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THE ROLE OF RELEVANT PEPTIDES ON THE SEX-SPECIFIC NATURE OF MIGRAINE 

Amanda Avona, PhD 
The University of Texas at Dallas, 2021 

ABSTRACT 

Supervising Professor:  Gregory Dussor 

Migraine is considered to be both one of the most disabling and common disorders worldwide yet, 

migraine is both more common and disabling among women. While this disorder effects 2-3 times 

as many women as men across the globe the reasons for this disparity are not known. These data 

present new insights regarding how calcitonin gene-related peptide interacts with the 

predominantly female hormone prolactin to create female-specific hypersensitivity in rodent 

models of migraine. This sensitivity to dural CGRP is also contingent on the presence of ovarian 

secreted hormones, although it is not yet clear which are responsible for mediating this effect. 

While CGRP is likely in part responsible for the prevalence of migraine in women, in this 

dissertation we present evidence that dural amylin leads to hypersensitivity in males, but not in 

females. As such amylin may mediate migraine in males; however, ovariectomized females 

demonstrate more robust responses to dural amylin, than their male counterparts. This suggests 

that ovarian derived hormones may block responses to dural amylin. The data covered in this 

project may provide valuable information for the development of sex-specific migraine 

therapeutics. 
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CHAPTER 1 

THE ROLE OF SEX-SPECIFIC HORMONES AND MIGRAINE RELEVANT 

PEPTIDES IN MIGRAINE 

 

Migraine is a complex neurological disorder the symptoms of which are variable among 

patients, but commonly consist of unilateral throbbing pain, photophobia, phonophobia, cutaneous 

hypersensitivity in the face and body, nausea, and fatigue [40; 42; 142; 175; 202]. Due to the nature 

of these symptoms migraine is considered to be the 2nd most disabling disease world-wide [62]. 

Migraine symptoms can surface prior to the headache phase of migraine during what is referred to 

as the prodrome, or premonitory, phase of migraine. During the prodrome patients may feel 

fatigue, nausea, photophobia or phonophobia. Migraine is a highly multifactorial disorder and what 

may trigger an attack in one migraineur will not necessarily evoke a migraine in another patient 

[6; 142]. Commonly reported triggers include consumption of alcohol, alterations in sleep wake 

patterns and stress. The most commonly self-reported trigger for migraine attacks is stress [142]. 

While certain studies suggest that women more commonly perceive stress as a trigger for their 

migraine attacks when compared with men, [126] whether or not there are differences in stress 

induced migraine experienced by men and women remain unclear.  

The circuitry of migraine is complex, but migraine related pain is thought to originate from 

activation and sensitization of dural afferents typically via inflammatory or mechanical stimulation 

[158; 253]. these signals are received the trigeminal ganglia (TG) [41]. These are then sent to 

higher order neurons in the trigeminal nucleus caudalis (TNC), followed by processing in the 
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cortex to allow for the perception of pain. It is thought that inflammatory cytokines likely play a 

role in meningeal afferent stimulation [41; 103]. 

Migraine is one of the top 6 most common disorders across the globe in both men and 

women [71]. Yet migraine is primarily experienced by women, with 2-3 times as many women 

suffering from migraine as men. In childhood there is not an obvious sex discrimination in the 

incidence of migraine [27]. This disparity typically begins around the onset of puberty and is lost 

following menopausal years [43; 230; 231]. Among women aged 15-49 migraine is considered to 

be the leading cause of disability [230]. Reasons for the sexually dimorphic nature of migraine are 

not clear, although here we present data offering new insights into how various migraine relevant 

peptides may differentially mediate migraine between the sexes. Given the onset of migraine 

during puberty and that a large portion of women report that their migraines coincide with changes 

in the menstrual cycle or occur with menstruation, there is likely a hormonal component [166]. 

There is long held evidence that sexually specific hormones may protect against or mediate 

migraine attacks. 

 The predominantly male hormone testosterone has long been thought to serve a protective 

role in inflammatory and chronic pain conditions. Testosterone treatment in men decreases the 

presence of the proinflammatory cytokines tumor necrosis factor α (TNFα), interleukin (IL)-1β, 

and IL-6 [168; 170; 187] both of which are upregulated in during migraine[91; 214; 270]. Studies 

have demonstrated that men with chronic migraine have significantly lower testosterone levels 

than healthy controls [221]. Testosterone treatment in men with cluster headache resolved 

headaches and in some patients lead to remission [232]. Additionally, testosterone not only 
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contributes to antinociception in males, but has similar effects in females. For example, women 

with chronic migraine that received continuous testosterone via subcutaneous implant reported 

decreased severity and frequency of migraines [102]. 

As previously stated, the literature establishes the role of testosterone as being widely 

protective against pain and inflammation. However, the role of estrogen remains unclear. E2 was 

shown to increase facial receptive fields of trigeminal ganglia (TG) neurons in rats as well as 

decrease the thresholds for activation these fields, making the argument that E2 may contribute to 

female-specific pain states mediated by the TGs, such as migraine [77]. Within the last year, 

estrogen receptors (ERs) were found to be more abundant in female than male rats in the TG [262]. 

These data, combined with data showing ER agonists lead to blood vessel dilation in the dura 

[262], have led to speculation that E2 may contribute to predominantly female pain disorders such 

as migraine and temporomandibular joint syndrome. In contrast, many data have been published 

that suggest estrogen plays a protective role against inflammation and pain disorders. Estrogen has 

been shown to attenuate lymphocyte extravasation following exposure to TNFα, as well as reduce 

the trafficking of immune cells in response to inflammation [169]. Moreover, the estrogen steroid 

hormone 17β-E2 serves a protective role at the blood-brain barrier, helping to maintain tight 

junctions between endothelial cells [149; 262]. Decreases in E2 following menopause correlate 

with increases in the proinflammatory cytokines IL-6, IL-1β, and TNFα [201]. Ultimately, E2 

levels may be responsible for these conflicting reports, as low levels of estrogen have been shown 

to increase inflammatory mediators, but estrogen replacement can lead to a reduction in these 

inflammatory cytokines. In agreement with this statement, certain migraine attacks are evoked by 
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estrogen withdrawal [1; 167]; however, the use of estrogen-containing contraceptives has been 

noted to induce migraine attacks [4; 107; 173]. These data indicate that fluctuations in E2 levels 

may aid in the development of pain states in women, whereas stability of E2 levels may serve a 

protective role against nociceptive signaling (see Fig. 2). 

 Prolactin (PRL) is a female-specific hormone that is also thought to contribute to migraine. 

Women that have previously not experienced migraines have reported onset of migraines 

following development of PRL  secreting tumors called microprolactinomas [31]. In these patients 

increased PRL levels are associated with migraine attacks [31]. Furthermore bromocriptine, which 

prevents secretion of PRL from the pituitary, has been shown to treat migraine [106; 121]. A cross-

sectional study found that women with migraine had no significant difference in levels of estrogen, 

luteinizing hormone, or follicle stimulating hormone, but women with migraine did have 

significantly higher levels of PRL than their healthy counterparts [194]. Additionally, PRL 

sensitizes the pain signaling channels TRPV1, TRPM8, and TRPA1 within the dorsal root ganglia 

of female, but not male mice [199]. PRL additionally mediates other pain states including heat 

induced hyperalgesia [197] and chronic pain [195]  a female-specific manner.  

Interestingly, PRL also acts as an inflammatory cytokine [29; 127]. PRL belongs to the 

Interleukin-6 (IL-6) family cytokines, which includes IL-6, IL-11, IL-27, Cardiotrophin-1, 

Cardiotrophin-like cytokine, and oncostatin M [208]. The cytokines in this family share the 

receptor subunit glycoprotein 130 kDa activation of which is mediated via janus kinases or JAKS 

which dimerize with signal transducer and activator of transcription (STATs) [154; 209]. The IL-

6 family cytokines signal through JAK1/STAT3 [222; 257]. Among these cytokines IL-6 has 
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additionally been heavily implicated in migraine. IL-6 is upregulated in the serum and blood of 

migraine patients during an attack [91; 214; 270].  PRL has may also aid in the production of IL-

6 induced peripheral allodynia [195], intrathecal administration of a PRL receptor antagonist 

(ΔPRL) blocks responses to IL-6 in female mice. Furthermore, co-injection of PRL with IL-6 

increases hindpaw hypersensitivity in female mice when compared with those that received IL-6 

alone [74; 186; 258]. IL-6 also has been shown to cause facial hypersensitivity following direct 

application onto the dura of both mice and rats [37; 39]. Due to the likely contribution of IL-6 to 

the migraine pathology, and prolactin in the migraine pathology we have chosen to explore the 

potential differences in IL-6 induced hypersensitivity in male and female rats. 

These hormones and cytokines, while involved in the migraine pathology, likely are not a 

sole cause of migraine rather it is probable that they interact with one of, or a series of, peptides 

that have been implicated in the migraine pathology. observed to lead to migraine attacks. Among 

these are poly adenylate cyclase activating peptide (PACAP), calcitonin gene-related peptide 

(CGRP), and the CGRP relative amylin. PACAP is a potent vasodilator found in the TG and TNC 

[24; 87; 250]. Administration of the PACAP isoform PACAP-38 has been shown to induce 

migraine attacks in migraineurs [218]. Plasma levels of PACAP-38 are also increased during 

migraine attacks [249]. PACAP is heavily involved in regulation of the hypothalamic-pituitary-

adrenal (HPA) axis and the stress response [122] and is likely involved in stress induced-migraine.  

 Calcitonin gene-related peptide (CGRP) has long been associated with migraine. CGRP is 

widely expressed in dural afferent fibers and the TG [88; 131].  CGRP is upregulated in the blood, 

saliva, and cerebrospinal fluid of patients during an attack [14; 23]. Additionally, intravenous 



administration of CGRP triggers migraine attacks in migraineurs [27]. Intravenous CGRP also 

leads to cranial vasodilation [9]. Furthermore, CGRP antagonists and monoclonal antibodies 

against both CGRP and the CGRP receptor have been proven effective in reducing migraine 

frequency and severity [12; 19].  

While the role of PACAP and CGRP in migraine have been heavily explored for a long 

duration of time, amylin has more recently been implicated in the migraine pathology. Similar to 

CGRP and PACAP the amylin analog pramlintide has been shown to induce migraine in migraine 

patients [101]. Amylin and the amylin receptor components calcitonin receptor (CTR), and 

receptor activity modifying protein 1, 2, and 3 (RAMP1, RAMP2, and RAMP3) have all been 

found within the TGs [84; 260]. Amylin and CGRP share affinity for the canonical CGRP receptor 

which is comprised of calcitonin receptor like receptor (CLR) and RAMP1 [124]. Therefore, it is 

possible that they would exert similar effects within the trigeminal ganglia and potentially result 

in similar behavior responses in migraine models.   

Here we have chosen to explore the role of the outlined migraine relevant peptides and 

ovarian derived hormones, with an emphasis on the role of PRL, in the sexual dichotomy of 

migraine. We examine the role of these peptides in a previously established migraine models [39; 

81]. In addition to these models, which involve direct dural stimulation, we utilize a model of stress 

induced migraine that we have developed here.  

6 
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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 μg 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 μg 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. 
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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. 

 

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 [230]. 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 

https://www.jneurosci.org/content/39/22/4323.long#ref-19
https://www.jneurosci.org/content/39/22/4323.long#ref-19
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influence of hormones on the pathology [43; 230; 231]. 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 [82; 135]. Attacks can be triggered in migraine patients by intravenous CGRP [152] 

and can be treated by inhibitors of CGRP signaling [241]. 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 [72; 73; 

117]. 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 [132]. 

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 [9; 10]. Similar dilation of 

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

migraine [143]. 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. 
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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 [203; 236], 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. 

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 [157], 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 
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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 μl injections of CGRP, 

interleukin-6 (IL-6), or synthetic interstitial fluid (SIF) as vehicle (see Table 2.1). 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, 
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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 [39]. 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 μl 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. 

Rat intracisternal injections 

Intracisternal injections were administered in a volume of 10 μl at a rate of 1 μl/s and performed 

in rats as previously described [52]. 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 



21 

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 μl 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 
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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 [39]. 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 [39]. Filament thresholds were determined 

using the Dixon “up-and-down” method. Testing in 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 [151]. Grimace was conducted on mice 

before von Frey testing for all time points. All investigators were blinded to experimental 

conditions. 

Drugs 

α-Rat CGRP (Bachem) stock solution was prepared in ddH2O (1 mg/ml) and diluted in SIF 

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

mm MgCl2 (pH 7.4, 310 mOsm). Rat recombinant IL-6 (R&D Systems) stock solution (10 
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μg/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 KH2PO4, 2 mm CaCl2, 2 

mm MgSO4, 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 2.1: 

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

Drug Source Dose Administration 
Route  

α-Rat CGRP Bachem 3.8 μg/10 μl; 3.8 
ng/10 μl; 1 pg/10 μl; 
0.1 pg/10 μl 

 Dural; intraplantar 

Rat recombinant IL-6 R&D Systems 0.1 ng/10 μl  Dural 

Human recombinant 
BDNF 

R&D Systems 1 pg/10 μl 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 [37]. For dural CGRP experiments in mice, the sample 
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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 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 μm CGRP applied to the dura does not sensitize or excite 

meningeal nociceptors in anesthetized rats [157]. 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 μm. Dural application of 100 μm (3.8 μg) 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 2.1: 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 μm CGRP (A) (n = 10 females, n = 7 males), 0.1 μm 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 μm CGRP 

(F(27,250) = 2.591, p < 0.0001) and in females treated with 0.1 μm CGRP (F(27,250) = 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 [37]. Here we show that, 5 d after injection of CGRP, all animals returned to baseline 

withdrawal threshold. Rats were then injected with 10 μl 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). 

https://www.jneurosci.org/content/jneuro/39/22/4323/F1.large.jpg?width=800&height=600&carousel=1
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While female rats responded to 3.8 μg 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 μg 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 μg value as a dose was based on the original publication using dural 

application of 100 μm 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 2.2: 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 [37]. 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 

https://www.jneurosci.org/content/jneuro/39/22/4323/F2.large.jpg?width=800&height=600&carousel=1
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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). 

Figure 2.3: 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 each group were 

https://www.jneurosci.org/content/jneuro/39/22/4323/F3.large.jpg?width=800&height=600&carousel=1
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determined by ANOVA followed by Bonferroni post hoc test (F(9,176) = 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 [37]. 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 2.4: 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 CGRP to the dura of both male and female mice. Similar to what was 

seen with rats, female mice exhibited a 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 

https://www.jneurosci.org/content/jneuro/39/22/4323/F4.large.jpg?width=800&height=600&carousel=1
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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). 

Figure 2.5: 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(20,121) = 4.466; **p < 0.01, ****p < 0.0001) as well as 

significant grimacing (F(16,99) = 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 [204]. To examine whether the hypersensitivity 

https://www.jneurosci.org/content/jneuro/39/22/4323/F5.large.jpg?width=800&height=600&carousel=1
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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 [189; 190]. It has also been shown that 

nitric oxide applied to the dura causes CGRP release [234]. We have also shown previously that 

dural IL-6 or intracisternal BDNF primes rats to subthreshold doses of NO donors [37]. 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 [64]. 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 
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facial allodynia compared with controls (F(6,98) = 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. 

Figure 2.6: 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. 

https://www.jneurosci.org/content/jneuro/39/22/4323/F6.large.jpg?width=800&height=600&carousel=1
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Significant differences in the means of each group were determined by ANOVA followed by 

Bonferroni post hoc test (F(6,98) = 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 2.7: 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 (1× 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(4,80) = 5.103; **p < 0.01, ***p < 0.001). No significant facial hypersensitivity 

https://www.jneurosci.org/content/jneuro/39/22/4323/F7.large.jpg?width=800&height=600&carousel=1
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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 [9; 10] 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 μg. At doses of 3.8 μg 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 
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acute responses of both males and females to dural IL-6 show that overall noxious responses to 

dural stimulation occur in males (see also [39]), 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 [37], 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 [37], and priming in the 

DRG/spinal dorsal horn system to BDNF also occurs in male and female rats [183]. 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 [172], that subcutaneous 

CGRP given into the periorbital skin results in facial allodynia in male mice [66], and 

intracisternal CGRP caused behavioral signs of headache in male rats [58]. 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 [66], which gave up to 15 nmol (s.c.) under the periorbital skin, 

where we gave up to 3.8 μg (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 
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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 μg [26; 220; 

264]. 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 Aδ fibers; and these fibers have been reported to run in 

parallel with one another [88; 155]. 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 [236]. 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 
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these vessels [155]. 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 

[133]. 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 17β-estradiol and progesterone experience larger decreases in total vascular 

resistance compared with ovariectomized rats not receiving hormone replacement [98]. 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 [97]. Further, 17β-estradiol can potentiate the dilating effects of CGRP 

on isolated vessels of ovariectomized rats compared with ovariectomized females with no 

hormone replacement [112]. 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 shown to result in excitation of meningeal nociceptors, 

activation of the spinal trigeminal nucleus [156], and headache behavioral responses in mice 

[123]. The ability of CGRP to degranulate mast cells may differ between males and females. In 
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male rats, the CGRP receptor components CLR and RAMP1 have been located on mast cells 

[88]; 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 [136; 184; 275]. 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 [88]. 

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 [42; 160], 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 



 

  

41 

 

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 [72; 206; 210; 252]. 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 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 
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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 [72; 117; 181; 254], 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 [211], 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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ABSTRACT 

Objective: Migraine is three times more common in women. CGRP plays a critical role in 

migraine pathology and causes female-specific behavioral responses upon meningeal application. 

These effects are likely mediated through interactions of CGRP with signaling systems specific 

to females. Prolactin (PRL) levels have been correlated with migraine attacks. Here, we explore 

a potential interaction between CGRP and PRL in the meninges. 

Methods: Prolactin, CGRP, and receptor antagonists CGRP8-37 or Δ1-9-G129R-hPRL were 

administered onto the dura of rodents followed by behavioral testing. Immunohistochemistry was 

used to examine PRL, CGRP and Prolactin receptor (Prlr) expression within the dura. 

Electrophysiology on cultured and back-labeled trigeminal ganglia (TG) neurons was used to 

assess PRL-induced excitability. Finally, the effects of PRL on evoked CGRP release from ex 

vivo dura were measured. 

 Results: We found that dural PRL produced sustained and long-lasting migraine-like behavior 

in cycling and ovariectomized female, but not male rodents. Prlr was expressed on dural afferent 

nerves in females with little-to-no presence in males. Consistent with this, PRL increased 

excitability only in female TG neurons innervating the dura and selectively sensitized CGRP 

release from female ex vivo dura. We demonstrate crosstalk between PRL and CGRP systems as 

CGRP8-37 decreases migraine-like responses to dural PRL. Reciprocally, 1-9-G129R-hPRL 
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attenuates dural CGRP-induced migraine behaviors. Similarly, Prlr deletion from sensory 

neurons significantly reduced migraine-like responses to dural CGRP. 

Interpretation: This CGRP-PRL interaction in the meninges is a mechanism by which these 

peptides could produce female-selective responses and increase the prevalence of migraine in 

women.  

 

 

Abbreviations: acid-sensing ion channels (ASICs), Calcitonin Gene-Related Peptide 

(CGRP), Cluster of differentiation 31 (CD31), Conditional Knockout (CKO), Dorsal Root 

Ganglia (DRG), Hypothalamic-Pituitary-Ovarian axis (HPO-axis), Prolactin (PRL), 

Prolactin Receptor (Prlr), 1-9-G129R-hPRL (ΔPRL), Tyrosine Hydroxylase (TH), 

Trigeminal Ganglia (TG). 

 

INTRODUCTION 

Migraine is one of the most sexually dimorphic neurological disorders with prevalence in women 

at 2-3 times more than men. Among women ages 15-49, migraine is ranked as the most common 

cause of disability [207; 230]. While little is known about the underlying causes for the higher 

prevalence of migraine in females, the largest differences between sexes occurs after the onset of 

puberty and before menopause, many women have increased susceptibility to attacks during 

specific days of the cycle, and the frequency/severity of attacks can change across pregnancy, all 
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of which strongly suggest that sex-specific hormone levels influence the pathology [43; 230; 

231].   

Among the hormones potentially mediating the increased migraine prevalence in women, the 

pituitary-derived hormone prolactin (PRL) is among the least studied.  PRL release from the 

pituitary of humans and rodents is regulated by gonadal hormones, but also by trauma and stress 

[20]. Although migraine patients do not have higher basal serum PRL levels compared to 

controls [110], PRL has been shown to rise during migraine attacks in patients with 

microprolactinoma; importantly, PRL levels do not rise during tension-type-headaches [32]. 

