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Abstract

Migraine is one of the most common neurological disorders, leading to more than 1% of total 

disability reported and over 68 million visits to emergency rooms or physician’s offices each year 

in the United States. Three times as many women as men have migraine, and while the mechanism 

behind this is not well understood, 17β-estradiol (estradiol) has been implicated to play a role. 

Studies have demonstrated that exposure to estrogen can lead to activation of inflammatory 

pathways, changes in sodium gated channel activity, as well as enhanced vasodilation and 

allodynia. Estradiol receptors are found in trigeminal nociceptors, which are involved in signaling 

during a migraine attack. The purpose of this study was to investigate the role of estradiol in 

migraine pathogenesis utilizing a multibehavioral model of migraine in rat. Animals were 

surgically implanted with a cannula system to induce migraine and behavior was assessed 

following exposure to a proestrous level of estradiol for total locomotor activity, light and noise 

sensitivity, evoked grooming patterns, and enhanced acoustic startle response. Results 

demonstrated decreased locomotor activity, increased light and noise sensitivity, altered facial 

grooming indicative of allodynia and enhanced acoustic startle. Further examination of tissue 

samples revealed increased expression of genes associated with inflammation and vasodilation. 

Overall, this study demonstrates exacerbation of migraine-like behaviors following exposure to 
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estradiol and helps further explain the underlying mechanisms behind sex differences found in this 

common neurological disorder.
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Introduction

Migraine is a common neurological disorder which causes significant personal and societal 

burdens due to the high prevalence, loss of productivity, and the cost of treatments, which 

are not always effective for patients (Akerman, et al., 2013, Law, et al., 2013, Shapiro and 

Goadsby, 2007). Furthermore, there is relatively little basic research conducted on migraine 

(Schwedt and Shapiro, 2009), and as a result, available treatment options and understanding 

of this condition are limited.

Migraine is diagnosed in women three times more frequently than men (Buse, et al., 2013), 

and while the mechanisms behind this sex difference are not well understood, 17β-estradiol 

(estradiol) has been implicated to play a role (Gupta, et al., 2011, Somerville, 1975, 

Somerville, 1975). It is established that estradiol receptors are present in trigeminal 

nociceptors and studies have demonstrated that binding of estradiol leads to downstream 

activation of extracellular signal regulated kinase (ERK), a known inflammatory response 

pathway (Liverman, et al., 2009). Furthermore, it has been shown that estradiol exposure can 

lead to other nociceptive-related downstream effects; including, increased primary neuron 

activity (Cairns, et al., 2001, Cairns, et al., 2002), increased allodynia (Liverman, et al., 

2009), altered sodium gated channel activity (Wang, et al., 2013), and enhanced vasodilation 

(Levy and Burstein, 2011, Sarajari and Oblinger, 2010).

Previous work in our laboratory has shown that exposure to the environmental estrogen 

bisphenol A (BPA) leads to exacerbated migraine-like behaviors and elevation in mRNA 

levels of genes related to estradiol and inflammation signaling (Vermeer, 2014). In order to 

better understand these outcomes and to further investigate the mechanistic role of estradiol 

in migraine pathogenesis the following study was carried out. Ovariectomized rats were 

exposed to a proestrus level of estradiol and a multibehavioral model of migraine was 

utilized as previously described. Animals were tested for total locomotor activity, photo- and 

phonophobia, evoked facial grooming, and acoustic startle reflex following a dural 

stimulation of inflammatory soup (IS) to induce migraine-like behaviors (Burstein and 

Jakubowski, 2004). Tissues were tested for changes in mRNA levels of genes related to 

estradiol, inflammation, and nociception signaling following behavioral experiments; 

including, estrogen receptors alpha (ERalpha) and GPR30, extracellular signal regulated 

kinase (ERK1 and ERK2), fatty acid amide hydrolase (FAAH), calcitonin gene-related 

peptide (CGRP), and sodium gated channel 1.8 (Nav1.8).

Several previous studies have examined how estradiol exposure alters behavioral outcomes 

and gene expression related to pain disorders; including, increased hind paw allodynia 

following partial sciatic nerve ligation (Sarajari and Oblinger, 2010), increased TRP channel 
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activation after injection of complete Freund’s adjuvant bilaterally into the 

temporomandibular joint (Wu, et al., 2010), and changes in craniofacial pain (Cairns, 2007). 

