting the proper sex in clinical trials may be key in demonstrating efficacy.  448 

 449 

 450 
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Figure Legends: 613 

 614 

Fig. 1 Dural administration of CGRP produces facial hypersensitivity and priming in female but not in 615 

male rats. Baseline facial withdrawal thresholds were determined prior to dural stimulation with either 616 

100 uM CGRP (A) (n=10 females, n= 7 males), 0.1 uM  CGRP (n=4 females) (B) or vehicle (n=5 females, 617 

n=7 males).  A dural injection of pH 7.0 SIF was given in all groups at day 5 following either dural CGRP or 618 

dural vehicle.  Two-way ANOVA followed by Bonferroni post hoc test indicated significant differences in 619 

females treated with 100 uM CGRP F (27, 250) = 2.591, P<0.0001. and in females treated with 0.1 uM 620 

CGRP F (9, 70) = 3.695 P=0.0008. 621 
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 622 

Fig. 2 Dural application of CGRP produces facial hypersensitivity in female rats at doses as low as 1 pg. 623 

Facial withdrawal thresholds were measured prior to and following dural stimulation with either 0.1 pg 624 

CGRP(n=6), 1 pg CGRP(n=6), or vehicle pH 7.4 SIF (n=8). Two-way ANOVA followed by bonferroni post 625 

hoc test revealed significant differences in the 1 pg CGRP treated group. F (8, 85) = 11.07, P<0.0001. 626 

 627 
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Fig. 3 Dural application of IL-6 induces priming to dural CGRP in females but not males. Facial 628 

withdrawal thresholds were measured in female (A) and male (B) rats before and after administration of 629 

either 0.1ng dural IL-6 (n= 10 females, n= 11 males) or vehicle pH 7.4 SIF (n=9 females, n=11 males). At 630 

72 hours post dural IL-6, all animals received a subthreshold dose of dural CGRP (0.1pg). Two-way 631 

ANOVA indicated significant effect of CGRP in the IL-6 treated group of females. The significant 632 

differences of the means for each group were determined by analysis of variance followed by Bonferroni 633 

post hoc test. F (9, 176) = 7.065 , P<0.0001. 634 

 635 

Fig. 4 Intracisternal administration of BDNF induces priming to dural CGRP in females but not males. 636 

Facial withdrawal thresholds were measured in female (A) and male (B) rats before and after either 637 

cisternal injection of 1 pg BDNF (n= 6 females, n= 6 males) or vehicle (aCSF, pH 7.4) (n=6 females, n=6 638 

males). At 72 hours post dural IL-6 when animals had baselined, 0.1pg CGRP was administered to the 639 

dura. Two-way ANOVA indicated a significant effect of CGRP in the BDNF treated group of females. The 640 

significant differences of the means for each group were determined by analysis of variance followed by 641 

Bonferroni post hoc test. F (9, 100) = 7.467, P < 0.0001. 642 
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 643 

Fig. 5 Dural application of CGRP in mice causes hypersensitivity (A) and grimace (B) in females but not 644 

males. For all animals, Von Frey baselines as well as Grimace Score baselines were recorded following 645 

dural injection of CGRP (n= 6 females, n= 4 males) or vehicle (n= 4 males) then ANOVA with bonferroni 646 

post hoc test showed significant differences in withdrawal thresholds for the female-treated group F 647 

(20, 121) = 4.466, P<0.0001 as well as significant grimacing, F (16, 99) = 2.033, P=0.0178. 648 
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 649 

Fig. 6 Dural application of CGRP primes female rats to a subthreshold nitric oxide donor. Facial 650 

withdrawal thresholds were measured in females before and after either 1 pg CGRP (n= 9) or vehicle pH 651 

7.4 SIF (n=7) applied to the dura. At 24 hours following dural CGRP or dural vehicle, all rats were given 652 

0.1 mg/kg SNP (i.p.).  Two-way ANOVA indicated significant effect of SNP in the CGRP-treated group with 653 

no response to SNP in the vehicle-treated group. Significant differences in the means of each group 654 

were determined by analysis of variance followed by Bonferroni post hoc test. F (6, 98) = 9.171, 655 

P<0.0001. 656 

 657 

 658 

 659 
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 660 

Fig. 7 Intraplantar administration of CGRP results in hypersensitivity of the hindpaw in females but 661 

not males. Facial and paw withdrawal thresholds for males (A and C) and females (B and D) were tested 662 

prior to and following injection of 1 pg CGRP (n = 9 females, n= 10 males) or vehicle (1X PBS, pH 7.4) (n = 663 

9 females, n= 10 males). Two-way ANOVA followed by bonferroni post hoc test indicated significant 664 

hindpaw allodynia in the hindpaws of CGRP treated females. F (4, 80) = 5.103, P=0.0010.  No significant 665 

facial hypersensitivity was observed following intraplantar CGRP administration. 666 
