Further, some cases of migraine can be treated by bromocriptine, which blocks the release of 

PRL from the pituitary [105; 121], a treatment typically given for hyperprolactinemia.  It has 

been reported that women who have never experienced migraine, began reporting migraine 

attacks that correlate with being diagnosed with microprolactinomas [31]. Moreover, patients 

with a history of migraine were found to develop chronic migraine that was correlated with 

increasing PRL levels [50]. This suggests that the elevated PRL levels in hyperprolactinemic 

patients increases the susceptibility to migraine.  

Calcitonin gene-related peptide (CGRP) signaling plays a critical role in migraine pathology 

since plasma levels rise during attacks, intravenous administration can trigger attacks, and there 

are now multiple FDA-approved therapeutics that target CGRP or its receptor [83].  Despite the 

established role for CGRP in migraine, the locations and mechanisms that mediate its actions 

remain unclear.  We showed previously that dural application of CGRP caused female-specific 

behavioral responses in a preclinical migraine model [12], but the signaling system mediated the 
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sexual dimorphism was not identified.  The purpose of the present study was to 1) evaluate 

whether dural PRL signaling, particularly in sensory afferents, exhibits sexually-dimorphic 

effects that may contribute to sex/gender differences in migraine; and 2) determine whether there 

is potential crosstalk between PRL and CGRP signaling within the meninges that can explain the 

female-selective effects of CGRP in this tissue. 

METHODS  

Animals: 

In this study, 12-to 14-week-old 260-300 g female and 300-350 g male Sprague Dawley rats 

(Taconic; Rensselaer, NY), 6- to 8-week old female and male ICR mice (Envigo; Indianapolis, 

IN), 6-8 week-old ovariectomized CD-1 mice (Charles River; Houston, TX; ovariectomy 

surgeries were performed by Charles River before shipping) and 6- to 8-week-old Nav1.8cre/-/ 

Prlrfl/fl mice on C57/BL6 background were used for behavioral experiments. The Prlrfl/fl line was 

generated by inserting lox sites for deletion of the 4th exon and causing a mRNA-eliminating 

frame shift as previously described [35]. Ex-vivo experiments were conducted on 8-12-week-old 

female and male C57/BL6 mice (Jackson Laboratory; Bar Harbor, ME). Primary cultures from 

Prlrcre/-/Rosa26LSL-tdTomato/+ animals were used for electrophysiology experiments. Additionally, 

these animals were used in immunohistochemistry experiments. Estrous phases were determined 

by vaginal gavage as described previously[45]. Animals were housed with access to food and 

water ad libitum on a 12 h light/dark cycle. Animals were allowed to acclimate to the facility for 

72 hours prior to handling and habituation.  
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Rat Cannula implantation and drug delivery  

All rat dural injections were administered at a total volume of 10 μl via an implanted cannula. 

For the cannula implantation surgery, rats were initially anesthetized at 5% isoflurane via a nose 

cone; once animals no longer demonstrated a paw-pinch reflex, isoflurane was lowered to 2-

3.5% for the entirety of the surgery. A longitudinal incision was made through the scalp down 

the midline to expose the skull. Two screws were inserted below bregma on either side of 

midline. Using a pin vise (Grainger Industries; Lake Forest, IL) set to a length of 1 mm to leave 

the dura intact. A 1 mm burr hole was created using a stereotaxic frame at the coordinates to sit 

above the middle meningeal artery (8 mm anteroposterior, -2 mm mediolateral, 1 mm 

dorsoventral). A guide cannula (P1 Technologies; Roanoke, VA; C313G/SPC gauge 22) was 

then inserted into the burr hole and sealed using Vetbond (3M).  Hygenic orthodontic resin 

(Coltene) was used to anchor the cannula to the screw and skull. After the resin hardened a 

dummy cannula (P1 Technologies 313DCSPC 0.014–0.36 mm fit 1 mm) was inserted into the 

guide cannula to prevent clogging. Following 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 approximately 7 days.  

Mouse dural injections 

Mouse dural injections were performed according to previously published methods [38]. Briefly, 

mice were anesthetized under isoflurane for <2 minutes and injected with a modified internal-

cannula (Invivo1, part #8IC313ISPCXC, Internal Cannula, standard, 28 gauge). The inner 
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portion of the cannula was adjusted with calipers to extend from 0.5 to 0.65 mm in length. This 

inner portion was used to inject a volume of 5 μl through the soft tissue at the intersection of the 

lambdoidal and sagittal sutures. 

Mouse Von Frey testing 

Mice were handled for a single 5-min session at 24-hours prior to habituation to the behavior 

chambers.  During each session of habituation animals were placed in 4 oz paper cups (Choice) 

for 2 hours a day for 3 consecutive days as previously described [38]. Habituation was done in 

the rooms where all further behavioral testing occurred to acclimate animals to the room and 

light conditions. Von Frey testing of the periorbital skin [38] was used to assess baseline values 

following habituation prior to stress as well as mechanical hypersensitivity that resulted from 

drug treatments.  Food was placed in the chamber for each animal for each day of testing. 

Baselined animals were defined as animals that exhibited a withdrawal threshold approximately 

0.5 g - 0.6 g. Filaments greater than 0.6 g were not used. This was set as the maximum gram 

weight in our initial development of this preclinical model [38].The majority of mice showed 

facial responses above the 0.6 g threshold. Mice with a baseline threshold lower than 0.5 g at the 

end of 4 days were excluded from experiments. Mechanical thresholds were determined by 

applying von Frey filaments to the periorbital region of the face (the midline of the forehead at 

the level of the eyes) in an ascending/descending manner starting from the 0.07 g filament. 

Briefly, if an animal did not respond, increasing filament forces were applied until the 0.6 g 

filament was reached or until a response was observed. If the animal responded to a specific 
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filament, decreasing filament forces were applied until the 0.008 g filament was reached or until 

there were no responses. A response was defined as a mouse actually removing/swiping the 

filament away from its face during application. All animals were numbered and randomly 

allocated to experimental groups by drawing from pre-labeled paper slips.  All experimenters 

were blinded to the treatment groups until the end of each experiment. 

Rat Von Frey testing 

Rats were handled for a single 5-min session at 24-hours prior to habituation to the behavior 

chambers. Rats were subject to 2-hour sessions of habituation a day for 3 days. During each 

session of habituation animals were placed in testing chambers in the rooms where all further 

behavioral testing occurred to acclimate animals to the room and light conditions. Baselined rats 

were required to have a periorbital von Frey threshold of 8 g, animals were not tested above 8 g 

for comparison with previous experiments[12; 37]. If a rat did not meet this threshold by end of 

habituation they were not included in experiments. Rats withdrawal thresholds were assessed in 

the same ascending/descending manner as mice; however, testing began at 1 g with a maximum 

of 8 g, and minimum of 0.4 g. 

Primary TG neuron Cultures 

Trigeminal ganglia (TG) neurons that innervate the dura mater were identified by dural injection 

(5 l) of 1% WGA-488 (Applied Biosystems; Foster City, CA) 48 hours prior to vaginal 

smear/TG neuronal culture generation. Vaginal smears were performed on mice from separate 
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cages. Only mice in the estrous phase of the reproductive cycle were used for TG neuronal 

culture preparation and subsequent patch clamp recording. WT or reporter mice, including 

Prlrcre/-/Rosa26LSL-tdTomato/+, were used for patch clamp recording. For TG dissection, mice were 

deeply anaesthetized with isoflurane (0.3 ml in 1 liter administered for 60-90 sec) and sacrificed 

by cervical dislocation. The V1 area of the TG was quickly removed, and neurons were 

dissociated by treatment with a 1 mg/ml collagenase-dispase (Roche, Indianapolis, IN) solution. 

Cells were maintained in DMEM supplemented with 2% fetal bovine serum (FBS), 2mM L-

glutamine, 100U/ml penicillin and 100 g/ml streptomycin and no NGF. Experiments were 

performed within 6-24 hr after TG neuron plating. 

Dural CGRP Release Assay 

Mustard oil (MO: Fluka, St. Louis, MO) stock (100%) was diluted in Hank’s buffer (HBSS) to 

0.01% (1 mM). HBSS was pH adjusted to 6.9 using HEPES (20 mM). The entire mouse dura 

from 2 separate mice were combined and submerged into a single well and treated as an N of 1. 

Dura remained submerged for the entirety of release experiments. Experiments were carried out 

at 37ºC. Dura tissues were washed once with HBSS and then soaked in HBSS for 30 min to 

equilibrate, the supernatant was collected for measurement of baseline CGRP release after 15 

min in HBSS. Tissues were then exposed for 3 min to MO, pH 6.9 HBSS, MO+PRL or pH 6.9 

HBSS+PRL (PRL was used at 1 g/ml), then each solution was replaced with HBSS. Tissues 

were maintained for additional 15 min in HBSS. The total evoked CGRP release was measured 

by pooling the 3 min treatment exposure sample with a 15 min vehicle post-exposure sample. 
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Dura biopsies were only used once and only exposed to one sequence of treatments. The CGRP 

radioimmunoassay was conducted as previously described[212] with a primary antibody against 

CGRP (final dilution, 1:1x106; kindly donated by Dr. Michael J. Iadarola (NIDCR/NIH, 

Bethesda, MD). CGRP release data were normalized by the weight of fresh dura biopsies, to 

avoid compromising tissue as it dries. Data are presented as percent release above baseline. 

Electrophysiology  

Recordings were made in whole-cell current clamp configuration at 22-24ºC. Data were acquired 

and analyzed using an Axopatch 200B amplifier and pCLAMP 10.6 software (Molecular 

Devices, Sunnyvale, CA). Recorded data were filtered at 5 kHz and sampled at 20 kHz. 

Borosilicate pipettes (Sutter, Novato, CA) were polished to resistances of 2-3 M. Access 

resistance (Rs) was compensated (40-80%) to maintain resistance <6-8 M. Data were rejected 

when Rs changed >20% during recording, leak currents were >100pA, or input resistance was 

<300 M. Standard external solution (SES) contained (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 

MgCl2, 10 D-glucose and 10 HEPES, pH 7.4. The standard pipette (internal) solution (SIS) 

contained (in mM): 140 KCl, 1 MgCl2, 1 CaCl2, 10 EGTA, 10 D-glucose, 10 HEPES, pH 7.3, 

2.5 ATP and 0.2 GTP. Drugs were applied by a fast, pressure-driven and computer controlled 4-

channel system (ValveLink8; AutoMate Scientific, San Francisco, CA) with quartz application 

pipettes. 

Small (<30 pF) WGA+/Prlr-cre+ TG neurons from Prlrcre/-/Rosa26LSL-tDTomato/+ reporter mice were 

randomly selected for recording (Fig. 5A). To characterize modulation of these TG neurons 
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excitation by vehicle (control) or PRL (200 ng/ml), the following sequence of recording 

protocols were applied: (1) a single AP in current clamp configuration was generated with a 

0.5ms and 1nA current step to define the type of sensory neurons[198]  (Fig. 5B); (2) a linear 

ramp from 0 to 0.2 nA for 1 sec was applied to generate a control AP train (Fig. 5C); (3) the 

patched neuron was treated for 2-5 min with vehicle or PRL; and then (4) the ramp as in step 2 

was re-applied (Fig. 5C). Data was accumulated from 4 independent mouse TG neuronal cultures 

for each sex. Each culture was generated from one male or estrous female mouse. Changes in 

neuronal excitability were calculated by dividing AP frequency generated by a current ramp after 

vehicle or drug-treatment to AP frequency produced by the ramp before treatment. Excitability 

was determined to be regulated by PRL when the PRL treatment produced statistically 

significant increase in AP frequency than vehicle-treatment (i.e. control). 

Immunohistochemistry (IHC) 

Dura mater from perfusion-fixed female and male WT and Prlrcre/-/Rosa26LSL-tDTomato/+ mice were 

fixed again with 4% paraformaldehyde and cryoprotected with 30% sucrose in phosphate buffer. 

Anti-Prlr rabbit polyclonal (NSJ Bioreagents; San Diego, CA; catalogue R31199; 1:200) 

([44];[196]); anti-CGRP rabbit polyclonal antibodies (Sigma; C8198; 1:300) ([196];[198]); anti-

PRL rabbit polyclonal antibodies (Bioss, Boston, MA; cat: BS-23763R; 1:200); and anti-CD31 

rat monoclonal (Clone: MEC 13.3) antibodies (BD Pharmingen; cat: 553370; 1:400) were used 

for IHC. Sections were incubated with species appropriate Alexa Fluor secondary antibodies 

(1:200; Molecular Probes, Eugene, OR). Images were acquired using a Nikon Eclipse 90i 



61 

microscope (Melville, NY, USA) equipped with a C1si laser scanning confocal imaging system. 

Images were processed with NIS-elements software (Nikon Instruments, Melville, NY). Control 

IHC was performed on tissue sections processed as described but either lacking primary 

antibodies or lacking primary and secondary antibodies. IHC images were obtained from 3-5 

independent tissue sections or whole tissues from 3-4 animals. Z-stack images were used for 

presentation and analysis. 

Drugs  

See table 1 for information on Drugs sources, doses, and administration routes. 

Statistics 

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 where appropriate. Prism (Graph-Pad 

Software) was also used for data analysis. Significance was set to p < 0.05 for all analyses. 

Experimenters were blinded to treatment groups.  Allocation of animals to treatment groups was 

randomized by a “blinder” that drew animal numbers from a bag of paper slips.  

Study approval 

All procedures were conducted with prior approval of the Institutional Animal Care and Use 

Committee at the University of Texas at Dallas and the University of Texas Health Science 

Center at San Antonio.  
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RESULTS 

Prolactin causes female-specific migraine-like behavioral responses in rodents. 

In order to investigate whether PRL signaling within the meninges causes differential behavioral 

responses in females and males, we used a preclinical migraine model in which stimuli are 

applied to the dura and cutaneous periorbital hypersensitivity and facial grimace are measured 

[38].  Initially, 5 μg of PRL was applied to the dura of both female and male wild-type ICR mice. 

Significant facial hypersensitivity was observed in both female (Fig. 1A) and male (Fig. 1D) 

mice in response to PRL.  However, this effect was prolonged in the female mice, lasting out to 

at least 72 hours following application of PRL. In contrast, we observed a transient allodynia in 

males with significant facial hypersensitivity only at 3 hours following PRL application. Next, 

since 5 μg PRL likely causes tissue concentrations that are higher than those found under 

physiological and pathological conditions [78; 197], we applied a lower dose of PRL (0.5 μg) to 

the dura to determine whether this dose caused responses only in females.  This lower PRL dose 

caused facial hypersensitivity in females (Fig. 1B), lasting out to at least 7 days, while no effect 

was observed in males (Fig. 1E). Additionally, only female mice exhibited grimace behaviors in 

response to this low dose PRL when compared with their respected controls (Fig. 1C). These 

data demonstrate that dural application of PRL causes migraine-like responses that are female-

specific. However, high, likely non-physiological dosages of PRL can cause transient and 

smaller-magnitude periorbital allodynia in males.  
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Figure 3.1: Dural prolactin induces greater behavioral responses in female mice. Male and 

female mice had mechanical withdrawal thresholds assessed prior to dural injection of either 5 

μg or 0.5 μg PRL. Following 5 μg PRL, both female (A) (n = 7 PRL, 6 vehicle) and male (D) (n 

= 7 PRL, 7 vehicle) mice exhibited facial hypersensitivity. Only females exhibited a significant 

hypersensitivity at low dose PRL (B) (n = 5 PRL, 4 vehicle). Animals that received 0.5 μg of 

PRL were additionally assessed for grimace prior to facial testing at each time point (C). Female 

mice that received this dose of PRL experienced significant grimace in comparison with 

respective controls, while male mice (n = 4 PRL, 4 vehicle) exhibited no significant grimace. 

Two-way ANOVA followed by Bonferroni multiple comparison analysis indicated significant 
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differences between females that received PRL when compared with those that received vehicle. 

Data are represented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. See 

Table S1 for additional results of analysis.  

To rule out the possibility of a species-specific effect, PRL was also applied to the dura of 

Sprague-Dawley female and male rats.  Unlike in mice, even the higher dose of PRL (5 μg) 

applied to the dura caused significant facial hypersensitivity only in females (Fig. 2A, 2C).  

These responses were significant at 1 hour and 3 hours post-injection, and animals returned to 

baseline by 5 hours. The lower dose of PRL (0.5 μg; Fig. 2B, 2D) was also female-specific, with 

hypersensitivity observed at 1 hour and 3 hours following administration, and animals returned 

to baseline by 5 hours.  These findings demonstrate that dural application of PRL causes female-

specific behavioral responses in both mice and rats.
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Figure 3.2: Dural prolactin causes female-specific behavioral responses in rats. Facial 

withdrawal thresholds were measured in female and male rats prior to and following dural 

injection of either 5 μg (A, C) or 0.5 μg dural PRL (B, D). Two-way ANOVA followed by 

Bonferroni multiple comparison analysis indicated significant differences between females that 

received 5 μg PRL (n = 8 PRL)when compared with those that received vehicle (n = 9). No 

significant responses were seen in males at this dose (n=8PRL, 7 vehicle).At the 0.5 μg PRL 

dose, female mice that received PRL (n = 8) demonstrated significant hypersensitivity when 
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compared with controls (n = 7).No significant effect was found in males (n = 5 PRL, 5 vehicle). 

Data are represented as means ± SEM. *p < 0.05,***p < 0.001, ****p < 0.0001. See Table S1 

for additional results of analysis. 

Ovariectomy does not prevent responses to dural PRL  

Given the role for ovarian-derived estrogen and progesterone in prolactin release and Prlr 

regulation, we asked whether disruption of the hypothalamic-pituitary-ovarian (HPO) axis would 

decrease the behavioral responses in females to levels similar to those observed in males. To 

address this, ovariectomized females were purchased 2 weeks following ovariectomy and 

received injection of either 0.5 μg PRL or vehicle onto the dura 3 weeks following surgery (Fig. 

3A, 3B). Ovariectomized females that received PRL demonstrated significant responses at 3, 24, 

and 48-hours post injection compared with those that received vehicle. PRL-injected OVX 

females returned to baseline by 72 hours, in contrast to intact females (Fig. 1B). These data 

suggest that while there may be subtle differences in regulation of Prlr expression or signaling in 

the dura by HPO axis, PRL-induced migraine-like pain is largely independent of regulation by 

ovarian-derived hormones. 



 

  

67 

 

Figure 3.3: Dural PRL induces behavioral responses in ovariectomized female mice. 

Ovariectomized female mice received dural injection of either 0.5 μg PRL (n = 8) or vehicle (n = 

8), 3 weeks after surgery. Data are additionally represented as area over the curve (B). Two-way 

ANOVA followed by Bonferroni multiple comparison analysis indicated significant differences 

between OVX females that received PRL and those that received vehicle. Data are represented as 

means ± SEM. *p < 0.05, **p < 0.01,,***p < 0.001, ****p < 0.0001. See Table 1 for additional 

analyses.  

 

Expression of Prlr is higher in female dura mater. 

Given the ability of PRL to induce female-selective facial hypersensitivity, we investigated 

whether these sexually dimorphic effects could be due to differential expression of (Prlr) within 

this tissue.  We took advantage of a mouse line where tdTomato is present in cells that express 

Prlr (Prlrcre/-/Rosa26LSL-tdTomato/+).  In 5-week-old females (i.e. pre-puberty), Prlr expression 

appeared to be restricted to non-neuronal cells (Fig. 4A). However, in 10-week-old 
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reproductively mature females, Prlr expression was clearly evident on both resident dural cells as 

well as neuronal fibers that innervate the dura mater (Fig. 4B).  In 10-week-old males, tdTomato 

was observed almost entirely in non-neuronal cells, with only sparse expression on nerve fibers 

(Fig. 4C). Next, we identified Prlr+ cell types. Co-labeling for endothelial cells in blood vessels 

(CD31) and sensory fibers (CGRP) in female dura showed that Prlr is co-localized on both 

structures (Fig. 4D-4E’), as previously reported [195; 207]. Using immunohistochemistry for Prlr 

(instead of genetically-driven tdTomato expression), labeling was similarly found on both blood 

vessels and dural nerve fibers (Fig. 4F, 4F’). These PRL-expressing fibers were found to run 

alongside CGRP expressing fibers (Fig. 4G, 4G’) and fibers expressing Tyrosine hydroxylase 

(TH) (Fig. 4I, 4I’). Labeling associated with blood vessels was not different between female and 

male dura while neuronal labeling appeared less extensive. These data suggest that PRL-induced 

female-selective migraine behavior is likely due to differential expression of Prlr on CGRP+ 

nerve fibers in female and male dura.  
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Figure 3.4: Expression of Prolactin and prolactin receptor in mouse dura. A 3 × 3 mm square 

area of dura mater from 5-week-old female (A), 10-week-old female (B) and 10-week-old male 

(C) Prlrcre/-/TdT mice. Green arrows mark Prlr-cre+non-neuronal cells. Blue arrows mark Prlr-

cre+dural afferent fibers. Objective (10×, scale bars represent 120 μm). Dura mater from 10-
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week-old female Prlrcre/-/TdT mice labeled with anti-CGRP and anti-CD31 antibodies (D). Pink 

arrows show dural blood vessel coexpressing Prlr-cre+(Green) and CD31+ (Red) cells. Objective 

(20×, scale bars = 120 μm). Prlr-cre+dural afferent fibers express CGRP (Blue) and are indicated 

with yellow arrows (E). White arrows mark Prlr-cre+ expression on non CGRP expressing dural 

fibers (E’). Objective (20×). PRL (F, F’), CGRP (G, G’), and TH (H, H0) expression in female 

mouse dura. Overlap of (F–H) shown in (I). For 40× images scale bars represent 100 μm.  