This study was designed to further clarify the underlying mechanisms behind estradiol 

signaling in migraine and discuss how this compares to BPA exposure. Furthermore, this 

work helps develop a better understanding of migraine pathogenesis in humans, and more 

specifically, the mechanism behind female predominance found in this neurological 

condition.

Materials and Methods

Materials

Prostaglandin E2, bradykinin acetate, histamine dihydrochloride, serotonin hydrochloride, 

17β-estradiol, sterile water, and all other chemicals were purchased from Sigma Aldrich (St. 

Louis, MO, USA) unless otherwise noted.

Animals

Animal care and use procedures were approved by the University of Kansas Medical Center 

Institutional Animal Care and Use Committee and conducted according to Institute of 

Laboratory Animal Research guidelines. Ten-week-old, female, sexually mature, 

ovariectomized Sprague-Dawley rats were purchased from Charles River Laboratories 

(Wilmington, Massachusetts, USA). The animals were housed on a 12-hour light-dark cycle 

and given water and food ad libitum. Animals were supplied a diet of soy and alfalfa free 

pellets (Teklad 2020x, Harlan Laboratories, Indianapolis, IN, USA) to minimize the 

presence of dietary phytoestrogens. Rats were divided into groups based on application of 

inflammatory soup (IS, 1.0 mM bradykinin acetate, 1.0 mM histamine dihydrochloride, 1.0 

mM serotonin hydrochloride, and 0.1 mM prostaglandin E2 in sterile PBS, pH 5.5, 

(Burstein, et al., 1998)) or phosphate buffered saline (PBS, adjusted to a pH of 7.4) and 

exposure to estradiol or vehicle corn oil. Animal numbers per group: IS control: 10 rats, IS

+Estradiol: 7 rats, PBS control: 7 rats, PBS+Estradiol: 4 rats (data not shown). All 

behavioral experiments were conducted between 8:30 and 14:00 h in a dedicated, 

temperature-controlled room.

Cannula Implantation

A Plastics One (Roanoke, VA, USA) cannula made of biocompatible material was used for 

dural delivery of IS or PBS. The cannula was implanted through the skull under isoflurane 

anesthesia as previously described in detail. (Stucky, et al., 2011). Briefly, the cannula was 

placed on the right side of the skull over the occipital lobe 5 mm lateral to midline and 

halfway between bregma and lambda. One stainless steel screw was placed in rostral and 

caudal positions 3 mm from the center of the cannula as anchors for the dental cement 

(Ortho-Jet, Lang Dental Mfg. Co., Inc., Wheeling IL, USA) used to stabilize the cannula.

Treatment

Estradiol was dissolved in 100% ethanol. An aliquot was then diluted 1000-fold (ethanol 

final concentration 0.1%) in corn oil to a final concentration of 10 µg/ml. Rats were dosed 

subcutaneously at 2 µg/kg/day 30 min prior to migraine induction in order to achieve 
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proestrus levels of estradiol in their system during behavioral analysis. This dose was based 

on both on previous literature values demonstrating levels of circulating estradiol during this 

stage to be 80–140 pg/mL during proestrus (Butcher, et al., 1974, He, et al., 2002, Nequin, et 

al., 1979, Smith, et al., 1975) and ELISA measurements performed for this study showing 

circulating levels of estradiol of 112.1 ± 14.1 pg/mL. Rats were divided into groups which 

received either estradiol or a vehicle (corn) oil injection. Animals received IS or PBS 

through the cannula implant. During IS or PBS application, the obturator cap was removed 

and an internal delivery cannula was placed as previously described (Stucky, et al., 2011, 

Vermeer, 2014). All animals were weighed before behavioral testing throughout the study. 

No significant differences were found in weight gain between rats treated with estradiol and 

vehicle treated rats.