 

PRL has female-specific effects on dural afferent excitability and CGRP release 

Since the Prlr appeared to be more highly expressed on nerve endings in female dura, we tested 

whether there are selective actions of PRL on dural afferents using both in vitro patch-clamp 

electrophysiology of TG neurons innervating dura and evoked CGRP release from ex vivo dura 

tissue. First, TG neurons innervating the dura were identified by retrograde labeling using 

application of the tracer wheat-germ agglutinin 488 (WGA-488) to the dura.  TG were dissected 

from females in estrous and male Prlrcre/-/Rosa26LSL-tdTomato/+ mice within 48 hours after 

application of WGA-488 to the dura and neurons were cultured.  Dural afferents were selected 

for recording in the cultures based on the presence of WGA-488, indicating retrograde tracing 

from the dura, and Prlr expression was determined by the presence of tdTomato (Fig. 5A).  

Importantly, among the 40 culture dishes used from female mice in these experiments, there 

were 541 neurons that expressed both Prlr and WGA-488, and a majority of them were small-

sized (<35 m) neurons.  Among 44 dishes from male mice, there were only 140 neurons 

expressing both Prlr and WGA-488, and approximately 90% of them were medium-sized 
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(>35 m) neurons. The predominant expression of Prlr in small-sized sensory neurons in females 

and medium-sized sensory neurons in males is consistent with that reported for dorsal root 

ganglia (DRG) [196].  A typical action potential (AP) shape from a small sized (<30 pF) female 

WGA-488+/tdTomato+ neuron is shown in Fig. 4B, similar to those shown previously [176; 198].  

Dural afferents were stimulated with 1 sec ramps from 0 to 200 pA.  When PRL (200 ng/mL) 

was applied to these neurons after the first ramp protocol, the number of AP’s fired on a 

subsequent ramp protocol was significantly greater in female but not male neurons (Fig. 5C,5D).  

These data show that PRL application to dural afferent cell bodies selectively sensitizes female 

neurons. 

Next, we used freshly dissected dura from the mouse skull to measure CGRP release, which 

presumably originated from the sensory nerve endings innervating the dura. As mustard oil (MO) 

is known to stimulate sensory neurons and cause release of CGRP [108] and also cause 

migraine-like behaviors when applied to the dura [38; 79], we used this stimulus (0.01%) to 

determine whether PRL application to the dura would potentiate this response. Female dura 

treated with PRL (1 μg/mL) prior to MO exhibited an approximately 200% increase in CGRP 

release compared to females treated with MO and vehicle (Fig. 5E; MO and vehicle causes a 

200% increase in CGRP release over baseline). There was no significant difference in release of 

CGRP in males treated with vehicle or PRL, despite similar increase to females in CGRP release 

over baseline with MO alone.  We also tested a pH 6.9-buffered solution, which activates acid-

sensing ion channels (ASICs), a family of receptors that we have previously shown to play a role 

in afferent signaling from the dura [37; 263; 268]. Unlike MO, the pH 6.9 solution caused little 
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release of CGRP over baseline on its own (Fig. 5F).  However, the application of PRL (1 μg/mL) 

along with pH 6.9 led to a 200% increase in CGRP release over baseline, and at least 5-fold 

potentiation of responses.  As with MO, the potentiating effect of PRL only occurred in females.  

These female-specific effects of PRL on dural afferents in vitro and on CGRP release from dura 

are consistent with the female-specific behavioral responses of dural PRL in Figs. 1 and 2, as 

well as higher Prlr expression on sensory afferents in females shown in Fig.4.  

Figure 3.5: PRL selectively sensitizes Prlr-positive TG neurons innervating the dura of female 

mice.  Prlr-cre+/WGA-488+ back traced neurons from dura TG neuron (blue arrow) were 

selected for recording. Yellow arrow shows Prlr-cre-/WGA-488+ TG neuron. Sapphire arrow 

shows Prlr-cre+ non-neuronal cell. (A) Action potential (AP) from small-sized (25 pF) selected 

Prlr-cre +/WGA-488+ TG neuron. Stimulus waveform is 1,000 pA, 0.5 ms. (B) Train of APs in a 

selected Prlr-cre+/WGA-488+ TG neuron (same neurons as panels A and B) was stimulated with 
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current ramp protocol shown below trace. The neuron was treated with exogenous PRL (200 

ng/ml) for 5 min, and the same current ramp protocol was applied. Ratio of post-PRL AP 

frequency to before-PRL AP frequency reflects changes in excitability. (C) PRL-induced 

changes in excitability of Prlr-cre+/WGA-488+ TG neuron from females and males. Control is 

vehicle treatment between two current ramps. n = 7–14 (D) PRL (1 μg/ml)-induced sensitization 

of MO (0.01%)-evoked CGRP release from female and male dura biopsies. n = 4–6. (E) PRL (1 

μg/ml)-induced sensitization of pH 6.9-evoked CGRP release from female and male dura 

biopsies. n = 4 (F) Statistics are 2-way ANOVA with variables as sex and treatment (NS, non-

significant; *p < 0.05). 

Loss of Prlr on sensory neurons or block of meningeal Prlr attenuates migraine-like 

behavioral responses to dural CGRP 

The female-specific nature of the behaviors caused by dural application of PRL (Figs. 1, 2) are 

remarkably similar to the female-specific responses to dural application of CGRP we showed 

previously [12]. This led us to ask whether there might be a relationship between the signaling 

mechanisms engaged downstream of dural Prlr and CGRP receptor activation. We thus took 

advantage of a conditional knockout (CKO) mouse where the Prlr is selectively deleted from 

Nav1.8-positive sensory neurons, using a Nav1.8-cre line crossed to a mouse line a floxed Prlr 

(Prlrfl/fl). We have previously characterized this mouse, showing the loss of Prlr expression in 

Nav1.8+ dorsal root ganglion neurons [195].  Female Prlr CKO mice and their control littermates 

(Prlrfl/fl only) were administered 1 pg dural CGRP, a dose we showed previously to have female-

specific effects in mice [12].  While responses to dural CGRP in Prlr CKO mice were similar to 
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their wild type counterparts at 1 hour, the Prlr CKO mice showed significantly attenuated 

periorbital withdrawal thresholds at hours 3 and 5 post-injection as well as 24 hours post 

injection (Fig. 6A). These values are additionally represented as AOC (Fig. 6B).  In control mice, 

migraine-like responses to dural CGRP returned to baseline at 4 days post-injection. In contrast, 

in the Prlr CKO mice, return to baseline occurred significantly faster at 24 hours post-injection. 

These critical findings suggest that the mechanism by which dural CGRP causes hypersensitivity 

is partially mediated via Prlr signaling in sensory neurons. 

To determine whether a similar Prlr-dependent mechanism of action of dural CGRP exists in 

rats, we tested whether the Prlr antagonist 1-9-G129R-hPRL (modified human PRL molecule 

that sterically inhibits Prlr activity in humans and rodents [23], hereafter referred to as PRL) 

blocked the response to CGRP.  In our previous study, dural administration of CGRP produced 

female-specific facial hypersensitivity in rats as well as mice [12]. Here, female rats received 

either 1 pg CGRP or co-administration of 1 pg CGRP + 5 μg PRL, and migraine-like behaviors 

were tested as in Fig. 2.  Female rats responded to dural CGRP as shown previously, but these 

responses were significantly blocked at the 3-hour time point by PRL (Fig. 6C). While we 

cannot precisely identify the location of the Prlr’s sites of actions in this experiment, the findings 

are nonetheless consistent with mice where Prlr was deleted from Nav1.8-expressing neurons. 

This suggests that one of the locations of Prlr in these rat experiments is on sensory fibers.  

Given the data described above showing that Prlr contributes to the response to dural CGRP, we 

next asked whether the reverse might also be true, i.e. whether the CGRP receptor contributes to 

responses to dural PRL.  Female rats received either 0.5 μg dural PRL or a co-injection of 0.5 μg 
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PRL and 100 ng of the CGRP receptor antagonist CGRP8-37.  Co-administration of PRL and 

CGRP8-37 significantly attenuated the response to dural PRL at the 3-hour timepoint following 

injection (Fig. 6E). These data demonstrate that not only does Prlr contribute to the CGRP 

response but the CGRP receptor also contributes to the PRL response.  Thus, there is crosstalk 

between these two signaling systems in the mechanisms that are used to produce female-specific 

responses from the dura. Moreover, this crosstalk involves Prlr+ sensory neurons.  
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Figure 3.6: Crosstalk between the CGRP and PRL signaling systems within the dura. Female 

prolactin receptor CKO mice (n = 5) and their control littermates (n = 4) had mechanical 

withdrawal thresholds tested prior to and following injection with CGRP (A, B). Female rats had 
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baseline thresholds assessed and received dural injection of 1 pg CGRP (C, D) (n = 9) or 1 pg of 

CGRP co-injected with 5 μg of delta PRL (n = 9). Co-injection with delta prolactin significantly 

attenuated CGRP induced responses, as indicated via two-way ANOVA followed by Bonferroni 

post-hoc analysis. A separate cohort of female rats received injection of either 0.5 μg dural PRL 

(n = 10) or co-injection of 0.5 μg PRL with 100 ng CGRP8-37 (E, F) (n = 11). Co-injection with 

CGRP8-37 significantly reduced behavioral responses to dural PRL. Data are represented as 

means ± SEM. **p < 0.01,****p < 0.0001. See Table S1 for additional results of analysis. 

 

PRL and Prlr expression on multiple cell types within the dura 

The effects observed in the Prlr CKO mice (Fig. 6A) as well as with ∆PRL (Fig. 6C) following 

dural CGRP suggest that endogenous PRL is involved in these behavioral responses which may 

be produced locally within the dura from extra-pituitary cells [21; 75; 171]. To address this, dura 

from 10-week-old female mice were extracted and used for IHC. We observed PRL 

immunoreactivity in immune cells as marked by CD11b (Fig. 7A-C; Blue arrows) indicating a 

potential role for PRL release from immune-like cell types of the dura.  Ten-week-old males had 

similar expression patterns (Fig. 7D-F), suggesting that differences in PRL signaling within the 

dura are likely due to differential receptor expression patterns (Fig. 4A-C) and not due to 

differential expression of the ligand.   

To address whether other cell types within the dura may contribute to local PRL-dependent 

signaling following dural CGRP, we examined Prlr expression in relation to the immune cell 

marker CD45 in control females (Fig. 7G-I) and Prlr CKO females (Fig. 7J-L). These data show 
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expression of Prlr on CD45-positive cells, and as expected, there was no influence of Prlr CKO 

on expression of Prlr within the CD45 cell population.  This suggests that the responses to dural 

CGRP in the Prlr CKO mice shown in Figure 6 may involve Prlr activation of CD45-positive 

immune cells as part of this local dural signaling mechanism. 
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Figure 3.7: Expression of prolactin and prolactin receptor in non-neuronal cells in the dura. Dura 

mater was removed from 3–5-month-old female (A–C) and male (D–F) mice. These dura were 

processed and stained for PRL expression and co-stained with CD11b. Images were taken at 20×. 
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Scale bars represent 100 μm. Blood vessels are included as a potential source of prolactin 

release. Orange arrow heads indicate the middle meningeal artery (MMA) which served as a 

biological marker to ensure images were taken from the same region of animals. CD11b 

expression (A, D), PRL expression (B, E) and the overlay is shown in (C, F). Inserts in (C, F) 

highlight overlap of PRL and CD11b. Expression of Prlr in intact females. Prolactin receptor 

expression (H) was assessed in 3–5-month-*old female mice, dura was co-stained for CD45 (G) 

and overlap shown in (I). Dura of littermate Prlr conditional knockout animals, that have Prlr 

deleted from Nav1.8 sensory neurons, were also stained to assess the presence of Prlr (J–L). 

Inserts in (I, L) highlight overlap of Prlr and CD45. 

 

Figure 3.8: Hypothesized intercellular interactions within the dura. The pituitary (Pit), 
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endothelial cells on blood vessels, immune cells (macrophages (Mφ), mast cells (MC), T cells 

(T)), and sensory neurons can all serve as potential PRL release sites during migraine. PRL can 

sensitize dural afferents in a paracrine manner via TRP and other channels. CGRP released from 

dural afferents may interact with immune cells and blood vessels leading to further PRL release. 

CGRP and PRL receptor antagonists mitigate intercellular signaling, where CGRP8-37 may 

block release of PRL from dural cells and nerve fibers (indicated via purple arrow), and ΔPRL 

may block additional sensitization of dural afferents (yellow arrow). These combined actions 

lead to sensitized afferent signaling from the dura (represented by PRL+). 

 

 

 

DISCUSSION 

While the mechanisms responsible for the increased prevalence of migraine in females are likely 

to be complex, the data shown here are the first to describe a female-specific signaling circuit 

within the meninges that may be an important component in the headache phase of attacks. This 

circuit is based on an interaction between PRL and CGRP, the latter a critical contributor to 

migraine, but one whose mechanisms in the disorder remain unclear. We show that exogenous 

application of PRL onto the dura of both rats and mice produces female-specific responses at the 

0.5 μg dose. At the 5 μg dose, male mice demonstrated short lasting allodynia. The lower 

potency and reduced response in males are likely due to low neuronal expression of Prlr within 

the dura (Fig. 4). Surprisingly, this same high dose (5 µg) of PRL in females (Fig.1A) resulted in 
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less robust allodynia than the lower 0.5 µg dose (Fig. 1B). This observation may be due to the 

higher concentrations of PRL causing Prlr internalization in females, as shown previously with 

Prlr on pancreatic β islet cells in rat [34]. Regardless, both doses of dural PRL demonstrated 

facial hypersensitivity that was clearly more robust in females. 

 

These female-specific responses are likely due to higher Prlr expression on sensory nerve 

endings in adult female dura compared to males (Fig.4 A-C). Consistent with the behavioral data 

and female-specific expression of Prlr on nerve endings in the dura, we found a sensitizing effect 

of PRL on isolated female dura that led to increased CGRP release, while no effect was seen on 

male dura. This was similar in TG neurons, as electrophysiology on cultured TG cells back-

labeled from the dura revealed that PRL only induced hyperexcitability in neurons from female 

mice. This may explain how PRL is able to potentiate CGRP release from female but not male 

dura. Regardless of the source of endogenous PRL release, whether from the pituitary or cells 

native to the dura, the pro-nociceptive actions of PRL are likely to be limited to females due to 

the mechanisms shown here. We also show bi-directional communication between the PRL and 

CGRP signaling systems as interventions targeted toward each receptor block responses to the 

opposing peptide. These data suggest that both PRL and CGRP play a more significant role in 

migraine in females and that these signaling systems are dependent on each other for their 

actions in the meninges.  

These experiments also show that responses to dural PRL are maintained in ovariectomized 

females. This is not surprising, as ovariectomy only transiently alters endogenous PRL levels. 
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Prolactin mRNA decreases following ovariectomy in female rats for the initial 2 weeks 

following surgery but returns to those of intact controls by week 3 and 4 [2]. Additionally, 

ovariectomy does not alter serum PRL in female rats at various stages of the reproductive 

cycle[239]. In women that have undergone total abdominal hysterectomy with bilateral salpingo-

oophorectomy, PRL levels returned to pre-surgery baseline levels by 6 weeks post-surgery [8] 

and remain non-significantly altered one year after surgery [49]. These data suggest continued 

Prlr expression after ovariectomy given the lack of changes in circulating levels of PRL caused 

by this surgery. 

Our data are consistent with prior studies in models of postoperative and inflammatory pain, 

where PRL has been shown to contribute to nociception in a female-specific manner [196]. 

These data support previous findings showing PRL increased TRPV1-, TRPM8-, and TRPA1-

mediated responses in sensory neurons from DRG in female mice, but not males [199]. 

Moreover, female Prlr CKO mice, showed reduced behavioral responses to CFA, whereas males 

did not show significant deficits [199]. While these findings were in the spinal system, PRL has 

been shown to sensitize TG neurons and increase capsaicin-evoked CGRP release from TG 

neurons [69]. In the current study, Prlr expression was not seen on dural fibers of 5-week female 

mice. During human adolescence the mean serum PRL levels in males and females are similar 

while adult PRL levels are significantly increased in females but not in males [114], which aligns 

with the findings here of differential receptor expression across age. In the approximately 10-

week old animals used here, PRL causes a more robust allodynic response in females and 

induces excitability of TG neurons back-labeled from female dura. Thus, our data may fit with a 
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general pattern for a role of PRL in nociceptive signaling in adult females but not males and may 

offer insight to the emergence of migraine following the onset of puberty [89; 159].  

 

Importantly, this work demonstrates the apparent crosstalk between PRL and CGRP signaling in 

the meninges. Given the similar pattern of female-specific behavioral responses between PRL 

shown here and that of CGRP (shown previously [12]), it may not be surprising that the 

signaling systems interact. Prlr is known to be expressed on CGRP-positive sensory fibers [195] 

and activation of these fibers by PRL (pituitary and/or extra-pituitary) likely promotes the release 

of CGRP (as shown in Fig. 5). It is well known that CGRP is a potent vasodilator and its 

receptors are located on cells of the vasculature. CGRP may then act on these nearby blood 

vessels as well as immune cells [11; 16], or other nerve fibers [88; 155] to promote a positive-

feedback loop that potentiates local inflammatory or sensitizing conditions. Additionally, the 

CGRP receptor is expressed on dural mast cells [155] and elevated CGRP may lead to mast cell 

degranulation resulting in increased PRL within the dura. Blocking CGRP receptors in the 

presence of PRL stimulation would disrupt this loop (Fig. 6E).  

CGRP application to the dura may act on blood vessels, immune cells, and/or other nerve fibers, 

causing PRL release from these structures ([75; 104; 174; 195]; Fig. 7) since PRL can also be 

supplied by sources outside of the pituitary (i.e. extra-pituitary PRL) to act via paracrine or 

autocrine mechanisms [21]. Moreover, residential dural cells express mRNA for PRL [55] and 

are immunoreactive for PRL protein expression. Endothelial and immune cells express Prlr and 

are capable of releasing PRL [93; 269]. Here we confirm that PRL is expressed on CD11b 
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expressing cells within the dura of female and male mice; CD11b cell types are likely to be 

myeloid cells (macrophages, granulocytes, and mast cells) (Fig.7A-F), which are the 

predominant type of immune cells in dura [177]. Additionally, we show that Prlr is expressed on 

CD45 expressing cells (Fig. 7G-L). CD45 staining may further indicate mast cells, which have 

been found to present similarly in shape at dural blood vessels[7; 188]. PRL may then have one 

of two actions:  1) on Prlr expressed on nerve fibers, sensitizing afferent nociceptive signaling 

from the dura; 2) on Prlr expressed on immune cells in a cytokine-like manner causing further 

release of PRL and recruitment of more immune cells [33; 68]. Blocking Prlr may similarly 

disrupt this feedback loop (Fig. 8). While there is some debate about the role of PRL in 

inflammation, PRL levels have been shown to increase as a result of peripheral inflammation 

[219] and PRL can also induce inflammation [266], which may contribute to this potential 

feedback loop. Here we show that female mice that have Prlr deleted from Nav1.8-expressing 

fibers within the dura exhibited attenuated facial allodynia in response to previously reported 

effective doses of dural CGRP[12] (Fig. 6A). This is consistent with findings that CGRP co-

injected with the Prlr antagonist ∆1-9-G129R-hPRL blocked behavioral responses (Fig. 6C). In 

either case, the mechanisms are female-specific, given the dimorphic expression/function of Prlr 

on dural afferents, as well as potential unidentified dimorphisms in CGRP receptor 

expression/function. While there could be dimorphic expression of PRL in cells native to the 

dura, we did not observe obvious differences in nerve fibers, blood vessels, or non-neuronal 

cells. This does not rule out the potential that PRL-expressing cell types are differentially 

recruited to the dura under specific conditions, but there does not appear to be baseline 
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differences in PRL expression within the dura.  These data show an interaction between the 

downstream mechanisms of PRL and CGRP within the dura that may have an important role in 

promoting meningeal afferent nociceptive signaling in females. 

Finally, the data presented here demonstrate involvement of Prlr on sensory neurons in CGPR-

PRL signaling within the dura. Moreover, our data suggest that communication between these 

signaling pathways could be an important female-selective mechanism contributing to the 

increased prevalence of migraine in females. Accordingly, targeting PRL signaling, whether 

through suppression of pituitary and/or extra-pituitary PRL release or development of a Prlr 

antagonist, could be novel therapeutic approach for migraine. Our data suggest that peripherally-

restricted Prlr antagonists could be an option for the effects of PRL on the headache phase of 

attacks.  While these therapeutic approaches may not be completely devoid of adverse effects, 

pharmacological reduction of pituitary PRL release is chronically prescribed to thousands of 

patients with hyperprolactinemia with minimal ill effects [145] and would likely only be 

contraindicated in women who are pregnant or nursing, both conditions where extensive drug 

restrictions are common. Targeting PRL signaling for migraine could ultimately represent one 

the first sex/gender-specific therapeutics for a neurological disorder and may pave the way for 

future approaches that would be designed to have efficacy only in females or males. 
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ABSTRACT: 

Migraine is one of the most disabling disorders worldwide but the underlying mechanisms are 

poorly understood.  Stress is consistently reported as a common trigger of migraine attacks.  Here 

we show that repeated stress in mice causes migraine-like behaviors that are responsive to a 

migraine therapeutic.  Adult female and male mice were exposed to 2 hours of restraint stress for 

3 consecutive days, after which they demonstrated facial mechanical hypersensitivity and facial 

grimace responses that were resolved by 14d-post stress. Hypersensitivity or grimace was not 

observed in either control animals or those stressed for only 1 day. Following return to baseline, 

the NO-donor sodium nitroprusside (SNP; 0.1 mg/kg) elicited mechanical hypersensitivity in 

stressed but not in control animals, demonstrating the presence of hyperalgesic priming. This 

suggests the presence of a migraine-like state, since NO-donors are reliable triggers of attacks in 

migraine patients but not controls. The stress paradigm also caused priming responses to 

supradural pH 7.0 treatment. The presence of this primed state after stress is not permanent as it 

was no longer present at 35 days post-stress.  Finally, mice received either the CGRP monoclonal 

antibody ALD405 (10 mg/kg) 24 hours prior to SNP or a co-injection of sumatriptan (0.6 mg/kg).  

ALD405, but not sumatriptan, blocked the facial hypersensitivity due to SNP.  Altogether, this 

stress paradigm in mice and the subsequent primed state caused by stress, allow further preclinical 

investigation of mechanisms contributing to migraine, particularly those caused by common 

triggers of attacks. 
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INTRODUCTION: 

Migraine is among the top 10 most common diseases and is the second-most disabling disease 

world-wide [70]. Migraine is characterized by unilateral throbbing pain, cutaneous allodynia, and 

is often accompanied by nausea and sensitivity to light and sound. Attacks are often caused by 

triggers that differ among migraineurs and include hormonal changes, changes in sleep-wake 

patterns, skipping meals, and consumption of alcohol and certain foods [142]. These common 

stimuli are not unique to migraine patients thus the susceptibility to attacks following exposure to 

these triggers suggests maladaptive changes have occurred within migraine-related nociceptive 

pathways.  The mechanisms by which these changes happen and the location(s) in which they are 

present remain poorly understood.  While the sensitivity to, and presence of, these triggers differs 

among migraine patients, the most commonly reported trigger for migraine is stress [142].  Not 

only can stress serve as a trigger for migraine, but stress has been reported to increase the duration 

of headache [259] and may even play a role in the development of chronic headache disorders 

[215]. Migraineurs that experience stress as a trigger often do not have a migraine attack while the 

stress is ongoing, but rather once the stressful event has passed [228; 229].  The greatest 

susceptibility to attacks is in the 6 to 18 hours following resolution of stress [161].  Additionally, 

multiple days of intense stress are more likely to trigger attacks than a single day[161]. Despite 

the close correlation between stress and migraine, mechanistic links between the two remain 
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poorly understood.  Development of better preclinical models to study this connection could lead 

to better understanding of how stress contributes to migraine.  

One of the most widely utilized methods of inducing stress in preclinical models is repeated 

restraint stress. Such stress paradigms can be mimicked through physical restraint which typically 

consists of confining rodents to a small space allowing minimal movement for variable durations 

of time. Restraint stress in rats has been shown to induce thermal and mechanical allodynia in the 

hindpaw [17]. It has also been shown to cause hyperalgesia in response to administration of the 

nitric oxide (NO) donor nitroglycerin in the tail-flick test [59] and to increase responses in the 

temporomandibular joint formalin test [95]. In the work described here, we attempted to further 

explore the ability of repeated stress to produce migraine-related behaviors by combining a 

repeated restraint-stress paradigm with previously developed models to assess cutaneous facial 

hypersensitivity. Our previously published data showed that application of noxious stimuli to the 

meninges is capable of causing acute behavioral responses consistent with headache, but also 

causing priming to normally non-noxious dural stimuli as well as to systemic administration of the 

NO-donor sodium nitroprusside (SNP) [37]. Here we tested whether single or repeated stress 

paradigms were able to cause hypersensitivity similar to that seen with direct dural stimulation and 

whether repeated restraint stress also causes priming to subsequent dural stimulation or to a 

subthreshold dose of SNP.  Additionally, we tested the efficacy of two commonly-used migraine 

therapeutics, sumatriptan and an anti-CGRP monoclonal antibody, in blocking the priming 
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response in previously stressed animals. These data suggest that repeated stress in rodents can be 

used as a model to recapitulate migraine-like hypersensitivity.  

 

METHODS:  

 

Animals: 

Female and Male ICR mice ages 6-8 weeks (Envigo; Livermore, CA) were used for all 

experiments. Animal weights varied between 19 g up to a maximum of 30 g. Animals were housed 

on a 12-hour light-dark cycle and had access to food and water ad libitum. Prior to being handled 

for experiments, animals were allowed a minimum of 72 hours in the animal facility. 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.  

 

Measurement of facial mechanical hypersensitivity: 

All animals were handled for a minimum of 5 minutes, 24 hours prior to habituation, as well as 

each day prior to habituation. During each session of habituation animals were placed in 4 oz paper 
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cups (Choice) for 2 hours a day for 3 consecutive days as previously described [38]. Habituation 

was done in the rooms where all further behavioral testing occurred to acclimate animals to the 

room and light conditions. von Frey testing of the periorbital skin [38] was used to assess baseline 

values following habituation prior to stress as well as mechanical hypersensitivity that resulted 

from restraint stress and drug treatments. von Frey thresholds were not measured on the days that 

animals were subject to restraint stress. Testing began 24 hours after the third day of restraint 

unless otherwise noted.  Mechanical thresholds were determined by the Dixon “up-and-down” 

method. von Frey filaments were applied to the periorbital region for a maximum of five seconds, 

or less if a response was observed. Testing began with the 0.07 g filament on the face and 

progressed to a maximum of 0.6 g. Only animals that met a baseline value of 0.6 g were included 

in the study. Following baseline, animals were numbered and randomly allocated to experimental 

groups by drawing from pre-labeled paper slips.  

Repetitive stress paradigm: 

Animals were subjected to restraint stress 24 hours following baseline.  Sensory threshold values 

were determined with von Frey filaments. Animals were placed in cylindrical tail access rodent 

restrainers designed for animals 15-30 g (Stoelting 51338). Animals were placed in these restraint 

devices so that their tail was threaded through the moveable disk and their faces project out of the 

hole in the acrylic front face of the tube. Animals were introduced to the tube by placing the 

restrainer in front of the animals on the first day of stress and guiding them into the restrainer with 

the animal facing the acrylic front. Once the animal was in position the tail was threaded through 
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the moveable disk, the disk was moved toward the animal and tightened to ensure that the animal 

was incapable of movement. Care was taken to avoid any trauma to the mice due to injuries from 

moving the disk or from threading the tail.  Mice were also restrained at a level that still allowed 

normal respiration.  Animals were placed in the restraint tube so that the moveable disk faced 

upward and an opening on the tube was on the bottom. The animals were restrained for 2 hours a 

day for 3 consecutive days. Restraint stress started no earlier than 9:30 am and stress ended prior 

to 12:00pm in all cases to account for natural rising in corticosterone levels that have been shown 

occur in rodents in the afternoon starting at 1:00 pm [60]. Sham animals were left in their home 

cages without access to water or food to ensure that water/food deprivation alone did not contribute 

to the stress responses. Sham animals were kept in a separate room from stressed animals for the 

duration of stress. Once animals were in restraint devices, checks were made every 15-20 minutes 

to ensure that animals had not altered their position; if an animal altered their position, they were 

readjusted by the experimenter by loosening the movable disk without completely removing the 

animal from the restrainer. 

Animal weight was taken into consideration to ensure that all animals were restrained equivalently. 

Animals above 34 g were not used for stress due to the maximum weight of the restrainer and 

animals that weighed under 22 g had a custom 3D printed 1 mm thick plastic insert fit into the 

restrainer. Animals weighing 18 g or less were not used for restraint stress as in pilot studies, 

animals at this weight were capable of exiting through the hole in the acrylic front of the restrainer.  
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Animals subjected to stress were not co-housed with sham animals to avoid the transfer of a 

stressed phenotype between mice. 

 

  

Measurement of grimacing pain behavior: Grimace was performed according to previously 

published methods [12; 38; 151] prior to von Frey testing for all time points. Assessment of 5 

characterized pain behaviors on portions of the face (orbital tightening, nose bulging, cheek 

bulging, flattening of ears, and flattening of whiskers).  These behaviors were scored on a scale of 

0-2 (0 = not present, 1 = somewhat present, 2 = clearly present). 

Dural Injections of reagents/drugs:  For experiments where dural stimulation was applied, dural 

injections were performed according to previously published methods [38].  Briefly, animals were 

anesthetized for < 2 minutes under isoflurane using a nose cone.  While under anesthesia, stimuli 

were administered onto the dura through the junction of the lambdoid and sagittal sutures via a 

modified internal cannula (Invivo1, part #8IC313ISPCXC, Internal Cannula, Standard, 28 gauge, 

fit to 0.5 mm) in a volume of 5 µl. Following injection, animals were placed back in their respective 

cups in the testing chamber for 1 hour prior to von Frey testing.  
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Drugs: Drugs applied via dural injection were made in synthetic interstitial fluid (SIF) consisting 

of 135 mM NaCl, 5 mM KCl, 10 mM HEPES, 2 mM CaCl2, 10 mM glucose, 1 mM MgCl2 (pH 

7.4, 310 mOsm). Solutions at pH 7.0 were made using SIF and adjusting pH with HCl.  Sodium 

Nitroprusside (Sigma Aldrich) and sumatriptan (Sigma Aldrich) were dissolved in sterile 1 X PBS. 

Drug concentrations and administration routes are reported in Table 4.1.  

 

 

 

Table 4.1: Drug information 

Drugs Source Doses Administration 

SNP Sigma-Aldrich 0.1 mg/kg Intraperitoneal 

Sumatriptan Bachem 0.6 mg/kg Intraperitoneal 

ALD405 Alder 
Biopharmaceuticals 

10 mg/kg  Intraperitoneal 

Isotype control Alder 
Biopharmaceuticals  

10 mg/kg Intraperitoneal 
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Statistics:  

All data here are shown as mean ± SEM. These data were analyzed among groups for each time 

point via two-way ANOVA and then followed by Bonferroni post hoc analysis. Data was analyzed 

using Prism 8.0 (Graph-Pad Software). Significance was set at p < .05 for all analyses. The 

Resulting F and P values are reported in Table 4.2.  

 

 

 

 

RESULTS 

Repeated stress using restraint causes facial hypersensitivity and priming to an NO donor in 

mice 

Prior studies using restraint as a model of stress show wide variations in protocols for mice with 

some using 30 minutes for 1 day [163] while others use 1 hour a day for 2 weeks [48], 2 hours a 

day for 3 days [144] or 5 hours a day for 14 days [227]. Due to this variation between stress 

protocols, we first aimed to determine the amount of stress required to produce facial 

hypersensitivity in mice. Because the durations of a single session of stress are varied, we decided 
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to use 2-hour sessions as an intermediate duration of each stress session. Because consecutive days 

of stress are more likely to trigger attacks in migraine patients than is a single day, we decided to 

test this stress across a 3 day paradigm [144; 161]. Males and females were restrained for 2 hours 

for 3 consecutive days, and von Frey testing was then conducted 24 hours after the end of the final 

stress session. The 24-hour time point was chosen as the earliest von Frey test after stress in order 

to avoid the potential of additional stress from behavioral testing as well as stress-induced acute 

analgesia, both of which have been documented immediately following restraint in rats [94]. Three 

consecutive days of stress produced significant facial hypersensitivity in both males (Fig. 1a) and 

females (Fig. 1b) that lasted from 24 hours following stress out to between 7 and 10 days in both 

males and females. Mice returned to baseline withdrawal thresholds typically by 14 days following 

the last session of stress. In a few instances, animals did not return to baseline until longer than 14 

days, with a few animals even remaining hypersensitive out to 21 days after stress (data not shown 

as these animals were not used for the figures presented in this manuscript). In order to measure 

spontaneous non-evoked pain in these animals, we assessed grimace scores in female mice 

following stress. Females showed significant grimacing that lasted from 24 hours post stress to 7 

days’ post stress (Fig.  1c).  

Prior studies have shown that in contrast to acute restraint, repeated restraint stress in rats is capable 

of inducing hypersensitivity to nitroglycerin in the tail-flick test [59]. In order to determine whether 

these repeated stress exposures caused priming to the NO-donor, animals were injected with the 

normally subthreshold dose of 0.1 mg/kg SNP following a return to baseline. Both male and female 
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mice that received SNP had significantly reduced facial withdrawal thresholds at 1 and 3 hours 

following SNP injection. Female mice were also observed for facial grimace responses following 

SNP injection.  While females that received the NO donor showed significantly reduced 

withdrawal thresholds, these animals showed no significant grimacing following SNP (Fig. 1c).  

To ensure that stress responses to this paradigm were maintained across strains, mice with a mixed 

background of both C57BL6 and 129J were exposed to stress (Supplementary fig. 1). Both male 

and female mice off this background responded to initial stress from 24 hours following stress out 

to 14 days following stress. Additionally, male and female mice were primed to respond to 0.1 

mg/kg SNP. These data demonstrate that this stress paradigm is not specific to a single mouse 

strain. 

As previously mentioned, stress across consecutive days is more likely to cause migraine in 

migraine patients when compared with 1 day of stress [161]. In order to explore the potential 

differences in repeated sessions of stress in this model male and female mice underwent 1 session 

of 2-hour restraint stress. One 2-hour session of restraint stress failed to produce significantly 

reduced facial withdrawal thresholds in both male (Fig. 2a) or female mice (Fig 2b). Mice were 

tested out to 5 days following stress to ensure that delayed hypersensitivity did not occur. While 

the stress produced no acute facial hypersensitivity, our prior work demonstrated that a single 

stimulus (dural stimulation with IL-6 or CGRP) can cause priming to subthreshold doses of a 

common migraine trigger i.e. an NO donor [12; 37] so it was also important to test for potential 

priming following a single stress exposure. Prior work using the tail-flick test in rats found that 1 
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session of acute stress caused stress-induced analgesia and resulted in no response the NO-donor 

nitroglycerin [59]. We thus tested whether acute stress would cause priming to a subthreshold dose 

of the NO-donor sodium nitroprusside (SNP). Following the fifth day of testing, neither males nor 

females that received 0.1 mg/kg SNP showed facial hypersensitivity.  These data demonstrate that 

a single session of stress is not sufficient to cause acute hypersensitivity nor is it sufficient to 

induce priming to SNP. The 3-day stress paradigm was used for all subsequent experiments 

The previous experiments show that 3 days of restraint stress cause priming to SNP when given 

relatively shortly after mice return to baseline.  In order to determine whether stress-induced 

priming is extinguished over time, animals underwent the 3-day stress protocol and were tested 

with von Frey filaments until they returned to baseline at approximately 14 days after stress. 

Following a return to baseline, animals were then tested once weekly until they reached 35 days 

post stress (i.e. 35 days following the last session of restraint). Animals were then injected with 

0.1 mg/kg SNP at this late time point. Neither males (Fig. 3a) nor females (Fig. 3b) that received 

SNP at 35-days post stress showed reduced facial withdrawal thresholds when compared with 

controls.  These data indicate that while repeated stress causes priming to SNP, the primed state is 

not permanent. 
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Figure 4.1: The repeated stress paradigm primes male and female mice to subthreshold doses of 

an NO donor. Facial withdrawal thresholds were measured in male (A) and female (C) mice after 

repeated restraint stress. Upon returning to baseline thresholds at 14 days after the final day of 

stress, stressed mice were administered either 0.1 mg/kg SNP (n 5 8 males, n 5 8 females) or 

vehicle (n 5 10 males, n 5 6 females). All control mice were given SNP (n 5 8 males, n 5 7 females). 
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†Statistical significance between stressed mice that received SNP and control mice; *Statistical 

significance between stressed mice that received vehicle and control mice. §Significance between 

stressed mice that received SNP and stressed mice that received vehicle. In a separate cohort of 

mice, grimace responses (B and D) were measured for stressed (n515) and control (n513)mice 

after acute stress and administration of 0.1 mg/kg SNP. Two-way RMANOVA followed by 

Bonferroni multiple comparison analysis indicated significant differences between stressed and 

control mice after SNP in both males and females. Data are represented as mean 6 SEM. †,§P , 

0.05, ††,§§P , 0.01, †††,***P , 0.001, ††††,****P , 0.0001. See Table 4.2 for additional results of 

analysis. ANOVA, analysis of variance; RM, repeated-measures; SNP, sodium nitroprusside. 

 

Figure 4.2: Single-restraint stress does not produce facial allodynia or priming to SNP. (A) Facial 

withdrawal thresholds of male mice after a single session of stress and administration of either 
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SNP (n510) or vehicle (n57) after 5 days of testing or naive mice (n59). (B) Facial withdrawal 

thresholds of female mice after a single session of stress and administration of either SNP (n 5 7) 

or vehicle (n 5 6) after 5 days of testing or naive mice (n 5 6). Two-way RM with Bonferroni 

multiple comparison analysis indicates there was no statistical difference among control mice and 

all cohorts that were stressed in both the acute phase and the priming phase (mean 6 SEM). See 

Table 4.2 for additional statistical analysis. SNP, sodium nitroprusside. 

 

Figure 4.3: Repeated stress induces transient priming to SNP in male and female mice. Facial 

withdrawal thresholds were measured in (A) male and (B) female mice after acute stress (n 5 8 

male, 8 female). After the final day of stress, animals were tested out to 35 days and received either 

0.1 mg/kg SNP (n 5 8 males, n 5 9 females) or vehicle (n59males, n58 females). All controls 

received SNP. †Statistical significance between stressed mice that will receive SNP and control 

mice. *Statistical significance between stressed mice that will receive vehicle and control mice. 

§Statistical significance between stressed mice that received vehicle and stressed mice that 
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received SNP. Two-way RM ANOVA with Bonferroni multiple comparison analysis indicated a 

significant difference between stressed and control mice in the acute phase, but revealed no 

significant differences after administration of SNP. Data are represented as mean6SEM. *P,0.05, 

††††,****P, 0.0001. See Table 4.2 for additional results of analysis. SNP, sodium nitroprusside. 

Efficacy of human migraine therapeutics against priming to SNP following stress 

CGRP has been strongly implicated in the pathology of migraine, and the use of monoclonal 

antibodies against CGRP and the CGRP receptor have now been demonstrated to be efficacious 

in the preventive-treatment of migraine [72; 73; 205; 210]. To determine the possible role for 

CGRP in stress-induced hypersensitivity, both male and female animals underwent the 3-day 

restraint stress protocol and were tested until they returned to baseline withdrawal thresholds. At 

24 hours following return to baseline, animals received 10 mg/kg i.p. of ALD405, a monoclonal 

antibody against CGRP, or an isotype control. At 24 hours after dosing of the antibody, 0.1 mg/kg 

SNP was given systemically as described above. ALD405 significantly blocked the effects of SNP 

in females (Fig. 4a) from 1-72 hours following SNP injection. Whereas males (Fig. 4a) that 

received ALD405 only experienced decreased mechanical sensitivity at 48 hours following SNP 

administration. Females that received the active form of the antibody showed no significant 

differences from controls in response to SNP. These findings show that a monoclonal antibody 

against CGRP is capable of blocking the primed response to SNP in a sex-specific manner. This 

suggests that not only does CGRP have a prominent role in a stress induced priming to NO donors, 

but that this role may be sexually dimorphic.   