Timeline

The same timeline was followed as previously described (Vermeer, 2014). Briefly, rats were 

given one week to acclimate following arrival and then were subjected to two days of 

presurgical baseline testing. Animals then underwent the cannula implantation surgery and 

were given a further week to recover. Finally, rats were given two days of postsurgical 

baseline testing prior to dural IS application. As previously described, behavioral 

experiments using IS applications and estradiol exposure were performed every third day for 

seven total applications. Rats were injected with estradiol 30 min prior to IS application and 

behavioral testing was completed 30 min following dural stimulation by the IS (Oshinsky 

and Gomonchareonsiri, 2007). Following recommendations of the Panel on Euthanasia, 

American Veterinary Medical Association, rats were dosed with 60 mg/kg pentobarbital 

sodium (Beuthanasia D, Schering-Plough, Summit, NJ, USA) and decapitated 

approximately 1 hr after the final behavioral experiment. The skull, brain, and cervical 

spinal cord were immersed in RNALater (Ambion, Foster City, CA, USA) and stored for up 

to 3 days at 4°C. The ipsilateral trigeminal nucleus, trigeminal ganglion, and dura mater 

were later dissected as previously described (Stucky, et al., 2011).

Multibehavioral Model of Migraine

As previously described, a multibehavioral model of migraine in rat was utilized to study 

behavioral changes associated with migraine following dural stimulation. This model was 

based on the International Classification of Headache Disorders (ICHD-II and III) (Society, 

2004, Society, 2013) as previously described (Vermeer, 2014). Very briefly, following 

exposure to estradiol, rats were tested for total locomotor activity, photo- and phonophobia, 

evoked facial grooming, and acoustic startle reflex.

Locomotor activity was studied utilizing a Force Plate Actimeter (BASi, San Diego, CA, 

USA), which transmitted data of rat movement during three phases; 0–5 min is the 

application of IS (“delivery phase”), 6–10 min (“onset phase”), and 11–15 min (“persistence 

phase”). The total distance traveled and the bouts of low mobility (BLM, a measure of 

periodic inactivity) were measured.

The Photo- and Phonophobia task was performed in a modified Force Plate Actimeter to 

study place preference and used externally control speakers (75 dB white noise) and light 
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(250 lux illumination) to examine light and noise sensitivity. The percent of time animals 

spent in the stimulus chambers while the stimulus was activated and BLM were assessed.

Rats were then examined for facial allodynia with the evoked facial grooming task, which 

included 3 sprays of water from a metered bottled to the face of the rat. Video recordings of 

the rats were subsequently analyzed for latency to first groom and percent time spent 

grooming during the 5 min following stimulus application. Only grooming to their face and 

heads was quantified, with cleaning swipes defined as the use of one or both forepaws 

cleaning at or above the eyes.

Finally, rats were placed in Startle Reflex Chambers (Kinder Scientific, Poway, CA, USA). 

Fourteen randomly mixed pulses of white noise (85 or 90 dB) were emitted at one pulse/min 

and the maximum startle force (N) was recorded in the first 80 msec after the noise. The 

average response of 7 trials was calculated.

Gene Expression Analysis

Tissues utilized for these studies were the ipsilateral trigeminal nucleus, trigeminal ganglion, 

and dura mater. Total RNAs from each sample were extracted, purified, and quantified with 

a Nanodrop as previously described (Stucky, et al., 2011) and GAPDH expression was 

measured as the internal control. Gene-specific primers for ERalpha, GPR30, ERK1, ERK2, 

calcitonin gene-related peptide (CGRP), sodium gated channel 1.8 (Nav1.8), fatty acid 

amide hydrolase (FAAH), and GAPDH were obtained from Integrated DNA Technologies 

(Coralville, IA, USA) and qPCR occurred in a 96-well MicroAmp Optical reaction plate.

pERK Analysis

Trigeminal nucleus and ganglion, and dura mater tissue samples were isolated as previously 

described (Liverman, et al., 2009). Western blot analysis was performed for phosphorylated 

ERK (the activated form) using a 10% resolving SDS-PAGE gel and 5 micrograms of 

protein were loaded for each sample as previously described (Vermeer, 2014). Briefly, 

nitrocellulose membrane was used for transfer and the Odyssey blocking buffer system was 

applied for 2 hr at room temperature. Antibody dilutions were as follows: primary anti-

pERK (1:10000) overnight at 4°C, secondary goat-anti-mouse-Alexa Fluor 680 (1:10000) 

for 1.5 hr at room temperature. The Odyssey Infrared Fluorescence Imaging System was 

used to detect and Image J was used to analyze band density. All data were normalized to the 

internal control β-actin to determine total activated ERK.