 

  

111 

 

Sumatriptan, as well as other triptans, are among the most commonly used acute migraine 

therapeutics.  It was thus important to determine whether this stress priming model is sensitive to 

the effects of sumatriptan.  To test this question, we examined the efficacy of sumatriptan against 

the hypersensitivity caused by SNP in stress-primed mice.  Female mice underwent the restraint 

stress protocol and were allowed to return to baseline as described for the prior experiments. At 

24-hours following return to baseline, mice received either vehicle (1X PBS), 0.1 mg/kg SNP, 0.6 

mg/kg sumatriptan (the standard dose used throughout preclinical migraine studies [36; 63; 172; 

185]), or a co-injection of SNP and sumatriptan (Fig. 5). Animals that received only sumatriptan 

were not significantly different from baseline at any time point. As in prior experiments, animals 

that received SNP showed significantly reduced withdrawal thresholds when compared with 

controls out to 24 hours.  Animals that received a co-injection of SNP and sumatriptan experienced 

significantly reduced withdrawal thresholds when compared with controls and animals that 

received sumatriptan alone out to 3 hours following injection; these animals showed no significant 

differences from those that received only SNP at any time point. These data demonstrate that 

repeated stress leads to a state of priming where sumatriptan lacks efficacy against subsequent 

exposure to an NO donor. 



 

  

112 

 

 

Figure 4.4: Effects of CGRP monoclonal antibodies in repeated stress induced priming to SNP in 

mice. Facial withdrawal thresholds were measured in male (A) and female (B)mice after acute 

stress (n510 males, n57 females). 15 days after the final day of stress, animals received either the 

anti-CGRP antibody ALD405 (n5 10 males, n 5 8 females) or an isotype control (n 5 9 males, n 5 

9 females). 24 hours after administration of antibody, all animals received 0.1 mg/kg SNP. In the 

acute phase, † denotes statistical significance between controlmice and stressedmice that will 

receive ALD405 and SNP. *Statistical significance between control mice and stressed mice that 

will receive isotype control Immunoglobulin G. In the priming phase, § denotes statistical 

significance between stressed mice that received ALD405 and those that received the isotype 

control before SNP. Two-way ANOVA followed by Bonferroni multiple comparison analysis 

revealed significant differences in the priming phase between female stressed mice that received 

ALD405 and those that received the isotype. Statistical significance between these groups was 

observed in males at 48 hours after SNP. Data are represented as mean6SEM. §P,0.05,§§P,0.01, 
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§§§P,0.001, ††††,****P, 0.0001. See Table 2 for additional results of analysis. CGRP, calcitonin 

gene-related peptide; SNP, sodium nitroprusside. 

 

Figure 4.5: Sumatriptan does not block SNP responses in stress-primed mice. Facial withdrawal 

thresholds of female mice either naive (n 5 8) or after acute stress and administration of either 

SNP (0.1 mg/kg; n58), suma (0.6 mg/kg; n 5 7), or a coadministration of suma and SNP (n 5 7). 

In the acute phase, * denotes significance between control mice and stressed mice that will 

receive SNP; ^significance between control mice and stressed mice that will receive suma; 

†significance between control mice and stressed mice that will receive suma and SNP. For 24-

hour-7DPS in the acute phase, the statistical significance is the same for each time point. Two-
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way RM with Bonferroni multiple comparison analysis indicates a statistical difference among 

control mice and all cohorts that were stressed. In the priming phase, there was no statistical 

difference detected between stressed mice that received SNP and those that received suma and 

SNP (mean 6 SEM, ^^P , 0.01, ***P , 0.001, ****,^^^^, ††††P , 0.0001). See Table 2 for 

additional statistical analysis. SNP, sodium nitroprusside. 

Repeated stress primes mice to dural stimulation with a subthreshold pH  

These studies demonstrate that repeated stress primes mice to subthreshold doses of NO-donors.  

However, it is not clear from these studies whether stress and NO donors have sensitizing actions 

within the meninges as both stimuli are non-specific to any location within the body.  We thus 

investigated whether repeated restraint stress could prime animals to a direct dural stimulus. 

Female mice were subject to the repeated stress protocol and allowed to return to baseline 

withdrawal thresholds as in the prior experiments. At 24 hours after return to baseline, mice 

received dural injections of either physiological pH of 7.4 or a slightly decreased, but normally 

non-noxious pH 7.0, the latter a stimulus that we have previously shown animals become primed 

to by prior dural application of IL-6 or CGRP[12; 37]. Stressed females that received dural pH 7.0 

experienced significant allodynia at 1 hour, 3hours, and 24 hours post injection when compared 

with stressed animals that received pH 7.4 and control non-stressed animals that received either 

dural pH 7.0 and pH 7.4 (Fig. 6a). In addition, these animals showed significant grimacing in 

response to stress out to 7 days (Fig. 6b), however none of the animals showed any significant 
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grimace in response to any secondary stimulus. These data demonstrate that repeated stress primes 

mice to both systemic migraine triggers as well as direct stimuli applied to the dura.  

 

 

Figure 4.6: Repeated stress primes female mice to decreased dural pH. (A) Facial withdrawal 

thresholds of female mice after acute stress and priming to dural pH 7.0 (n512) or 7.4 (n512) and 

controlmice given pH 7.0 (n512) and pH 7.4 (n511). (B)Grimace scores of mice that were first 

stressed and then administered either pH 7.0 (n 5 8) or pH 7.4 (n 5 8) or mice that were naive and 

then administered either pH 7.0 (n 5 8) or pH 7.4 (n 5 8). For the acute phase, *significance 

between stressed and control mice that will receive dural pH 7.0; ^significance between stressed 

and control mice that will receive dural pH 7.4. For the priming phase; †significance between 

stressed mice that received pH 7.0 and stressed mice that received pH 7.4. Dural pH stimuli are 

given at the time point indicated by the arrows in (A); before dural pH injections, animals were 
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only exposed to either stress or control. Two-way ANOVA RM with Bonferroni multiple 

comparison analysis indicate a significant difference between stressed and control mice and 

stressed mice that received pH 7.0 compared to stressed mice that received pH 7.4 (mean 6 SEM, 

*P , 0.05, ††P , 0.01, ***, ^^^P , 0.001, ****,^^^^,††††P , 0.0001). See Table 2 for additional 

statistical analysis. 

DISCUSSION: 

The mechanisms by which stress contributes to migraine are poorly understood.  Better 

understanding of these mechanisms may lead to insights for new therapeutic targets as well as 

other potential approaches.  Here we show that repeated stress using restraint results in significant 

facial hypersensitivity in both male and female mice, starting approximately 24 hours after the end 

of stress (although this was the earliest time point tested here). Repeated stress also causes grimace 

in females and primes mice to subthreshold doses of the nitric oxide donor SNP as well as 

subthreshold dural stimulation with pH 7.0. This stress paradigm induces a time window in which 

animals are primed to subthreshold dose of SNP; mice remained primed for 2 weeks following 

stress but not at 5 weeks post-stress. Responses to subthreshold doses of SNP in primed animals 

were blocked by a CGRP monoclonal antibody, implicating CGRP in the mechanisms that 

contribute to low-dose NO donors responses in the primed state. This was not the case when 

sumatriptan was used, demonstrating that priming due to stress may lead to a “triptan-unresponsive 

state.” Together, these data support the use of a stress priming model to help further study the 

mechanisms by which stress contributes to migraine.  Importantly, this model can be induced 
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without significant tissue injury and the presence of a primed state can be determined without 

tissue injury (e.g. by using SNP injections). 

Calcitonin gene-related peptide (CGRP) has long been implicated in the pathology of migraine as 

it is upregulated in the saliva, venous blood, and CSF of migraine patients during an attack [82; 

135]. Additionally, intravenous administration of CGRP to migraine patients triggers migraine 

attacks [152]. The observation that the response to SNP following repeated stress is blocked by a 

CGRP monoclonal antibody (although to a greater extent in females; see additional discussion 

below) suggests that exposure to a subthreshold dose of SNP in the primed state due to stress is 

similar to migraine attacks.  However, sumatriptan had no effect on SNP-donor induced responses 

in primed mice. This is in contrast to humans, where sumatriptan reduces nitroglycerin-induced 

headaches [130].  In rodent studies, both sumatriptan and the monoclonal antibody ALD405 were 

shown to reduce pain from repeated glyceryl trinitrate administration [53]. In other rodent studies, 

sumatriptan was not efficacious in blocking NO donor induced facial hypersensitivity when given 

prior to repeated NO-donor administration across 5 days [61].  Neither of these studies used stress 

however.  The inability of sumatriptan to prevent NO-donor mediated hypersensitivity following 

repeated stress may be able to provide insight into mechanisms that are present in the 

approximately 40% of migraine patients that take oral triptans and do not experience relief [90] 

and also how stress may contribute to triptan response/non-response. Further, this model may be 

helpful in identifying mechanisms by which NO donors contribute to migraine since only primed 

animals respond to low-dose SNP (thus mimicking the human observation that NO donors do not 
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trigger attacks in controls).  Because the increased sensitivity to SNP is not permanent i.e. it was 

not present 5 weeks following the end of the stress paradigm, this model may be valuable for 

identifying mechanisms by which sensitivity to the effects of stress are extinguished. 

Migraine affects women disproportionately to men; mechanisms underlying this dimorphism are 

not known. We have recently shown that female mice are more sensitive to the pain-promoting 

effects of CGRP in the meninges than are males [12]. Consistent with the prior finding of female-

specific CGRP effects, ALD405 was more effective in blocking responses to SNP following stress 

in females than in males.  While anti-CGRP therapeutics are effective in many migraine patients, 

both female and male, factors that predict efficacy are not currently known.  Additionally, 

mechanisms by which stress and NO donors contribute to migraine are poorly understood.  While 

far more investigation is needed, our work is a substantial advance because it suggests that stress 

combined with NO donors may act through CGRP-dependent mechanisms in females but not in 

males.  The model system that we have developed, and similar model systems that can be 

developed in the future, may start to draw mechanistic connections between psycho-social 

migraine findings and specific molecular mechanisms that can predict who will respond to certain 

types of therapeutics, like CGRP-targeting drugs or triptans. 

How and where CGRP contributes to migraine pathology is still a matter of debate but the repeated 

stress-induced priming model may be helpful in addressing this question.  It is possible that 

repeated stress causes plasticity in the hypothalamic-pituitary-adrenal (HPA) axis, altering the 

release of corticotropin releasing hormone (CRH) from the paraventricular nucleus (PVN) of the 
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hypothalamus and adrenocorticotropic hormone (ACTH) from the pituitary in response to internal 

and external challenges.  When administered to the PVN and in the lateral ventricle, CGRP 

increases ACTH and plasma CRH [67; 146]. CGRP has also been shown to increase ACTH from 

cultured pituitary cells [129].  An increased role for CGRP in these processes following stress may 

occur.  Additionally, repeated stress has been shown to increase vascular permeability and plasma 

extravasation within the dura [138]. Plasma extravasation typically requires substance P and CGRP 

[96; 164].  Repeated stress may change the role of CGRP within the meninges, particularly how it 

contributes to the response to NO donors. While some debate exists about whether these antibodies 

act in the periphery or in the central nervous system, due to the size of these antibodies they are 

unlikely to cross the blood brain barrier, and may act on mechanisms that occur outside of the 

BBB. The repeated stress priming model is an additional preclinical tool with which to test these 

types of CGRP-dependent mechanisms that may contribute to migraine. 

The hypersensitivity of the dura to pH 7.0 following repeated stress may be in part caused by mast 

cell (MC) degranulation. Acute restraint stress in mice and rats has been shown to activate dural 

mast cells in a CRH dependent fashion [138; 244]. Mast cell degranulation is thought to contribute 

to migraine by causing excitation of dural nociceptors [156]. In addition, mast cell degranulation 

has been shown to increase sensitivity to decreased dural pH via activation of ASICs [268]. Stress 

not only leads to mast cell degranulation but increases the presence of pro-inflammatory agents 

within dural immune cells, [177] likely potentiating the effects of inflammation within the dura. 

CGRP contributes to release of inflammatory mediators from mast cells within the dura [65]. 
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Additionally, mast cells express the CRH1 receptor and are likely to be responsive to both CGRP 

and CRH [47].  While sumatriptan has been reported to attenuate mast cell degranulation-evoked 

activity in the trigeminal nucleus caudalis [156] it did not have efficacy in the repeated stress 

priming model to SNP. This may be because the initial stress-induced mast cell degranulation may 

have already increased the sensitivity of dural nociceptors, and the timing of sumatriptan 

administration (given well after stress) may not be capable of reversing this sensitivity. Stress has 

also been shown to increase innervation of peripheral tissues by sympathetic fibers [226] and post-

ganglionic sympathetic neurons can alter the immune cell populations in the dura in response to 

chronic stress [177]. It is thus possible that changes in sympathetic innervation of the dura could 

result from restraint stress, and that this restructuring ultimately contributes to increases in immune 

response and consequently hypersensitivity of dural nociceptors. This model may lend itself to 

further exploration of the role of sympathetic dural innervation, immune cells, and the link between 

migraine and stress.  

The data presented here support the use of repeated stress-induced priming as a new preclinical 

model of migraine in which to further investigate the mechanisms of the disorder and their 

regulation by stress.  It may also be a valuable tool to investigate efficacy of novel therapeutics, 

especially those that are likely to act within mechanisms or pathways regulated by stress.  Finally, 

it offers the opportunity to study conditions related to migraine in the absence of tissue injury.  

While several preclinical behavioral models of migraine currently exist, it is unlikely that any 

single model will accurately capture the complexity that is human migraine.  This model may be 
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an important addition to the current list of preclinical tools, and may be able to capture aspects of 

the disorder not currently represented in the currently-available models. 
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STATISTICAL TABLES 

Table 4.2: 

Figure Analysis Statistics 

Fig. 1A 

BL-BL 

Two-way repeated measure ANOVA 

Interaction Factor 

Time Factor 

Treatment Factor 

Bonferroni’s multiple comparisons 

between treatments  

F(10, 115)=12.04, p<0.0001 

F(3.008, 69.19)=50.31, p<0.0001 

F(2, 23)=28.16, p<0.0001 
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Fig. 1A 

 

SNP 1-

24hr 

Two-way repeated measure ANOVA 

Interaction Factor  

Time Factor 

Treatment Factor  

Bonferroni’s multiple comparisons 

between treatments 

 

F(4, 46)=3.862, p=0.0087 

F(1.854, 42.63)=6.911, p=0.0031 

F(2, 23)=1.685, p=0.2075 

Fig. 1B 

 

BL-BL 

Two-way repeated measure ANOVA 

Interaction Factor  

Time Factor 

Treatment Factor  

Bonferroni’s multiple comparisons 

between treatments 

 

F(10, 89)=36.19, p<0.0001 

F(2.822, 50.23)=180.0, p<0.0001 

F(2, 18)=149.7, p<0.0001 

Fig. 1B  

 

SNP 1-

24hr 

Two-way repeated measure ANOVA 

Interaction Factor  

Time Factor 

Treatment Factor  

Bonferroni’s multiple comparisons 

between treatments 

 

F(6, 54)=3.952, p=0.0024 

F(1.799, 32.37)=2.446, p=0.1074 

F(2, 18)=14.38, p=0.0002 

Fig. 1C 

 

Two-way repeated measure ANOVA 

Interaction Factor  

 

F(5, 130)=35.53, p<0.0001 
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BL-BL Time Factor 

Treatment Factor  

Bonferroni’s multiple comparisons 

between treatments 

F(2.574, 66.93)=42.04, p<0.0001 

F(1, 26)=124.6, p<0.0001 

Fig. 1C 

 

SNP 1-

24hr 

Two-way repeated measure ANOVA 

Interaction Factor  

Time Factor 

Treatment Factor  

Bonferroni’s multiple comparisons 

between treatments 

 

F(3, 78)=1.571, p=0.2032 

F(2.6, 67.60)=7.452, p=0.0004 

F(1, 26)=4.448, p=0.0447 

Fig. 2A 

 

Two-way repeated measure ANOVA 

Interaction Factor  

Time Factor 

Treatment Factor  

Bonferroni’s multiple comparisons 

between treatments 

 

F(12, 138)=1.608, p=0.0961 

F(3.257, 74.91)=4.811, p=0.0032 

F(2, 23)=0.1607, p=0.8525 

Fig. 2B  Two-way repeated measure ANOVA 

Interaction Factor  

Time Factor 

Treatment Factor  

 

F(12, 108)=0.7945, p=0.6652 

F(3.763, 67.74)=0.9845, p=0.4186 

F(2, 18)=2.249, p=0.1343 
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Bonferroni’s multiple comparisons 

between treatments 

Fig. 3A 

BL-35D 

Two-way repeated measure ANOVA 

Interaction Factor 

Time Factor 

Treatment Factor 

Bonferroni’s multiple comparisons 

between treatments 

F(16, 176)=33.03, p<0.0001 

F(4.232, 93.11)=144.2, p<0.0001 

F(2, 22)=170.6, p<0.0001 

Fig. 3A 

SNP1-

72hr 

Two-way repeated measure ANOVA 

Interaction Factor 

Time Factor 

Treatment Factor 

Bonferroni’s multiple comparisons 

between treatments 

F(6, 66)=1.526, p=0.1834 

F(2.334, 51.35)=0.7346, p=0.5043 

F(2, 22)=0.2865, p=0.7537 

Fig. 3B 

BL-35D 

Two-way repeated measure ANOVA 

Interaction Factor 

Time Factor 

Treatment Factor 

Bonferroni’s multiple comparisons 

between treatments 

F(18, 198)=16.84, p<0.0001 

F(4.475, 98.44)=76.59, p<0.0001 

F(2, 22)=78.94, p<0.0001 
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ABSTRACT 

 

Background: 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 fatigue. It is one 

of the most common and most disabling disorders globally but mechanisms causing migraine are 

poorly understood. While head pain is a typical feature of attacks, they also often present with 

cutaneous hypersensitivity in the rest of the body.  In contrast, primary pain conditions in the 

lower parts of the body are less commonly associated with cephalic hypersensitivity. Previous 

studies indicate that application of stimuli to the meninges of rodents causes cutaneous facial as 

well as hindpaw hypersensitivity.  In the present study, we asked whether widespread 

hypersensitivity is a unique feature of dural stimulation or whether body-wide responses occur 

similarly when the same stimulus is given in other locations.   

Methods: Rats were given the same dose of IL-6 either via dural, intraplantar, subcutaneous, 

intramuscular, intracisternal, or intrathecal injection. Cutaneous facial and hindpaw allodynia 

was assessed using Von Frey following injection into each location. 

Results: Hindpaw allodynia was observed following dural and intraplantar injection of IL-6 in 

both males and females. Hindpaw allodynia was only observed in females following 

intracisternal and intrathecal IL-6 injections. In contrast, facial allodynia was only observed in 

either sex following dural and intracisternal injections, which would activate meningeal afferents 

and the trigeminal nucleus caudalis (TNC), respectively.   
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Conclusions: Here we show that while stimulation of upper body regions with IL-6 including the 

meninges and brainstem can cause widespread hypersensitivity spreading to the paws, similar 

stimulation of the lower body does not cause the spread of hypersensitivity into the head.  These 

data are consistent with the observations that whole body hypersensitivity is specific to 

conditions such as migraine where pain is present in the head and they may provide insight into 

co-morbid pain states associated with migraine.  

 

Abbreviations: Interleukin-6 (IL-6), Trigeminal Ganglia (TG), Trigeminal Nucleus Caudalis 

(TNC), Toll-like Receptor 4 (TLR4), Calcitonin Gene-Related Peptide (CGRP), 1-9-G129R-

hPRL (ΔPRL), Prolactin (PRL), Cortical Spreading Depression (CSD).  

 

BACKGROUND 

Migraine is among the top 6 most common disorders globally in both men and women [71] and 

is the 2nd-most disabling disease world-wide [70].  Despite the prevalence of migraine, little is 

known about the pathophysiology. Migraine is characterized by throbbing head pain, cutaneous 

allodynia, nausea, and sensitivity to light and sounds. These symptoms vary among migraine 

patients, as do the triggers that spawn these attacks. Common self-reported triggers include 

stress, hormonal changes, changes in sleep-wake patterns, skipping meals, and consumption of 

alcohol and certain foods [142].  
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 Migraineurs often report increased sensory sensitivity and cutaneous allodynia in extracephalic 

regions during migraine attacks [40; 175; 202; 247].  This is in contrast to other pain conditions 

in the lower body which are not typically associated with hypersensitivity in the head. This 

suggests that migraine, and the concomitant activation of meningeal afferents that causes the 

headache phase, may have a distinctive circuitry that leads to widespread hypersensitivity.  

Numerous prior studies using rodent migraine models have shown a remarkably consistent 

finding that stimulation of the dura mater causes cutaneous hypersensitivity of both the facial 

skin as well as that of the hindpaw [37; 80; 192; 265; 267].  These prior studies thus show that 

headache-inducing conditions lead to widespread hypersensitivity in rodents as in humans.  

While it is not generally reported that facial hypersensitivity exists in models of pain in the lower 

spinal system, these studies typically do not test for the presence of cephalic responses.  The 

purpose of the present work was to test, using the same stimulus applied to multiple locations 

throughout the rat, whether dural stimulation is unique in its ability to cause body-wide 

hypersensitivity.    

While migraine pathology remains poorly understood, inflammation is thought to be involved. 

Debate exists about the type, sites, and role of inflammation in migraine [85], but it is thought 

that peripheral inflammatory stimuli cause activation and hyper-excitability of meningeal 

afferents. These signals are received by the trigeminal ganglia, which sends these signals to 

higher order neurons in the trigeminal nucleus caudalis (TNC) [41]. From the TNC, these signals 

are then processed by the cortex for the perception of head pain [103].  One particular 

inflammatory mediator that has been implicated in migraine is interleukin-6 (IL-6). IL-6 is a pro-
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inflammatory cytokine that is upregulated in the serum and blood of migraine patients during an 

attack [91; 214; 270]. We have shown previously that application of IL-6 on to the dura of 

female and male rats as well as mice results in cutaneous facial allodynia [12; 37; 39]. 

Importantly, these studies also showed that IL-6 applied to the rodent dura causes facial and 

hindpaw allodynia [37; 267]. Additionally, this same dose of IL-6 given onto the dura is capable 

of sensitizing male and female rats to respond to subthreshold doses of migraine relevant triggers 

such as lowered dural pH and dural calcitonin gene-related peptide (CGRP) [12; 37]. 

Furthermore, we have shown that IL-6 applied to the dura of male rats causes facial and hindpaw 

allodynia [37; 267]. Based on the link between IL-6 and migraine and headache-relevant 

behavioral responses in preclinical models with dural IL-6, we chose this stimulus as the probe to 

test whether activation of meningeal afferent neurons can cause differential spread of 

hypersensitivity compared to the same stimulus given elsewhere. 

 

METHODS: 

Animals: 

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

Dawley rats (Taconic; Rensselaer, NY) were used for all experiments. Animals were housed on a 

12-hour light/dark cycle with access to food and water ad libitum. Animals were housed in the 

facility for at least 72 hours prior to handling and habituation of animals to testing rooms. All 
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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 µl injections. Cannulation 

surgeries were performed according to previously published methods [12; 13; 81] in which 

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 (8mm 

AP, -2mm ML, 1mm DV) 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 (Vetbond). Two screws were inserted above the guide cannula on both 

sides of midline below bregma. Perm reline repair resin (Coltene, Altstätten, Switzerland) was 

used to anchor the cannula to the screws and skull. To prevent clogging, a dummy cannula 

(Plastics One 313DC-SPC 0.014-0.36mm fit 1 mm) was inserted into the guide cannula. Post-

surgery, animals were given subcutaneous 8 mg/kg gentamicin diluted in sterile saline and 0.25 

mg meloxicam self-administered via Mouse MD's™ (MD275-0125) bacon flavored tablets, to 
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prevent infection and for pain management, respectively. Animals were returned to their home 

cage and allowed to recover for 7 days.  

 

Intraplantar injections: 

Intraplantar injections were administered according to previously published methods [12]. 

Briefly, 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 µl 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 

minutes. Following intraplantar injection the left paw was subject to von Frey.  

 

Subcutaneous injections: Subcutaneous scalp injections were performed while animals were 

anesthetized under a nose cone under 2.5-3% isoflurane. Injections were administered where a 

dural cannula would otherwise be implanted in a volume of 10 μl via a 30-gauge 0.5 inch needle. 

In all cases animals were kept under anesthesia for less than 2 minutes.  
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Gastrocnemius injections: Injections into the gastrocnemius muscle were performed in a 

volume of 10 μl administered into the left gastrocnemius muscle while the animals were 

anesthetized with 2.5-3% isoflurane administered via a nosecone. Subsequently the left hindpaw 

was tested to see if any hypersensitivity had developed as a result of injection.  

 

 

Intracisternal Injections:   

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

performed as previously described [12; 37; 52]. A 25-gauge 1.5 inch needle was contorted 

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

attached to a 27-gauge Hamilton syringe. Animals were anesthetized for < 2 minutes under 2.5-

3% isoflurane via a nose cone. The head of the animal was tilted forward at approximately a 

120° angle to allow access to the cisterna magna. The needle was positioned above C1 and 

inserted through the cisterna magna along the midline.  
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Intrathecal injections 

Intrathecal injections were performed according to previously published methods [179]. 

Injections of either 10 μl IL-6 or vehicle were administered into the L5-L6 intervertebral space 

while animals were under 2.5-3% isoflurane administered via a nose cone. Injections were 

administered using a 30-gauge 0.5 inch needle. 

Von Frey testing 

Rats were allowed to acclimate to testing room, chambers, and light conditions for 2 hours a day 

for 3 days prior to facial testing. Rats were handled for a single 5-min session at 24-hours prior 

to habituation to the behavior chambers. Only rats that met a baseline of 8 g facial withdrawal 

threshold and 15 g hindpaw withdrawal threshold were included in the study. Following 

establishment of baseline, animals were given their respective injections. Facial withdrawal 

thresholds were determined by applying von Frey filaments to the periorbital region of the face 

(the midline of the forehead at the level of the eyes) in an ascending/descending manner starting 

from the 1 g filament. Briefly, if an animal did not respond, increasing filament forces were 

applied until the 8 g filament was reached or until a response was observed. If the animal 

responded to a specific filament, decreasing filament forces were applied until the 0.4 g filament 

was reached or until there were no responses observed. If no responses are observed, i.e  facial 

baseline is reached, the filaments tested are 1 g, 2 g, 4 g, 6 g, 8 g. Hindpaw withdrawal 

thresholds were determined via the same paradigm with a maximum of beginning with the 2 g 
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filament and with a maximum of 15 g and a minimum of 0.6 g if an animal reaches a baseline 

withdrawal threshold on the paw the filaments tested are 2 g, 4 g, 6 g, 8 g, 15 g. Following 

central administration of IL-6 both the left and right hindpaws were tested; the paw showing 

greater hypersensitivity was then tested to be included in the data set. 

 

Drugs:  

Rat recombinant IL-6 (R&D systems, cat: 506-RL-050/CF) was diluted to a concentration of 0.1 

ng for all experiments. For dural, hindpaw, and gastrocnemius muscle injections IL-6 was diluted 

in synthetic interstitial fluid (SIF) comprised of 135 mM NaCl, 5 mM KCl, 10mM HEPES, 

2mMCaCl2, 10mM glucose, and 1mM MgCl2 (pH 7.4, 310 mOsm). For intracisternal injections 

IL-6 was diluted in artificial cerebrospinal fluid (aCSF) which was comprised of 125mM NaCl, 

26mM NaHCO3, 1.25mM NaH2PO4, 2.5mM KCl, 1mM MgCL2, 2mM CaCl2, and 10mM D-

glucose (pH 7.4). For intrathecal injection IL-6 was diluted in 0.9% saline. Diluents were used as 

respective vehicles for all experiments. 

 

Experimental design and statistical analysis: 

In all experiments, investigators were blinded to which animals received drug in all experiments. 

Allocation of animals to treatment groups was randomized via the “blinder” who chose animal 
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identification numbers from a bag of pre-labeled paper slips. Data here are presented as mean ± 

SEM. Data were analyzed at each time point via two-way ANOVA and followed by Bonferroni 

post-hoc assessment where appropriate. Prism (GraphPad) was used for all data analyses. 

Significance was set to p< 0.05 for all analyses. 

 

RESULTS: 

Dural IL-6 causes facial and hindpaw sensitivity in female rats. 

Previously we found that application of IL-6 onto the dura of male rats not only resulted in facial 

hypersensitivity, but hindpaw sensitivity [37]. While we have additionally reported that dural IL-

6 leads to facial allodynia in females [37], we did not test the ability of this stimulus to cause 

whole body allodynia in females. Given that cutaneous allodynia is more common in female 

migraineurs [25; 160] we aimed to test whether female rats would experience hindpaw allodynia 

similarly to male rats. Here we confirm that female rats that receive dural IL-6 demonstrate facial 

allodynia out to 72 hours (Fig. 1A), and additionally experience significant hindpaw sensitivity, 

persisting for 24 hours following injection (Fig. 1B).  
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Figure 5.1: Dural IL-6 produces facial and hindpaw hypersensitivity in females. Female rats had 

baseline withdrawal thresholds established prior to receiving administration of 0.1 ng IL-6 onto 

the dura. Dural IL-6 (n=10) elicited significant effect of treatment on facial (A) F (1, 66) = 31.58, 

p<0.0001) and hindpaw (B) (F (1, 66) = 43.66, p<0.0001) hypersensitivity when compared with 

animals that received vehicle (n=4). *p<0.05, ****p<0.0001. 

Intraplantar administration of IL-6 results in hindpaw, but not facial, allodynia. 

Our data here and in our prior publications indicates that dural stimulation with IL-6 causes 

referred hypersensitivity to the hindpaw. Previously we have reported that intraplantar IL-6 leads 

to sensitivity in the hindpaw [37]. We next sought to test whether intraplantar IL-6 causes 

periorbital hypersensitivity like that observed following dural IL-6. Both sexes were tested since 

females and males exhibit differential responses to migraine-relevant peptides in multiple 
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peripheral tissues including the hindpaw [12; 195].  Both female and male rats received 0.1 ng 

IL-6 into the left hindpaw and were subject to periorbital and hindpaw von Frey testing. Females 

demonstrated acute hindpaw allodynia at 1- and 3-hours following injection (Fig. 2), consistent 

with hindpaw responses shown previously with intraplantar IL-6 in males [37].  In contrast, 

neither females nor males exhibited any facial hypersensitivity responses at any time point 

following intraplantar IL-6 (Fig. 3).  These data demonstrate that while dural IL-6 causes 

referred hypersensitivity to the hindpaw, intraplantar IL-6 does not cause referred 

hypersensitivity to the facial skin. 

Figure 5.2: Intraplantar IL-6 produces hindpaw hypersensitivity in females. Female rats from the 

cohort in figure 2 also had baseline hindpaw withdrawal thresholds established prior to receiving 

intraplantar injection of 0.1 ng IL-6. IL-6 (n=6) elicited significant effect of treatment on 
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hindpaw hypersensitivity (F (5, 60) = 2.512, p=0.0394) when compared with animals that 

received vehicle (n=6). *p<0.05, ***p<0.001. 

Subcutaneous IL-6 in the scalp does not elicit facial or hindpaw hypersensitivity. 

Prior studies have found that migraine-relevant peptides injected into the periorbital region of the 

face of rats results in facial allodynia [66]. This is likely due to activation of fibers from the 

trigeminal ganglia that innervate the peri-orbital region of the face i.e. direct activation and 

sensitization of nerve endings near the site of von Frey testing.  In contrast, for dural stimulation 

to cause periorbital hypersensitivity, central sensitization leading to referred responses from the 

dura to the facial skin must be present.  This led us to question whether the periorbital 

hypersensitivity that results from 0.1 ng dural IL-6 would be observed if this stimulus was 

applied subcutaneously to the scalp where the dural cannula would otherwise be implanted.  

Thus, we administered subcutaneous IL-6 to the rostral part of the scalp in rats that were 

otherwise naïve, i.e., they had no dural cannula.  Despite the noted projection of dural afferents 

to the extracranial periosteum [217], neither females nor males exhibited any periorbital (Fig. 

4A, C) or hindpaw (Fig. 4B, D) hypersensitivity at any time point following subcutaneous IL-6.  

These data show that the referred periorbital hypersensitivity that develops following activation 

of dural afferents is not a general response to IL-6 injected anywhere in the head.  
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Figure 5.3: Intraplantar administration of IL-6 produces no facial responses in female or male 

rats. Female and male rats had facial hindpaw withdrawal thresholds assessed prior to and 

following intraplantar injection of 0.1 ng IL-6 (6 females, 6 males) or vehicle (6 females, 6 

males). Two-way ANOVA followed by Bonferroni posthoc analysis revealed no significant 
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facial responses in female (A) (F (1, 40) = 1.844, p=0.1821) or male (B) (no variation among 

groups) rats. 

Injection of IL-6 into the gastrocnemius muscle fails to produce facial or hindpaw 

hypersensitivity in male or female rats. 

Peripheral cutaneous injections into the scalp produced no facial or hindpaw hypersensitivity, 

suggesting that whole body responses are not simply caused by general activation of the afferents 

within trigeminal system. One alternate possibility is that widespread referred responses are 

caused by activation of deep-tissue afferents but not cutaneous afferents.  This is a well-known 

phenomenon observed with gastrointestinal or cardiac pain that is commonly referred to the 

surface of the abdomen.  It is possible that hindpaw and scalp injections of IL-6 do not cause 

widespread referred hypersensitivity since they are subcutaneous while stimulation of the dura 

mater is more similar to activation of deep-tissue afferents.  To address this possibility, we 

administered 0.1 ng IL-6 into the gastrocnemius muscle. We observed no significant reductions 

in facial or hindpaw withdrawal response to this intramuscular injection in either female (Fig. 

5A, B) or male rats (Fig. 5C, D).  This indicates that the referred hypersensitivity of the facial 

and hindpaw skin following dural stimulation with IL-6 is not a generalized response to 

activation of non-cutaneous afferents.  
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Figure 5.4: Subcutaneous injection of IL-6 in the scalp produces no significant facial or hindpaw 

responses in male and female rats. Rats had facial and hindpaw withdrawal thresholds assessed 

to establish baseline withdrawal thresholds, as well as following administration of 0.1 ng IL-6 (6 

females, 8 males) or vehicle (7 females, 6 males) subcutaneously in the scalp. Two-way 

ANOVA followed by Bonferroni posthoc analysis revealed no significant facial or hindpaw 
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responses in female (A, B) (F (1, 44) = 0.2761, p=0.6019) (F (1, 44) = 1.502, p=0.2269) or male 

(C,D) (no variation among groups) (F (1, 48) = 1.371, p=0.2473) rats.  

Intracisternal IL-6 produces facial and hindpaw hypersensitivity in rats. 

It has been shown previously that dural application of inflammatory soup (IS) can lead to 

sensitization of neurons within the TNC [18; 41; 191].  This sensitization that develops has been 

suggested to be the underlying mechanism of referred facial hypersensitivity following dural 

stimulation.  We thus aimed to determine whether direct stimulation of the central terminals of 

trigeminal afferents or of second-order neurons within the TNC with IL-6 would produce whole 

body hypersensitivity. To test this, rats received 0.1 ng IL-6 into the cisterna magna. Female rats 

exhibited facial (Fig. 6A) and hindpaw (Fig. 6B) hypersensitivity at 3 hours following injection. 

Male rats exhibited no hindpaw hypersensitivity (Fig. 6D) but demonstrated significant facial 

allodynia from 1 to 5 hours following injection (Fig. 6C).  These data show that activation of 

circuits within the brainstem by IL-6 is capable of causing referred facial hypersensitivity, and 

also referred paw hypersensitivity in females, but that only dural stimulation causes referred paw 

hypersensitivity in males. 
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Figure 5.5: Intracisternal IL-6 produces facial hypersensitivity in both sexes, but differential 

hindpaw responses. Female (A, B) and male (C, D) rats had baseline withdrawal thresholds of 

the face and hindpaw determined prior to intracisternal injection of IL-6 (4 females, 6 males) or 

vehicle (5 females, 7 males). Both females and males demonstrated significant effects of 

treatment on facial responses (F (1, 35) = 12.24, p=0.0013) (F (1, 55) = 27.98, p<.0001); 
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however, only females presented with hindpaw responses. (F (1, 35) = 9.640, p=0.0038) 

*p<0.05, ****p<0.0001. 

Figure 5.6: Gastrocnemius injection of IL-6 produces no significant facial or hindpaw responses 

in male and female rats. Rats had facial and hindpaw withdrawal thresholds assessed prior to and 

following administration of 0.1 ng IL-6 (6 females, 6 males) or vehicle (6 females, 5 males) into 
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the gastrocnemius muscle. Two-way ANOVA followed by Bonferroni posthoc analysis revealed 

no significant effect of treatment on facial or hindpaw responses in female (A, B) (F (1, 40) = 

1.844, p=0.1821) (F (3, 36) = 0.2904, p=0.8320) or male (C, D) (no variation among groups) (F 

(1, 36) = 2.289, p=0.1390) rats.  

Intrathecal IL-6 causes hindpaw hypersensitivity in females. 

The findings showing that intracisternal injection of IL-6 leads to whole body hypersensitivity, at 

least in females, led us to question whether central sensitization in general leads to widespread 

hypersensitivity, or whether this is specific to the activation of the trigeminal pathways. To 

address this question, we administered 0.1 ng IL-6 intrathecally in both male and female rats. IL-

6 produced significant acute hindpaw hypersensitivity in females 1 hour following injection (Fig. 

7B). No hindpaw hypersensitivity was observed in males at any time point (Fig. 7D). 

Importantly, no facial hypersensitivity responses were observed in either sex at any time point 

(Fig. 7A, C). These findings show that referred hypersensitivity to the periorbital region is not a 

general feature of injections of IL-6 into the spinal canal but that it is unique to activation of 

meningeal afferents or the TNC. 
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Figure 5.7: Intrathecal IL-6 produces hindpaw responses in female, but not male rats. Rats had 

periorbital and hindpaw withdrawal thresholds assessed prior to and following intrathecal 

administration of 0.1 ng IL-6 (6 females, 6 males) or vehicle (6 females, 6 males). Two-way 

ANOVA followed by Bonferroni posthoc analysis revealed no significant effect of treatment on 

facial responses in female (A, B) (F (1, 40) = 2.924, p=0.0950) or male (C, D) rats (F (1, 40) = 

1.280, p=0.7223). Female rats demonstrated significant hindpaw allodynia. (F (1, 40) = 8.700, 

p=0.0053) **p<0.01. 
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DISCUSSION:  

While many migraine patients report cutaneous hypersensitivity in cephalic and in one or 

multiple additional extracephalic sites during attack [40; 175; 247], it is less common that 

patients with pain states in the lower part of the body experience cephalic hypersensitivity. Little 

is known about how or why this occurs.  Here we examined whether a similar effect occurs in 

rats where provoking migraine-like conditions causes body wide hypersensitivity and whether 

these widespread responses are absent when the same stimulus is given into locations that would 

cause other types of pain.  We used the pro-inflammatory cytokine IL-6, which is upregulated 

during migraine attacks, but is a stimulus that is also implicated in pain states in other body 

regions [274]. IL-6 administered directly onto the dura of female rats results in facial and 

hindpaw hypersensitivity similarly to our previous reports in male rats [37]. In contrast, 

intraplantar IL-6 at the same dose only produces hindpaw responses in either females or males. 

Subcutaneous IL-6 onto the scalp produced no facial or hindpaw allodynia in either sex. We also 

show that IL-6 administered intracisternally produces facial hypersensitivity in both sexes, but 

only leads to whole body responses in females. Finally, when IL-6 was administered 

intrathecally, neither males nor females exhibit facial hypersensitivity, but females demonstrated 

significant decreases in hindpaw withdrawal thresholds.  

Together, these data show that the only locations where administration of IL-6 leads to 

periorbital hypersensitivity is onto the dura or via intracisternal injection, the latter of which is 

capable of activating central trigeminal pathways for all innervation targets.  These are also the 
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only stimulus locations where hypersensitivity is referred to distant locations across the body.  

This finding suggests the presence of unique pathways through the trigeminal system that are 

capable of establishing widespread behavioral responses and that similar pathways do not exist 

within the lower spinal system. These data may help to offer additional insight into the 

mechanistic differences by which meningeal afferents and other sensory inputs engage central 

circuits to cause pain and also may aid in the understanding of how and why migraine is such a 

debilitating disorder.  

The data presented here show a robust ability of dural stimulation with IL-6 to cause both facial 

and hindpaw hypersensitivity, demonstrating a role for meningeal inputs in these responses.  

While this may also result from the ability of dural stimuli to penetrate the CNS [272] and lead to 

activation of central pain targets, IL-6 is a much larger peptide than the small molecules that 

were observed to have these properties and is unlikely to migrate to the CNS. Additionally, our 

previous work showed that dural application of pH 6.0 caused body-wide hypersensitivity [39] 

and it is unlikely that the H+ concentration rises enough throughout the CNS to cause this 

response. This suggests that dural IL-6 likely exerts the effects observed here via activation of 

dural afferents near the injection site. However, intracisternal injection of IL-6 should activate 

these dural inputs in addition to many, if not all, other trigeminal inputs to the TNC.  Thus, it is 

surprising that intracisternal IL-6 did not cause hindpaw hypersensitivity in males. These data 

may be due to the release of additional inflammatory mediators or other signaling molecules 

downstream of dural IL-6 that are not present following intracisternal IL-6, ultimately adding to 
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the stimulus intensity of the former.  For example, there may be release of factors such as 

histamine, serotonin, proteases, and other sensitizing agents from mast cells [57; 243]. Given that 

mast cells are more abundant in the dura mater and leptomeninges [271], the release of additional 

inflammatory mediators from these cells may lead to increased engagement of trigeminal 

pathways in response to dural IL-6. This may also explain why the facial hypersensitivity 

responses of males and females to intracisternal IL-6 are less robust and of shorter duration than 

those resulting from dural application.  