Statistical Analysis

Behavioral data were analyzed with a two-way repeated-measures ANOVA and a 

Bonferroni’s post hoc comparison and confidence intervals using SPSS Statistics 20 (IBM, 

Chicago, IL, USA). Treatment (estradiol vs. vehicle) was used as the between subjects 

factor. Data from gene expression and western blot analysis were analyzed using a one-way 

ANOVA and Tukey’s posttest. For behavioral data, significant differences between estradiol 

treatment and vehicle (corn oil) treatment are indicated by an asterisk (*). Differences were 

considered significant if p ≤ 0.05.
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Results

Locomotor activity decreased following estradiol exposure

Rats were exposed to 2 µg/kg estradiol or vehicle 30 min prior to dural stimulation by IS and 

the total locomotor activity was determined. No significant differences were found between 

the groups during the delivery phase of the IS. Estradiol treatment led to significant 

decreases in distance traveled on treatment days 3 and 4 in the onset phase and treatment 

days 3, 4, 6, and 7 in the persistence phase (Figure 1A) in comparison to rats exposed to 

vehicle (corn oil). Rats treated with estradiol demonstrated significantly increased BLM 

occurrences on treatment days 2 and 6 of the delivery phase, treatment days 1–4, and 6 

during the onset phase, and treatment days 2–4, and 7 of the persistence phase (Figure 1B) 

compared to treatment with vehicle. These measurements demonstrate reductions in 

locomotion, consistent with reduced activity and exacerbation of migraine-like behaviors in 

the presence of estradiol as compared to vehicle treatment.

Estradiol exposure caused significant light and noise avoidance

After the total locomotor behavioral analysis, rats were placed in the modified force-plate 

actimeter which measured locomotion and place preference. Following illumination of a 250 

lux lamp, rats treated with estradiol spent significantly less time spent in the light stimulus 

on IS treatment days 4–7 when compared to treatment with vehicle (Figure 2A). There were 

no significant differences in BLM in estradiol vs vehicle treatment while the light stimulus 

was illuminated (Figure 2B). When a 75 dB white noise was emitted from the internal 

speakers, rats treated with estradiol exhibited significantly elevated noise aversion on 

treatment days 5 and 7, compared to vehicle treatment spending less time in the stimulus 

than vehicle-treated rats. Furthermore, estradiol treatment led to significantly elevated BLM 

while the noise stimulus was activated on treatment days 3, 5, 6, and 7, as compared to 

vehicle treatment, indicative of elevated noise aversion. These data indicate that estradiol 

exposure augmented the migraine-associated behaviors of light and noise aversion.

Estradiol treatment led to allodynia-associated behaviors

Immediately following the light and noise aversion task, rats were placed in a clean cage and 

video recorded for evoked grooming habits. They were sprayed in the face 3 times with a 

metered bottle of water and filmed for 5–6 min. Exposure to estradiol led to a significant 

increase in latency to groom on treatment days 1–3, and 7 as compared to vehicle treatment 

(Figure 3A). Furthermore, animals treated with estradiol groomed for a longer period of time 

on treatment days 1, and 3–5 compared to vehicle exposure (Figure 3B). These results 

indicate an increase in facial allodynia related behaviors, including the avoidance of 

grooming following a water spray to the face.

Exposure to estradiol caused enhanced acoustic startle

Finally, rats were placed in Kinder Scientific Startle Reflex boxes to determine if estradiol 

treatment led to an altered startle response. The startle force was measured in animals with 

two different intensities, 85 and 90 dB. Treatment with estradiol produced no significant 

differences in startle force at 85 dB (data not shown). When exposed to a 90 dB noise, 
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Figure 4 shows that rats treated with estradiol exhibited significantly elevated startle 

responses on treatment days 3, and 5–7 compared to vehicle treatment. These results 

indicate elevated startle response following estradiol exposure.