We also surprisingly observed that while subcutaneous IL-6 on the scalp failed to produce 

hindpaw hypersensitivity, consistent with IL-6 injections into numerous other locations, it was 

also unable to cause hypersensitivity of the relatively nearby periorbital skin.  This is despite the 

fact that the scalp IL-6 injection should activate or sensitize dural fibers in the periosteum that 

pass through the calvarial sutures [216]. Activation of these fibers has previously been 

demonstrated with stimuli such as KCl and inflammatory soup [273]. In contrast, capsaicin and 

low pH 5.0 failed to activate these afferents reliably or robustly [273].  It is thus possible that not 

all stimuli are able to activate these fibers and IL-6 may be among those that cause no responses.  

Additionally, the location of subcutaneous scalp injection may not effectively target these 

periosteal trigeminal afferents directly.  

While many of the responses to IL-6 shown here were not sexually dimorphic, there were several 

notable exceptions.  We show that intrathecal administration of IL-6 only leads to hindpaw 

responses in female rats (Fig. 6). Similarly, IL-6 applied into the cisterna magna resulted in facial 
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hypersensitivity in both females and males, potentially via activation of pial afferents within the 

subarachnoid space [19; 120], but only led to hindpaw hypersensitivity in females (Fig. 5). Prior 

studies show that estrogen can lead to inhibition of IL-6 production and release [46; 140], but 

whether this leads to changes in effects of exogenous IL-6 is not clear. Recently, a potential role 

for spinal prolactin (PRL) has been implicated in the production of IL-6 induced hindpaw 

allodynia [195], as intrathecal administration of a prolactin receptor antagonist (ΔPRL) prevents 

responses to IL-6 in female mice. Similarly, co-injection of PRL with IL-6 increases hindpaw 

hypersensitivity in female mice. The increased endogenous levels of PRL in females rats 

compared to their male counterparts [74; 186; 258] may explain the ability of intracisternal and 

intrathecal IL-6 to produce hindpaw responses in females, but not in males at this dose, as it may 

be a more intense stimulus in females. These findings demonstrate a clear role for the trigeminal 

system in producing whole body hypersensitivity; central administration of IL-6 to the TNC 

leads to whole body allodynia, while central administration that does not activate the trigeminal 

system is incapable of eliciting a facial response.  

 

There are several potential limitations to this study.  The only stimulus tested was IL-6 and other 

migraine-relevant stimuli may lead to differential responses across the body; in particular, other 

stimuli applied to the lower body may lead to facial hypersensitivity. However, we have 

previously demonstrated that hindpaw injection of CGRP leads to hindpaw allodynia in female 

rats, but does not result in any facial hypersensitivity [12]. Next, while we did not observe 
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widespread hypersensitivity when IL-6 was injected subcutaneously into the scalp, there may 

have been different findings with IL-6 injected into other trigeminal targets such as the 

temporomandibular joint. Stimulation of other such tissues may be more effective at referring 

hypersensitivity to the facial skin. Similarly, we used the gastrocnemius muscle as a 

representative deep tissue, but injection of IL-6 may lead to more robust and widespread referred 

pain from other deep tissues such as visceral organs. While colonic inflammation has been 

shown to induce periorbital hypersensitivity in rodents, this model required administration of 

dextran sodium sulfate into the drinking water for 7 days and the location of action leading to 

periorbital hypersensitivity is not clear [134]. Additionally, as a result of the circulation of CSF 

we cannot accurately state the concentration of IL-6 at the cisterna magna or intrathecally. 

Furthermore, given the rate and direction of CSF [139] it is possible that intracisternal IL-6 

diffuses to lower targets aiding in the development of hindpaw sensitivity. Finally, IL-6 

administration at this dose leads to transient behavioral responses that may better reflect 

signaling pathways associated with acute pain states.  Testing chronic pain models in other body 

locations may lead to more widespread hypersensitivity, including into the facial region. 

 

Overall, these data show the unique ability of dural and intracisternal stimulation to produce 

robust whole-body hypersensitivity and are consistent with the building list of studies supporting 

differential connections of trigeminal and dural pathways with central circuits relevant for pain.  

These studies raise the possibility that afferent input from the head may more effectively engage 
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central pain and affective circuits as an enhanced protective mechanism given the importance of 

the brain and other sensory structures within the head.  Similarly, hypotheses have been proposed 

that migraine evolved as a defense mechanism, and to lead to detection of potentially harmful 

events such as the ingestion of toxins, lack of sleep, or hunger [162].  They further support the 

notion that all forms of pain have evolved to contribute to the survival of an organism [261]. This 

idea also offers context to the common symptoms, and diagnostic criteria for migraine, 

photophobia and phonophobia where the increased sensitivity to lights and sounds would signal 

for the animals to remain in a covered location, to become less susceptible to predators [1]. In the 

case of rodents, they often remain immobile to heal and recover, therefore the hindpaw allodynia 

we observe here in response to dural and intracisternal stimulation may serve to prevent the 

animal from moving. This is consistent with findings that cortical spreading depression (CSD) 

leads to significant freezing behavior in rats [92]. Furthermore, this freezing behavior is 

attenuated by CGRP inhibitors [92].   

 

CONCLUSIONS: 

The findings of this study show that activation of trigeminal afferents, and in particular dural 

afferents, are uniquely able to generate widespread cutaneous hypersensitivity in both female and 

male rats.  Mechanisms underlying these effects may contribute to the distinct collection of 

symptoms present in pain states such as migraine where sensory symptoms spread beyond the 
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cephalic region.  Better understanding of these mechanisms may lead to novel therapeutic 

approaches that are differentially effective for migraine compared to pain in the rest of the body.      
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ABSTRACT 

Migraine affects approximately 303 million people worldwide, in addition to being common 

migraine is also considered to be one of the most disabling disorders. Migraine is considered to 

be more disabling and common in women. The reasons for the disparity are not known, however 

previous studies have demonstrated that the migraine relevant peptide CGRP applied onto the 

dura of female rodents causes facial hypersensitivity yet caused no facial responses in male 

rodents. Recently the calcitonin family peptide amylin has been implicated in migraine as amylin 

and the receptor components for amylin have been found within the trigeminal ganglia. 

Additionally, administration of the amylin analog pramlintide induces migraine in migraine 

patients. Here we report that despite similarities in receptors and signaling mechanisms dural 

amylin causes facial hypersensitivity and grimacing in male but not female mice. 

Ovariectomized mice demonstrate robust hypersensitivity in response to a previously non-

noxious dose of dural amylin yet demonstrate no hypersensitivity to a previously noxious dose of 

CGRP. This suggests that ovarian hormones play a role in the sex-specific responses to dural 

administration of these peptides. Ovariectomized animals also demonstrated increased glucose 

which may be indicative of alterations to amylin signaling. These sex biased responses are not 

only specific to the dura but extend to other peripheral tissues intraplantar administration of 

amylin results in hindpaw allodynia of male, but not female mice. Finally, despite similarities in 

responses and signaling with PACAP, dural PACAP results in similar hypersensitivity in male 
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and female mice. These data suggest that there are specific mechanisms by which calcitonin 

family peptides lead to the sexual dichotomy of migraine. 

 

INTRODUCTION 

Migraine is considered to be one of the most common and disabling disorders across the 

globe. Although migraine is the 2nd most disabling disorder over all [71] it is considered to be 

even more debilitating in women [255] , among women ages 15-49 migraine is actually the 

leading cause of disability [230]. Calcitonin gene-related peptide (CGRP) has long been thought 

to contribute to migraine. Studies indicate that CGRP is elevated in the blood, saliva, and 

cerebrospinal fluid of migraine patients when they experience an attack [86]. Additionally, 

intravenous administration of CGRP will elicit a migraine attack in migraineurs [256]. Recent 

work has demonstrated that CGRP may lead to female-specific migraine like-behavior in rodent 

models of migraine, contingent on the presence of the predominantly female hormone prolactin 

[12; 13]. There has also been increasing evidence that the calcitonin family peptide amylin is 

involved in migraine. Expression of amylin and the components of the amylin receptors AMY1 

calcitonin receptor (CTR) and receptor activity modifying proteins (in this case RAMP1), AMY2 

(CTR and RAMP2), and AMY3 (CTR and RAMP3) have all been found within the trigeminal 

ganglion (TG) [84; 260]. Additionally, clinical trials have demonstrated the ability of the amylin 

analogue pramlintide to induce migraine in patients without aura [101].  

Amylin and CGRP are both comprised of 37 amino acids, 16 of which are shared. 

Furthermore, both the canonical CGRP receptor and the AMY1 receptor include RAMP1 as a 
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receptor component. [124] Amylin and CGRP share equal affinity for the AMY1 receptor [124]. 

Although in the canonical CGRP receptor RAMP1 is coupled with calcitonin-like receptor 

(CLR) in place of CTR, both CGRP and amylin signal through G-protein coupled receptors 

leading to increases in cAMP [153; 182].  Despite these similarities, little is known about how 

amylin is involved in the migraine pathology. Amylin is co-secreted with insulin and is heavily 

involved in regulation of glucose levels. Additionally, CGRP and amylin inhibit insulin secretion 

[118; 200; 240], this is particularly intriguing because hyperinsulinism, hypoglycemia, and 

hyperglycemia are all associated with migraine [22; 28; 51; 109; 115]. 

 Given this potential role for metabolic instability in migraine, we additionally sought to 

explore the role of PACAP-38. PACAP-38 has been implicated in the migraine pathology. 

Similarly, to amylin and CGRP PACAP-38 is capable of inducing migraines in migraine patients 

[218]. PACAP and CGRP both cause similar light aversive behaviors in mice [148]. One 

receptor for PACAP-38, the VPAC1 receptor also associates with RAMP1 [54]. PACAP-38 

additionally signals via cAMP, however, one striking difference is that while amylin and CGRP 

lead to inhibition of insulin [223], PACAP-38 is insulinotropic [30]. Given these similarities in 

signaling and function this study aims to explore the potential role for amylin and PACAP-38 in 

previously established rodent migraine models, as well as to determine whether these peptides 

contribute to the sexually dimorphic nature of migraine, in the nature of the results we have 

previously seen with dural application of CGRP [12].  

 

 



 

  

168 

 

METHODS: 

 

Dural injection  

Dural injections were preformed according to previously published methods [39]. Animals were 

briefly placed under anesthesia using 1.5% isoflurane administered via a nose cone for less than 

2 minutes. While anesthetized, drugs were administered onto the dura via a modified internal 

cannula internal-cannula (Invivo1, part #8IC313ISPCXC, Internal Cannula, standard, 28 gauge, 

fit to 0.5 mm). The inner projection length was modified to be approximately 0.6mm in length. 

This inner portion of the projection was inserted through the soft tissue at the junction of the 

lambdoidal and sagittal sutures. All dural injections were administered in a volume of 5 μl.  

 

Hindpaw injection 

Intraplantar injections were administered into the hindpaw of mice in a volume of 5 μl according 

to previously published methods. Intraplantar injections were preformed while animals were 

anesthetized in the same manner as animals that received dural injections. Animals were 

anesthetized under 1.5% isoflurane administered via a nose cone for less than 2 minutes, during 

which time amylin was injected with a 30-gauge needle attached to a Hamilton 700 microliter 

syringe (Hamilton™ 80401). All injections were preformed into the animals left hindpaw. 
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Facial von Frey  

Prior to and following dural injections animals were subject to facial von Frey. Animals were all 

handled for a single 5-minute session 24 hours prior to habituation to testing chambers and room 

conditions. Each habituation session was carried out in rooms where all further testing would be 

conducted. A habituation session consists of placing animals in 4oz paper cups (Choice) within 

an individual testing chamber for 2 hours a day as previously described [39]. Filaments are then 

applied to the periorbital region of the face via the Dixon up-down method. Beginning with 0.07 

g each filament is applied for a maximum of 5 seconds or until the animal responds. A response 

is counted if the animal swipes at the filament.  If the mouse does not respond to the tested 

filament, filaments of increasing gram weights are tested. In order these filaments would be 0.07 

g, 0.2 g, 0.4 g, and a maximum of 0.6 g. If an animal responds to the tested filament, the filament 

of the next lower gram weight is applied. The descending order of filaments is 0.07 g, 0.02 g, 

and 0.008 g which is the minimum.  

 

Hindpaw von Frey  

Animals that received intraplantar injections of amylin subsequently had mechanical withdrawal 

thresholds assessed with von Frey filaments prior to and following injection. Only the hindpaws 

that were injected were tested. An initial gram weight of 0.6 g was applied to the center of the 

paw away from the digits. If an animal did not respond this gram weight was increased to 1.0 g, 

1.4 g, and finally 2.0g. If the animal does not respond to 2.0 g the animal is considered to have 

reached a baseline hindpaw withdrawal threshold. All animals are required to meet this baseline 
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prior to inclusion in the study and injection. If an animal responds to the initial filament the gram 

weight is decreased to 0.4 g, 0.2 g, and finally 0.07 g which is considered to be the minimum. 

 

 

Grimace scoring 

Grimace behaviors were assessed according to previously published methods [151]. Animals 

were observed for grimacing behaviors prior to establishing von Frey withdrawal thresholds at 

each time point. The grimace score averages 5 characteristic pain-like behaviors that are scored 

as either 0 (not present), 1 (somewhat present), 2 (clearly present). These behaviors are 

comprised of orbital tightening, nose bulging, cheek bulging, flattening of the ears, and flattening 

of the whiskers. All characteristics are weighted the same in the average.  

 

Glucose Measurement  

Glucose was measured using a glucometer all glucose levels were measured while animals were 

fasting for 12 hours. All animals were fasted overnight (during dark cycle). Blood was taken 

from tail tips of each animal. And measured on the glucometer. Results are reported as mg/dl.  

 

Drugs 

Please refer to table 6.1 for all information regarding drug sources, doses, and administration 

routes.  
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Table 6.1: Drug information 

Drug Source Doses  Administration route 

Amylin  Bachem 0.1 ng, 0.1 µg Dural, Intraplantar 

CGRP  Bachem 1 pg Dural 

PACAP-38 Bachem 10 ng, 0.1 μg Dural 

 

 

Statistics 

All data shown here are represented as SEM. All Data were analyzed using Prism (Graph-Pad 

Software) All behavioral data were analyzed among groups at each time point via a two-way 

ANOVA and followed by Bonferroni post-hoc test where it was appropriate. Differences in 

blood glucose level were assessed via one-way ANOVA. Significance was set to p < 0.05 for all 

analyses. For all experiments testers were blinded to treatment group. Prior to all experiments 

animals were allocated to groups via random selection of pre-labeled paper slips.  

 

RESULTS 

Dural amylin leads to facial hypersensitivity in male, but not in female mice. 

Male mice that received 0.1 μg amylin onto the dura exhibited significant facial hypersensitivity 

acutely when compared with control animals that received vehicle at 1- and 3-hours following 

injection (Fig. 1A). A separate cohort of male mice that received a lower dose of 0.1 ng amylin 

onto the dura failed to exhibit any significant hypersensitivity when compared with controls (Fig. 
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1C). These data suggest that high concentrations of amylin may lead to migraine like behaviors 

in male mice. Female mice that received dural administration of 0.1 µg amylin showed no 

significant facial hypersensitivity when compared with animals that received dural injection of 

vehicle either acutely, at 1-, 3-, or 5-hours following injection, or sustained out to 72 hours 

following injection (Fig. 1B). Female mice that received 0.1 ng also did not demonstrate any 

significant hypersensitivity when compared with controls (Fig. 1D). This suggests that the ability 

of dural amylin to induce migraine-like behavior in mice is specific to males. 

 

Figure 6.1: Dural amylin leads to facial hypersensitivity in male, but not in female mice. 
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Dural amylin was administered to both male and female mice following baseline facial 
withdrawal assessment. Amylin administered at 0.1 μg resulted in significant facial 
hypersensitivity in male mice when compared with controls (n = 6 amylin, 5 vehicle) no 
significant facial hypersensitivity was observed in females at this dose (n= 12 amylin, 9 vehicle). 
When 0.1 ng amylin was given on to the dura of male ( n = 6 amylin, 6 vehicle) and female ( n = 
9 amylin, 5 vehicle) no significant hypersensitivity was observed. *p< 0.05, ** p<0.01. 
 
Dural amylin produces grimacing behaviors in male mice, but not in female mice. 

Given the finding that amylin results in facial hypersensitivity in male mice we aimed to 

determine whether this sex-specific effect was true of additional pain behaviors. Cohorts of 

animals that were separate from those subjected to von Frey received either 0.1 µg, 0.1 ng, or 

vehicle SIF, and were then observed for grimace every other hour beginning at 1 hour post 

injection. Male mice that received 0.1 μg of amylin exhibited significant grimace when 

compared with males that received either vehicle or 0.1 ng at 1 hour following injection (Fig. 

2A). No significant grimace was observed in females that received either 0.1 µg or 0.1 ng amylin 

at any time point (Fig. 2B).  

 

 

Figure 6.2: Dural amylin produces grimacing behaviors in male mice, but not in female mice. 
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Male and female mice were observed for grimacing behaviors prior to and following dural 
injection of either 0.1 µg amylin, 0.1 ng amylin, or vehicle. Two-way ANOVA followed by 
Bonferroni post hoc analysis indicated significant grimace caused by Dural 0.1 µg amylin caused 
in male mice at 1 hour following injection when compared with males that received vehicle. No 
significant responses were observed in males that received 0.1 ng amylin or vehicle. No 
significant grimace was observed in any group of females at any time tested. *p < 0.05. 
 

Dural amylin produces robust facial hypersensitivity in ovariectomized mice.  

In order to examine the potential role for ovarian secreting hormones in the observed sexually 

dimorphic responses to dural amylin, female mice that had undergone ovariectomy received 0.1 

μg of amylin onto the dura. In contrast to intact females those that had ovariectomy exhibited 

significant and robust allodynia in response to amylin at 1 and 3 hours post injection (Fig. 3A). 

Ovariectomized animals also showed significant acute grimace at 3 and 5 hours following dural 

administration of amylin (Fig. 3B). This suggests that ovarian hormones may in some part 

suppress hypersensitivity caused by dural amylin. Interestingly, ovariectomized mice that 

received dural injection of 1 pg CGRP, previously reported to cause robust female-specific facial 

hypersensitivity [12], demonstrated no significant hypersensitivity at any time point when 

compared with controls. These animals were observed for grimace behaviors prior to von Frey 

testing at each time point. OVX mice that received amylin demonstrated significant grimace 

behaviors at 1- and 3-hours following injection. Although we have previously reported that 

female mice that receive dural 1 pg CGRP exhibit significant grimace behavior at 3, 5, and 24 

hours [12], ovariectomized females that received this same dose of CGRP demonstrated no 

significant grimace behaviors when compared with controls. 
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 Figure 6.3: Dural amylin produces robust facial hypersensitivity in ovariectomized mice.  

Female mice that had been ovariectomized had periorbital mechanical withdrawal thresholds 
assessed prior to and following dural application of either 0.1 µg amylin (n= 6), 1 pg CGRP 
(n=3), or vehicle (n=6). Grimace was assessed in a separate co-hort of ovariectomized mice. 
Two-way ANOVA indicated significant effect of dural amylin on both mechanical withdrawal 
thresholds and grimacing behaviors. Asterix denote significance between animals that received 
amylin and vehicle, dagger marks denote significance between amylin and CGRP groups. * p< 
0.05, ** p<0.01, ***p< 0.001, ****p<0.0001. 
. 

Fasting blood glucose levels are increased in ovariectomized females. 

Given the ability of amylin to decrease blood glucose levels, and the stark behavioral differences 

we observed between male, intact female, and OVX females, we sought to measure blood 

glucose levels [180; 193]. Average male blood glucose levels were 50.25 mg/dl, intact females 

averaged 56.63 mg/dl, and ovariectomized females had an average blood glucose level of 74.50 

mg/dl (Fig. 4A). The differences in blood glucose levels between males and intact females were 

not found to be significant (p = 0.6128); however, ovariectomized females had significantly 

higher blood glucose levels when compared with both intact female (p = 0.0047) and male mice 
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(p = 0.0026). This may reflect a decrease in amylin production. In support of this OVX females 

had significantly increased weight when compared with intact age-matched controls (Fig. 4B).  

 

Figure 6.4: Fasting blood glucose levels are increased in ovariectomized females. 