Estradiol treatment altered expression of estrogen-, nociception- and vasodilationrelated 
genes

Animals were sacrificed and ipsilateral trigeminal nucleus (TGN), trigeminal ganglion 

(TGG), and dura mater were collected and qPCR was performed. There were significant 

gene expression differences between the estradiol- and vehicle-treated rats, as displayed in 

Table 1A (TGN), Table 1B (dura mater), and Table 1C (TGG). Importantly, there was a 

significant increase in GPR30 mRNA levels in estradiol treated TGN samples. Furthermore, 

estradiol treatment led to significant elevation in mRNA levels of ERalpha, GPR30, 

ERK1/2, FAAH, and CGRP in dura mater tissues when compared to ovariectomized 

controls. Similar results were found in TGG samples, with significant elevation in ERalpha, 

GPR30, ERK1, FAAH and CGRP demonstrated in estradiol treated animals as compared to 

ovariectomized controls. These results indicate that estradiol treatment led to elevation in the 

expression of genes known to be associated with estradiol signaling, inflammation, 

vasodilation, and endogenous cannabinoid metabolism indicative of mechanisms thought to 

be involved in migraine pathogenesis.

ERK activation was augmented by estradiol exposure

Utilizing western blotting analysis for ERK phosphorylation, activation of ERK was 

determined. The data in Figure 5A demonstrate representative gels for pERK1 and 2 

analyses in samples from the TGN. Analysis using ImageJ demonstrates a significant 2.71-

fold increase in pERK2 levels in rats exposed to estradiol as compared to ovariectomized 

controls. Dura samples analyzed for pERK1 and 2 also demonstrated significant increases in 

ERK activation (Figure 5B) in rats treated with estradiol; pERK1 exhibited a 2.21-fold 

increase and pERK2 a 2.7-fold increase in phosphorylation as compared to ovariectomized 

controls. TGG samples also showed significant increases in pERK levels when estradiol was 

present as compared to ovariectomized controls and to IS dural stimulation alone: pERK1 

demonstrated a 1.66-fold increase; pERK2 a 5.19-fold increase (Figure 5C). These results 

demonstrate the ability of estradiol treatment to lead to activation of the nociception-related 

ERK.

Discussion

The effect of estradiol exposure on behavioral outcomes related to migraine was examined 

in a multibehavioral model of migraine in rat. These experiments investigated a number of 

behaviors and genes related to migraine. The results demonstrate several important findings. 

One, estradiol exposure leads to significantly augmented migraine-like behaviors. Second, 

treatment with estradiol increases gene expression of estrogen receptors, and markers of 

inflammation, vasodilation, and cannabinoid-related proteins which explain the downstream 

mechanisms behind sex differences found in migraine. Finally, experiments showed 

similarities to previously published results regarding BPA exposure (Vermeer, 2014), and 
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demonstrate that estradiol and BPA may be signaling through similar pathways to exacerbate 

migraine.

Estradiol treatment demonstrated significantly decreased locomotor activity (Figure 1) and 

significantly increased light and noise aversion (Figure 2). In both activities, rats exposed to 

estradiol exhibited significantly increased BLM, which corresponds to observation that 

humans frequently avoid routine activity during a migraine attack.

Furthermore, evoked facial grooming studies showed rats treated with estradiol had 

significantly increased latency to groom and time spent grooming as compared to vehicle-

treated rats following a dural stimulation with IS (Figure 3). As previously mentioned, 

migraineurs will commonly describe facial allodynia during an attack; including, pain 

during hair brushing or face shaving (Bernstein and Burstein, 2012, Wieseler, et al., 2010). 

Furthermore, several previous studies have established the ability of estradiol exposure to 

produce facial and peripheral allodynia in animal models. Importantly, our model 

demonstrates recruitment of similar downstream mechanisms of inflammation (Liverman, 

2007), and vasodilation (Sarajari and Oblinger, 2010) exhibited in other work, indicating 

that our model causes similar results of facial allodynia following treatment with estradiol.

During acoustic startle testing, which measured enhanced phonophobic startle response in 

the rats, estradiol treatment produced significantly enhanced startle force at 90 dB compared 

to vehicle treatment (Figure 4). There are previous literature reports demonstrating increased 

hearing sensitivity in the menstrual cycle during periods of high estrogen (i.e. proestrus) (Al-

Mana, et al., 2010), which are analogous to the results shown here.

Dural stimulation by inflammatory soup has been shown to elevate mRNA levels of genes 

related to migraine (Stucky, et al., 2011), and these results demonstrate that estradiol 

enhances this. There was significant elevation of mRNA levels of several migraine-related 

genes (Table 1A–C). It is important to note that the major cranial vessels and the dura mater 

receive innervation from the trigeminal ganglion, which also sends sensory information to 

the brainstem trigeminal nucleus (Levy and Strassman, 2002, Olesen, et al., 2009, Panneton, 

et al., 2011, Strassman and Levy, 2006). The current results demonstrate significant 

elevations in the expression of estrogen- and nociception-related genes consistently in the 

dura mater and trigeminal ganglion following estradiol exposure and stimulation by IS 

(Tables 1B and 1C, respectively), and a significant increase in trigeminal neuron GPR30 

mRNA levels following estradiol treatment (Table 1A). Furthermore, protein analysis of 

activated ERK also showed significant elevation following estradiol exposure compared to 

ovariectomized controls and dural stimulation alone. These results suggest estradiol 

augments migraine through increases in downstream nociceptive and inflammation pathway 

activation, leading to elevated pain signaling within the trigeminal system.

Previous studies in human and animal models have shown that mRNA levels of many 

nociceptive and inflammatory genes are regulated by estradiol. Specifically, several studies 

have demonstrated the ability of estradiol exposure to lead to activation of ERK (Filardo, et 

al., 2000, Liverman, et al., 2009), increases in sodium gated channel activity (Kow, et al., 

2006), as well as increased mRNA levels of FAAH (Cupini, et al., 2006, Greco, et al., 2010, 
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Grimaldi, et al., 2012), the major metabolic regulator of anandamide, an endogenously 

produced cannabinoid. Furthermore, studies have shown that estradiol treatment leads to 

elevation in release of CGRP in the dura mater and trigeminal ganglion (Gupta, et al., 2007, 

Stucky, et al., 2011), key to vasodilation which plays a role in migraine onset and 

progression (Bigal and Walter, 2014, Goadsby, et al., 1990, Raddant and Russo, 2011). It is 

important to note that although there were no significant changes to CGRP mRNA levels in 

the trigeminal nucleus or ganglion of rats given a dural stimulation of IS following exposure 

to vehicle (corn oil). Previous studies support these results (Stucky, et al., 2011); 

demonstrating that baseline levels of CGRP in the trigeminal ganglion are similar between 

male and female rats, but following IS dural stimulation, only male rats exhibited a 

significant increase in mRNA levels of CGRP. These results indicate that expression of 

CGRP may not reflect behavioral differences between IS and vehicle dural stimulation. 

Overall, these results demonstrate the ability of estradiol to cause amplification of 

downstream upregulation of several pathways associated with nociception leading to 

significantly exacerbated migraine-like behaviors.

It is important to note that published literature regarding the effects of estradiol in migraine 

pathogenesis contains conflicting data. Some studies have demonstrated that estradiol 

withdrawal, during the perimenstrual period for example, is associated with menstrual 

migraine without aura (MacGregor, et al., 2006), and that during times of high estradiol in 

pregnancy, women will experience a decrease in their migraine frequency (Maggioni, et al., 

1997). Furthermore, while studies have demonstrated that estradiol withdrawal can lead to a 

migraine attack, it requires estradiol priming beforehand (Lichten, et al., 1996). Conversely, 

there are many studies also demonstrating that an increase in estrogen leads to sensitization 

of the trigeminal system (Martin, et al., 2007), and a significant increase in migraine 

prevalence in females at the onset of puberty (Bousser, 2004). Combined, these reports 

demonstrate the complexity of migraine pathogenesis. The proestrus level chosen for this 

study was examined in order to further investigate reports of elevated migraine sensitivity 

during periods of high estradiol as described above, and in order to compare directly with 

previously published results demonstrating exacerbated migraine-like behavior in the 

presence of bisphenol A (BPA), (Vermeer, 2014) the most prevalent xenoestrogen in our 

environment.