Blood glucose levels were measured from fasted animals. One-way ANOVA of blood glucose 
levels followed by Tukey post hoc analysis indicated that female OVX animals had significantly 
increased blood glucose levels when compared with intact female and male mice. There were 
significant differences in weight of OVX and intact females. * p <0.05, ** p<0.01. 
 
 
Intraplantar amylin leads to male specific hypersensitivity.  

Given previous findings showing that CGRP exerts female-specific hypersensitivity when 

administered peripherally both onto the dura and into the hindpaw of rodents [12], we aimed to 

see whether the sex-specific effects of amylin in males were restricted to the dura or maintained 

throughout multiple peripheral tissues. Injection of 0.1 μg amylin into the hindpaw of male mice 

caused significant allodynia at 1 hour when compared with controls (Fig. 5A). Injection of the 

same dose of amylin into the hindpaw of female mice resulted in no significant responses 

between animals that received vehicle or amylin at any time point tested (Fig. 5B). 
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Figure 6.5: Intraplantar amylin produces hypersensitivity in the male hindpaw.  
Female and male mice had hindpaw withdrawal thresholds assessed before and after intraplantar 
injection of 0.1 µg amylin. Two-way ANOVA and Bonferroni post hoc analysis revealed 
significant effect of treatment in male (n = 5 amylin, 6 vehicle) mice at one hour following 
injection. No significant effect of treatment was found in female mice (n = 6 amylin, 6 vehicle). 
* p <0.05. 
 

Dural PACAP-38 leads to facial allodynia in both male and female mice. 

Due to the association of amylin with diabetes and the co-secretion of amylin with insulin, we 

decided to examine potential sex-specific effects of the insulinotropic migraine related peptide 

PACAP-38. Dural administration of 0.1 μg PACAP-38 resulted in robust facial hypersensitivity 

that lasted from 1 hour out to 72 hours following injection in both male (Fig. 6A) and female 

mice (Fig. 6B).  
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Figure 6.6: Dural PACAP-38 leads to facial allodynia in both male and female mice. 
Male and female mice had facial withdrawal thresholds assessed prior to and following 0.1 µg of 
amylin (n = 8 females, 6 males) or vehicle (n = 8 females, 5 males). Two-way ANOVA followed 
by Bonferroni post hoc analysis indicated significant effect of treatment in both male and female 
mice. * p<0.05, **p<0.01, ***p<0.001. 
 
 
DISCUSSION  

 

Here we show that dural administration of 0.1 μg amylin results in facial hypersensitivity 

and grimace in male, but not female mice. Dural 0.1 ng amylin results in no significant facial 

hypersensitivity in male or female mice. However, this same dose of amylin applied onto the 

dura of ovariectomized mice leads to robust facial hypersensitivity. A dose of CGRP that was 

previously reported to be noxious when applied to the dura of intact female mice, results in no 

facial hypersensitivity when administered to ovariectomized mice. Additionally, ovariectomized 

females have significantly higher blood glucose levels when compared with intact females and 

males. Intraplantar injection of 0.1 μg amylin causes hypersensitivity in the hindpaw of male 

mice, but not in females. Finally, despite similarities in amylin and PACAP-38 dural 
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administration of 0.1 µg PACAP-38 resulted in significant facial hypersensitivity of similar time 

and magnitude in both male and female mice. 

Given similarities in function and signaling between CGRP and amylin, the finding that 

dural amylin causes facial allodynia in male but not in female mice may seem at odds with 

previously reported findings that CGRP produces robust migraine-like behavior in female but not 

male mice [12]. However, it is not certain that male mice would not exhibit sensitivity to higher 

doses of dural CGRP, as CGRP injected subcutaneously into the periorbital region of the face 

produces facial hypersensitivity in male mice [66]. Nevertheless, despite shared affinity for the 

AMY1 receptor [124; 125] CGRP and amylin have clear opposing sex-dependent effects when 

applied to the dura at the tested doses. This suggests that these nociceptive effects of amylin and 

CGRP may not be dependent on activation of the AMY1 receptor, but rather CGRP induced 

effects may be mediated by activation of the CGRP receptor. In regard to amylin specific effects, 

these may be mediated by AMY2 (CTR + RAMP2), and/or AMY3 (CTR + RAMP3) receptors 

which are solely activated by amylin [124]. Alternatively, these effects may still be mediated in 

part by the AMY1 receptor, but because the functions of CLR and CTR are dependent on the 

expression of, and coupling with, certain RAMPs [178] the sexually dimorphic effects of dural 

amylin and dural CGRP could result from differential expression of CTR, CLR, and RAMPs 

within the dura between male and female mice. While this has not been yet explored in the dura 

or TG, female rats express higher levels of RCP in the trigeminal nucleus caudalis (TNC) than 

their male counter parts [137]. RCP is required for the CGRP receptor but not the amylin 

receptors, to couple with Gs [224]. When taking this into consideration with our observations 



 

  

180 

 

here these data may indicate that there are more CGRP receptors in the female dura are more 

abundant when compared with males, rather there may also be increased AMY1 receptor in the 

dura of males. In order to make this claim, future studies examining the potential difference in 

sex-dependent expression of amylin and CGRP receptors throughout the dura and trigeminal 

ganglia are warranted.  

Here we present data showing that ovariectomy results in robust facial hypersensitivity in 

response to dural amylin. This suggests that ovarian derived hormones may protect against 

nociception caused by amylin. This is interesting when comparing the finding that a previously 

noxious dose of dural CGRP [12] administered to OVX mice no longer causes facial 

hypersensitivity, this may indicate that ovarian hormones are required to elicit CGRP dependent 

migraine. Although we have shown that the facial hypersensitivity caused by dural CGRP is 

contingent on prolactin, this is not likely to be ovarian produced prolactin, as serum prolactin 

levels have not been found to be altered following ovariectomy in rats [13; 239]. Furthermore, 

we have previously noted that ovariectomy in mice does not prevent responses to dural prolactin 

[13]. The ablation of the CGRP response in OVX mice may instead reflect conflicting reports 

regarding the possible contribution of estrogen to migraine. Increases and decreases in estrogen 

have both been reported to cause migraine in women [1; 4; 107; 167; 173]. While the 

interactions between estrogen and CGRP are likely to be complex there is substantial evidence 

that estrogen and CGRP interact with one another [150]. Estradiol leads to increased CGRP 

released from perivascular nerves within the dura, although it does not alter dural vasodilation in 

response to treatment with CGRP [113]. Women with low estrogen levels have increased dermal 
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blood-flow to the forehead resulting from capsaicin [128]. This capsaicin induced dermal blood 

flow to this region is thought to be mediated via CGRP [225]. In female rats baseline CGRP 

release from TGs is higher in pro-estrous (higher estrogen) when compared with the estrous 

phase of the reproductive cycle (low estrogen) [262], conversely ovariectomy increases CGRP 

mRNA in the rat TG [3]. The increase in CGRP following ovariectomy could ultimately lead to 

decreased CGRP sensitivity including the reduced sensitivity to CGRP we observe here. As 

repeated CGRP stimulation leads to desensitization of CGRP evoking stimuli [111].  

The hypersensitivity that occurs following dural stimulation with amylin in OVX, but not 

intact females would suggest that ovarian secreted hormones reduce the response to amylin. 

While potential interactions between estrogen and amylin have not been deeply explored in the 

context of the migraine pathology, estradiol attenuated amylin induced weight loss in OVX rats 

[165; 248]. The data here showing that ovariectomy results in facial hypersensitivity to dural 

amylin may indicate estrogen further prevents amylin induced behaviors, including pain. 

However, further studies are required to ascertain the potential interactions between amylin and 

estrogen within the TG or dura. 

 While hormone induced alterations of calcitonin family receptors have not been explored 

in the meninges, they have been studied in the uterine wall of rodents, wherein treatment with 

exogenous progesterone has been found to increase CLR, RAMP1, in both intact and OVX rats 

[245; 246]. This presents a possibility that the loss of ovarian derived progesterone in OVX 

animals could lead to decreases in CGRP receptor components within the meninges, and thereby 

lead to decreased sensitivity to dural CGRP. In OVX animals progesterone treatment does not 
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alter the presence of RAMP2 and RAMP3 in intact females, nor does it alter the presence of 

RAMP3  in OVX animals [245; 246].  Therefore, this could be specific to loss of CGRP 

sensitivity.  

As previously mentioned, fluctuations in insulin and glucose levels may also contribute 

to migraine. Both amylin and CGRP inhibit further insulin release. Amylin has demonstrated 

sex-dependent effects on glucose levels. Amylin deficient male mice have increased insulin 

responses and faster blood glucose elimination in response to glucose administration when 

compared with WT controls. However, responses to glucose treatment were no different in 

female amylin deficient mice and their sex matched WT controls [100]. This suggests that there 

is a sex-dependent role for amylin in insulin secretion and blood glucose elimination. More 

recently, amylin has been found to have differential sex-specific effects on food intake in 

RAMP1 and RAMP3 KO mice[56]. Because hyperglycemia, hypoglycemia, and 

hyperinsulinemia have all been noted to trigger migraine in migraineurs [51; 100; 109]. Here we 

show that ovariectomy leads to increased fasting blood glucose levels which may indicate altered 

insulin and amylin levels that may also impact hypersensitivity to amylin and CGRP.  

The finding that intraplantar amylin leads to hypersensitivity in the hindpaw of male 

mice, but not in female mice, suggests that there are body wide sex-dependent differences to 

peripheral amylin. This agrees with our previous findings that CGRP applied both onto the dura 

and into the hindpaw of mice resulted in female-specific hypersensitivity [12]. While these data 

signify that peripheral administration of CGRP and amylin lead to female and male specific 

hypersensitivity respectively. Subcutaneous injection of amylin into the periorbital region has 
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failed to induce facial hypersensitivity in male mice and administration of CGRP into the same 

region has resulted in facial hypersensitivity in male mice [66]. This disparity likely results from 

the route of administration. In conjunction, we have previously observed that subcutaneous 

injection of the migraine associated substance IL-6 also does not result in facial hypersensitivity 

while injection of the same dose of IL-6 applied to the dura results in robust facial 

hypersensitivity [15].  

Although PACAP-38 has many similarities with both CGRP and amylin dural PACAP-

38 resulted in no sex-specific effect. Rather both female and male mice demonstrated reduced 

facial withdrawal thresholds of similar magnitude and time course.  This is not unusual as 

decreased dural pH, IL-6, inflammatory soup, and mustard oil have all produced similar 

behavioral responses in male and female mice [39]. This may further indicate that activation of 

certain CGRP and amylin receptors at the doses tested here are required to elicit the observed 

sexually dimorphic effects.  

Together these data not only have implications for sexually dimorphic causes of migraine 

pain but may offer insights for the development of sex-specific therapeutics. Small molecule 

CGRP receptor antagonists including Rimegepant, Telcagepant, and Olcegepant while all more 

selective for CGRP activity at the CGRP receptor, also have some efficacy at blocking both 

CGRP activity at the AMY1 receptor and amylin activity at the AMY1 receptor [99]. The data 

here would suggest that because CGRP and amylin may differentially contribute to migraine in 

males and females there may be altered efficacy of these therapeutics in men and women with 

migraine based on their receptor selectivity. These data also advocate for further exploration of 
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the efficacy of monoclonal antibodies against the CGRP receptor in both men and women. 

Lastly, these data propose that amylin receptor antagonists could potentially be developed to 

serve as migraine therapeutics particularly in male migraineurs.  
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CHAPTER 7 

DIFFERENTIAL SEX-SPECIFIC RESPONSES IN MIGRAINE ARE LIKELY 

MEDIATED BY HORMONES AND CALCITONIN FAMILY-PEPTIDES   

The data shown here demonstrate that CGRP is likely involved in female-specific 

migraine related pain. Females are more sensitive to dural CGRP than their male counterparts. 

This is not to say that CGRP is not involved in migraine attacks in males, but that smaller 

amounts of CGRP may be required to elicit migraine in females. The reasons for this seem to be 

contingent on the presence of the predominantly female hormone prolactin. As we show here in 

chapter 3 the prolactin receptor antagonist Δ1-9-G129R-hPRL blocks the hypersensitivity that 

results from application of dural CGRP in females, and the CGRP antagonist CGRP8-37 prevents 

dural prolactin induced hypersensitivity [7]. This is likely carried our via cross talk between PRL 

and CGRP expressing fibers. This may be facilitated by prlr present on CGRP expressing fibers 

within the dura. Given that CGRP is a potent vasodilator CGRP application to the dura may act 

on blood vessels, immune cells[5; 9], and/or other nerve fibers [18; 30], causing PRL release 

from these structures [17; 19; 33; 36]. Moreover, residential dural cells are immunoreactive for 

PRL protein expression and express mRNA for PRL [13]. In chapter 3 we confirm that PRL is 

expressed on CD11b expressing cell types (Fig. 3.7) which are likely to be macrophages, 

granulocytes, and mast cells, as myeloid cells are the the predominant type of immune cells in 

dura [34]. The finding that Prlr is expressed on CD45 expressing cells (Fig. 3.7) may additionally 

indicate mast cells, which have been found to present at dural blood vessels in a fashion similar 
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to what we observe here [3; 35]. PRL may then act on on Prlr expressed on immune cells in a 

cytokine-like manner causing further release of PRL and recruitment of more immune cells [10; 

16].  

Mast cell degranulation via CGRP-linked prolactin release presents another possible 

explanation for CGRP sensitivity in female mice, particularly in regards to the finding that 

CGRP seems to be involved in the hypersensitivity following stress-induced migraine in females, 

but not in males presented in chapter 4  [8]. Although male and female mice present with similar 

hypersensitivity following the stress response and subsequent sensitivity to the NO donor SNP, 

the female response to SNP induced by stress is blocked by ALD403, a monoclonal antibody 

against CGRP, whereas the male response was not blocked by the same dose of this antibody 

(Fig. 4.4). This suggest that the stress induced priming is dependent on CGRP in female but not 

in male mice. This may have larger implications for CGRP induced mast cell degranulation and 

subsequent prolactin release in the female stress response. Mast cell degranulation is thought to 

contribute to migraine by causing excitation of dural nociceptors [31]. Both CGRP and PACAP 

have been shown to contribute to release of inflammatory mediators from mast cells within the 

dura [14] and mast cell degranulation leads to increased plasma levels of prolactin [17].  

Interestingly, amylin has been observed to suppress mast cell degranulation [47]. Given that in 

the data shown in chapter 6 dural amylin leads to male-specific migraine like behavior, while 

CGRP and prolactin lead to female-specific migraine-like behavior. This could in part be due to 

a sex-specific mechanism for increased hypersensitivity due to prolactin released via CGRP-

induced mast cell degranulation.  
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Additionally, PRL, PACAP, and CGRP all heavily contribute to the stress response, and 

as such may contribute to the observed female specific CGRP dependent priming that follows the 

stress response. Acute restraint stress in mice and rats has been shown to de-granulate dural mast 

cells in a CRH dependent fashion [26; 44]. Additionally, mast cells express the CRH1 receptor 

and may not only be responsive to CGRP and PACAP, but to neuropeptide induced increases in 

CRH [11].  PACAP is thought to modulate the hypothalamic pituitary adrenal (HPA) axis via 

increasing the release of ACTH from the pituitary as well by increasing CRH release from the 

hypothalamus during immobilization [39]. Furthermore, rats that undergo chronic variant stress 

(CVS) show increase in PACAP and the PAC(1) receptor in the bed nucleus of the stria 

terminalis, signaling from which is thought to aid in the emotional response in the emotional 

response to stress [21]. PACAP is thought to modulate the hypothalamic pituitary adrenal (HPA) 

axis via increasing the release of ACTH from the pituitary as well by increasing CRH release 

from the hypothalamus during immobilization [39]. CGRP administered to the paraventricular 

nucleus of the hypothalamus and in the lateral ventricle, increases ACTH and plasma CRH [15; 

28]. CGRP has also been shown to increase ACTH from cultured pituitary cells [25] In 

preclinical models, different stressors have been shown to increase plasma levels of prolactin 

[27; 43]. PRL is also thought to modulate the activity of the HPA axis by increasing the release 

of ATCH from the pituitary. Because Prolactin, PACAP, and CGRP all serve regulatory 

functions within the HPA-axis, specifically leading to increases in ACTH and CRH, it is possible 

that increases in sensitivity to and presence of these peptides could lead to maladaptive responses 
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or dysregulation of the HPA-axis and the subsequent sex-specific CGRP dependent priming we 

observe here. 

While this is likely to occur during the stress response, the data we have indicating stark 

sex-differences following direct dural stimulation, in particular those between amylin and CGRP, 

may not directly involve activation of the HPA axis. We report that dural amylin leads to facial 

hypersensitivity in male, but not female mice and dural CGRP leads to hypersensitivity in 

female, but not male rodents. These disparities may result from differential expression of the 

calcitonin family peptides CGRP and amylin, and/or their receptors within the dura or other 

migraine relevant structures. These structures include the TG and TNC. As covered in chapter 6 

CGRP and amylin share affinity for the AMY1 receptor which is comprised of calcitonin 

receptor (CTR) and receptor activity modifying protein 1 (RAMP1) [23] but both amylin and 

CGRP also signal through additional receptors. CGRP signals through the CGRP receptor, which 

also includes RAMP1, but is coupled with calcitonin receptor like receptor (CLR) [24]. Amylin 

signals through the AMY2 receptor (CTR and RAMP2) as well as AMY3 (CTR and RAMP3) 

[23]. There has yet to be a comprehensive study of potential differences in receptor expression of 

these 4 receptors in either the meninges, trigeminal ganglia, or TNC between males in females. 

Therefore, it is possible that the differences in sensitivity we observe in males and females to 

dural amylin and CGRP, respectively, are the result of differential receptor expression. This may 

be via increased CGRP receptor expression in females when compared with males, and increased 

AMY2 or AMY3 expression in males. 



In Chapter 6 we noted that ovariectomized (OVX) females no longer demonstrated 

sensitivity to a previously noxious dose of CGRP [6]. We also noted that OVX mice 

demonstrated robust hypersensitivity to a dose of dural amylin that was found to be non-noxious 

in intact females. This finding suggests that ovarian derived hormones are likely partially 

responsible for these responses. Despite our finding that prolactin interacts with CGRP to 

produce female-specific sensitivity to both CGRP, the source of this prolactin is not likely to be 

the ovaries as PRL ovariectomy does not alter responses to dural PRL in females, and 

ovariectomy only transiently alters PRL levels in both women and rodents [1; 4; 12; 42]. This 

would suggest that either estrogen or progesterone are involved in the dichotomy of female 

responses to calcitonin family peptides. Namely that both, or one, of these hormones leads to 

increased sensitivity to CGRP and reduced sensitivity to amylin. It is important to note it is also 

possible that these hormones have differential effects i.e. one prevents sensitivity to amylin and 

the other may increase CGRP sensitivity. This may be mediated by hormonal regulation of 

receptor presence as has been reported in response to exogenous application of these hormones 

in the uterine wall of rodents [45; 46]; however, additional studies are required to explore the 

role of these hormones further. These additional studies would also help to provide insight that 

may develop sex-specific migraine therapeutics. As well as offer explanations for the efficacy of 

either estrogen or progesterone containing oral contraceptives for the treatment of migraine. As 

both oral contraceptives have been reported to trigger and alleviate migraine in women [2; 32; 

37]. 
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While this project explores sexual differences in migraine, an important caveat of this 

body of work is that pre-clinical models cannot account for gender differences. While there is 

strongly evidenced sex differences in migraine there are very few studies that examine potential 

differences in how migraine is differential among gender. An increasing body of evidence has 

shown that there are differences in anatomical and functional aspects of the brain that are aligned 

with gender rather than sex [20; 29; 40; 41]. While little of this data has shown that there are 

differences in gender on pain conditions. A study conducted by Strath et. Al examined evoked 

pain in individuals living with HIV. This study concluded that both trans and cis gender women 

experienced no significant differences in their responses to heat pulses or mechanical sensitivity; 

however, both groups of women presented with significantly greater pain responses following 

heat pulse in comparison with men. Correspondingly transgender women had significantly 

greater pain responses to mechanical stimuli than men [38]. For these reasons sex-specific 

findings may not correlate with gender differences and the role of gender in migraine should be 

considered in future studies.  

Nevertheless, the data shown here offer insight for the development of sex-specific 

therapeutics for migraine. Specifically, that amylin receptor antagonists, while typically not 

sensitive enough to distinguish receptor subtype [22], could be used in the treatment of male 

migraineurs. While, as further discussed in chapter 3, peripherally restricted prolactin receptor 

antagonists may serve as effective therapeutics in female migraineurs. These data also imply that 

there may be differential efficacy in existing therapeutics for migraine such as small molecule 

CGRP receptor antagonists and monoclonal antibodies against CGRP and/or the CGRP receptor 
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among men and women. The insights provided by these data will ultimately be informative for 

development of future therapeutics and will help to clarify the sexually dimorphic nature of the 

migraine pathology.  
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