The mechanisms behind migraine are not well understood. It is important to note that 

estradiol is not the only factor thought to play a role in migraine onset and progression 

(Andress-Rothrock, et al., 2010, Kelman, 2007, Pietrobon and Moskowitz, 2013). Previous 

data have demonstrated the ability of bisphenol A (BPA) exposure to alter pain behavior and 

inflammatory signaling; including, altered peripheral allodynia (Aloisi, et al., 2002, 

Ceccarelli, et al., 2009) and increased ERK activation in cell culture (Dong, et al., 2011). 

Until recently, no studies have addressed the effect of environmental estrogens on migraine 

pathogenesis. Due to the ability of BPA and other xenoestrogens to bind to and activate 

estrogen receptors, exposure to BPA has the potential to increase migraine severity. 

Comparisons between the data presented here and previously published work in our 

laboratory where animals were exposed to the environmental estrogen BPA exhibit many 

similarities. Following BPA exposure, rats exhibited similar behavioral responses; decreased 

locomotor activity, increase light and noise sensitivity, altered grooming, and enhanced 
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acoustic startle (Vermeer, 2014). Furthermore, BPA treatment led to elevation of mRNA 

levels of nociception- and estradiol-related genes, including ERK activation (Vermeer, 

2014). These results indicate that BPA and estradiol may be signaling through similar 

pathways to cause exacerbated migraine-like behaviors. Studies have demonstrated that BPA 

has the ability to interact with and activate ERalpha, ERβ, and GPR30 (Katchy, et al., 2014, 

Montes-Grajales and Olivero-Verbel, 2013). Interestingly, a recently published study 

demonstrated BPA-mediated activation of ERK in a cell model, and the use of a GPR30 

antagonist in conjunction with BPA exposure led to suppression of ERK activation (Ge, et 

al., 2014). These results suggest that a major route of BPA signaling and downstream 

pathway activation may occur through the G protein-coupled estrogen receptor, GPR30.

Conclusions

Overall, the study presented here demonstrates that estradiol exposure leads to augmented 

migraine-like behaviors and amplified expression of genes involved in estrogen and 

nociception signaling. These results implicate underlying mechanisms behind the role 

estrogen plays in migraine pathogenesis and could explain how estrogen and environmental 

estrogens alter migraine severity and duration. Selected gene targeting of pathways 

associated with migraine onset and progression, such as downregulation of FAAH or 

inhibition of sodium gated channel activity, may reveal new strategies and treatments to help 

increase the quality of life of migraineurs.
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Highlights

• Migraine is one of the most common neurological disorders in the US.

• Women experience migraine three times more frequently than men.

• Estradiol is implicated to play a role in migraine sex differences.

• Estradiol exposure in a rat migraine model leads to exacerbated migraine 

behaviors.

• Genes related to inflammation and vasodilation are increased with estradiol 

treatment.
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Figure 1. Total locomotor activity
(A). Total distance traveled during 15 min open field assessment. Rats were injected with 

estradiol (2 µg/kg/day) 30 min prior to start of behavioral testing; 0–5 min: delivery of IS to 

dura mater, 6–10 min: onset of migraine-like behaviors, 11–15 min: persistence of migraine-

like behaviors. (B). Bouts of low mobility during each of the three phases. Data are 

presented as mean ± SEM and in all graphs: Pre = presurgical baseline behavior, Post = 

postsurgical baseline, and **= p ≤ 0.05. All statistical analysis was performed for estradiol 

treatment compared to vehicle treatment and n = 7 for estradiol, n = 10 for vehicle.
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Figure 2. Photo- and Phonophobia
(A). Percent of time (percent of total) that rats spent in the light stimulus side of the box 

when the light was activated. (B). Bouts of low mobility while the light stimulus was 

activated. (C). Percent of time (percent of total) animals spend in the noise stimulus side of 

the box when the noise stimulus was activated. (D). Bouts of low mobility while the noise 

stimulus was activated. Data are presented as mean ± SEM and in all graphs: Pre = 

presurgical baseline behavior, Post = postsurgical baseline, and **= p ≤ 0.05. All statistical 

analysis was performed for estradiol treatment compared to vehicle treatment and n = 7 for 

estradiol, n = 10 for vehicle.
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Figure 3. Evoked Grooming
(A). Latency to groom after rat was sprayed three times with a metered water bottle. (B). 
Percent time spent grooming (percent of total) following sprays of water to the face. Data 

are presented as mean ± SEM and in all graphs: Pre = presurgical baseline behavior, Post = 

postsurgical baseline, and **= p ≤ 0.05. All statistical analysis was performed for estradiol 

treatment compared to vehicle treatment and n = 7 for estradiol, n = 10 for vehicle.
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Figure 4. Acoustic Startle Reflex
Acoustic startle reflex force (N) following a 90 dB pulse measured in the 80 msec after the 

pulse. Data are presented as mean ± SEM and pre = presurgical baseline behavior, post = 

postsurgical baseline, and **= p ≤ 0.05. All statistical analysis was performed for estradiol 

treatment compared to vehicle treatment and n = 7 for estradiol, n = 10 for vehicle.
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Figure 5. pERK Levels in TGN, Dura Mater, and TGG
(A). Representative gel of TGN stained for pERK; (A) show average levels of pERK1 and 

pERK2 (n=3 gels). (B) Representative gel of dura mata stained for pERK; (B) show average 

levels of pERK1 and pERK2 (n=3 gels).(C). Representative gel of TGG stained for pERK 

with following graphs depicting average levels of toal pERK1 and 2 (n=3 gels). Lane 1–2: IS 

alone, Lanes 3–9: IS + estradiol. Data are presented as the mean ± SEMs (n = 3 gels) when 

normalized to β-actin control lane. Image J analysis values were averaged (graphical data) 
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**p < 0.05 when estradiol was compared to ovariectomized control animals and #p < 0.05 

when estradiol was compared with IS alone and n = 7 for estradiol, n = 10 for vehicle.
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Table 1

Effect of estradiol treatment on estrogen- and nociception-related gene regulation

A: TGNa

Gene Control IS Alone IS + E

ERα 1.133 ± 0.65 0.1233 ± 0.21 1.604 ± 0.47

GPR30 1.047 ± 0.38 0.9396 ± 0.79 2.831 ± 0.91**,#

ERK1 1.024 ± 0.25 1.740 ± 1.20 0.439 ± 0.38#

ERK2 1.079 ± 0.45 1.649 ± 1.08 0.333 ± 0.16#

Nav1.8 NA NA NA

FAAH 1.102 ± 0.52 0.1063 ± 0.09 1.218 ± 0.48

CGRP 1.001 ± 0.14 0.708 ± 0.42 0.447 ± 0.28#

B: Dura Matera Control IS Alone IS + E

ERα 1.020 ± 0.23 0.03919 ± 0.02 3.894 ± 1.53**,#

GPR30 1.123 ± 0.55 0.06115 ± 0.07 2.671 ± 0.54**,#

ERK1 1.026 ± 0.26 9.670 ±5.15** 107.93 ± 23.75**,#

ERK2 1.019 ± 0.20 4.664 ± 1.19 253.425 ± 43.86**,#

Nav1.8 NA NA NA

FAAH 1.124 ± 0.56 1.049 ± 0.48 2.796 ± 0.86**,#

CGRP 1.120 ± 0.54 7.599 ± 1.11** 7.857 ± 1.27**

C: Trigeminal Gangliona Control IS Alone IS + E

ERα 1.005 ± 0.77 1.369 ± 0.13 1.860 ± 0.62**,#

GPR30 0.877 ±0.26 1.595 ± 0.22** 2.149 ± 0.44**,#

ERK1 1.778 ± 2.18 4.595 ± 1.15** 3.323 ± 1.05**

ERK2 1.318 ± 1.44 3.570 ± 2.74 3.923 ± 0.93

Nav1.8 1.102 ± 0.48 2.018 ± 0.78 1.849 ± 3.31

FAAH 1.061 ± 0.35 2.737 ± 1.26** 4.224 ± 1.04**

CGRP 1.134 ± 0.58 2.111 ± 0.59 2.552 ± 0.42**,#

a
Data are reported as fold-increase in specific mRNA levels in trigeminal nucleus, dura mater, and trigeminal ganglion (mean ± SEM). Gene 

expression was normalized to internal controlGAPDH and compared to ovariectomized control rats (**) or comparison of IS+E treatment to IS 
alone (#).

** or # = p≤ 0.05 with Tukey post-test following one-way ANOVA.
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